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Abstract  

 

 

Deformation and Fabric Transposition in the Lower Crust During Extensional Collapse in 

Western Fiordland, New Zealand 

 

 

By  

Jeffery Joseph III 

Master of Science in Geology  

 

To investigate how the lower crust accommodates extensional collapse after orogeny I 

performed microstructural and electron backscatter diffraction analyses on three 

amphibolite samples (P1, P3 and P4) from the Resolution Island shear zone (RISZ), 

located in Breaksea Entrance, Western Fiordland, New Zealand. These samples were 

deformed at upper amphibolite facies conditions (T= <750 °C, P= 9-14 kbar) during 

extension around the ~95-88 Ma interval as a granulite/eclogite facies orthogneiss dome 

was denuded by a system of upper-amphibolite facies extensional shear zones. 

Retrograde metamorphism formed assemblages including hornblende and biotite after 

garnet and pyroxene, while plagioclase was ubiquitous. Misorientation analyses reveal a 

progressive shift of tilt-type misorientations within the sample coordinate systems of low 

and high strain amphibolite samples. I interpret this reorientation of misorientation axes 



 

 xi 

as a grain scale representation of the transposition of steep retrogressed granulite fabrics 

into parallelism with the horizontal fabrics of the RISZ. I use this progression to study 

how plagioclase and hornblende accommodated extensional deformation in lower crustal 

shear zones. Microstructural and misorientation data suggest dislocation creep in 

plagioclase accommodated by grain boundary migration and subgrain rotation during late 

stage granulite-facies deformation and initial extensional upper-amphibolite facies 

deformation followed by dislocation glide. Hornblende microstructural and 

misorientation data suggest initial oriented growth, followed by dislocation creep 

accommodated by subgrain rotation, and lastly rigid body rotation during late extensional 

deformation. Average intragrain misorientation maps reveal progressive strain 

accommodation in hornblende and continuous accommodation in plagioclase. 

Hornblende lattice preferred orientation (LPO) patterns reveal progressive alignment of 

poles to (100) and [001] to the amphibolite foliation and lineation, respectively, from 

sample P4, to P1, and P3. Plagioclase LPO patterns reveal distinct fabric between 

samples with no noticeable progression of development. Plagioclase misorientation 

analyses results suggest initial slip on (010) along [100] and [001] followed by activation 

of multiple slip systems suggested by the LPO data. These results are significant because 

they demonstrate: (1) that the grain scale reorientation of steep retrogressed granulite 

fabric reflects a change from vertical to lateral flow in the lower crust during extension 

that preceded rifting and continental breakup and (2) that hornblende may plastically 

deform along with plagioclase to accommodate extensional strain in the deep crust.
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Chapter 1: Introduction 

  The Wilson cycle involves successive stages of plate interaction resulting in the 

opening and closing of ocean basins, involving all levels of the crust. Two successive 

stages of this cycle include: (1) the building of an orogenic wedge during subduction and 

magmatism followed by (2) extension and rifting leading to the opening of an ocean 

basin (Russo and Silver, 1996; Burke, 2011). The process is responsible for the break up 

and distribution of continents upon the surface of the earth. Despite the regularity of this 

process uncertainty remains surrounding the mechanisms that accommodate/control this 

change in tectonic regime. A number of studies suggest that the role of the upper and 

middle crust involves the formation of metamorphic core complexes in response to 

horizontal extension and vertical thinning after orogeny (Lister and Davis, 1989; 

Martinez et al., 2001; Platt et al., 2014; Kargaranbafghi, 2015). Most uncertainty 

regarding the transition between orogeny and extension surrounds the lower crust. The 

lower crust is important because it is the layer where crustal thickness is increased during 

subduction by processes such as input of molten material and contraction during 

convergence (Giese et al., 1999; Whitney et al., 2004). Input of molten material into the 

lower crust has been documented to cause thermal weakening as well as overthickening 

of the crust, thereby inciting a transition from contraction to extension (Liu and Shen, 

1998; Schwartz et al., 2016). Some studies suggest that the transition from contraction to 

extension is marked by a change in flow regime (Figure 1) in the lower crust (Betka and 

Klepeis, 2013; Klepeis et al., 2007, 2016; Platt et al., 2014). To fully understand how this 

transition from contraction to extension happens we must understand the processes that 

allow changing flow in the lower crust.  
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Figure 1. Idealized sketch of the change from vertical to lateral flow in the lower crust depicted 
by fabric in vertical (red) and horizontal (blue) high-strain zones.  

 

 

 A key approach to resolving this issue is to examine shear zones to illuminate the 

deformation processes within lower crustal allowing change in flow. Within the lower 

crust strain is localized into discrete ductile shear zones where grain size may be reduced 

through deformation mechanisms including: (1) dislocation creep, (2) diffusion creep, 

and (3) grain boundary sliding (Passchier and Trouw, 2005; Bürgmann and Dresen, 2008; 

Platt, 2015).  The thickness of high-strain zones (10 cm-30 km) is an analogue for the 

efficiency of these localization mechanisms (Passchier and Trouw, 2005; Bürgmann and 

Dresen, 2008). Shear zones typically comprise anastomosing networks of mylonite layers 

that envelop material more resistant to deformation (Alsop and Holdsworth, 2004; 

Klepeis et al., 2007; Bürgmann and Dresen, 2008).  A key aspect of shear zones is that 

they accommodate differential movement within the crust as strain localizes into 

rheologically weak zones. Lower crustal shear zones record deformation processes that 

accommodate changing flow in the lower crust. Studying lower crustal shear zones is 

essential to our understanding of the how changing flow in the crust is accommodated to 
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allow extension and collapse. However, few localities contain large enough (>1000 km2) 

exposures to investigate this problem at regional scales (Klepeis et al., 2016).  

  Breaksea Entrance, Fiordland, New Zealand (Figure 2 and 3) comprises >1000 

km2 of lower crust exposure that offer a unique record of a transition from vertical to 

horizontal flow in the lower crust during extension that preceded rifting (Mortimer, 2008; 

Betka and Klepeis, 2013; Schwartz et al., 2016; Klepeis et al., 2016). Eclogite and 

granulite assemblages (P ≈1.8 GPa, T≈850°) at Breaksea Entrance suggest that this 

terrain hosts rocks that once resided at lower crustal depths up to 65 km (De Paoli et al., 

2009). The granulite shear zones that envelop gneiss domes are up to 15 km thick and 

feature steeply orientated vertical fabric formed during diapirism in the lower crust 

(Klepeis et al., 2016). Cross cutting all granulite shear zones are extensional upper-

amphibolite shear zones of the Resolution Island shear Zone (RISZ), which is the focus 

of my study (Betka and Klepeis, 2013; Klepeis et al., 2016). On Wairaki Island (Figure 3 

a-c), the RISZ ranges from centimeters to several tens of meters thick and features fabrics 

formed during subsequent lateral flow in the lower crust. In high-strain areas where 

retrogressed granulite and upper-amphibolite shear zones occur together the retrogressive 

upper-amphibolite fabrics transpose retrogressed granulite fabrics. These high-strain 

areas are important because they reveal that granulite shear zones with vertical flow 

fabrics were retrogressed and subsequently transposed by the upper amphibolite facies 

shear zones to accommodate extensional flow in the lower crust beneath the eastern 

Gondwana margin. This fabric transposition will allow me to identify the deformation 

process that accommodated the change in lower crustal flow. 

 

 



 

 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Regional map of a portion of western Fiordland, New Zealand (modified after Betka 
and Klepeis, 2013). Thick red lines represent the Resolution Island shear zone (RISZ). Thick blue 
lines represent the Doubtful Sound shear zone (DSSZ). Black box shows the location of the study 
area in figure 2. Inset shows the reconstruction of the Cretaceous basement geology after 
restoring the Late Cenozoic displacement along the Alpine Fault.  
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Figure 3. A) Map of Breaksea Entrance showing the location of orthogneiss domes (modified 
after Betka and Klepeis, 2013). Dashed lines indicate boundaries of orthogneiss domes and 
surrounding high-strain zones. RISZ- Resolution Island shear zone, SRSZ- Straight River shear 
zone. B) A-A’ cross section. C) B-B’ cross section. See map for location of cross section profiles. 
Bold dashed lines are the approximate extent of the RISZ. Red star indicates the location of 
Wairaki Island lozenge (Figure 3) where samples for this study were collected.   
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Chapter 2: Geologic Background 

2.1 Tectonic background of Breaksea Entrance  

 At Breaksea Entrance in western Fiordland, New Zealand (Figure 2 and 3), 

exposures of the lower crust record magmatism and high-grade metamorphism, followed 

by extension in the lower crust. Betka and Klepeis (2013) proposed a three stage 

evolution of lower crustal processes associated with this tectonic transition: (1) 

subduction magmatism and emplacement of the Breaksea, Resolution and Malaspina 

Orthogneisses into the lower crust (D1), (2) diapirism and formation of granulite facies 

shear zones and orthogneiss domes during high-grade metamorphism and vertical flow in 

the lower crust (D2) and (3) extension and formation of upper amphibolite facies shear 

zones during sub-horizontal flow in the lower crust (D3). These lower crust exposures 

record a tectonic transition along the Gondwana margin, from convergence, subduction 

and arc magmatism to collapse, extension, rifting, and opening of the Tasman Sea by ~84 

Ma (Gaina et al., 1998; Klepeis et al., 2007; Tulloch et al., 2009; Betka and Klepeis, 

2013). 

 On Wairaki Island (Figure 3) located in Breaksea Entrance, a transposition of 

fabric between two shear zones records a change from vertical to horizontal flow in the 

lower crust that followed retrogression of granulite facies assemblages to upper-

amphibolite facies assemblages at the final stages of D2 granulite facies deformation 

(Betka and Klepeis, 2013). D2 retrogressed granulite fabrics record predominantly vertical 

flow, while D3 upper-amphibolite fabrics record predominantly horizontal flow. 

Localized areas show D2 fabric transposition into parallelism with the D3 fabrics of 

extensional shear zones. This transposition of D2 fabric indicates that older high-strain 
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zones were retrogressed and subsequently folded during extension that lead to rifting. An 

investigation of how constituent minerals deform along this fabric transposition is crucial 

and may uncover how the lower crust accommodated the extension that preceded rifting 

along the eastern edge of Gondwana. 

 

2.1.1 Arc magmatism and orogeny (D1)  

 Lower crust exposures in Fiordland are dominated by a suite of Cretaceous (~123-

115 Ma) plutons that were emplaced during the last ~8 m.y. period of high-flux 

magmatism preceding extension (Allibone et al. 2009; Schwartz et al., 2016). These 

plutons are collectively referred to as the Western Fiordland Orthogniess (WFO). In 

central Fiordland (Figure 2), the WFO includes the Breaksea Orthogneiss (BO), the 

Malaspina Orthogniess (MO), and the Resolution Orthogneiss (RO). The Breaksea 

orthogneiss was emplaced during the interval from ~123-120 Ma, prior to emplacement 

of the MO and RO (De Paoli et al., 2009; Schwartz et al., 2016; Klepeis et al., 2016). 

Subsequently, a magmatic flare up event around 118-115 Ma caused emplacement of the 

MO and the RO (Klepeis et al., 2016, Schwartz et al., 2016). This flare up event 

rejuvenated the base of the arc during the late stages of D1, and later resulted in partial 

melting, metamorphism and circulation of partially molten lower crust (Klepeis et al., 

2016). The emplacement of the WFO plutons at the base of the arc allowed the thickness 

of crustal section to increase to ~65 km during this stage of orogeny (De Paoli et al., 

2009; Klepeis et al., 2016). The BO is the deepest of these plutons and most related to our 

study. D1 magmatism is significant because it was final pulse of magmatism, causing 

partial melting and high-grade metamorphism at the base of the arc. 
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2.1.2 High-grade metamorphism, high-strain zones and gneiss domes  (D2) 

 Exposures of orthogneiss domes and high-strain zones in Breaksea Entrance 

(Figure 3) record up to a 19 m.y. period (~114-95 Ma) of high-grade metamorphism (T≈ 

850-900°C, P≈14 Kbar), partial melting, diapirism and deformation (Betka and Klepeis, 

2013; Klepeis et al. 2016). Partial melting of the BO has been linked to diapirism and 

vertical flow in the lower crust (Klepeis et al., 2016). Synchronous high-grade 

metamorphism of diapirs formed orthogneiss domes composed of migmatitic granulite 

and eclogite (Betka and Klepeis, 2013; Klepeis et al., 2016). Between these domes are 

granulite facies shear zones that range from a few hundred meters thick up to nearly a 

kilometer (Klepeis et al., 2016). These high-strain zones are significant because they 

record strain localization that appears to have been partitioned into leucosome dominated 

by plagioclase within the ascending diapirs (Miranda and Klepeis, in review). Betka and 

Klepeis (2013) describe migmatitic foliations (S2) characterized by garnet and pyroxene 

that occur within a leucocratic matrix, forming dominantly linear (L=S and L>S) fabrics 

in high-strain zones (Klepeis et al., 2016). Fabrics within these high-strain are significant 

because they link strain localization within high-strain zones to predominantly vertical 

flow associated with diapirism. Exposures in Breaksea record the interplay between high-

grade metamorphism, partial melting and formation of high-strain zones around 

ascending diapirs in the lower crust.  

 The orientation of foliations (S2) and lineations (L2) in granulite high-strain zones 

separating orthogneiss domes, and the kinematics of deformation, indicate formation of 

steep high-strain zones during subvertical motion as diapir cores moved upward relative 

to mantling rock (Betka and Klepeis, 2013). S2 foliations occur up to 86° in dip and 
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maintain steep orientations around domes (Betka and Klepeis, 2013). These steep 

foliations define the orientation of concentric near-vertical high-strain zones. The plunges 

of L2 lineations are as low as 10° on dome tops, and up and over 80° near the edges of 

domes and into high-strain zone (Klepeis et al., 2016). Within the concentric high-strain 

zones, the trends of these lineations form a radial pattern. Kinematic indicators within 

L2/S2, indicate displacements parallel to the L2 lineations (Betka and Klepeis, 2013; 

Klepeis et al., 2016). These relationships between lineations and displacements are 

significant because they indicate near-vertical downward flow of material with respect to 

diapirs. The orientation and kinematics of L2/S2 define vertical high-strain zones that 

record downward movement of material relative to rising diapirs (Klepeis et al., 2016). 

 L2/S2 structures of the vertical granulite facies shear zones are crucial to our 

understanding of the fabric transposition (Betka and Klepeis, 2013; Klepeis et al., 2016). 

These shear zones are where strain localized within mantling material that moved 

downward relative to the cores of ascending diapirs. Understanding the structure of these 

shear zones is important because: (1) they were formed during predominantly vertical 

flow in the lower crust prior to collapse and extension and (2) they contain the fabric that 

is transposed into parallelism with fabric that records predominantly horizontal flow in 

the lower crust during D3.  

