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Abstract 
 
 
In this thesis, I present structural and kinematic data on rock fabrics, shear zones and 
fault zones from the Cretaceous Malaspina orthogneiss and some of its satellite plutons in 
central Fiordland, New Zealand.  Central Fiordland exposes a large tract of granulite- to 
eclogite-facies lower crust that was exhumed between late Mesozoic to Cenozoic times.  
The deformational structures of interest were formed and preserved during the lifecycle 
of a Cretaceous continental arc that involved thickening to over 60 km followed by 
collapse and rifting.  As such, they provide an excellent opportunity to study strain 
localization in the deep crust and the process of exhumation.  
 
Detailed structural mapping, analysis, and the construction of a 45-kilometer cross 
section through the Malaspina orthogneiss and adjacent plutons reveal the spatial 
distribution, sequence, and kinematics of crosscutting deformational structures.  The 
earliest structures record Cretaceous magmatism, high-grade metamorphism at the 
granulite and eclogite facies, and ductile flow that resulted in widespread (over 1200 
km2), disorganized magmatic foliations.  These events were followed by regional 
extension that resulted in the formation of multiple, !0.5 km-thick ductile, upper 
amphibolite facies shear zones that record cooling, hydration, and horizontal flow during 
the Late Cretaceous.  Extension continued but changed obliquity in the early to middle 
Tertiary and resulted in sets of strike-slip and normal brittle to semi-brittle faults forming 
a sinistral transtensional system.  These faults are distributed across central Fiordland and 
crosscut and transpose the ductile shear zones and magmatic foliations.  Lastly, a change 
in relative plate motions resulted in the inception of the Alpine fault and the development 
of a late Tertiary transpressional fault system that crosscuts all previous structures. 
 
The dominant factors controlling strain localization in central Fiordland changed from 
magma, heat, and melting, to fluid activity, plate boundary reorganization, and 
reactivation of inherited structures.  The succession of contrasting strain localization 
styles in response to changing tectonic and local conditions led to the development of 
multiple phases of deformation. These multiple phases of deformation allowed the deep 
crust to be exhumed in a heterogeneous and fragmented, or ÔpiecemealÕ, way.  In 
particular, the inability of late Cretaceous ductile shear zones to fully exhume the lower 
crust was compensated by the ability of early Tertiary transtensional faults to 
simultaneously thin and further exhume the lower crust.  Investigations of strain 
localization patterns in central Fiordland shed light on the causes and mechanisms of 
crustal exhumation, a phenomenon that is integral to the lifecycle of virtually all orogenic 
belts.  
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Chapter I Ð Introduction  and Overview 

1. Statement of purpose 

 Crustal exhumation is an important part of the lifecycle of orogenic belts that 

involves the movement of material towards the EarthÕs surface due to tectonic or regional 

forces. From a geodynamic perspective, deep crustal exhumationÐÐthe exhuming of the 

middle to lower crustal levels of the EarthÐÐis important because it affects the 

magnitudes and rates of mass and heat transfer during orogeny (Teyssier, 2011). In 

extreme examples of crustal exhumation, ultrahigh-pressure rocks from depths of >90 km 

can be brought to the surface (Ring et al., 1999). Our understanding of crustal 

exhumation and of deep crustal dynamics in general is dependent on available examples 

of exhumed crust. Geology is by nature a forensic science, and a complete understanding 

of the complex process of crustal exhumation requires the use of a combination of tools, 

including metamorphic petrology, geochronology and thermochronology, structural and 

kinematic analysis, synorogenic stratigraphy, geomorphology, and paleo-elevation 

analysis (Ring et al., 1999). Of these, structural and kinematic analyses of deeply 

exhumed terranes provide a necessary, fundamental context in which to understand the 

results gained from the other tools listed above. 

 Preserved structural geometries and kinematic indicators of ductile and brittle 

deformational features provide invaluable information on how the crust accommodated 

shortening, extension, shearing, or a combination of these as a result of tectonic forcing. 

Understanding the configuration of shear zones and faults and whether they progressively 

concentrate, or ÒlocalizeÓ over time, or whether they become delocalized and distributed 
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across a broader region, allows us to piece together the process of orogeny and crustal 

exhumation.  

 In this thesis, I present the results of a detailed structural and kinematic study on 

an excellent example of an exhumed Cretaceous lower crustal section in central 

Fiordland, New Zealand (see Figure 2.3 in Chapter II). I used field-based structural 

observations to produce detailed maps, a 45-km cross section, and equal-area stereoplots 

of the Breaksea Sound region (Figure 2.3, Chapter II) that show the distribution of 

successive deformational structures, including magmatic foliations, ductile shear zones, 

and semi-brittle to brittle faults, and the kinematics of these structures. For ductile 

structures, I relied on the presence of preserved shear sense indicators on the outcrop and 

thin section scale for the interpretation of kinematic motion. For semi-brittle and brittle 

structures, I relied on offset markers, fault orientation, and fault slip data to produce fault 

plane solutions. I also constructed the first continuous cross section through 45 km of 

exposed, exhumed lower crust in central Fiordland, relying on field-based structural data, 

detailed field notes, and samples collected in the field. 

 The synthesis of these structural data allowed me to make important observations 

about the lower crust. First, that there are different styles of strain localization in the 

lower crust, ranging from flow over hundreds of square kilometers, to shear deformation 

limited to m- to km-wide zones, to deformation in discrete, mm- to dm-wide zones that 

are evenly spaced across a wide region. Second, that within the lifecycle of an orogen, 

conditions attending lower crustal deformation and exhumation may evolve from one 

where high temperatures dictate strain localization patterns, to one where fluids, or 

inherited structure, dictate strain localization patterns instead. Third, that a combination 
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of successive and contrasting styles of strain localization and deformation enabled the 

lower crust to be exhumed in a heterogeneous and fragmented, or ÔpiecemealÕ, way.  