 

2.1.3 Extension, lateral flow in the lower crust and formation of upper-amphibolite facies 

shear zones (D3) 

 Extensional shear zones  (Figure 4) in Fiordland record the onset of crustal 

thinning and lateral flow beginning in the lower crust ~108-106 Ma after sustained 



 

 10 

heating from ~116-108 Ma that thermally weakened the crust (Klepeis et al., 2007, 2016; 

Schwartz et al., 2016). After vertical flow and emplacement of the WFO, subhorizontal 

flow initiated in the lower crust, accompanied by cooling and decompression from 

granulite facies conditions (T≈ 850°C, P≈14-18 kbar) to upper-amphibolite facies 

conditions (T < 750°C, P≈9-14 kbar) (Allibone et al., 2009; Betka and Klepeis, 2013; 

Klepeis et al, 2007, 2016). This change in flow is recorded in a series of extensional 

upper-amphibolite facies shear zones that accommodated strain beginning at 108-106 Ma 

and lasting at least to ~88 Ma (Gibson et al., 1988; Scott et al., 2006; Betka and Klepeis, 

2013; Klepeis et al., 2007, 2016). In Central Fiordland these high strain zones include the 

Doubtful Sound shear zone (DSSZ) in Doubtful Sound, and the Resolution Island (RISZ) 

shear zone in Breaksea Entrance (Figures 2 and 3). After 105-100 Ma, metamorphic core 

complexes formed in the upper crust (Tulloch and Kimbrough, 1989; Spell et al., 2000; 

Kula et al., 2009), and in the middle crust that was weak relative to the lower crust, 

recording brittle and ductile forms of deformation (Klepeis et al., 2007). These features 

record the onset of extension and strain that affected all levels of the crust, but began in 

the lower crust leading to the break-up of Gondwana and opening of the Tasman Sea by 

~84 Ma (Gaina et al., 1998; Spell et al., 2000; Tulloch et al., 2009; Betka and Klepeis, 

2013). 
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 The upper-amphibolite facies DSSZ an RISZ record spatial and temporal 

relationships that reflect a progressive southwestward migration of extension and 

deformation in the lower crust toward the interior of Gondwana (Figure 4) (Klepeis et al., 

2016; Schwartz et al., 2016). The DSSZ crosscuts the MO and the Misty Pluton, located 

in central Fiordland. The RISZ crosscuts the RO and the BO at Breaksea, indicating that 

the RISZ penetrated deeper levels of the lower crust (Allibone et al., 2009; Klepeis et al., 

2007, 2016; Schwartz et al., 2016). Combined Pb/U age dating and titanite thermometry 

reflect a southwestward migration of extension, with deformation in the DSSZ, and RISZ 

~106-97 Ma, and ~95-89 Ma respectively (Klepeis et al., 2007, 2016; Schwartz et al., 

2016). This southwestward progression of extension and deformation was synonymous 

with a progression toward the interior of the Gondwana supercontinent (Klepeis et al., 

2016). Spatial and temporal relationships between the RISZ and the DSSZ indicate a 

southwestward progression in extension and deformation in the lower crust.  Shear zone 

Figure 4. Upper and lower crust extensional features formed during D3 (modified after Klepeis et 
al., 2003 and Schwartz et al., 2016). Note the relative depths of the Doubtful Sound shear zone 
(DSSZ) and Resolution Island shear zone (RISZ).   
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development allowed extension and lateral flow to continue during the interval from 

~106-88 Ma and penetrate the lower crust. 

 Multiple lines of evidence suggest that the DSSZ and the RISZ record extension, 

and decompression following stages of subduction magmatism and high-grade 

metamorphism. Titanite and Zircon U-Pb age dates from syn-tectonic and post-tectonic 

dikes within the DSSZ suggest an age of ~106-97 Ma (Schwartz et al., 2016; Klepeis et 

al., 2007, 2016). Zircon U-Pb data from Hout et al. (2012) and Klepeis et al. (2016) 

suggest an age of ~95-89 Ma for the RISZ. These ages represent the onset of upper-

amphibolite metamorphism that postdated both the emplacement of the WFO and high-

grade metamorphism. Synonymous extension in the Ross Sea (98-95 Ma), the Paparoa 

metamorphic core complex (~94 -89 Ma), and the Sisters shear zone (89-82 Ma) links the 

formation of the DSSZ and the RISZ to regional extension during the interval from 106-

79 Ma (Spell et al., 2000; Siddoway et al., 2004; Kula et al, 2007; Klepeis et al., 2016). 

De Paoli et al. (2009) suggested evidence for decompression accompanied by cooling and 

hydration indicated by the retrogression S2 assemblages to assemblages including 

hornblende, biotite and clinozoisite. This decompression mostly occurred during upper-

amphibolite facies conditions. Combined decompression, and retrogression of S2 

assemblages were suggested by Betka and Klepeis (2013) and Klepeis et al. (2016) to 

indicate horizontal flow accompanied by shallow extension. These features suggest that 

the upper-amphibolite DSSZ and RISZ record extension that postdated subduction and 

high-grade metamorphism and preceded rifting. The development of these shear zones 

and their fabric is linked to extension. This suggests that the DSSZ and RISZ can be 
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studied to investigate how the change from horizontal to vertical flow in the lower crust 

was accommodated. 

 

2.2 The Resolution Island shear zone  

 My study is focused on the Resolution Island shear zone (Figures 2 and 3) for 

three reasons: (1) The RISZ cross cuts the BO, and exposes rocks from ~65 km of 

paleodepth, representing the deepest levels of the lower crust amongst the shear zones  

(De Paoli et al., 2007; Klepeis et al., 2016; Schwartz et al., 2016). (2) Rocks within other 

shear zones, such as the DSSZ, show a large amount of annealing, and truncation of the 

microstructural evidence of deformation, making it difficult to identify and characterize 

deformation (Dianiska, 2014). (3) Lastly, exposures of RISZ shear zone lozenges allow 3 

dimensional examination of the RISZ, specifically on Wairaki, Hāwea, and Resolution 

Island at Breaksea entrance (Figure 3). These properties make the RISZ the best shear 

zone for studying how deformation changed at the onset of lateral flow in the lower crust. 

 

2.2.1 Extensional fabrics in the Resolution Island shear zone 

 Fabrics (L3/S3) in the RISZ show orientations and displacements that suggest 

horizontal flow around domes during NE-SW stretching (Betka and Klepeis, 2013; 

Klepeis et al., 2016). Betka and Klepeis (2013) describe S3 as penetrative foliations of 

retrograde hornblende, clinozoisite, and biotite. These foliations imitate dome geometry 

formed during older phases of deformation, showing curved, variable dips that, locally, 

approach near vertical orientations, however these orientations are scarce (Klepeis et al., 

2016). Kinematic indicators within S3 foliations record top-down-to-NNE and top-down-

to-the-SSW normal and oblique-normal displacements at the tops and ends of domes.  
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Strike-slip and oblique-slip displacements occur on the sides of domes (Betka and 

Klepeis, 2013; Klepeis et al., 2016). L3 lineations comprise penetrative plagioclase and 

hornblende lineations and occur with gentle and moderate and the tops and sides of 

domes, respectively. Most lineations plunge toward the NE and SW directions, reflecting 

bulk NW-SE stretching. However, some lineations plunge toward the NW, SSE and the S 

also (Betka and Klepeis, 2013; Klepeis et al., 2016). These complex L3/S3 orientations 

and displacements are significant because they reveal bulk NE-SW horizontal flow after 

D2, with deformation in high-strain zones that deflected around domes during D3.   

 Transposition of granulite fabrics into parallelism with the RISZ amphibolite 

fabrics and mineral assemblage indicates that granulite facies shear zones were 

transposed at the onset of extension. Betka and Klepeis (2013) identified high-strain 

zones between domes where D2 and D3 fabric occur. In these areas L2 lineations show 

steep plunges while L3 lineations show gentle plunges. These lineations result from 

vertical (D2) and lateral (D3) crustal flow patterns, respectively. S2 and S3 lack sharp 

boundaries and S2 shows recrystallization and transposition by retrogressive D3 shear 

zones that range in thickness from less than a meter to tens of meters thick (Betka and 

Klepeis, 2013). Although these high strains are distinct, D2 fabrics are transposed into 

parallelism with D3 fabrics along the margins of the RISZ. This transposition is highly 

significant because it indicates that granulite facies shear zones were folded to 

accommodate extension that preceded rifting.  

 Previous authors (Betka and Klepeis, 2013; Klepeis et al., 2016) have investigated 

the field relationships between steep (D2) and subhorizontal (D3) shear zones. These 

studies have described flow in the lower crust during D2 and D3 in great detail, and 
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indicate that horizontal flow superseded vertical flow in the lower crust by 106 Ma in 

Doubtful Sound and by ~95 Ma at Breaksea (Gibson and Ireland, 1995; De Paoli et al., 

2009; Betka and Klepeis, 2013; Klepeis et al., 2007, 2016; Schwartz et al., 2016). 

However, there is still uncertainty surrounding the deformation processes that 

accommodated extension initiated by this change in lower crustal flow. Microstructural 

and electron backscatter diffraction (EBSD) analyses of constituent minerals (plagioclase 

and hornblende) within the D2 and D3 fabrics may be the key to solving this enigma. Few 

previous studies have utilized these techniques to understand and link this fabric 

transposition to deformation processes in the lower crust. I use microstructural and EBSD 

analyses to investigate this problem. This approach has been beneficial to my study.  

 

2.2.2 Previous work in the Resolution Island shear zone on Wairaki Island  

 Dianiska (2014) collected samples within a lozenge on Wairaki Island, 

comprising S2 and S3 fabrics, where S2 fabric is transposed into parallelism with the S3 

fabric of the upper-amphibolite facies RISZ (Figures 3 and 5). Using preliminary 

microstructural and EBSD analyses of the D3 shear zone fabric, Dianiska (2014) found 

that amphibolite facies samples with weak mesoscopic (hand sample) foliation and 

lineation development show strong microscopic alignment of crystallographic planes and 

axes.  However, the crystallographic alignment is incompatible with the amphibolite 

shear zone kinematic reference frame. Crystallographic alignment of hornblende is 

unique such that the a-plane typically aligns with foliation (Mainprice and Nicolas, 

1989). However, this crystallographic plane is aligned sub-perpendicular to the 

amphibolite facies foliation in weakly foliated samples. Dianiska (2014) interpreted this 
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as evidence that the crystallographic alignment developed during sub-vertical granulite 

facies deformation (D2) and was not fully transposed into parallelism with the 

amphibolite facies shear zone. This suggests that weak mesoscopic foliations may reveal 

details of early D3 (i.e., late-stage D2) deformation, and that strong mesoscopic foliations 

preserve details of late D3 deformation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Digitized map view sketch (A) and photographs (B & C) of Wairaki Island lozenge where 
samples were collected for electron backscatter diffraction (EBSD) analyses (modified from Dianiska, 
2014). A) Location of samples indicated by red dots. Red lines indicate retrogressed granulite S2 foliation 
trajectories. Blue lines indicate the upper-amphibolite S3 foliation trajectories. Figure modified after 
Dianiska (2014). B) Photograph of oblique view of Wairaki shear zone lozenge of S2 foliation wrapped in 
S3 foliation (white dashed lines). The approximate locations of samples analyzed in this study are indicated 
by the labeled red dots for reference to A. C) Close-up photograph of the margins of the retrogressed 
granulite fabric S2 and the upper-amphibolite fabric S3. The approximate locations of samples P7 and P8 
(not analyzed in this study) are indicated by labeled grey dots for reference to A. Scales in B and C are 
approximately 1 meter. 
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 I conducted new microstructural and EBSD analyses on three unanalyzed 

amphibolite samples from the shear zone lozenge studied by Dianiska (2014; Figure 5 

a,b). I focus on samples 13NZKK29P1, 13NZKK29P3, and 13NZKK29P4 (P1, P3, and 

P4, respectively). In this study I investigate the crystallographic alignment of hornblende 

in areas of increasing D2 fabric transposition. I anticipate that samples located in the core 

of the lozenge, along the margin and into the RISZ will display perpendicular, sub-

perpendicular, and parallel alignment of hornblende with respect to the kinematic 

reference frame of the upper-amphibolite facies RISZ, respectively. Along this fabric 

transposition I investigate the deformation mechanisms of plagioclase and hornblende to 

uncover the details of deformation during progressive D2 fabric transposition, i.e. early to 

late D3 extension and shear zone development. I apply methods similar to the Dianiska 

(2014) study, with the addition of misorientation analyses to help in the identification of 

deformation mechanisms. With my study I aim to constrain the deformation mechanisms 

of plagioclase and hornblende during progressive D2 fabric transposition. I focus on 

plagioclase and hornblende because they are the most prominent minerals in the lower 

crust and are suggested to control its rheology (Kirby and Kronenberg, 1987; Díaz 

Aspiroz et al., 2007; Svahnberg and Piazolo, 2010). I relate this to the large-scale 

extension that lead to rifting along the eastern edge of Gondwana. 
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Chapter 3: Methods 

3.1 Sample preparation  

 In preparation for EBSD analyses, thin sections were ultra-polished using a 

Buehler Minimet 1000 polisher. Samples were polished in 6µm, 3µm, and 1µm diamond 

suspension solutions, and lastly in 0.2 µm colloidal silica suspension solution. Sample P1 

and P4 were polished for an extra hour in colloidal silica to improve electron backscatter 

pattern (EBSP) detection. For each polishing interval the polisher was set to apply 4 lbs. 

of pressure to the sample, and 25 rotations of the polishing arm per minute. After each 

polishing interval samples were rinsed and set in distilled water and placed into a Fischer 

Scientific FS20 ultrasonic bath for approximately 5 minutes.  

 

3.2 Optical microscopy  

 A Nikon Eclipse 50iPol polarizing microscope and a Leica MZ 8 macroscope 

were used to: (1) identify the constituent mineral phases, (2) visually estimate the modal 

percentages of plagioclase and hornblende, (3) measure grain size of mineral phases, (4) 

identify deformation microstructures in plagioclase and hornblende, and (5) select areas 

for EBSD analysis and large area mapping. 

 

3.2.1 Microstructural analysis  

  For microstructural analysis, plagioclase and hornblende were observed under 

plane and cross-polarized light to observe microstructures indicative of brittle and plastic 

deformation. To identify brittle deformation I looked for grains of each phase that were 

fractured. To identify plastic deformation I looked for properties such as lobate grain 
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boundaries, deformation twinning, undulose extinction, and subgrain boundaries. 

Microstructural analyses were also conducted to designate areas in each sample for 

EBSD analysis. I selected regions in each thin section with prominent distributions of 

plagioclase and hornblende showing deformation microstructures.   

 

3.2.2 Photomicrography  

 For each sample, a series of 25–36 macroscope images were taken to construct a 

photo collage. These images were collaged into a high-resolution mosaic using the Adobe 

Bridge “photo mosaic” function. These whole thin section collages were used for 

navigation while samples were loaded in the scanning electron microscope (SEM) 

chamber. The optical microscope was used to collect images of plagioclase and 

hornblende deformation microstructures, as well as images of other phases present.   

 

3.3 EDS and EBSD analyses 

 An FEI Quanta 600 W-filament SEM was used to complete energy dispersive 

spectroscopy (EDS) and electron backscatter diffraction (EBSD) analyses. This SEM is 

equipped with an Oxford Instruments Nordlys EBSD detector and an Oxford Instruments 

INCA x-sight EDS detector. The Oxford Instruments AZtec EBSD and EDS acquisition 

software was used for preliminary phase identification and simultaneous EBSD and EDS 

large area mapping. After large area mapping, post-processing was completed using the 

Oxford Instruments Channel 5 Tango software. 
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3.3.1 EDS working conditions and mapping  

 The EDS detector was used to determine the element distribution in each map 

region. Before analyses, the EDS detector was calibrated using a beam measurement 

from copper tape placed directly across from the mapping region on the sample surface. 

Table 1 shows the SEM working conditions for copper calibration beam measurement.  