 The primary results of this study include the completion of the first 45-km long 

continuous cross section through a lower crustal section of central Fiordland. My 

documentation of the Breaksea Sound and surrounding area between Breaksea Entrance 

and Hall Arm (see Figure 2.3 in Chapter II) shows that deformation progressively 

localized along ductile shear zones, and then became distributed over widespread brittle 

to semi-brittle faults, and finally localized along young, Tertiary faults. The limited 

spatial extent of ductile shear zones and migration of shear strain precluded the ability of 

these structures to deeply exhume the crust. Instead, this study shows that a system of 

transtensional faults may have been critical in the thinning and partial exhumation of 

central FiordlandÕs deep crust.  

 The local significance of this study is its detailed description of superposed 

structural fabrics in central Fiordland, including the documentation of a transtensional 

event that likely took place in the Early to middle Cretaceous. The regional significance 

of this study is the recognition of a previously overlooked mechanism to explain 

FiordlandÕs anomalously thin crust and its early exhumation history. I show that it is 

likely that this transtensional deformation, along with preceding and succeeding 

deformational phases, exhumed the deep crust in a fragmented, piecemeal fashion. This 

finding is in line with observations by other authors (Flowers et al., 2005; Klepeis et al., 

2007) who called for additional mechanisms to explain the achievement of full 

exhumation to near-surface depths in central Fiordland. 
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2. Field methods 

 I completed this study using a field-based approach that focuses on mapping the 

spatial distribution of ductile and brittle structures and establishing their sequence of 

development. Fieldwork was completed over one field season in central Fiordland. I 

collected data from 119 sites along the coasts of Breaksea Entrance, Breaksea Sound, 

Vancouver Arm, Broughton Arm, Acheron Passage, and Wet Jacket Arm (Plate 1). Field 

stations along these fiords, accessed by an outboard zodiac, were selected with the goal of 

attaining high-resolution, representative structural data and samples.  

 For this project, our expedition team collected ~60 oriented hand samples and 

over 1,000 structural measurements, including the orientation of foliations, lineations, 

shear zones, faults planes, slickenlines, and more. Field notes include maps, written 

descriptions of lithologies and mineral assemblages at each field site, sketches of 

structural relationships, and other notable features that varied from site to site. We also 

documented the above features by photograph, when possible.  

 

3. Thesis outline 

 This thesis is organized into four chapters. Chapter I serves as in introduction to 

the entire thesis, and includes a statement of purpose outlining the problems addressed by 

this work, as well as its significance. Chapter II is a comprehensive literature review that 

guides the reader through the geologic and tectonic history of Fiordland, New Zealand 

that is pertinent to this study. It also includes three topical sections that provide necessary 

background information on deep crustal metamorphism, strain localization, and 

exhumation. The detailed description of my analytical methods and the results of my 
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study are found in Chapter III, which is written in the format of a journal article in 

preparation for submission. Chapter III is also where I expound on a discussion of the 

results and their interpretations. Please note that because Chapter III is intended for 

submission to a journal, and therefore written to function independently from the 

remainder of the thesis, there is some overlap between this chapter and the other chapters 

of the thesis. Lastly, Chapter IV provides a final synthesis of the thesis as well as a 

description of future work that would help to further clarity to the topics addressed in this 

thesis.  
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Chapter II Ð Literature Review 
 

1. Overview of the geologic and tectonic history of Fiordland, New Zealand 

Located in the southwestern corner of the South Island of New Zealand, Fiordland 

is a topographically rugged region characterized by deep fiords and steep-sided 

mountains rising up to 2000 m above sea level (Turnbull et al., 2010). Early geologic 

mapping of this highly inaccessible region was carried out by B.L. Wood and colleagues 

at the New Zealand Geological Survey (Wood, 1960, 1962, 1966), but it was not until the 

groundbreaking work by G.J.H. Oliver between the late 1970s and early 1980s that the 

geologic history of the Fiordland region began to take shape (Oliver 1976, 1980; Oliver 

and Coggon, 1979). Fiordland records the evolution of a magmatic arc along the 

convergent margin of Gondwana during the Mesozoic, followed by the fragmentation of 

Gondwana in the Cretaceous that culminated with rifting and opening of the Tasman Sea 

(Figure 2.1) (Mattinson et al., 1986; Gibson and Ireland, 1988; Spell et al., 2000). Below 

I provide an overview of the geologic history of Fiordland beginning at the Paleozoic 

Gondwana margin and ending with the establishment of the Pacific-Australian plate 

boundary in the Cenozoic. This includes a summary of previous work describing the 

magmatic arc plutons of interest to this study and the deformational structures that are 

preserved within them. 

 
1.1 The Paleozoic Gondwana margin and Cretaceous arc magmatism 

Paleozoic convergence at the Gondwana margin resulted in the accretion of 

numerous volcanic and sedimentary terranes, which were subsequently intruded by 

Paleozoic to Mesozoic plutonic rocks during episodic subduction beneath the Gondwana 
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margin (Figure 2.2) (Mortimer, 2004a; Turnbull et al., 2010). The Mesozoic plutonic 

rocks of Fiordland are informally divided into western and eastern parts, known as the 

inboard Median Batholith and outboard Median Batholith (Figure 2.2) (Allibone et al., 

2009a; Turnbull et al., 2010). These names signify the respective proximity of the 

batholith to the interior of Gondwana (Figure 2.1) (Turnbull et al., 2010).  