 

 

 

 

 

 Preliminary backscatter electron (BSE) imaging and EDS mapping were 

conducted with 12 pre-defined elements selected: O, Na, Mg, Al, Si, P, S, K, Ca, Ti, Fe, 

and Zr. The BSE image shows a relative variation in atomic weight (Z) of the minerals 

within a scanned region by showing heavier and lighter minerals brighter and darker, 

respectively. For the scanned BSE region element distribution data were collected using 

EDS mapping. During EDS mapping the beam was allowed to continuously raster the 

selected field for approximately 5 minutes. Once EDS acquisition was finished the 

element distribution was combined with electron backscatter diffraction patterns (EBSPs) 

to determine phases for acquisition. 

  

3.3.3 EBSD working conditions and indexing parameters 

 For EBSD analysis, samples remained uncoated and data were collected at low 

vacuum conditions (20 Pa H2O). The specified working conditions for EBSD analysis of 

each sample can be observed in Table 2.  



 

 21 

 

 
 
 

 

 For indexing the number of reflectors, the refined accuracy, and the Hough space 

resolution were specified for optimization. A list of the phases added for acquisition, as 

wells as the number of reflectors specified can be observed in Table 3. Aztec’s ‘refined 

accuracy’ settings were specified at 12 bands and a Hough resolution of 100 to optimize 

pattern solutions.   

 

 

 

 

 

 

 

 

 

 

 

3.3.4 Large area mapping  

 Large area mapping was completed for each sample to collect EBSD data within 

the selected regions. Table 3 shows the setup parameters for each LAM analysis. During 

large area mapping EBSD and EDS data were simultaneously collected. Each large area 
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map (LAM) consists of a montage of 5 to 8 equally sized fields. Filament failure 

interrupted mapping during analyses of samples P1 and P3, causing partial truncation of 

data in one field of each map. After mapping was complete all fields were collaged into a 

complete LAM and the data were exported from AZtec for post-processing. 

 

 

 

3.3.5 Post-processing  

 After large area mapping, the data were imported into the Oxford Instruments 

Channel 5 Tango software for post-processing. Prior to post-processing, the Channel 5 

cropping feature was used to omit filament burnout regions from the montaged LAM. 

Post-processing included noise reduction and misindexing error correction. Noise 

reduction was done within the “perform noise reduction” window using the Tango wild 

spike removal and extrapolation of zero solutions surrounded by up to 7 neighboring 

pixels indexed as the same phase. After performing noise reduction, phase-specific 

systematic misindexing errors, such as misindexed twinning relationships and grain 

boundary relationships were corrected using the Tango “Remove systematic misindexing 

error” window. The EDS data were used during post-processing to verify phase 

distribution. 
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3.4 Presentation of EBSD data 

3.4.1 EBSD Maps  

 After post-processing, the Channel 5 Tango software was used to construct EBSD 

maps. The band contrast, phase, Euler, average intragrain misorientation and local 

misorientation maps were constructed to present the EBSD data for each sample. These 

maps are collectively used to observe grain boundary relationships, shape preferred 

orientation, deformation microstructures, and strain distribution. 

 The band contrast map shows the change in EBSP quality throughout the LAM. 

In this map brighter areas correspond with higher EBSP quality, and darker areas 

correspond with lower EBSP quality. The phase map shows the distribution of phases 

according to specified colors. The Euler map is used to observe the 3D orientation of 

grains of one or more phases throughout the mapped region via colorization. Grains 

displaying similar color have similar 3D orientation. The average intragrain 

misorientation map shows a relative measure of intragrain strain, based upon the amount 

misorientation between pixels within individual grains. In effect this map acts a proxy for 

dislocation density and therefore intragrain strain. Within this map, cooler and warmer 

colors correspond to lower and higher amounts of intragrain strain, respectively. The 

Local misorientation map highlights areas within individual grains based on the number 

of misorientations that occur between pixels. In effect this map is a proxy for how 

dislocations are distributed, and how the dislocation density varies within individual 

grains.  
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3.4.2 Pole figures and inverse pole figures 

 EBSD data were also imported into the MATLAB MTEX toolbox and plotted in 

pole figures and inverse pole figures to observe the crystallographic orientation. Each 

pole figure is plotted as a lower hemisphere equal area stereographic projection of either 

a pole to a crystallographic plane (e.g. (100) represents the pole to the a-plane) or a 

crystallographic axis (e.g. [001] represents the c-axis) presented in the kinematic 

reference frame. Each inverse pole figure is plotted as an upper hemisphere equal area 

projection in the crystallographic reference frame, showing which crystallographic axes 

and poles to planes plot parallel to lineation and parallel to the foliation normal, 

respectively. In MTEX, pole figure and inverse pole figure contouring was completed 

using an orientation distribution function (ODF) with a halfwidth of 10°. The strength of 

the lattice preferred orientation (LPO) was quantified using the J-index and M-index 

calculations (Bunge, 1982; Skemer et al., 2005). The grain dimensions were measured 

and used to calculate average aspect ratios for plagioclase and hornblende in each sample. 

   

3.4.3 Misorientation analysis  

 Misorientation axes are plotted in pole figure and inverse pole figure space to 

investigate the grain scale processes responsible for LPO development in plagioclase and 

hornblende. Specifically, I observed how misorientation axes related to dislocation 

movement are oriented with respect to the sample coordinate system (SCS) and the 

crystal coordinate system (CCS). The HKL Channel 5 Mambo software was used (1) to 

plot the misorientation axes in pole figures (2) to plot the misorientation axes in inverse 

pole figures, and (3) to make misorientation angle distribution (MAD) histograms for 
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plagioclase and hornblende in each sample. Misorientation axes were plotted in pole 

figures to observe how the axes plot with respect to the SCS, and to distinguish whether 

they correspond to tilt-type and/or twist-type misorientations. Misorientation axes were 

plotted in inverse pole figures to observe any correspondence with a particular 

crystallographic axis. Lastly, the MAD histogram was plotted to compare the neighbor-

pair misorientation distributions, the random-pair misorientation distributions and a 

theoretical distribution representative of a random fabric for a specified crystal system. 
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Chapter 4: Results 

4.1 Petrography 

4.1.1 Sample 13NZKK29P4 

The S2 fabric in sample P4 comprises a broad mineral assemblage showing systematic 

distributions and textural relationships (Figure 6). This fabric is characterized by a 

partially retrogressed S2 mineral assemblage that comprises 35% plagioclase, 30% 

hornblende, 15 % garnet, 5-10% biotite, 5-10% quartz, with minor (<5%) amounts of 

apatite, titanite, rutile, epidote, and secondary chlorite (<1%). The S2 foliation in this 

sample is defined by shear bands of hornblende that envelope garnet porphyroblasts set in 

a matrix of recrystallized plagioclase (Figure 6). Shear bands exhibit a mixture of quartz, 

plagioclase and hornblende, with hornblende as the dominant phase. Garnet 

porphyroblasts have biotite and hornblende inclusions, are cut by intragrain fractures 

lined with opaque minerals and have coronas of secondary minerals surrounding their 

margins (Figure 7a,b). Some garnet porphyroblasts exhibit partial to almost complete 

replacement by biotite, hornblende and plagioclase (Figure 7c,d). Quartz occurs as 

interstitial grains between plagioclase and hornblende, and as inclusions found primarily 

in plagioclase. Biotite commonly occurs in clustered patches located in close proximity to 

garnet porphyroblasts. 
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Plagioclase 

In sample P4 plagioclase shows a variation in occurrence and exhibits distinct 

microstructures that indicate they accommodated more strain relative to other phases. 

Plagioclase is the primary matrix forming phase within sample P4, occurring as 

Figure 6 (above). Photomicrograph collage of sample13NZKK29P4. Red line marks 
approximate trace of the foliation observed in sample, as interpreted by hornblende bands. White 
box outlines the region where EBSD data were collected (Figures 16-18). Images of all regions 
were taken in cross-polarized light and collaged. Note: Some edges of the image contain of 
epoxy. These areas are not included in my analyses. 

Figure 7. Common textures in sample 13NZKK29P4. (A) Garnet partially replaced by biotite. 
Porphyroblast is rimmed by a plagioclase corona. (B) Plagioclase and hornblende corona 
surrounding garnet porphyroblast. (C) Garnet porphyroblast almost completely replaced by 
biotite. (D) Garnet porphyroblast showing significant replacement by plagioclase and hornblende 
denoted by arrows. Image also shows a biotite surrounding the garnet porphyroblast. Images A 
and B were taken in cross-polarized light. Images C and D were taken in plane light. Refer to 
upper left region of each image for scale. Plag- plagioclase; Hbl- hornblende; Bt- biotite; Gnt- 
garnet; Ap – Apatite; Opq- opaques.  
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recrystallized grains as small as 20 microns in diameter and as porphyroclasts up to 700 

microns in diameter (Figure 8a). Smaller plagioclase grains occur intermixed within 

hornblende-rich bands, and range in size from 10 to 20 microns. Plagioclase also occurs 

intermixed with hornblende within coronas surrounding garnet porphyroblasts (Figure 

8a). Isolated zones of plagioclase mixed with fine hornblende also occur in hornblende-

rich bands (Figure 8b). Grain boundaries are irregular, exhibiting sinuous and serrated 

shapes (Figure 8c). Large extensive bulges occur along grain boundaries shared between 

plagioclase grains (Figure 8d). Grains are equant to moderately elongate and amoeboid 

(Figure 8d). Deformation twins are common, and occur within all grain sizes (Figure 8e). 

Porphyroclasts commonly exhibit undulose extinction and subgrain boundaries (Figure 

8f). Some grains show zoning that goes to extinction from margin to core and vice versa 

(Figure 8g). Some porphyroclasts exhibit a combination of microstructures including 

kinks, mechanical twins, and subgrain boundaries (Figure 8h). 
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Hornblende 

In sample P4 hornblende is primarily fine grained and generally lacks deformation 

microstructures. Grains primarily occur clustered in bands that span across sample 

(Figure 6) ranging from 10 microns to 200 microns in size, with an average diameter of 

approximately 60 microns. In plane light, grains exhibit pleochroism including pale 

yellow, dark green, and teal colors (Figure 9a). Hornblende commonly occurs intermixed 

with plagioclase and/or quartz in coronas surrounding garnet porphyroblasts (Figure 7d) 

and localized zones of intermixed hornblende and plagioclase in hornblende-rich bands 

(Figure 8b). Grains are primarily anhedral to subhedral and exhibit few microstructures. 

No color zonation occurs within grains or along margins. Twins are common, but only 

few appear tapered (Figure 9b). There appears to be a moderate shape preferred 

orientation (Figure 9a), but due to the small grain size it is difficult to assess the SPO 

simply using light microscopy. 

 

 

 

Figure 8 (above). Plagioclase microstructures in sample 13NZKK29P4. (A) Recrystallized 
plagioclase matrix with larger porphyroclast grains. (B) Isolated zones of intermixed plagioclase 
and hornblende within hornblende bands. (C) Sharp and serrated grain boundaries between 
plagioclase grains pointed out by arrows. (D) Amoeboid plagioclase porphyroclast with boundary 
bulging into neighboring grain in upper-right region of figure. (E) Deformation twins within 
plagioclase grains shown by unlabeled arrows. (F) Kinked plagioclase porphyroclast within 
recrystallized plagioclase matrix undulose extinction shown by unlabeled arrows. (G) Zoning 
extinction in plagioclase grain shown arrows in the image. Extinction sweeps from the margin to 
the core (c) of the grain. (H) Plagioclase porphyroclast with subgrains boundaries (s), kinks (k), 
and deformation twins (d). Images A, and C–H were taken in cross-polarized light. Image B was 
taken in plane light. Plag–plagioclase; Hbl-hornblende; Bt-biotite; Ap–apatite; Rt–rutile; Opq–
Opaques.  
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4.1.2 Sample 13NZKK29P3 

Sample P3 consists of a broad mineral assemblage with a S3 foliation defined by 

hornblende. The mineral assemblage comprises approximately 40% plagioclase, 30% 

hornblende, 15% quartz, 5-10% chlorite, 5% biotite, and trace amounts of apatite, titanite, 

magnetite, ilmenite, and epidote. The foliation is primarily defined by aligned aggregates 

and bands of hornblende that span across the sample (Figure 10). Compositional layers of 

plagioclase and hornblende occur, however the boundaries between these zones are not 

abrupt. Biotite primarily occurs as localized as euhedral laths with long dimensions 

oriented parallel to foliation. Quartz occurs as inclusions in plagioclase and hornblende, 

and as isolated grains between other phases. Chlorite occurs along fractured hornblende 

grains, and in biotite crystals as distinct zones of replacement oriented parallel to 

cleavage and also along rims.  

 

Figure 9. Hornblende microstructures in sample 13NZKK29P4. (A) Hornblende grains in plane 
light exhibiting pale yellow, teal and dark green color denoted by arrows. (B) Hornblende grains 
with twinning. One twin appears tapered in right grain (arrow). Other twins do not appear 
tapered. Image A was taken in plane light, and image B was taken in cross-polarized light. Plag-
plagioclase; Hbl-hornblende; Bt- biotite; Ap-apatite; Opq-opaques. 
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Plagioclase 

In sample P3, plagioclase is primarily coarse-grained and exhibits deformation twins, 

undulose extinction and lobate boundaries. Plagioclase grains range in size from 20 

microns to 880 microns in diameter. Matrix plagioclase consists of coarse and fine 

plagioclase; however, coarser grains dominate. The distribution of plagioclase grains 

does not appear systematic with respect to grain size. Grains are anhedral, lobate in 

shape, and moderately elongate (Figure 11a). Mechanical twinning is common within 

plagioclase grains (Figure 11b). Grains commonly exhibit undulose extinction. Moderate 

bulges occur along boundaries extending between adjacent plagioclase grains (Figure 

11c). Some boundaries appear to form window microstructures, with bulges occurring 

between other grains. Grains of either quartz or plagioclase occur between large grains 

(Figure 11d). Other boundaries occur sharp and serrate (Figure 11e). In rare cases, grains 

appear polygonal with straight boundaries, sharing triple junctions (Figure 11f).  

 

 

 

 

 

 

Figure 10 (above). Photomicrograph collage of sample 13NZKK29P3. Red lines mark 
approximate foliations observed in sample, as interpreted by hornblende bands. White box 
outlines the region where EBSD data were collected (Figures 19-21). Images of all regions were 
taken in cross-polarized light and collaged. Hornblende grains appear yellow-brown. Note: Some 
edges of the image contain of epoxy. These areas are not included in my analyses. 
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Figure 11. Plagioclase microstructures in sample 13NZKK29P3. (A) Plagioclase grains with 
irregular boundaries. (B) Plagioclase grain with mechanical twins, denoted by white arrow. (C) 
Plagioclase grains with bulging boundaries extending into adjacent grains denoted by white 
arrows.  (D) Plagioclase grain boundary bulges forming apparent window microstructures. 
However, the phase of these grains is unknown. (E) Plagioclase grains exhibiting sharp (white 
arrow) and serrated (black arrow) grain boundaries. Also note large bulging grain boundary on 
the right side of the image. (F) Polygonal plagioclase with straight grain boundaries (white 
arrows), sharing triple junctions (black arrows). All images taken in cross-polarized light. Plag- 
plagioclase; Hbl- hornblende; Bt- biotite; Chl-chlorite; Qtz-quartz. 
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Hornblende  

Hornblende occurs in stretched bands characterized by a moderate shape preferred 

orientation accompanied by other microstructures and textures. Hornblende grains are 

anhedral to subhedral and range in diameter from 20 to 860 microns, and occur in 

stretched aggregates and bands oriented parallel to foliation. Smaller hornblende grains 

are commonly sub-equant to equant and round, while larger grains are typically elongate 

with straight boundaries. Some sutured grain boundaries occur, but rarely (Figure 12a).  

Some aggregates have larger grains near their center, and exhibit a decrease in grain size 

away from the core, with smaller grains along the margin. Finer grains also occur within 

regions of bands that extend from aggregate cores. Hornblende grains within aggregates 

and bands exhibit a shape preferred orientation, with long axes oriented parallel to 

foliation. Some grains display the distinct amphibole cleavage (Figure 12b). Grains 

commonly exhibit a skeletal texture, with secondary chlorite filling voids (Figure 12c). 

Some large grains exhibit both undulose extinction (Figure 12d) and subgrain boundaries 

(Figure 12e) oriented parallel and oblique to the foliation. 
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Figure 12. Hornblende microstructures in sample 13NZKK29P3. (A) Boundaries between 
hornblende grains. The white arrow denotes a straight boundary. The black arrow denotes a 
curved boundary between two hornblende grains. (B) Clustered hornblende grains exhibiting a 
shape preferred orientation with long dimensions of the grains oriented parallel to foliation 
denoted by unlabeled white arrows. Some grains display the distinct amphibole cleavage 
(denoted by unlabeled white arrows). Foliation is approximately oriented horizontal in the image. 
(C) Chloritized hornblende exhibiting a skeletal-like texture with chlorite filling the void spaces 
(denoted by white arrows). (D) Slightly kinked hornblende grain exhibiting undulose extinction 
as denoted by the white arrow.  (E) Hornblende grain segmented into two regions separated by a 
subgrain boundary denoted by the white arrow. Lower region of grain is completely extinct. 
Deformation twins in plagioclase grains denoted by black arrow. Images A & B taken in plane 
polarized light, and C-E are taken in cross-polarized light. Plag-plagioclase; Hbl-hornblende; Bt-
biotite; Qtz-quartz; Chl-chlorite; Ap-apatite; Ep-epidote; Opq-Opaques. 
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4.1.3 Sample 13NZKK29P1 

Sample P1exhibits complex texture and composition zones that display differences in 

grain sizes of plagioclase and hornblende. The mineral assemblage consists of 

approximately 35% hornblende, 30% plagioclase, 10% biotite, 10% quartz, 7% opaque 

minerals including magnetite and ilmenite, 5% apatite, and trace amounts of titanite, 

rutile, and epidote. The S3 foliation in this sample is defined by alternating compositional 

zones dominated by hornblende and plagioclase. These zones are generally lenticular and 

sigmoidal in shape and indicate a dextral sense of shear (Figure 13). Localized bands of 

cataclasite occur along the foliation enclosing, and also crosscutting, compositional 

zones. Plagioclase-rich zones exhibit the smallest grain sizes for plagioclase, hornblende, 

and quartz, with grains as small as 10 microns.  Larger grains occur in the hornblende-

rich zones, with hornblende grains over 1 mm in diameter. Biotite is evenly distributed 

throughout the sample, commonly occurring along the boundaries and within hornblende 

grains, and along the cataclasite bands where it appears highly fragmented. Quartz occurs 

as inclusions within hornblende and plagioclase and as separate grains. 
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Plagioclase 

Plagioclase occurs as clustered or isolated grains within hornblende-rich zones and in 

distinct zones where it is the dominant phase exhibiting a number of deformation 

microstructures. The grain size ranges from 10 to 500 microns, with the smallest grains 

occurring in plagioclase dominated zones. The smallest grains observed within 

hornblende-rich zones are 20-30 microns. Deformation microstructures are primarily 

observed within the plagioclase-rich zones. The most prominent microstructures are 

undulose extinction and irregular grain boundaries. Grains commonly exhibit irregular 

shapes, with weak to moderately lobate, as well as serrated, boundaries (Figures 14a, b). 

Irregular boundaries commonly occur with hornblende, exhibiting bleb-like textures 

(Figure 14c). Other examples of irregular grain boundaries include boundaries that bulge 

into neighboring grains (Figure 14D). Plagioclase commonly exhibits deformation twins. 

Some grains appear moderately kinked (Figure 14a, e). Localized zones of recrystallized 

plagioclase grains occur near the margins of plagioclase-rich zones (Figure 14f). In these 

recrystallized zones, porphyroclasts are slightly elongate, mantled by recrystallized grains 

approximately 10 microns in diameter. Some mantled porphyroclasts exhibit deformation 

twins and undulose extinction (Figure 14f). 

 

Figure 13 (above). Photomicrograph collage of sample 13NZKK29P3. Red line marks the 
approximate foliations observed in sample, as interpreted by orientation of alternating 
compositional bands. White box outlines the region where EBSD data (Figures 22-24) were 
collected. Images of all regions were taken in cross-polarized light and collaged. Hornblende 
appears as yellow-brown grains. Note: Some edges of the image contain of epoxy. These areas 
are not included in my analyses. 
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Figure 14. Plagioclase microstructures in sample 13NZKK29P1. (A) White arrows denote lobate 
grain boundaries and black arrow points to deformation twins in plagioclase grains. (B) Serrated 
grain boundary of plagioclase grain denoted by black arrow. (C) Irregular grain boundary shared 
by plagioclase and hornblende grains forming a bleb texture. (D) Irregular grain boundary 
between plagioclase grains. Arrow points to a bulge from one grain into a neighboring grain. (E) 
Kinked, twinned plagioclase grain with arrow denoting the kink boundary. (F) Localized zone 
with plagioclase porphyroclasts and recrystallized grains. Recrystallized grains mantle and 
crosscut grain, denoted by two arrows pointing at the margins of the labeled plagioclase grain. 
Lowermost arrow points to undulose extinction within one porphyroclast. Arrow at the right 
highlights deformation twins in one porpyroclast. All images taken in cross-polarized light. Refer 
to upper left region of each image for scale. Plag- plagioclase; Hbl- hornblende; Bt- biotite. 
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Hornblende 

Hornblende exhibits a large range in grain size and a variety of deformation 

microstructures. Hornblende grains range in size from 10 microns up to over 1 mm, with 

the largest grains occurring in zones where hornblende is the dominant phase. In 

plagioclase-rich zones, hornblende exhibits an average grain size of 30 microns. Grains 

exhibit a shape preferred orientation with long dimensions oriented parallel to foliation. 

Grains are anhedral to subhedral in shape. Some anhedral grains share irregular 

boundaries, with plagioclase forming the aforementioned bleb texture (Figure 14c).  

Undulose extinction is common, occurring in all grain sizes (Figure 15a). Deformation 

twinning is also common. Some twinned hornblende grains also show kinking (Figure 

15a). Some grains have subgrain boundaries oriented parallel, perpendicular, and oblique 

to foliation (Figure 15b). Fractures are prominent, and commonly filled with biotite 

(Figure 15c). Grain margins are characterized by core-mantle structures and commonly 

appear interlobate (Figure 15d, e). Hornblende grain margins are commonly traced with 

biotite and opaque minerals (Figure 15f). 
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Figure 15. Hornblende microstructures in sample 13NZKK29P1. (A) Kinked hornblende grain. 
White arrow denotes the undulose extinction and deformation twins. (B) Hornblende grain with 
subgrain boundary (white arrow). (C) Fractured hornblende grain white arrows highlight fracture 
filled with biotite. (D) Hornblende grain mantled by smaller grains surrounding its margins (black 
arrow). (E) Hornblende grain with fluidal margins (white arrows). (F) Biotite occurring along 
margins of hornblende grains. Images A, B, E and D were taken in cross-polarized light. C and D 
were taken in plane-light. Refer to upper left region of each image for scale. Plag- plagioclase; 
Hbl- hornblende; Bt- biotite. 
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4.2 Electron backscatter diffraction (EBSD) maps 

4.2.1 Sample 13NKK29P4  

Plagioclase  

Electron backscatter diffraction maps of plagioclase reveal prominent subgrain 

development, deformation microstructures and a preferred distribution of strain with 

respect to grain size. Plagioclase accounts for 64% of the mapped region in sample P4, 

(Figures 6 and 16). Grains range in length from 10 microns to 384 µm. Plagioclase 

exhibits a high population of subgrain boundaries, both throughout grains and near grain 

boundaries. Grain shapes are irregular, and bulges commonly occur between neighboring 

plagioclase grains. Some grains appear elongate, with regions segmented by subgrain 

boundaries.  Grains commonly show deformation twins. In the plagioclase Euler map, 

grains primarily display pink, purple and light green (Figure 17a). In the average 

intragrain strain map plagioclase displays various levels of strain, with a maximum 

average of approximately 12.98° (Figure 17b). Smaller grains exhibit low to moderate 

strain, while larger grains exhibit moderate to high levels of strain. Misorientations in 

plagioclase primarily assume a diffuse nature, but discrete boundaries commonly occur 

within grains (Figure 17c). 
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Hornblende  

Electron backscatter diffraction map data for hornblende reveal moderate shape preferred 

and 3D orientation with a high percentage of grains showing low strain. The mapped 

region comprises approximately 29% hornblende (Figures 6 and 16). Hornblende grains 

range in length from 10 µm to over 137 µm. Grains are commonly anhedral and elongate. 

Subgrain boundaries do occur, but are absent in most grains. Grains display a shape 

preferred orientation with long axes parallel to the trend of the foliation across the region. 

The Euler map reveals a preferred orientation between grains along the lower margin of 

the hornblende-rich band, primarily displaying purple and blue colors (Figure 18a). Other 

hornblende grains throughout the mapped region exhibit a repetition of yellow, light 

brown and light green. In the average intragrain misorientation map, hornblende is 

primarily low strain with most grains displaying darker blue color, corresponding to 

lower relative strain (Figure 18b). The maximum average is 13.42°. Some elongate grains 

and those with various subgrain boundaries exhibit moderate amounts of strain, and 

display bright green color. The maximum local misorientation value for hornblende is 

4.98º (Figure 18c). Misorientations are primarily diffuse, but in grains with subgrain 

boundaries misorientations are distinct, and correlate with subgrain boundaries. 

Figure 17 (above). Plagioclase EBSD maps for sample 13NZKK29P4. (A) All Euler map 
showing the 3D orientation of grains specified by color. Similar color between grains indicates a 
similar orientation. Legend shows the line colors for grain, subgrain and twin boundaries in all 
maps. (B) Average intragrain misorientation map showing relative intragrain strain, indicated by 
color. Cooler colors indicate lower strain and warmer colors indicate higher strain. Legend 
shows the frequency of strain levels. Max misorientation is normalized to 15.54º (actual max = 
12.98º). (C) Local misorientation map showing the distribution of misorientations (less than 5º) 
in grains. The amount of misorientation is indicated by color. Cooler and warmer colors indicate 
lower and higher misorientation degree, respectively.  
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4.2.2 Sample 13NZKK29P3 

Plagioclase 

Electron backscatter diffraction maps for plagioclase confirm previously described 

microstructures and reveal moderate strain and primarily distinct nature in the 

distribution of misorientations. Plagioclase accounts for 56% of the mapped region in 

sample P3 (Figures 10 and 19). Grains range in length from µm microns to 388 µm. 

Grains exhibit a moderate amount of subgrain boundaries throughout grains and in close 

proximity to grain boundaries. Some grains appear elongate, with regions cut by 

subgrains. Deformation twins are common occurring in coarse and fine grains. Grains are 

anhedral, exhibiting irregular grain boundaries and bulges between adjacent grains. A 

strong orientation is not apparent in the Euler map for plagioclase (Figure 20a). 

Plagioclase grains primarily exhibit moderate strain, with few grains displaying high 

strain (Figure 20b). The maximum average intragrain misorientation angle for plagioclase 

is approximately 7.8°. The maximum local misorientation angle for plagioclase is 4.92º 

(Figure 20c). Misorientations primarily occur as distinct boundaries across grains and 

along grain margins. Some grains exhibit diffuse misorientations. 

 

Figure 18 (above). Hornblende EBSD maps for sample 13NZKK29P4. (A) All Euler map 
showing the 3D orientation of grains specified by color. Similar color between grains indicates a 
similar orientation. Legend shows the line colors for grain and subgrain boundaries in all maps. 
(B) Average intragrain misorientation map showing relative strain, indicated by color. Darker 
colors indicate lower strain and brighter colors indicate higher strain. Legend shows the 
frequency of strain levels in the grain population. Max misorientation is normalized to 15.54º 
(actual max = 13.42º). (C) Local misorientation map showing the distribution of misorientations 
(less than 5º) in grains. The amount of misorientation is indicated by color. Cooler and warmer 
colors indicate lower and higher misorientation degree, respectively.  
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Hornblende  

Electron backscatter diffraction maps for hornblende reveal subgrain development, 

preferred orientation, low to moderate strain, and distinct and diffuse misorientations. 

Hornblende accounts for 32% of the mapped region, and ranges in size from 10 µm to 

over 367 µm in length (Figures 10 and 19). Grains are commonly irregular in shape and 

moderately elongate. With progression from left to right, hornblende grains decrease in 

size. A moderate amount of grains exhibit subgrain boundaries parallel and oblique to the 

foliation. In the Euler map, hornblende shows a weak preferred orientation (Figure 21a). 

Half the grain population exhibits hues of purple, while the other half exhibits hues of 

green and other colors. Low levels of strain are primarily displayed within the average 

intragrain misorientation map (Figure 21b). Roughly 5% of the grains indicate moderate 

strain, denoted by bright green color. The maximum average intragrain misorientation 

angle for hornblende is 7.03º. The maximum local misorientation angle for hornblende is 

4.92º (Figure 21c). Most misorientations occur as distinct boundaries occurring along 

subgrain boundaries. Other misorientations appear diffuse throughout grains and along 

boundaries.  

 

Figure 20 (above). Plagioclase EBSD maps for sample 13NZKK29P3. (A) All Euler map 
showing the 3D orientation of grains specified by color. Similar color between grains indicates a 
similar orientation. Legend shows the line colors for grain, subgrain and twin boundaries in all 
maps. (B) Average intragrain misorientation map showing relative strain, indicated by color. 
Darker colors indicate lower strain and brighter colors indicate higher strain. Legend shows the 
frequency of strain levels in the grain population. Max misorientation is normalized to 15.54º 
(actual = 7.829º). (C) Local misorientation map showing the distribution of misorientations (less 
than 5º) in grains. The amount of misorientation is indicated by color. Cooler and warmer colors 
indicate lower and higher misorientation degree, respectively.  



 

 53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
 

B
 C
 



 

 54 

 

 

 

 

 

 

4.2.3 Sample 13NZKK29P1  

Plagioclase 

Electron backscatter diffraction maps reveal a lack of preferred orientation and high 

strain in plagioclase with distinct arrangements of misorientations. Plagioclase accounts 

for 21% of the mapped region in sample P1 (Figures 13 and 22). Grains range between 

10 and 283 µm in in length. As previously mentioned, plagioclase and hornblende share 

irregular grain boundaries that commonly appear curved. Subgrains are prominent and 

occur both across grains and near margins. With respect to the foliation, these subgrain 

boundaries are both parallel and oblique. Twinning is common within the plagioclase 

grains. A strong shape preferred orientation does not appear to exist (Figure 23a). In the 

average intragrain misorientation map, the maximum average is 14.93º. Roughly 80% of 

the grain population exhibits moderate to high-level strain (Figure 23b).  The maximum 

local misorientation angle for plagioclase is 5º (Figure 23c). Misorientations primarily 

display a distinct nature, organized along subgrain boundaries primarily near grain 

boundaries, but also segmenting grains.  