Over 75% of the inboard Median Batholith is made up of the Western Fiordland 

Orthogneiss (WFO), a variably foliated dioritic to gabbroic batholith of Early Cretaceous 

age (Figure 2.2) (Bradshaw, 1985, 1989b; Turnbull et al., 2010). This study focuses on 

three plutons within the WFO: the Breaksea orthogneiss, Resolution orthogneiss, and 

Malaspina orthogneiss (Figure 2.3). These plutons were emplaced approximately 

between 125 and 115 Ma (Bradshaw, 1989; Hollis et al., 2004; Hout et al., 2012; Stowell 

et al., 2014) as a result of subduction and Cretaceous arc magmatism on the Gondwana 

margin, and variably buried and partially recrystallized during high-P granulite (P !  11Ð

16 kbar and T > 750¡C) and eclogite (P ! 18 kbar and T ! 850¼C) facies metamorphism 

(Daczko et al., 2001a; Allibone et al., 2009b; De Paoli et al., 2009). Some of these 

plutons record high temperature ("800¼C) (De Paoli et al., 2009; Stowell et al., 2014) 

subsolidus recrystallization of older igneous assemblages, including plagioclase + 

hornblende + clinopyroxene + orthopyroxene + ilmenite + apatite ± biotite (Oliver, 

1980). Among other authors, De Paoli et al. (2009) and Stowell et al. (2014) determined 

that these mineral assemblages equilibrated at between 40 and 60 km depths, indicating 

that the Fiordland continental arc was thickened to an extent similar to the central Andes 

(ANCORP Working Group, 2003). The sequence of processes that occurred in the 

Breaksea and Malaspina orthogneisses is outlined in Figure 2.4.  
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Figure 2.1. 90 Ma reconstruction and modern day Australian-Pacific plate boundary. (a) 

90 Ma reconstruction modified from Tulloch et al. (2010), after Mortimer et al. (2005, 

2008) and based on Sutherland (1999), Gaina et al. (1998), and Eagles et al. (2004). 

Geographic/bathymetric features: Chall = Challenger Plateau, Camp = Campbell Plateau, 

CR = Chatham Rise, HP = Hikurangi Plateau (oceanic plateau). Geological features: MB 

= Median Batholith. Note inboard and outboard division of the Median Batholith, in red 

and green, respectively. (b) Modern Australian-Pacific plate boundary map modified 

from Mortimer et al. (2002). Location of Fiordland block after Tulloch et al. (2009). Plate 

boundary is demarcated by the Alpine fault. 
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Figure 2.2. Simplified geologic map of Fiordland modified from Turnbull et al. (2010). 

The Western Fiordland Orthogneiss (WFO), shown in purple, comprises over 75% of the 

inboard Median Batholith.  
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Figure 2.3. Geologic map of central Fiordland simplified from 1:250,000 scale map 
completed by Turnbull et al. (2010). Thick black lines are faults. Inset maps include a 
sketch map of New Zealand and a digital elevation map of Fiordland. Note location of 
the Alpine fault offshore of Fiordland. DSSZ = Doubtful Sound shear zone, SRSZ = 
Straight River shear zone, RISZ = Resolution Island shear zone. 
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Figure 2.4. Sequence of processes from D1–D3 in the Malaspina and Breaksea orthogneisses. Sources: 1) Klepeis et al. 
(2013); 2) Schwartz et al. (2013); (3) Hout et al. (2013) and Stowell et al. (2014); 4) Klepeis et al. (2007); 5) King et al. 
(2008); 6) Hout et al. (2012); 7) J. Schwartz, pers comm. 12NZ9b, 13NZ33E, 0412, 12DC41C, 13VA204, 12NZ11a, 0649, 
0422, and 12DC54A refer to sample numbers included in the sources above. metam = metamorphic, xcut = crosscutting, grt 
= garnet, ttn = titanite, zrn = zircon.
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125.0 ± 4.4 
(12NZ9b6)

Malaspina
Orthogneiss 102.1 ± 1.8

(0422
4
) 97.8 ± 1.3

(12DC54A1)
xcut pegmatite

120.2 ± 2.2
(04124)

 115.9 ± 1.2
(12DC41C1)

111.9 ± 1.6
(Sm-Nd grt3)

113.4 ± 1.7
(zrn, metam5)

113.5 ± 1.7
(zrn, metam1)

106-102
(ttn, metam2)
marble host

Description 
of processes

subduction and arc magmatism continental extension

D3:  cooling, hydration and retro-
gression to upper amphibolite 
facies in narrow , localized shear 
zones

112-110 (ttn, metam1)

112-110
(ttn, metam1)
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 1.2 Cretaceous extension and opening of the Tasman Sea 

Following subduction, arc-magmatism, and the emplacement and burial of the 

WFO, contraction gave way to extension and rifting (Tulloch et al., 2009). Recent high 

precision Sm-Nd dating of garnet (Stowell et al., 2014) and titanite U-Pb cooling ages 

(Flowers et al., 2005; Schwartz et al., 2013) suggest extension began by ~112 Ma. At this 

time, a network of retrogressive, upper amphibolite facies mylonitic shear zones formed 

throughout central Fiordland (Oliver, 1980; Klepeis et al., 2004, 2007; Allibone et al., 

2009c), including the Doubtful Sound shear zone (DSSZ) and Resolution Island shear 

zone (RISZ) (Figure 2.1), as well as many smaller shear zones mapped by Ingram et al. 

(2013) and in this study. Evidence suggesting that the DSSZ, RISZ, and other upper 

amphibolite facies shear zones accommodated extension during this period include the 

age and style of subhorizontal flow, which matches the age and flow directions of upper 

crustal normal faults and the orientations of extensional basins outside of Fiordland 

(Tulloch et al., 2009; Betka and Klepeis, 2013). Past authors also have demonstrated that 

the shear zones record cooling accompanying decompression (Klepeis et al., 2007; De 

Paoli et al., 2009), which is compatible with an extensional style of the deformation. 