 

 

Figure 21 (above). Hornblende EBSD maps for sample 13NZKK29P3. (A) All Euler map 
showing the 3D orientation of grains specified by color. Similar color between grains indicates a 
similar orientation. Legend shows the line colors for grain and subgrain boundaries in all maps. 
(B) Average intragrain misorientation map showing relative strain, indicated by color. Darker 
colors indicate lower strain and brighter colors indicate higher strain. Legend shows the 
frequency of strain levels in the grain population. Max misorientation is normalized to 15.54º 
(actual = 7.03º). (C) Local misorientation map showing the distribution of misorientations (less 
than 5º) in grains. The amount of misorientation is indicated by color. Cooler and warmer colors 
indicate lower and higher misorientation degree, respectively. 
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Figure 22. Phase map of sample P1 showing the distribution of minerals. 
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Hornblende 

Electron backscatter diffraction maps for hornblende reveal moderate preferred 

orientation, irregularity in grains shape, as well as low to high levels of strain and distinct 

misorientation arrangement. Hornblende accounts for 49% of the region mapped in 

sample P1 (Figures 13 and 22). Grains range in length from 10 µm to 583 µm, and are 

commonly irregular in shape and elongate. Some grains exhibit large bulges bisected by 

subgrain boundaries. Subgrain boundaries are oriented parallel, perpendicular and 

oblique to the foliation. Grains exhibit a moderate preferred orientation. In the 

hornblende Euler map, purple and green hues mostly repeated, accounting for roughly 

half of the grain population (Figure 24a). In the average intragrain misorientation map, 

hornblende exhibits an average maximum value of 15.54°. Roughly 60% of grains 

exhibit low strain in the average intragrain misorientation map (Figure 24b). The 

remaining 40% exhibit light green to red colors, indicating moderate to high strain, 

respectively. The maximum local misorientation angle for hornblende is 5º (Figure 24c). 

Misorientations primarily occur as discrete boundaries that correlate with subgrains 

boundaries, both across grains and along grain margins. 

 

 

Figure 23 (above). Plagioclase EBSD maps for sample 13NZKK29P1. (A) All Euler map 
showing the 3D orientation of grains specified by color. Similar color between grains indicates a 
similar orientation. Legend shows the line colors for grain, subgrain and twin boundaries in all 
maps. (B) Average intragrain misorientation map showing relative strain, indicated by color. 
Cooler colors indicate lower strain and warmer colors indicate higher strain. Legend shows the 
frequency of strain levels in the grain population. Max misorientation is normalized to 15.54º 
(actual = 14.39º). (C) Local misorientation map showing the distribution of misorientations (less 
than 5º) in grains. The amount of misorientation is indicated by color. Cooler and warmer colors 
indicate lower and higher misorientation degree, respectively. 
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4.3 Lattice Preferred Orientation  

4.3.1 Sample 13NZKK29P4  

Plagioclase inverse pole figures 

Inverse pole figures of plagioclase (Figure 25) show evidence for LPO development. 

With respect to lineation, maxima occur in four regions. Maxima in the upper right region 

of the figure appear orange indicating they are the strongest. These maxima do not appear 

to cluster close to any known crystallographic axes. Maxima in the lower right region 

appear yellow and are the second strongest in the figure. These maxima cluster near 

parallel to [112] and [111], indicating that these directions are parallel to lineation. The 

maxima in the upper left and lower left regions appear the weakest and do not show 

clustering near any particular axes or directions. With respect to the foliation normal, a 

strong maximum lies close to poles to (110), poles to (112) and poles to (111) indicating 

that (110), (112) and (111) are aligned nearly parallel to foliation. 

 

 

 

 

 

 

Figure 24 (above). Hornblende EBSD maps for sample 13NZKK29P1. (A) All Euler map 
showing the 3D orientation of grains specified by color. Similar color between grains indicates a 
similar orientation. Legend shows the line colors for grain, subgrain and twin boundaries for all 
maps. (B) Average intragrain misorientation map showing relative strain, indicated by color. 
Darker colors indicate lower strain and brighter colors indicate higher strain. The legend shows 
the frequency of strain levels in the grain population. Max misorientation is 15.54º. (C) Local 
misorientation map showing the distribution of misorientations (less than 5º) in grains. The 
amount of misorientation is indicated by color. Cooler and warmer colors indicate lower and 
higher misorientation degree, respectively. 
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Plagioclase pole figures  

Plagioclase pole figures (Figure 26) show moderate clustering with non-conventional 

poles to planes, and axes aligned to foliation and lineation, respectively. Poles to (010) 

and poles to (001) are not perpendicular to foliation. Maxima of poles to (010) show the 

strongest clustering that occur in the lower right of the figure. Poles to (001), and [001] 

axes exhibit girdles about the Y strain axis. Maxima of the [100] axes occur in the upper 

right, lower right, and lower left of the pole figure, indicating two orientations of [100] 

axes near perpendicular to one another. These orientations are not parallel to lineation. 

The only poles to the planes, and axes aligned to foliation and lineation are those 

specified in inverse pole figures (Figure 24). These include poles to (110), (111) and 

(112), and [111] and [112].  

Figure 25. Plagioclase inverse pole figures for sample 13NZKK29P4. Both figures are upper 
hemisphere, equal area projections in which the crystallographic reference frame is fixed. The left 
IPF is plotted with respect to lineation, and right IPF is plotted with respect to the foliation 
normal. Contour intervals counted as multiples of uniform distribution (mud) = 0.5. Color bar 
specifies the value with its corresponding color. The minimum and maximum mud values are 
specified for each pole figure by ‘min’ and ‘max’, respectively. The fabric results are displayed 
below inverse pole figures (N = number of grains). 
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Hornblende pole figures 

Pole figures of hornblende (Figure 27) show strong clustering, and alignment of poles to 

(100) nearly perpendicular to foliation and [001] nearly parallel to lineation. Poles to 

(100) and poles to (110) form girdles that curve towards the upper right of the pole 

figures. The strongest clustering of poles to these planes occurs sub-perpendicular to 

foliation. Poles to (010) form a girdle, and exhibit a cluster near the Y- axis. The [001] 

axes form a girdle along the trace of the foliation with the strongest cluster occurring near 

parallel to the lineation. 

Figure 26. Pole figures for plagioclase in sample 13NZKK29P4. All figures are lower 
hemisphere, equal area projections. Contour intervals counted as multiples of uniform distribution 
(mud) = 0.5. The minimum and maximum mud values are specified for each pole figure by ‘min’ 
and ‘max’, respectively. The fabric analyses results are shown to the right of the pole figures (N = 
number of grains). Inset shows the specimen and kinematic reference frames with respect to 
foliation and lineation (Lin).  
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4.3.2 Sample 13NZKK29P3 

Plagioclase inverse pole figures 

Inverse pole figures for plagioclase (Figure 28) show a strong clustering, however this 

clustering shows no apparent relationship with significant crystallographic poles to planes 

or axes and directions. The inverse pole figure corresponding to lineation exhibits the 

strongest maximum near the top of the figure, with a smaller cluster near the center. The 

closest axes for these maxima are [-100] and [001]. The inverse pole figure 

corresponding to the foliation normal shows maxima near poles to (10-1), poles to (112) 

and poles to (111). The strongest maximum occurs near the center of the figure, closest to 

poles to (001). Other weaker maxima occur, but do not correspond with any poles to 

planes.  

Figure 27. Pole figures for hornblende in sample 13NZKK29P4. All figures are lower 
hemisphere, equal area projections. Contour intervals counted as multiples of uniform distribution 
(mud) = 0.5. Color bar specifies the value with its corresponding color. The minimum and 
maximum mud values are specified for each pole figure by ‘min’ and ‘max’, respectively. The 
fabric analyses results are displayed to the right of the pole figures (N = number of grains). Inset 
shows the specimen and kinematic reference frames with respect to foliation and lineation (Lin).  
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Plagioclase pole figures  

Pole figures of plagioclase (Figure 29) show moderate clustering, with poles the (001) 

planes aligned to foliation and [-100] and [001] axes aligned closely parallel to lineation, 

respectively. Poles to (010) form strong maxima near the center of the pole figure, 

indicating that these planes are oriented perpendicular to foliation. Poles to (001) form a 

strong maxima sub-perpendicular to the sample foliation, indicating that the c-planes are 

oriented sub-parallel to the foliation (Figure 28). Poles to (10-1), poles to (111) and poles 

to (112) form stronger maxima oriented oblique to foliation with weak maxima sub-

perpendicular to foliation. The [-100] and [001] exhibit a strong maxima sub-parallel to 

the lineation. Other maxima of [001] occur near perpendicular to the first maxima.  

Figure 28. Inverse pole figures (IPF) for sample 13NZKK29P3 plagioclase. Both figures are 
upper hemisphere, equal are projections, in which the crystallographic reference frame is fixed. 
The left IPF is plotted with respect to lineation, and right IPF is plotted with respect to the 
foliation normal. Contour intervals counted as multiples of uniform distribution (mud) = 0.5. The 
minimum and maximum mud values are specified for each pole figure by ‘min’ and ‘max’, 
respectively. The fabric results are displayed below inverse pole figures (N = number of grains). 
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Hornblende pole figures 

Pole figures for hornblendes (Figure 30) show strong clustering with maxima occur close 

to primitive of the figures. Poles to (100) and poles to (110) exhibit broad girdles with 

diffuse maxima. The strongest maxima occur sub-perpendicular to the foliation, 

indicating these planes are oriented parallel to foliation. Poles to (010) form a girdle of 

diffuse maxima with the strongest cluster near the center of the pole figure.  C-axes 

exhibit broad girdles with diffuse maxima. The strongest maxima occur on the primitive, 

indicating that most [001] are parallel with the lineation. 

 

 

 

Figure 29. Pole figures for plagioclase in sample 13NZKK29P3. All figures are lower 
hemisphere, equal area projections. Contour intervals counted as multiples of uniform distribution 
(mud) = 1. The minimum and maximum mud values are specified for each pole figure by ‘min’ 
and ‘max’, respectively. The fabric analyses results are displayed to the right of the pole figures 
(N = number of grains). Inset shows the specimen and kinematic reference frames with respect to 
foliation and lineation (Lin). 
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4.3.3 Sample 13NZKK29P1 

Plagioclase inverse pole figures 

The inverse pole figure for plagioclase (Figure 31) shows moderate LPO development 

with distinct crystallographic directions parallel to lineation and multiple poles to planes 

parallel to the foliation normal. In the figure corresponding to lineation the strongest 

maxima occur near [1-10] and [1-1-1]. The weaker maxima show weak to no correlation 

with any significant crystallographic directions. The figure corresponding to foliation 

normal shows a broad girdle with stronger maxima occurring near poles to (111), poles to 

(112), poles to (101), and poles to (011). The strongest maxima occur near the poles to 

(112) and poles to (111) planes. Weaker maxima of this girdle occur near poles to (010) 

and poles to (001). 

Figure 30. Pole figures for hornblende in sample 13NZKK29P3. All figures are lower 
hemisphere, equal area projections. Contour intervals counted as multiples of uniform distribution 
(mud) = 1. The minimum and maximum mud values are specified for each pole figure by ‘min’ 
and ‘max’, respectively. The fabric analyses results are displayed to the right of the pole figures 
(N = number of grains). Inset shows the specimen and kinematic reference frames with respect to 
foliation and lineation (Lin). 
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Plagioclase pole figures 

Pole figures for plagioclase (Figure 32) show strong LPO with alignment poles to 

multiple planes aligned sub-perpendicular to foliation and few axes parallel to the 

lineation. Maxima of poles to (010) occur in the upper left and lower right of the figure. 

Poles to (010) also form a girdle that extends from the upper right to the lower left of the 

figure. Poles to (001) form a girdle with the strongest cluster sub-perpendicular to the 

foliation. Poles to (101) form maxima along the primitive sub-perpendicular to foliation, 

indicating alignment of these planes near parallel to foliation. Poles to (011) planes form 

an LPO pattern that is consistent with the (011) being a slip plane. The indicated dextral 

sense of shear is consistent the sense of shear suggest by the sigmoidal regions in Figure 

Figure 31. Inverse pole figures (IPF) for sample 13NZKK29P1 plagioclase. Both figures are 
upper hemisphere, equal are projections, in which the crystallographic reference frame is fixed. 
The left IPF is plotted with respect to lineation, and right IPF is plotted with respect to the 
foliation normal. Contour intervals counted as multiples of uniform distribution (mud) = 0.2. The 
minimum and maximum mud values are specified for each pole figure by ‘min’ and ‘max’, 
respectively. The fabric results are displayed below inverse pole figures (N = number of grains). 
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13. Poles to (111) and poles to (112) form girdles along the upper and lower primitives. 

A-axes form a girdle in the lower right region of the pole figure with maxima occurring 

along the trend of the girdle. The [1-10] and [1-1-1] directions form girdles along the 

primitive with strongest maxima occurring near parallel to lineation. The [001], [110] and 

[112] form girdles with maxima that occur oblique to the lineation, indicating that these 

planes are not aligned to the lineation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hornblende 

Pole figures for hornblende (Figure 33) show a preferred alignment, however poles to 

planes and axes are not fully aligned to the foliation and lineation. Poles to (100) form 

broad maxima within the upper and lower sections of the figure. The upper maxima 

Figure 32. Pole figures for plagioclase in sample 13NZKK29P1. All figures are lower 
hemisphere, equal area projections. Contour intervals counted as multiples of uniform distribution 
(mud) = 0.5. Color bar specifies the value with its corresponding color. The minimum and 
maximum mud values are specified for each pole figure by ‘min’ and ‘max’, respectively. The 
fabric analyses results are displayed to the right of the pole figures (N = number of grains). Inset 
shows the specimen and kinematic reference frames with respect to foliation and lineation (Lin). 
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include a stronger cluster nearly parallel foliation and a weaker cluster near the primitive, 

indicating that (100) planes are not fully parallel to foliation. Poles to (010) do not exhibit 

strong alignment with the foliation. Poles to (110) form a girdle with diffuse maxima sub-

perpendicular to the foliation. C-axes form girdles with diffuse maxima sub-parallel to 

lineation and the strongest cluster parallel to lineation, indicating a sub-parallel to parallel 

alignment of [001] with respect to the lineation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Pole figures for hornblende in sample 13NZKK29P1. All figures are lower 
hemisphere, equal area projections. Contour intervals counted as multiples of uniform distribution 
(mud) = 0.5. The minimum and maximum mud values are specified for each pole figure by ‘min’ 
and ‘max’, respectively. The fabric analyses results are displayed to the right of the pole figures 
(N = number of grains). Inset shows the specimen and kinematic reference frames with respect to 
foliation and lineation (Lin). 
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4.4 Misorientation Analysis 

4.4.1 Sample 13NZKK29P4 

Plagioclase  

The misorientation data for plagioclase (Figure 34) show a significant alignment of 3-10° 

misorientation in both sample coordinate system (SCS) and crystal coordinate system 

(CCS) and a shift of neighbor pair misorientations from the theoretical random 

distribution. In sample coordinates (Figure 34a), misorientation axes show broad maxima 

parallel to the Y-axis, indicating tilt-type misorientations. In crystal coordinates (Figure 

34b), misorientation axes cluster near the [-100], indicating [-100] is parallel to the 

misorientation axis. In the misorientation angle distribution (MAD) histogram (Figure 

34c), the neighbor-pair misorientation population exhibits a greater strong deviation from 

the theoretical random than does the random-pair population. Most neighbor-pair 

misorientations correspond to 180° of misorientation. The second highest distribution 

corresponds to misorientation angles between 3° and 10°. A small amount of neighbor-

pair misorientations correspond to angles from 10° to 30° of misorientation.   
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Hornblende 

The misorientation data for hornblende (Figure 35) show a weak alignment of 3-10° axes 

in sample and crystal coordinates and a deviation of the neighbor pair axes from the 

theoretical random. In sample coordinates (Figure 35a), misorientations show a centered 

broad distribution of maxima. This weak clustering indicates weak or no development of 

misorientation axes. In the crystal coordinate reference frame (Figure 35b), 

misorientation axes are weakly oriented along [001] and [010]. The MAD histogram 

(Figure 35c) reveals a large deviation of neighbor-pair axes from the theoretical random. 

The largest frequency of neighbor-pair misorientations corresponds to 3° to 10° angles. 

Neighbor-pair misorientations exhibit a shift from the theoretical random at 

misorientation values ranging from 10° up to 70°. Random-pair misorientations exhibit a 

shift from the theoretical random at angles of 3°-50°, 130°-150° and 160°-180°, but 

primarily follow the theoretical random.  

 

 

 

 

 

Figure 34 (above). Low-angle (3-10º) misorientation data for sample 13NZKK29P4 plagioclase 
(A) Orientation of misorientation axes in the sample reference frame. Plots are shown in lower 
hemisphere (LH) equal area projections. (B) Orientation of misorientation axes in the crystal 
coordinate reference frame. Plots are shown in upper hemisphere (UH) equal area projection. 
Contour intervals counted as multiples of uniform distribution (mud) = 1. (C) Misorientation 
angle distribution histogram showing the frequency of neighbor- (blue) and random-pair (red) 
misorientations with respect to the misorientation angle. The theoretical random (black line) 
represents the pattern followed by a random fabric. Minimum angle =3°; Bin width  = 5°; N 
represents the number of axes. 
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4.4.2 Sample 13NZKK29P3  

Plagioclase  

The misorientation data for plagioclase (Figure 36) reveals kinematically and 

crystallographically significant 3-10° misorientation axes and a shift of neighbor pair 

axes from the theoretical random. In the sample reference frame (Figure 36a), 

misorientation axes exhibit a broad maximum near the center of the pole figure, parallel 

to foliation, indicative of tilt-type misorientation. In the crystal coordinate reference 

frame (Figure 36b), misorientation axes show maxima corresponding to [-100], indicating 

the [-100] as the axis of misorientation. The MAD histogram (Figure 36c) reveals a 

significant deviation of the neighbor-pair axes from the theoretical random. The greatest 

distribution of axes occurs at 180°, and the second from 3° to 10° of misorientation. The 

random-pair axes show a slight deviation from the theoretical random, corresponding to 

3°-10° angles. 

 

 

 

 

Figure 35 (above). Low-angle (3-10º) misorientation data for sample 13NZKK29P4 hornblende 
(A) Orientation of misorientation axes in the sample reference frame. Plots are shown in lower 
hemisphere (LH) equal area projections. (B) Orientation of misorientation axes in the crystal 
coordinate reference frame. Plots are shown in upper hemisphere (UH) equal area projection. 
Contour intervals counted as multiples of uniform distribution (mud) = 1. (C) Misorientation 
angle distribution histogram showing the frequency of neighbor- (blue) and random-pair (red) 
misorientations with respect to the misorientation angle. The theoretical random (black line) 
represents the pattern followed by a random fabric. Minimum angle =3°; Bin width  = 5°; N 
represents the number of axes. 
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Hornblende 

Misorientation data for hornblende (Figure 37) reveal insignificant clustering in the 

sample and crystal coordinates, and deviation of both neighbor- and random-pair 

misorientations from the theoretical random.  In sample reference frame (Figure 37a), 

misorientations show maxima dispersed throughout the pole figure space. Weak maxima 

occur near the center of the figure. The strongest maximum occurs along foliation, 

however this maximum does not plot within space corresponding to either tilt- or twist-

type misorientations. In the crystal coordinate reference frame (Figure 37b), 

misorientations show a diffuse distribution, with a weak correlation with [001]. In the 

MAD histogram (Figure 37c), the neighbor- and random-pair populations exhibit 

deviation from the theoretical random, however the deviation appears greater within the 

neighbor-pair population. Neighbor-pair misorientations show the greatest distribution 

around misorientation angles ranging from 3° to 10°. Moderate distributions of neighbor-

pair misorientations occur between 10° and 70°, exhibiting shift from the theoretical 

random. The random-pair population exhibits a shift from the theoretical random at 

misorientation angles from 3° to 60° and 150° to 160°.  

 

Figure 36 (above). Low-angle (3-10º) misorientation data for sample 13NZKK29P3 plagioclase 
(A) Orientation of misorientation axes in the sample reference frame. Plots are shown in lower 
hemisphere (LH) equal area projections. (B) Orientation of misorientation axes in the crystal 
coordinate reference frame. Plots are shown in upper hemisphere (UH) equal area projection. 
Contour intervals counted as multiples of uniform distribution (mud) = 0.5. (C) Misorientation 
angle distribution histogram showing the frequency of neighbor- (blue) and random-pair (red) 
misorientations with respect to the misorientation angle. The theoretical random (black line) 
represents the pattern followed by a random fabric. Minimum angle =3°; Bin width  = 5°; N 
represents the number of axes. 
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4.4.3 Sample 13NZKK29P1 

Plagioclase 

The misorientation data for plagioclase (Figure 38) reveal strong orientation of axes in 

both sample and crystallographic coordinates, and a shift of neighbor-pair misorientations 

from the theoretical random. In sample reference frame (Figure 38a), misorientation axes 

form a maximum that occurs along foliation. This maximum plots near space 

corresponding to tilt-type misorientations, but occurs offset slightly to the right of the 

center of the pole figure, near the bottom right quadrant. In the crystal coordinate 

reference frame (Figure 38b), misorientation axes form maxima that correspond to [-100] 

and [201], indicating these as the misorientation axes. The MAD histogram (Figure 38c) 

shows a large deviation from the theoretical random in the neighbor-pair population, and 

a slight deviation in the random-pair population. The largest distribution of neighbor-pair 

misorientation axes occurs at angles between 3° and 10°, followed by distributions 

corresponding to 180° angles. The neighbor-pair population also exhibits a small number 

of misorientations corresponding to angles between 10° and 20° of misorientation. 

Random-pair populations exhibit deviations at 30°-40° and 180°.  

 

 

Figure 37 (above). Low-angle (3-10º) misorientation data for sample 13NZKK29P3 hornblende 
(A) Orientation of misorientation axes in the sample reference frame. Plots are shown in lower 
hemisphere (LH) equal area projections. (B) Orientation of misorientation axes in the crystal 
coordinate reference frame. Plots are shown in upper hemisphere (UH) equal area projection. 
Contour intervals counted as multiples of uniform distribution (mud) = 0.5. (C) Misorientation 
angle distribution histogram showing the frequency of neighbor- (blue) and random-pair (red) 
misorientations with respect to the misorientation angle. The theoretical random (black line) 
represents the pattern followed by a random fabric. Minimum angle =3°; Bin width  = 5°; N 
represents the number of axes. 
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Hornblende 

Misorientation data for hornblende (Figure 39) reveal preferred orientation of 3-10° 

misorientations kinematically and crystallographically, and a significant shift of 

neighbor-pair misorientations from the theoretical random. In sample coordinates (Figure 

39a) hornblende misorientation axes form a strong maximum, but this maximum occurs 

offset to the right of the center, near the lower right quadrant of the pole figure. These 

axes likely correlate with space corresponding to tilt-type misorientations. In the crystal 

coordinate reference frame (Figure 39b) misorientation axes form a strong maximum 

corresponding with [001] axes and a weaker maximum corresponding with [010] axes, 

forming a weak girdle. This indicates that both [001] and [010] are misorientation axes, 

with the [001] axes misorientations dominating. The MAD histogram (Figure 39c) shows 

a much stronger shift from the theoretical random within the neighbor-pair population, 

with most misorientations correlating with a misorientation angle between 3° and 10°. 

Other distributions occur from 10° up to 40°. Random-pair misorientations exhibit a 

weak shift from the theoretical random, at angles of 3°-10°, 30°-60°, 130°-150° and 

160°-170°. 

 

Figure 38 (above). Low-angle (3-10º) misorientation data for sample 13NZKK29P1 
plagioclase (A) Orientation of misorientation axes in the sample reference frame. Plots are shown 
in lower hemisphere (LH) equal area projections. (B) Orientation of misorientation axes in the 
crystal coordinate reference frame. Plots are shown in upper hemisphere (UH) equal area 
projection. Contour intervals counted as multiples of uniform distribution (mud) = 1. (C) 
Misorientation angle distribution histogram showing the frequency of neighbor- (blue) and 
random-pair (red) misorientations with respect to the misorientation angle. The theoretical 
random (black line) represents the pattern followed by a random fabric. Minimum angle =3°; Bin 
width  = 5°; N represents the number of axes.  
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Figure 39 (above). Low-angle (3-10º) misorientation data for sample 13NZKK29P1 hornblende 
(A) Orientation of misorientation axes in the sample reference frame. Plots are shown in lower 
hemisphere (LH) equal area projections. (B) Orientation of misorientation axes in the crystal 
coordinate reference frame. Plots are shown in upper hemisphere (UH) equal area projection. 
Contour intervals counted as multiples of uniform distribution (mud) = 1. (C) Misorientation 
angle distribution histogram showing the frequency of neighbor- (blue) and random-pair (red) 
misorientations with respect to the misorientation angle. The theoretical random (black line) 
represents the pattern followed by a random fabric. Minimum angle =3°; Bin width  = 5°; N 
represents the number of axes.  
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Chapter 5: Interpretations and Discussion 
 

5.1 Interpretation of microstructures  

5.1.1 Plagioclase 

 Plagioclase deformation microstructures are easiest to see in sample P4 compared 

to those in P3 and P1, reflecting deformation at higher conditions relative to these 

samples (Table 5.1). This is in agreement with conditions suggested for the retrogressed 

granulite fabric versus the amphibolite fabric. Sample P4 plagioclase exhibits a wide 

array of microstructures commonly occurring within single grains. These microstructures 

include highly lobate grain boundaries, often displaying large, extensive bulges that 

propagate from host grains, subgrain walls, kinking, and moderate elongation (Figure 8). 

The recrystallized texture of the plagioclase matrix in sample P4 distinguishes it from the 

microstructures in the samples P3 and P1. In sample P3, grain boundaries occur straight 

to moderately lobate with less extensive bulges. Deformation twins are prominent in the 

EBSD map region and are visible in the optical photographs. Some grains show straight 

boundaries and triple junctions. Microstructures in sample P1 appear similar to those in 

P3 with the exception of triple junctions and straight boundaries and less twinning. Some 

grains exhibit small bulges along their grain boundaries, forming core-and-mantle 

structures, however this texture is rare. In samples P3 and P1 the texture of plagioclase 

appears less recrystallized than sample P4. In these samples porphyroclasts are dominant 

within the matrix. This indicates a decrease in the extent of recrystallization. This 

correlation is likely related to the decrease from granulite to upper-amphibolite facies 

conditions during onset of and continuation of deformation during D3.  
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5.1.2 Hornblende 

 The frequency of hornblende microstructures increases as deformation conditions 

move into amphibolite facies, in contrast to the decrease in plagioclase microstructures 

(Table 5.1). In sample P4 hornblende exhibits the least prominent microstructures, the 

smallest grain sizes between all samples, and a weak shape preferred orientation. Very 

few grains show twins and undulose extinction. In sample P3, grains exhibit undulose 

extinction, strong shape preferred orientation, and subgrain walls that occur both parallel 

and oblique to the foliation. Sutured boundaries are rare. Elongate grains with straight 

boundaries are common. Small grains are also common along thin bands stretching 

across sample. Within P1 hornblende shows microstructures indicative of brittle and 

plastic deformation. Throughout the sample grains show a large number of fractures. This 

is also observed within the EBSD maps. Plastic deformation microstructures are also 

common. Undulose extinction and subgrain walls oriented parallel, perpendicular and 

oblique to foliation occur. Deformation twins are common throughout the sample. Most 

grains exhibit irregular shapes, owing to bulging boundaries with bulges cut by subgrains. 

A moderate shape preferred orientation occurs. With continued progression into the 

amphibolite fabric, hornblende shows progressive plastic deformation. However some 

microstructures also indicate brittle deformation. These microstructures are suggested to 

result from deformation associated with Tertiary faulting (Klepeis et al., 2016). While the 

increase of plastic microstructures contrasts with deformation from granulite facies to 

upper-amphibolite facies, the increase in brittle microstructures does not.  
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5.2 Interpretation of EBSD maps: 3D orientation and strain distribution  

5.2.1 Plagioclase 

 EBSD data for plagioclase differ mostly in the average intragrain misorientation 

and the local misorientation maps, likely related to the spatial variation of samples. All 

EBSD maps show a weak 3D preferred orientation of plagioclase grains. Average 

intragrain misorientation maps reveal that plagioclase within sample P1 contains the 

highest amount strain. The maximum average intragrain misorientation angles are 12.98°, 

7.83°, and 14.39° for samples P4, P3, and P1, respectively. P1 also displays the highest 

concentration of grains with moderate to high levels of misorientation degree (green to 

red in the color bar in Figure 23b). The local misorientation maps for all samples lack a 

distinctive arrangement of misorientations. This primarily owes to the difference in the 

grain size of each map. Variations observed include: (1) larger misorientation populations 

in samples P1 and P4 and (2) higher distribution of misorientations across porphyroclasts 

in samples P4 and P3 relative to sample P1 where they mostly occur along grain 

boundaries. The correlations observed within the EBSD maps may indicate a spatially 

dependent variation upon the strain intensity.  

 

5.2.2 Hornblende 

 EBSD maps for hornblende reflect similar correlations to those observed in 

plagioclase, with more strain in P1 relative to the other samples. Hornblende shows weak 

to moderate 3D orientation within the all Euler maps (Figures 18a, 21a, and 24a). P1 

shows the most preferred 3D orientation. In the average intragrain misorientation maps 

(Figures 18b, 21b, and 24b) hornblende exhibits the greatest misorientation in sample P1, 



 

 86 

with a value of 15.54°. This value is also greater than that recorded for plagioclase. The 

average intragrain misorientation angles for P4 and P3 are 13.42° and 7.03°, respectively. 

Local misorientation maps (Figures 18c, 21c, and 24c) for hornblende reflect a similar 

correlation with respect to the number of misorientations visually indicated. Sample P3 

displays the smallest population of misorientations. While samples P4 and P1 both show 

a widespread occurrence of misorientations, P1 exhibits a greater extent of 

misorientations that pile up along distinct boundaries across grains and along grain 

boundaries.  

 With continued deformation into upper-amphibolite facies conditions, strain was 

progressively distributed into both plagioclase and hornblende. In sample P4, strain is 

mostly distributed in plagioclase. Hornblende shows some localized areas of high strain 

within shear bands near garnet porphyroblasts. In sample P3 plagioclase shows more 

strain than hornblende, however strain is near evenly distributed between the two phases. 