Lastly, the shear zones record dominantly subhorizontal flow that is consistent with 

extension (Tulloch et al., 2009). Zircon 206Pb/238U ion probe (Stanford-USGS SHRIMP-

RG) ages on syn- and post-tectonic dikes reveal a southwestward migration of 

deformation from the DSSZ to the RISZ, with extension along the DSSZ terminating at 

97.8 ± 1.3 Ma and extension along the RISZ terminating at 89.3 ± 1.2 Ma (Klepeis et al., 

2013). The migration of extension continued southwestward and culminated in the onset 
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of rifting of the Tasman Sea by ~83 Ma, and the splitting of Zealandia from Australia 

(Sutherland, 1999; Mortimer, 2004a; Tulloch et al., 2009b; Turnbull et al., 2010). 

The coincidence of the DSSZ and RISZ with the margins of the Malaspina and 

Resolution orthogneisses, and apparent differences in metamorphic grade across pluton-

host rock contacts, led past authors to believe that these formed regionally extensive 

detachment faults that juxtaposed the WFO plutons with the Paleozoic metasedimentary 

host rock (Gibson et al., 1988; Oliver, 1990; Gibson and Ireland, 1995; Hill, 1995a,b). 

However, subsequent work has shown that these shear zones are more locally developed 

along intrusive WFOÐhost rock contacts (Allibone et al., 2009b; Clarke et al., 2009), and 

that metamorphic mineral assemblages within the host rock persisted metastably in the 

deep crust (Daczko et al., 2009). These observations raise the possibility that the 

extensional shear zones record minor offset of only a few kilometers. 

 

1.3 Late Mesozoic to Cenozoic tectonics  

Cretaceous extensional structures, including the DSSZ, are cut by a series of 

younger brittle and semi-brittle faults of probable Late Cretaceous and Cenozoic age. 

Spreading in the Tasman Basin ceased by ~52 Ma (Cande and Kent, 1995; Lamarche et 

al., 1997) and in the middle Eocene, seafloor spreading at the Pacific-Australia plate 

boundary south of New Zealand propagated northwards towards New Zealand 

(Sutherland, 1995; Lamarche et al., 1997). By the late Oligocene, regional extension 

became more dextral-oblique and pre-existing normal faults became dominantly strike-

slip or reverse (Turnbull et al., 2010). The OligoceneÐMiocene transition marks the major 

reorganization of the plate boundary from an extensional regime to an obliquely 
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convergent, transpressional regime in southern New Zealand (Walcott, 1998; Lebrun et 

al., 2003; Sutherland et al., 2006). Transcurrent motion initiated at this time along the 

Alpine fault west of Fiordland (Cooper et al., 1987; Sutherland, 1995; Dazkzo et al., 

2001a; Lebrun et al., 2003; Klepeis and King, 2009). 

An increase in the rate of convergence due to changes in relative plate motion and 

subduction initiation across the Pacific-Australian plate boundary occurred at ~12 Ma 

and again at ~6 Ma (Walcott, 1998; House et al., 2002, 2005; Cande and Stock, 2004). 

These conditions resulted in rapid uplift and erosion of the South Island that accelerated 

the process of exhumation (Walcott, 1998; House et al., 2002, 2005; Lebrun et al., 2003). 

In the Southern Alps, located north of Fiordland, where the component of compression 

across the Alpine fault is greatest, this late Tertiary crustal shortening led to the 

exhumation of high grade schists originating from depths of 15Ð25 km (Little et al., 2002; 

Koons et al., 2003). However, in central Fiordland, apatite (U-Th)/He cooling ages 

indicate that exhumation from shallow depths (2Ð3 km) has occurred since ~5 Ma (House 

et al., 2005). These results point towards a temporally varied history of exhumation along 

the late Cenozoic Pacific-Australian plate boundary.  

 

2. Eclogite-facies rocks in the Breaksea orthogneiss 

 In all of Fiordland, rocks with eclogite-facies assemblages are only found in the 

Breaksea orthogneiss (Figure 2.3), with the exception of rafts of Breaksea orthogneiss 

eclogites that are included in the neighboring Resolution orthogneiss (Turnbull et al., 

2010). These eclogite-facies rocks in the Breaksea orthogneiss occur as lenses and 
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lozenges associated with granulite-facies rocks (De Paoli et al., 2009); however, their 

origins are still debated.  

Eclogite-facies rocks are commonly associated with subduction zones, where they 

are formed by the burial of rocks in the subduction channel and brought up to the surface 

through a combination of buoyancy-drive ascent and movement along faults (Hacker et 

al., 1995 and references therein). The Western Gneiss Region in Norway is one example 

of an extensively exposed, ultra high-pressure terrane with eclogite-facies rocks that 

formed in a subduction channel (Ernst, 2001; Hacker and Gans, 2005).  

In contrast to formation by burial in the subduction channel, eclogite-facies rocks 

may also form at the lower crust of thick (>40 km) continental arcs (Ducea and Saleeby, 

1996). In the Sierra Nevada, eclogite-facies rocks are interpreted to have formed either as 

restites from partial melt extraction or cumulates from the differentiation of granodiorite 

batholiths in the lower crust, at depths >40 km (Ducea and Saleeby, 1996). Since no 

evidence of a subduction channel or relationship similar to those reported for the 

Norwegian examples have been found in central Fiordland, the processes that formed the 

eclogites in the Breaksea orthogneiss might be similar to those that formed the eclogites 

in the Sierra Nevada. For instance, Hout et al. (2010) proposed that the eclogite-facies 

rocks in the Breaksea orthogneiss could be igneous cumulates. Alternatively, De Paoli et 

al. (2009) interpreted that the eclogite-facies assemblages represented mafic portions of 

the pluton and the garnet granulite-facies assemblages represented intermediate portions 

of the pluton, which equilibrated together at similar conditions near the eclogite-

granulite-facies transition.  
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 The focus of this thesis is on continental arc processes during the transition from 

arc magmatism to extension and exhumation. Either interpretation of eclogite-formation 

processes proposed by Hout et al. (2010) or De Paoli et al. (2009) is compatible with this 

focus. In addition, the emphasis of this study is primarily on the structure and kinematics 

of deformational features in the Malaspina orthogneiss, most of which postdate the 

formation of the eclogites in the Breaksea orthogneiss. For these reasons, further 

discussion on the formation and implications of the eclogites is beyond the scope of this 

study. 