Within sample P1, hornblende shows more strain compared to plagioclase. Plagioclase 

contains a higher population of intermediate to high strain grains relative to hornblende. 

In sample P1 strain is distributed between plagioclase and hornblende. This difference in 

strain partitioning is interpreted to result from progressive development of near-

monomineralic, alternating layers of hornblende and plagioclase. In samples P4 and P3 

plagioclase forms distinct weak layers, but in sample P1 hornblende also forms distinct 

layers. Previous studies show that as these alternating layers develop, the strength 

contrast between plagioclase and hornblende decreases. (Handy, 1994; Baratoux et al., 

2005; Díaz-Aspiroz et al., 2007). These studies suggest that at high-temperature and 

high-strain alternating compositional layers of both hornblende and plagioclase occur.  
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5.3 Interpretation of LPO 

5.3.1 Plagioclase slip systems according to LPO 

 Although plagioclase exhibits a non-random fabric, the LPO appears diffuse, with 

multiple planes and directions parallel, sub-parallel, and oblique to the kinematic 

reference frames. Fabric in sample P4 (Figures 26) is relatively weak, (M-index = 0.03). 

Poles to (110), poles to (111) and poles to (112) appear most aligned to the foliation and 

the [111] and [112] directions are aligned with the lineation. There is no viable slip 

system combination between these planes and axes. Poles to (010), and [100] display a 

preferred orientation, but this orientation is oblique to the foliation and lineation, 

respectively. C-axes also occur nearly perpendicular to the lineation. Our slip system 

analysis of P4 according to LPO is therefore inconclusive, although it is possible that the 

(010)[100] slip system was active in a foliation oblique to the present one.  

 The LPO of sample P3 is the least complex (Figure 28). The fabric is the strongest 

of the samples (M-index = 0.06). This likely owes to the small number of grains analyzed 

relative the other samples (N= 272). Poles to the (001) planes appear most consistent with 

measured foliation. The [-100] and [001] appear consistent with the measured lineation, 

however [-100] exhibit a strong clustering. Poles to (010) show a relatively strong cluster 

parallel to the foliation in the Y-direction, indicating that (010) are perpendicular to the 

measured foliation. The (001)[-100] slip system is interpreted for this sample. However, 

the strong cluster of (010) perpendicular to the foliation indicates that the (010)[001] slip 

system may have been active within a foliation now oriented oblique or perpendicular to 

the present one.  
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 The LPO of sample P1 displays the most complexity of all and shows multiple 

possible slip systems (Figure 32). The fabric is relatively weak (M-index = 0.0298). The 

alignment of poles to (010), (001), (112), (011), (101), and (111) indicates these planes 

are closely aligned to the foliation with offsets both synthetic and antithetic to the dextral 

sense of shear. Poles to (112), poles to (111) and poles to (101) occur most consistent 

with foliation. Poles to (001) occur sub-parallel to this foliation. Poles to (011) reflect the 

sense of shear observed with sigmoidal regions of sample P1. The [1-10], [100] and [1-1-

1] directions align near-parallel to the measured lineation, however [1-10] appears most 

consistent with lineation. The interpreted active slip systems include the (001)[1-10], 

(112)[1-10], (011)[-100], and possibly the (101)[1-1-1] and slip systems. The (101)[1-1-

1] slip has not been previously documented, however calculation in the Matlab MTEX 

toolbox reveals that the [1-1-1] lies within the (101).  

 The LPO results for sample P1 suggest slip on the (011). This is a newly 

identified slip plane within plagioclase that has been documented in experimentally 

deformed anorthite at 1 GPa and 1000°C (Cross, 2015) and naturally deformed, 

amphibolite gabbro mylonites within oceanic crust (Miranda et al., in review at JSG). The 

LPO results for sample P1 within this study represent the first documentation of this slip 

plane within the lower continental crust. This suggests that the (011) slip plane may be a 

common at and above upper-amphibolite facies conditions.  

  

5.3.2 Hornblende LPO 

 Hornblende LPO shows alignment of poles to (100) and [001] that varies in 

relationship to the corresponding kinematic reference frames, occurring sub-
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perpendicular to sub-parallel in alignment. The LPO in sample P4 (Figure 26) indicates 

both sub-parallel alignment of (100) and [001] to the foliation and lineation, respectively. 

This fabric is relatively weak (M-index = 0.07). LPO in sample P3 (Figure 30) indicates a 

sub-parallel alignment of (100) to foliation. However, [001] align parallel to the lineation. 

This fabric is the strongest of the samples (M-index = 0.1633). This correlation was also 

observed in plagioclase, and likely results from the smaller amount of grains analyzed (N 

= 247). The LPO of sample P1 (Figure 33) indicates sub-perpendicular alignment of 

(100) to foliation and shows a parallel alignment of [001] to the lineation. This fabric is 

the second strongest of the samples (M-index = 0.1071). All samples exhibit spreads in 

maxima width. While poles to (100) do not fully reach a fully consistent alignment with 

the measured foliation, poles to (100) in P3 exhibit the closest alignment to the 

amphibolite foliation. Because P4 lies within the retrogressed granulite foliation, a sub-

parallel alignment of (100) to foliation actually resembles a fabric closely aligned to the 

retrogressed granulite fabric and therefore oblique to nearly perpendicular to the 

amphibole fabric. The correlation of LPO throughout the sample set indicates that the 

strongest and most transposed fabric occurs in sample P3. 

 

5.4 Misorientation analysis: deformation processes forming LPO 

5.4.1 Plagioclase slip systems and deformation mechanisms 

 The plagioclase misorientation axes change orientation in the sample coordinate 

system (SCS) from the retrogressed granulite fabric into the amphibolite fabric of the 

RISZ, indicating transposition of the retrogressed granulite fabric. In SCS for all samples, 

misorientation axes cluster within or near the center (Figure 34a, 36a, 38a), 
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corresponding to tilt-type misorientations (Kruse et al., 2001). In sample P4, 

misorientation axes cluster in the middle of the SCS pole figure. In sample P3, 

misorientation axes display 2 smaller maxima within a broad maximum. One maximum 

occurs near SCS space corresponding to tilt-type misorientations with some shift to the 

left (Figure 36a). A second maximum occurs oblique to foliation. Misorientation axes 

cluster near the tilt-type region of the SCS for sample P1 (Figure 38a), however the 

maximum is shifted to the right of the pole figure. These observations suggest that the 

retrogressed granulite fabric containing these misorientations was rotated. I interpret this 

to be a grain-scale representation of fabric transposition. This rotation mimics a change 

from vertical flow to horizontal flow in the lower curst. 

 In CCS for all samples the misorientation axes align parallel to crystallographic 

axes that lie within (010), indicating that these misorientations correspond to slip on 

(010) (Figures 34b, 36b, and 38b). In the CCS for samples P4 and P3 axes align parallel 

to [-100], while in P1 the axes occur in space at the top and bottom primitive, closely 

corresponding with [-100] and [201]. Kruse et al. (2001) indicate that for tilt-type 

misorientations to correspond with slip of a particular plane they must lie within the plane 

and nearly perpendicular to the Burgers vector. All misorientation axes observed 

correspond to tilt-type misorientations and lie within (010). However those in samples P4 

and P3 align with [-100], corresponding the edge segment of the (010)[001] slip system 

(Kruse et al., 2001). Therefore, the observed tilt-type misorientations in samples P4 and 

P3 likely correspond to the edge segment of the easy slip system for plagioclase, 

(010)[001]. While axes in P1 may indicate the (010)[001] slip system, the (010)[100] slip 

system is another possibility, given the alignment of axes near parallel to [201]. This 
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arrangement of misorientation axes in all samples indicates that the tilt-type 

misorientation axes relate slip on (010).  

 Although the misorientation angle distribution (MAD) histograms reflect similar 

trends, indicating both subgrain development and deformation twinning, variations are 

observed in the relative frequencies of 3-10° versus 180° misorientations. All MAD 

histograms reflect a large neighbor-pair population deviation from the random, favoring 

angles of 3-10°, and 180°, and a close correlation between the uncorrelated population 

and the theoretical random. Misorientation angles of 3-10° relate to the initiation of 

subgrain development, and those at 180° relate to deformation twinning (180° about 

[010]) (Wheeler et al., 2001; Díaz-Aspiroz et al., 2011; Svahnberg and Piazolo, 2010; 

Kruse et al., 2001; Lapworth et al., 2002; Kanagawa, 2008). Sample P4 reflects a larger 

frequency of misorientations of 180° relative to those of 3-10°. Compared to P4, P3 

shows a decrease in the frequency of misorientation corresponding to 3-10° angles, and 

an increase in those of 180°. In sample P1 (Figure 38c), angles between 3-10° exhibit a 

higher frequency than observed in the other samples, and compared to 180° 

misorientations. This indicates that all samples record subgrain development and 

deformation twinning. However, misorientations appear more related to deformation 

twinning within sample P4 and P3, whereas in sample P1, a larger population of 

misorientations is related to subgrain development.   

 

5.4.2 Reconciling the indicated plagioclase slip systems 

 The misorientation analysis and LPO results for plagioclase appear inconsistent 

with the indicated slip systems. The misorientation results for samples indicate the 
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(010)[001] slip system as the active slip system in all samples, with the (010)[100] slip 

system also possible in P1. On the contrary the LPO suggests the (001)[-100] slip system 

is active in P3, and the (001)[1-10], (112)[1-10], (011)[-100], and possibly (101)[1-1-1] 

slip systems in P1. While no slip systems are concluded upon for the LPO in sample P4, 

the poles to (110), poles to (111) poles to and (112) and [111] and [112] are consistent 

with the kinematic reference frame. The b-plane slip systems are inconsistent with the 

kinematic reference frame, lying either oblique or perpendicular to it. This inconsistency 

is likely related to the proposed fabric transposition and will be discussed later.  

 I also observe an inconsistency with respect to the pressure and temperature 

conditions at which the slip systems indicated by the misorientation analyses and the 

LPO activate. Previous studies suggest that the activity of and/or change between 

multiple slip systems could result from changing deformation conditions (Kruhl, 1987; 

Shigematsu and Tanaka, 2000; Díaz-Aspiroz et al., 2011). The (010)[001] and (010)[100] 

slip systems are suggested as easy slip systems associated with relatively higher 

temperature conditions during deformation (Olsen and Kohlstedt, 1984; Kruse et al., 

2001; Mehl and Hirth, 2008; Pearce et al., 2011). However those interpreted by the LPO, 

mostly in sample P1, are harder slip systems associated with moderate to high differential 

stress (σ) conditions at relatively low temperature (Pearce et al., 2011; Getsinger et al., 

2013). Shigematsu and Tanaka (2008) suggest a switch from the (010)[001] slip system 

to multiple slip systems in plagioclase with Burgers vectors including ½ [110], ½ [01-1], 

½[1-12], and ½[11-2] from higher-grade to lower-grade deformation conditions. They 

also suggest a change in deformation mechanisms, supported by less optical evidence of 

plastic deformation compared to studies on plagioclase deformed at granulite and upper-
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amphibolite conditions. This may suggest that cooling and work hardening in the lower 

crust during shear zone development (Betka and Klepeis, 2013) provoked a transition 

from dominant (010) slip during granulite conditions to harder temperature slip systems 

during and/or after upper-amphibolite facies deformation. This is supported by the 

activation of multiple hard slip systems as well and the relative decrease of optical 

evidence for recrystallization from P4 to P3 and P1. 

 

5.4.3 Hornblende deformation mechanisms 

 Throughout the sample set hornblende misorientation axes reflect orientations in 

SCS and CCS that indicate that LPOs in samples P4 and P3 mostly relate to non-plastic 

deformation processes. Misorientation axes in sample P4 show a broad maximum within 

the center of SCS space, and show a slight alignment with [010] and [001] in CCS 

(Figure 35a, b) and an overall weak alignment of misorientations. While Sample P3 

misorientation axes show the strongest clusters, they are shifted from significant space in 

SCS or CCS (Figure 37a, b). The strong maximum shifted left in SCS may correlate with 

the center of the figure, given that the plagioclase tilt-type axes also show slight shift 

leftward (Figure 36a). However, misorientation axes in CCS show weak alignment. The 

weak cluster in P4 and P3 SCS and CCS indicate that the deformation mechanism 

processes in these samples is likely not related to crystal plasticity (Díaz-Aspiroz et al, 

2007). No previous studies have interpreted which process contributes to this feature.   

 The orientation of tilt-type misorientation axes in SCS and CCS suggests that 

hornblende LPO is the result of plastic deformation. In sample P1 the misorientation axes 

strongly cluster in the SCS. Although the maximum is shifted to the right (Figure 39a), a 
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similar shift also occurs in the plagioclase SCS plot (Figure 38a), indicating that some 

rotation of the overall sample fabric caused this offset from the center of the figure. This 

is in further support of my interpretation of fabric transposition. In CCS, misorientation 

axes align parallel to [010] and [001], with [001] dominant (Figure 39b). Specific 

clustering of misorientation axes about a crystallographic axis or direction is inconsistent 

with brittle deformation processes (Díaz-Aspiroz et al., 2007). I interpret crystal plasticity 

within P1 hornblende. This interpretation is consistent with the observed plastic 

deformation microstructures in sample P1 (undulose extinction, subgrains, deformation 

twins, and bulging grain boundaries), but inconsistent with the observed brittle 

microstructures. In contrast, the SCS and CCS reveal that hornblende in sample P4 and 

P3 predominantly deformed by non-plastic process. 

 The distribution of the neighbor-pair population suggests non-plastic deformation 

by preliminary oriented growth and rigid body rotation in samples P4 and P3 

respectively, and plastic deformation by subgrain rotation recrystallization in sample P1. 

In sample P4 (Figure 35c) the distribution of the neighbor-pair population displays a 

nearly consistent increase from high to lower angle misorientations, and the uncorrelated 

population follows the random distribution with slight deviation. This distribution of 

misorientation angles suggests interaction between neighboring grains that is absent over 

larger distances in the EBSD map region (Wheeler et al., 2001). This interaction between 

correlated grains likely reflects mimetic growth of hornblende during initial retrograde 

metamorphism of a previous granulite mineral assemblage, (De Paoli et al., 2009; Betka 

and Klepeis, 2013). Sample P3 also shows an increase from high angles to lower angles, 

however the distribution in the uncorrelated population reflects deviation from the 
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random, most notably at 3-10° of misorientation. This peak at lower angles is suggested 

to represent the process of rigid body rotation, which would be expected to cause a shift 

toward smaller angles of misorientation in adjacent and non-adjacent grains in the 

absence of plasticity. Rigid body rotation has been previously suggested as a common 

non-plastic LPO forming deformation process in hornblende (Díaz-Aspiroz et al. 2007; 

Cao et al., 2010; Baratoux et al., 2005).  For Sample P1, the MAD histogram displays a 

high frequency of neighbor-pair 3-10° misorientations, and slightly at angles 15-30°, and 

an uncorrelated population that closely follows the random. This distribution reflects a 

strong component of subgrain development, which is also plastically controlled, as 

indicated by the SCS and CCS. This suggests that the hornblende LPO in sample P1 

results from subgrain rotation recrystallization via the (100)[001] slip system.   