 

3. Deep crustal exhumation 

The word ÔexhumationÕ is often used interchangeably with ÔdenudationÕ and 

ÔupliftÕ, but it is prudent to distinguish these terms. Denudation and erosion are 

commonly used to refer the removal of material at a given point on the EarthÕs surface 

(Ring et al., 1999), whereas exhumation refers to the unroofing history and vertical 

distance traveled by a rock relative to the EarthÕs surface (England and Molnar, 1990; 

Ring et al., 1999). Therefore, there is a subtle difference in the frame of reference implied 

by these terms. Also, while denudation and erosion are widely used as synonyms, 

denudation tends to be used to describe erosion at the regional scale (Summerfield and 

Brown, 1998). A review of these terms and the importance of their distinction are 

outlined by Ring et al. (1999). 

Some examples of exhumed deep crust reveal that exhumation can occur in a 

variety of tectonic settings, including oceanic rifts and transform faults, continental rift 

zones, subduction zones, and continental-convergent zones (Ring et al., 1999). The 
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maximum exhumation depths vary between these settings, with oceanic rifts and 

transforms generally showing the shallowest exhumation depths (c. 10 km) and 

continental-convergent zones showing the deepest exhumation depths (>125 km) and 

greatest variety of exhumed rocks (Ring et al., 1999).  

Across these tectonic settings, exhumation occurs mainly by three processes: 

thrusting and erosion, normal faulting, and ductile thinning (Ring et al., 1999). 

Compilations of modern erosion rates by Milliman and Syvitski (1992), based on 

sediment yield from river drainages, show that erosion rates can be extremely fast (>10 

km Myr-1) in some orogens. The Himalayas, for example, record erosion as an important 

exhumational process (Cerveny et al., 1988; Copeland and Harrison, 1990; Burbank et 

al., 1993). Evidence for the exhumation of metamorphic rocks by normal faulting are 

found in many settings, including the Basin and Range province of the western United 

States (Armstrong, 1972; Crittenden et al., 1980; Davis et al., 1988), and the Alps 

(Mancktelow, 1985; Selverstone, 1985; Behrmann, 1988; Ratschbacher et al., 1991; Ring 

and Merle, 1992; Reddy et al., 1999). Ductile thinning by the formation of subhorizontal 

deformation fabrics can aid exhumation (Selverstone, 1985; Wallis, 1992, 1995; Wallis et 

al., 1993; Platt, 1993; Mortimer, 1993; Ring, 1995). However, it is important to note that 

ductile thinning alone cannot fully exhume the crust, because of the huge vertical strains 

that are needed for ductile thinning to make a significant contribution to exhumation 

(Platt et al., 1998; Feehan and Brandon, 1999). Therefore, other mechanisms besides 

ductile thinning are required to allow for crustal exhumation. Examples where ductile 

thinning aided exhumation include the Western Gneiss region of the Norwegian 

Caledonides (Andersen, 1998, and authors therein), and the Coast Mountains of British 
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Columbia (Crawford et al., 1999; Klepeis and Crawford, 1999; Andronicos et al., 2003; 

Rusmore et al., 2005). 

These exhumation processes are by no means mutually exclusive. In fact, 

exhumation typically occurs by a combination of multiple processes, and the challenge 

lies in distinguishing the relative contribution of different processes (Ring et al., 1999). 

One way to distinguish between exhumation dominated by erosion and normal faulting is 

by comparing the pattern of cooling ages in the field. While erosion generally results in 

relatively smooth variations in cooling ages across the exhumed region (see Brandon et 

al., 1998), exhumation by normal faulting generally results in abrupt breaks in cooling-

age patterns (Wheeler and Butler, 1994). Other methods to distinguish exhumation 

processes rely on the integration of metamorphic petrology, geochronology and 

thermochronology, structural and kinematic analysis, synorogenic stratigraphy, 

geomorphology, and paleo-elevation analysis. 

 

4. Strain localization 

From an engineering or material science perspective, strain localization refers to a 

narrow zone of intense straining that occurs within elastoplastic materials experiencing 

nonhomogeneous deformation (Borja, 2000). In geological literature, strain is defined as 

the change in length or shape of an object or part of a rock due to deformation (Twiss and 

Moores, 1992; Passchier and Trouw, 2005; Fossen, 2010), and the term strain localization 

has a broader context. While it does refer to the focusing of strain in a given unit of 

space, it may also be extended to patterns observed across a large range of magnitudes, 

from the atomic scale to the crustal scale. In this thesis, I refer to strain localization in the 
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macroscopic sense, specifically as it applies to the arrangement of deformational features. 

For instance, strain may be concentrated along isolated, continuous structures, such as a 

thick shear zone, or in contrast, strain may be distributed across a diffuse, delocalized 

network of structures, such as a series of faults covering a broad region. By comparing 

sequential deformation patterns in an evolving system, we can assess whether strain is 

concentrating, or localizing, over time, or whether strain is being accommodated in a 

delocalized fashion. What drives the changes in strain localization patterns is a 

combination of factors including, but not limited to: temperature, pressure, presence of 

fluids, lithologic and competency contrasts, the presence of prevailing or inherent 

weaknesses, and structural inheritance. Understanding changing patterns of strain 

localization is a useful approach towards understanding the factors and conditions 

involved in a deforming system, such as a continental arc undergoing exhumation. 

Therefore, I use a field-based approach that focuses on mapping the spatial distribution of 

ductile and brittle structures and establishing their sequence of development.
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Chapter III Ð Strain localization and exhumation of the lower crust: A study of the 
three-dimensional structure and flow kinematics of central Fiordland, New Zealand 
 

 

 
 
Abstract 
 
Structural and kinematic analyses of rock fabrics, shear zones, and fault zones from a 
~1,200 km2 region of central Fiordland, New Zealand, reveal the spatial and temporal 
patterns of strain localization leading to exhumation of the lower crust. These structures 
were formed in the Cretaceous Malaspina orthogneiss and some of its satellite plutons, 
and were preserved during the lifecycle of a continental arc that involved crustal 
thickening to over 60 km followed by extension and rifting. We document the presence 
of five phases of deformation, each exhibiting its own style of strain localization and flow 
kinematics, that reflect the changing conditions within the lower crust during the 
evolution the continental arc. These changing conditions included a shift from a period 
where magma, heat, and melting controlled deformation, to one where cooling and fluid 
activity was dominant, to a period where plate boundary reorganization and the 
reactivation of inherited structures dictated deformation and strain localization patterns. 
The succession of contrasting styles and mechanisms of deformation allowed the deep 
crust to be exhumed in a heterogeneous and fragmented, or ÔpiecemealÕ, way. We show 
that the limited spatial extent and migration of Cretaceous ductile shear zones precluded 
their ability to form continuous, crustal-scale detachments. However, we have identified 
an early Tertiary, semi-brittle to brittle transtensional fault regime that provides a new 
mechanism for the partial exhumation and crustal thinning recorded in central Fiordland. 
This study provides the necessary structural and kinematic context in which to integrate 
the results from petrologic, geochronologic and thermochronologic, and other studies that 
seek to improve our understanding of the causes and mechanisms of crustal exhumation.
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1. Introduction  

Crustal exhumation is a term that describes the vertical distance traveled by once 

deep-seated igneous and metamorphic rocks up to the EarthÕs surface (Ring et al., 1999). 

Crustal exhumation is a phenomenon that is common to virtually all orogenic belts and 

plays an important role in the lifecycle of deformed terrains. However, the mechanisms 

by which this happens are complex and varied (Ring et al., 1999). While most of our 

knowledge of crustal deformation and metamorphism is built upon the study of exhumed 

rocks (Ring et al., 1999), our understanding of the process of crustal exhumation, 

including time-scales, magnitudes, and mechanisms, is still incomplete. To help solve 

this problem, geologists need more examples of deeply exhumed rocks with which to 

complete our understanding of crustal exhumation processes and their implications on the 

evolution of orogens.  

One way to approach the question of crustal exhumation is by focusing on the 

structure and kinematics of deformational features that form deep within exhumed high 

grade gneiss terrains, such as those that are common in continental arcs (e.g., Andersen, 

1998; Klepeis and Crawford, 1999; Rusmore et al., 2005; Gordon et al., 2010a,b). 

Understanding how strain becomes localized into focused detachment faults, or 

partitioned into numerous faults or shear zones, and the kinematics of these structures, 

can help us understand how deep crustal exhumation is achieved. Some of the best places 

to examine the link between strain localization style and exhumation is in large exposures 

of high-grade gneiss terrains that record deep crustal processes, such as central Fiordland.  

Central Fiordland offers a 1,200 km2 exposure of magmatic arc lower crustal rocks 

that preserve a variety of cross cutting structures (Oliver and Coggon, 1979; Klepeis et 
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al., 2007; De Paoli et al., 2009; Scott and Cooper, 2009; Allibone et al., 2009c; Turnbull 

et al., 2010) (Figure 3.1). These structures record successive stages of arc-continent 

convergence and orogenesis, extension leading to crustal thinning, rifting, and plate 

boundary reorganization leading up to FiordlandÕs modern tectonic setting. The region 

centered on Breaksea Sound includes the complete sequence of fabrics that formed at 

each major stage of deformation, which allows us to see a complete picture of successive 

strain localization styles and their interactions through time. Also, it is the only place in 

central Fiordland where the fiords allow access through a continuous 45-km section of 

the exposed lower crust, the longest continuous transect available for study in central 

Fiordland. This provides a wonderful opportunity to examine the link between strain 

localization patterns and the process of lower crustal exhumation. 

In this paper, we present the first continuous 45 km cross section through central 

Fiordland, as well as a series of strip maps, stereonet plots, and fault solution plots for the 

purpose of comparing the locations, distribution, structural orientations, and kinematics 

of deformation through time. With these data, we examined the patterns of changing 

strain localization styles, which enabled us to reconstruct the multiple stages of 

deformation that affected central Fiordland and assess how these contributed to deep 

crustal exhumation. The goal of our structural and kinematic analysis was to (1) identify 

the different styles and geometries of strain localization that accompanied the evolution 

of the continental arc, (2) identify the factors that influenced strain localization patterns at 

each phase, and (3) evaluate how each phase of strain localization and deformation 

participated in exhuming the deep crust. 
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Figure 3.1. Geologic map of central Fiordland simplified from Turnbull et al. (2010). 
Thick black lines are faults. Cross section line corresponds to Figure 3.5. Black box 
corresponds to Figure 3.6. Inset maps include a sketch map of New Zealand and a 
digital elevation map of Fiordland. DSSZ = Doubtful Sound shear zone, SRSZ = 
Straight River shear zone, RISZ = Resolution Island shear zone. 
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Past authors have attributed central FiordlandÕs exhumation to movement along 

Cretaceous ductile shear zones, including the Doubtful Sound shear zone (DSSZ) and 

Resolution Island shear zone (RISZ) (Gibson et al., 1988; Oliver, 1990; Gibson and 

Ireland, 1995; Hill, 1995a,b; Klepeis et al., 2007; Scott and Cooper, 2009). Due to the 

juxtaposition of the Cretaceous Malaspina orthogneiss with the Paleozoic Deep Cove 

paragneiss host rock on either side of the DSSZ, Oliver (1976, 1980) and Oliver and 

Coggon (1979) originally interpreted the DSSZ as a regional thrust fault. Gibson et al. 