 

5.4.4 Hornblende inconsistent LPO and misorientation analysis 

 One issue with this interpretation of the (100)[001] slip system suggested by the 

LPO in P1 hornblende is that the misorientation axes cluster parallel to [001]. Previous 

literature (Wheeler et al., 2001; Kruse et al., 2001; Díaz-Aspiroz et al, 2007) specifies 

that axes related to twist or tilt-type misorientations should align perpendicular to the 

Burgers vector, in this case [001].  However, I observe that the tilt-type misorientation 

axes align parallel to [100]. There is a slight alignment of axes with [010], which would 

satisfy this convention, but the alignment with [001] is dominant. Díaz-Aspiroz et al. 

(2007) observed this same orientation relationship in hornblende from Aracena 

Metamorphic Belt in southwest Spain. They suggest that this alignment may result from 

the activity of multiple slip systems. However, the LPO does not indicate the alignment 
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of any slip systems with a Burgers vector contrary to [001]. I am unsure of how to 

reconcile this relationship.  

 

5.5 Evidence of fabric transposition 

 A grain-scale representation of the transposition of the retrogressed granulite 

fabric into parallelism with the upper-amphibolite fabric of the RISZ is evident in the 

character of LPO of plagioclase. Plagioclase LPO (Figures 26, 29, and 32) displays 

spreads in maxima for multiple poles to planes and directions, mostly observed in sample 

P4 and P1 poles to (001) and [001], indicating a rotational component to the observed 

fabric. Plagioclase LPO also reflects multiple alignments of poles to planes and axes to 

the reference frame forming sets of maxima oriented oblique and perpendicular to one 

another. This is observed in [100] in P4, [001] in P3, and poles to (010) and poles to 

(111) in P1. Dianiska (2014) also observed a similar style of LPO in hornblende within 

amphibolite samples from the Wairaki Island lozenge and suggested that this could 

reflect another foliation.  This may suggest that while some grains of plagioclase are 

consistent with the kinematic reference frame, others are still inconsistent and record the 

previous retrogressed granulite fabric.  

 Hornblende LPO records progressive rotation related to progressive transposition 

from the retrogressed granulite fabric to the upper-amphibolite fabric. The LPO displays 

a progressive rotation of poles to (100) and [001] about the X kinematic direction with 

progression from the core of the lozenge (P4), the interface between the retrogressed 

granulite and the upper-amphibolite fabric (P1), and into the upper-amphibolite fabric of 

the RISZ (P3; Figure 5). The LPO in P4 reflects sub-parallel alignment in the 
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retrogressed granulite fabric, likely oblique or perpendicular alignment with respect to the 

upper-amphibolite fabric (Figure 27). LPO in sample P1 reflects a sub-perpendicular 

alignment to the reference frame (Figure 33). LPO in sample P3 shows sub-parallel 

alignment with the kinematic reference frame, indicating nearly complete alignment to 

the upper-amphibolite fabric.  

 The strongest evidence for fabric transposition lies within the misorientation 

analysis results. The relationship between the orientations of misorientations axes 

between samples P4 to P1 reflects rotation of the previous retrogressed granulite fabric. 

In sample P4, plagioclase and hornblende tilt-type misorientations axes occur parallel to 

the foliation in SCS. This arrangement of misorientations in SCS may reflect the non-

transposed retrogressed granulite fabric and is a point of reference. In sample P1 

plagioclase and hornblende tilt-type misorientation axes display similar shifts to the right 

of in the SCS. This grain scale shift in misorientation axes reflects the large-scale rotation 

of the vertical lineation within the retrogressed fabric to sub-horizontal (i.e. a change in 

lower crustal flow from vertical to horizontal; Figure 40). I suggest a model of 

transposition of the vertical retrogressed granulite lineation where lineations would 

become progressively rotated to subhorizontal (Figure 41). This is in agreement with the 

lineation measurements around the Wairaki Island lozenge.  
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Figure 40. Orientation of plagioclase and hornblende tilt-type misorientation axes in sample 
coordinate system for A) vertical retrogressed granulite fabric in sample P4 and the B) upper-
amphibolite fabric in sample P1. The 3D representations for each sample are at the bottom of the 
figure. These show the orientation of the tilt-type misorientation axes with respect to foliation and 
lineation. The shift of axes in sample P1 indicates that they correspond with the previous 
granulite shear zone fabric. The shift/reorientation of tilt-type axes also represents a transposition 
of the retrogressed granulite fabric resulting a transition of retrogressed granulite lineations from 
vertical to subhorizontal.   
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 The transposition of retrogressed granulite fabric is interpreted to reconcile the 

inconsistent misorientation and LPO results. LPO in all samples suggests a preferred 

orientation of poles to (010) and the related slip systems oriented oblique (P4 and P1) to 

perpendicular (P3) to the kinematic reference frame. The misorientation data indicate this 

as the slip plane. I suggest that these high-temperature slip systems were active in a fabric 

oblique or perpendicular to that of the RISZ fabric at retrogressed granulite facies 

Figure 41. Diagram illustrating the transposition of fabric in response to a change from A) 
vertical flow in the lower crust during diapirism forming steep granulite high-strain zones with 
steeply-plunging mineral stretching lineations (arrows) and foliation (orange lines) adjacent to 
ascending diapirs to B) Horizontal flow forming upper amphibolite facies shear zones (blue 
lines) in the lower crust during NNE-SSW horizontal stretching and vertical shortening. 
Lineation (small arrows) becomes gentle but foliations remain steep near the sides of domes. 
This model is specific to Wairaki Island where foliations that occur near the sides of dome 
three dip moderately.  
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conditions during D2 vertical flow in the lower crust. The high temperatures associated 

with granulite deformation likely provided the necessary activation energy for the easy 

slip systems to activate, and for dislocations to move through the lattices of plagioclase, 

causing alignment of misorientations in SCS and CCS. The misorientation axes retained 

their orientation during and after the transposition, effectively retaining the orientation of 

the retrogressed granulite fabric and a record of the corresponding deformation 

mechanisms. This interpretation explains the discrepancy observed between the slip 

systems suggested by the LPO and those suggested by the misorientation analyses, as 

well as the observed shifts in the SCS plots for sample P1 and P3. One discrepancy with 

this interpretation is that the LPO in sample P4 indicates that the (010)[100] slip system 

is the most consistent high temperature slip system. However, the misorientation analysis 

suggests the (010)[001] slip system, except [001] is orientated perpendicular to the 

lineation. Because this sample resembles the retrogressed granulite fabric it would be 

expected to be consistent with the misorientation data, but this is not the case. No 

explanation for this has been identified.  

 

5.6 Summary of interpretations 

 I interpret that plagioclase in sample P4 deformed plastically, predominantly by 

grain boundary migration while hornblende nucleated by oriented growth. In the 

retrogressed granulite fabric (P4) plagioclase shows the greatest optical evidence of 

recrystallization. Hornblende appears more neoblastic with few microstructures, however 

some stretched grains occur within shear bands along garnet. Strain is mostly distributed 

within plagioclase. The distributions of misorientation axes reveal dislocation creep 
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accommodated by grain boundary migration, subgrain rotation recrystallization and 

deformation twinning in plagioclase with activity of the easy (010)[001] slip system.  

Hornblende misorientation axes suggest oriented growth of hornblende producing a LPO 

with (100) and [001] aligned with foliation and lineation, respectively.  

 Sample P3 appears most consistent with the upper-amphibolite fabric, as 

suggested by the hornblende LPO, however all results indicate lower deformation 

conditions relative to samples P4 and P1.  Hornblende LPO reflects almost fully 

consistent alignment of poles to planes and axes to lineation and foliation, indicating this 

sample is most consistent with the RISZ fabric reference frame. Microstructures of 

plagioclase include prominent deformation twins, straightened grain boundaries, and 

triple junctions, indicating a decrease in deformation conditions. The samples also reflect 

a relative increase in grain size. The distribution of misorientation axes reflects a decrease 

in subgrain development and an increase in deformation twinning. This suggests both 

dislocation glide and dislocation climb are active, likely accommodated by activation of 

the (001)[-100] slip system. I also suggest a small component of grain boundary area 

reduction, accounting for the low to moderately straightened grain boundaries and triple 

junctions compared to plagioclase in sample P4 and P1. The LPO and misorientation axes 

distribution for hornblende reflect alignment of (100) and [001] by non-plastic, rigid 

body rotation, although microstructures including undulose extinction and subgrains may 

suggest a component of plastic deformation. Average intragrain misorientation maps 

reflect strain accommodation primarily by plagioclase in sample P3, however not 

significantly. The level of strain in plagioclase is less compared to other samples (P1, 

P4). In SCS plagioclase tilt-type misorientation axes show an overall maximum shifted 
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leftward in the figure. This suggests that the axes record granulite deformation prior to 

the transposition.  

 Sample P1 displays sub-perpendicular alignment with the upper-amphibolite 

facies fabric, and plasticity within plagioclase and hornblende likely related to pre-

transposed fabric. Hornblende LPO reflects a sub-perpendicular alignment of (100) and 

sub-parallel alignment of [001] with the upper-amphibolite fabric. Microstructures and 

misorientation analysis record crystal plastic deformation by dislocation creep 

accommodated by subgrain rotation recrystallization and activation of the (100)[001] slip 

system. Relative to sample P4 plagioclase microstructures appear less optically defined. 

The misorientation distribution indicates plagioclase recrystallized by dislocation creep 

accommodated by subgrain rotation recrystallization and deformation twining. The LPO 

suggests activity of multiple slip systems including the (001)[1-10], (112)[1-10], (011)[-

100] slip systems, and possibly the (101)[1-1-1] system. The (010)[001] and/or 

(010)[100] slip systems are suggested by the orientation of tilt-type misorientation axes. 

This inconsistency of suggested slip systems records changing deformation conditions 

from high temperature at granulite condition to relatively low temperature during upper-

amphibolite facies and rapid exhumation. Strain within P1 is the highest of the samples 

and displays relatively even distribution between hornblende and plagioclase, with 

slightly higher strain in hornblende. Misorientation axes reveal a shift from the center to 

the right of the SCS plot, suggesting that plastic microstructures observed are likely 

associated with deformation of the previous retrogressed granulite fabric that was later 

transposed.  
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5.7 Deformation of plagioclase and hornblende during strain localization 

 The interpretations of this study suggest that the localization of strain during 

changing flow in the lower crust was accommodated by continued plasticity in 

plagioclase and initial growth of hornblende followed plastic and lastly brittle 

deformation. During early D3, hornblende alignment within the retrogressed granulite 

foliation was achieved by mimetic growth while plagioclase deformed by dislocation 

creep accommodated by the (010)[001] and (010)[100] slip systems. During granulite 

conditions high temperatures provided the necessary activation energy for dislocation 

movement and recrystallization of plagioclase. During this time, tilt-type misorientation 

axes aligned in the crystal lattice along [-100] and [201]. Prior to transposition, 

hornblende continued to grow during the retrogression from granulite to upper-

amphibolite conditions, and subsequently deformed by dislocation creep accommodated 

by subgrain rotation recrystallization and activation of the (100)[001] slip system. Tilt-

type misorientations axes aligned within the lattice of hornblende along [001]. During 

formation of D3 upper amphibolite shear zones, older retrogressed granulite fabric 

containing plagioclase and retrograde hornblende was transposed into parallelism with 

the RISZ and fully retrogressed. This transposition was localized along the margin of D2 

high-strain zones. During transposition the previous LPO was reoriented, while the 

alignment of plagioclase and hornblende tilt-type misorientations was preserved in the 

crystal lattice, therefore preserving the old (S2) foliation. A decrease in temperature 

prohibited further plasticity in hornblende. Dynamic recrystallization in plagioclase was 

slowed by a decrease in activation energy. Deformation in plagioclase was likely by 

dislocation glide with less dynamic recrystallization and subgrain development. 
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Hornblende deformed by non-plastic rigid body rotation. With continued exhumation to 

near the brittle plastic transition increasing differential stress triggered harder slip 

systems to activate in plagioclase, and brittle deformation in hornblende.  
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Chapter 6: Conclusion 

 My study presents new exciting results that will further our understanding of the 

deformation in plagioclase, hornblende and the contribution that these minerals have on 

the rheology of the lower crust. My LPO results document the first record of the (011) 

slip plane within lower continental crust. This study and others that document slip along 

the (011) suggest that it may be common at and above upper amphibolite facies (Cross, 

2015; Miranda et al., in review at JSG). I have also demonstrated that the rheology of the 

lower crust is governed by plagioclase and hornblende during changing flow in the lower 

crust. Previous work invokes flow of lower crust due to deformation of granulite rocks or 

by deformation of a plagioclase (Wang et al., 2012). Other studies model the rheology 

using diabase (Rey and Müller, 2008) or emphasize the role of up 10% melt (Rey et al., 

2009, Rey et al., 2010). These previous studies are not valid approximations based on my 

results. These studies do not account for structural or compositional detail within actual 

rocks or evolving rheology over time. In contrast, my results take field relationships and 

the influence of both constituent lower crust minerals to understand how extensional flow 

is accommodated in the lower crust. My results suggest ongoing dislocation creep in 

plagioclase, and oriented growth, dislocation creep, and rigid body rotation in 

hornblende. My work demonstrates that although plagioclase and hornblende 

accommodate strain by different deformation mechanisms they both influence the bulk 

rheology of the lower crust during changing flow.  

 To investigate how fabric transposition was accommodated in the lower crust I 

have conducted microstructural, EBSD, and misorientation analysis on three upper-

amphibolite facies samples from the Resolution Island shear zone on Wairaki Island 
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where retrogressed granulite fabric is transposed into parallelism with the RISZ.  My 

results suggest that plagioclase accommodated the fabric localization via changes in 

active slip systems from high temperature, easy slip on the (010) along [001] and [100] to 

activation of multiple high stress, relatively low temperature slip systems. The results of 

the microstructural and the misorientation analysis indicate that deformation twining was 

ongoing while recrystallization was initially dominated by grain boundary migration, and 

later by subgrain rotation, but eventually it ceased. Deformation mechanisms included 

dislocation creep with dominant climb initially, and later, dominant glide. Hornblende 

was initially nucleated through oriented growth and later deformed plastically by 

dislocation creep accommodated by subgrain rotation recrystallization and activation of 

the (100)[001] slip system. However, this plastic deformation in hornblende was transient 

and succeeded by rigid body rotation, which likely was the deformation mechanism that 

accommodated transposition. These transitions in plagioclase slip systems, deformation 

and recrystallization mechanisms in plagioclase and hornblende are consistent with a 

transition from granulite to upper-amphibolite conditions. Ultimately, I suggest that 

fabric localization was accommodated by dislocation in plagioclase and non-plastic 

deformation in hornblende by rigid body rotation. The mechanisms accommodated 

transposition of retrogressed granulite fabric during changing flow in the lower crust that 

preceded that collapse along the eastern margin of Gondwana.  

 To understand the rheology of the lower crust we must continue to investigate the 

deformation processes in plagioclase and hornblende. In my study I investigated grain-

scale deformation and fabric transposition within the upper-amphibolite facies Resolution 

Island shear zone to understand the deformation processes in the lower crust associated 
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with extension preceding collapse and continental rifting. The progressive rotation of 

steep lineations to gentle orientations is evident at the grain scale by the offset of 

plagioclase and hornblende tilt-type misorientation axes that preserve the retrogressed 

granulite lineation. Identification of this offset has allowed me to investigate the 

relationship between retrogressed granulite fabric of lower crustal vertical high-strain 

zones and fabric of upper-amphibolite high strain zones. These shear zones 

accommodated strain in the lower crust during initial vertical flow and subsequent 

horizontal flow in the lower crust.  
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