(1988) and Oliver (1990) reinterpreted the DSSZ as an extensional, ductile high strain 

zone between lower and upper plates, based on mineral stretching lineations and 

retrograde mylonite fabrics that suggest extensional shearing, rather than thrusting. The 

coincidence of the DSSZ with the coverÐbasement contact and apparent differences in 

metamorphic history across the contact led many to the interpretation that the WFO acted 

as the lower plate of a Cordilleran-style metamorphic core complex (e.g. Gibson et al., 

1988; Gibson and Ireland, 1995; Hill, 1995a,b). However, more recent studies on the 

coverÐbasement contact have found that intrusive contacts are widely preserved between 

the WFO and Paleozoic host rock (Allibone et al., 2009b; Clarke et al., 2010). Recent 

studies also show that the Paleozoic host rock preserves metastable mineral assemblages, 

meaning they may have been buried alongside the arc magmatic plutons and persisted 

metastably in the deep crust (Daczko et al., 2009; Allibone et al., 2009b). These findings 

suggest that the DSSZ is less continuous and accommodated less offset than formerly 

believed, which signifies that the role of the DSSZ and similar shear zones in exhuming 

the crust was likely overestimated, and that other mechanisms are needed to explain the 

exhumation history of central Fiordland. 
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For this paper, we mapped and analyzed sets of early to middle Cenozoic 

greenschist facies shear zones and faults whose potential role in crustal exhumation has 

been overshadowed by an emphasis of study on the ductile shear zones. We propose that 

these faults allowed for the partial exhumation and thinning of central Fiordland in 

addition to the partial exhumation achieved by the ductile shear zones. This lends new 

insights into the early exhumation history of a thickened orogenic root.  

The last phase of FiordlandÕs exhumation involved differential faulting inside 

Fiordland that was coincident with the timing of an increased rate of convergence and 

subduction initiation across the Pacific-Australian plate boundary at ~12 Ma and again 

after ~6 Ma (Walcott, 1998; House et al., 2002, 2005; Cande and Stock, 2004). This 

marked a period of Late Tertiary rapid uplift and erosion of Fiordland that accelerated the 

process of exhumation (Walcott, 1998; House et al., 2002, 2005; Lebrun et al., 2003). 

This study attempts to bridge the gap between Late Mesozoic structures and 

Cenozoic structures in order to reconstruct the process of crustal exhumation in central 

Fiordland, focusing on the poorly constrained, early phase of exhumation. Our hypothesis 

is that central Fiordland was exhumed piecemeal by a combination of Late Mesozoic 

ductile shear zones and both Early and Late Cenozoic semi-brittle to brittle faults. 

Together, these structures could have thinned the Fiordland crust and brought deep 

crustal rocks to the surface in a fragmented, heterogeneous fashion. We postulate that this 

piecemeal style of exhumation was possible because the mechanisms of strain 

localization evolved and changed through time, resulting in changing styles of 

deformation that exhumed the crust in a non-uniform way. This study highlights the 

complexity of exhumation mechanisms in a continental arc root, as well as the utility of 
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detailed structural analysis for improving our understanding of deep crustal conditions 

and the process of exhumation. 

 

2. Geologic background 

The geology of Fiordland is a result of the amalgamation of numerous Paleozoic 

sedimentary and volcanic terranes and the intrusion of mid-Paleozoic to Mesozoic 

plutons into these terranes during episodic subduction and Cretaceous arc magmatism at 

the Gondwana margin (Figure 3.2 and 3.3) (Mortimer, 2004a; Turnbull et al., 2010). 

Included in the package of Mesozoic plutonic rocks is the Western Fiordland Orthogneiss 

(WFO), a variably foliated dioritic to gabbroic batholith of Early Cretaceous age (Figure 

3.3) (Bradshaw, 1985, 1989b; Turnbull et al., 2010). The Breaksea orthogneiss, 

Resolution orthogneiss, and Malaspina orthogneiss (Figure 3.1) are three plutons within 

the WFO that were emplaced between ~125 and ~115 Ma (Bradshaw, 1989; Hollis et al., 

2004; Hout et al., 2012; Stowell et al., 2014) and variably buried and partially 

recrystallized during high-P granulite (P !  11Ð16 kbar and T > 750¡C) and eclogite (P ! 

18 kbar and T ! 850¼C) facies metamorphism (Daczko et al., 2001a; Allibone et al., 

2009b; De Paoli et al., 2009). The sequence of processes in the Malaspina and Breaksea 

orthogneisses up through the Late Cretaceous is outlined in Figure 3.4. Some of these 

plutons record high temperatures ("800¼C) (De Paoli et al., 2009; Stowell et al., 2014) 

subsolidus recrystallization of older igneous mineral assemblages that equilibrated at 40Ð

60 km depths, indicating that the Fiordland continental arc was thickened due to 

contraction, magmatism and tectonic burial on the convergent Gondwana margin. 

Therefore, most of the high-pressure events, including those resulting in the formation of
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Figure 3.2. 90 Ma reconstruction and modern day Australian-Pacific plate boundary. (a) 

90 Ma reconstruction modified from Tulloch et al. (2010), after Mortimer et al. (2005, 

2008) and based on Sutherland (1999), Gaina et al. (1998), and Eagles et al. (2004). 

Geographic/bathymetric features: Chall = Challenger Plateau, Camp = Campbell Plateau, 

CR = Chatham Rise, HP = Hikurangi Plateau (oceanic plateau). Geological features: MB 

= Median Batholith. Note inboard and outboard division of the Median Batholith, in red 

and green, respectively. (b) Modern Australian-Pacific plate boundary map modified 

from Mortimer et al. (2002). Location of Fiordland block after Tulloch et al. (2009). Plate 

boundary is demarcated by the Alpine fault. Note the general location of the Southern 

Alps North of Fiordland and flanking the Alpine fault. 
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Figure 3.3. Simplified geologic map of Fiordland modified from Turnbull et al. (2010). 

The Western Fiordland Orthogneiss (WFO), shown in purple, comprises over 75% of the 

inboard Median Batholith. Orthogneisses and plutons within the WFO are indicated, 

where: WP = Worsley Pluton; MP = Misty Pluton; MO = Malaspina Orthogneiss; BO = 

Breaksea Orthogneiss; RO = Resolution Orthogneiss. Blue and red stars correspond to 

the Doubtful Sound and Resolution Island shear zones, respectively. The yellow star 

corresponds to the Mt. Irene shear zone, north of the area of the study. Thick black box 

marks extent of field area shown in Figure 3.1. 
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Figure 3.4. Sequence of processes from D1–D3 in the Malaspina and Breaksea orthogneisses. Sources: 1) Klepeis et al. 
(2013); 2) Schwartz et al. (2013); (3) Hout et al. (2013) and Stowell et al. (2014); 4) Klepeis et al. (2007); 5) King et al. 
(2008); 6) Hout et al. (2012); 7) J. Schwartz, pers comm. 12NZ9b, 13NZ33E, 0412, 12DC41C, 13VA204, 12NZ11a, 0649, 
0422, and 12DC54A refer to sample numbers included in the sources above. metam = metamorphic, xcut = crosscutting, grt 
= garnet, ttn = titanite, zrn = zircon.
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eclogite-facies assemblages, reflect conditions at the root of an arc rather than in a 

subduction zone. 

Contraction gave way to extension and rifting in the early Cretaceous (Tulloch et 

al., 2009). Recent high precision Sm-Nd dating of garnet (Stowell et al., 2014) and 

titanite Pb/U cooling ages (Flowers et al., 2005; Schwartz et al., 2013) suggest extension 

began by ~112 Ma (Figure 3.4). A network of retrogressive, upper amphibolite facies 

mylonitic shear zones, including the Doubtful Sound shear zone (DSSZ) and Resolution 

Island shear zone (RISZ) (Figure 3.1) formed throughout central Fiordland at this time 

(Oliver, 1980; Klepeis et al., 2004, 2007; Allibone et al., 2009c). Zircon 206Pb/238U ion 

probe (Stanford-USGS SHRIMP-RG) ages on syn- and post-tectonic dikes date a 

southwestward migration of deformation, with extension along the DSSZ terminating at 

97.8 ± 1.3 Ma and extension along the RISZ terminating at 89.3 ± 1.2 Ma (Klepeis et al., 

2013). This migration of extension continued southwestward and culminated in the onset 

of rifting of the Tasman Sea by ~83 Ma, and the splitting of Zealandia from Australia 

(Sutherland, 1999; Mortimer, 2004a; Tulloch et al., 2009b; Turnbull et al., 2010). 

Spreading in the Tasman Basin ceased by ~52 Ma (Cande and Kent, 1995; 

Lamarche, 1997) and in the middle Eocene, seafloor spreading at the Pacific-Australia 

plate boundary south of New Zealand propagated northwards towards New Zealand 

(Sutherland, 1995; Lamarche et al., 1997). Regional extension became more dextral-

oblique and pre-existing normal faults became dominantly strike-slip or reverse (Turnbull 

et al., 2010).  

Major reorganization of the plate boundary occurred during the OligoceneÐ

Miocene transition (~23 Ma), and resulted in a shift from regional extension to oblique 
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convergence and the formation of a transpressional regime in southern New Zealand 

(Walcott, 1998; Lebrun et al., 2003; Sutherland et al., 2006). Strike-slip motion initiated 

at this time along the Alpine fault west of Fiordland (Cooper et al., 1987; Sutherland, 

1995; Dazkzo et al., 2001a; Lebrun et al., 2003; Klepeis and King, 2009). At ~12 Ma, 

changes in relative plate motion led to increased convergence and subduction initiation 

across the Pacific-Australian plate boundary (Walcott, 1998; House et al., 2002, 2005; 

Cande and Stock, 2004).  

 

3. The relative sequence of structures and their kinematics (D1-D5) 

 For this project, I produced detailed structural maps and cross sections of a part of 

central Fiordland (Figures 3.5 and 3.6) along Breaksea Sound, between Breaksea 

Entrance on the west and Hall Arm on the east. These maps and sections show the 

distribution of superposed fabrics, shear zones, and faults along a 45 km, continuous 

cross section through the Malaspina orthogneiss and parts of its two satellite plutons, the 

Breaksea and Resolution orthogneisses (Figure 3.1).  Across the section, the structures 

we mapped can be grouped into five deformational events (D1-D5) of contrasting style 

that range in age from Early Cretaceous to mid-late Tertiary. Figure 3.4 provides a 

summary of the early events (D1ÐD3) leading up to the Late Cretaceous. 

 The oldest structures in each of the three main igneous bodies in the section 

include igneous layering and magmatic flow foliations (S1) of variable age (Figure 3.7). 

For a review of these ages, see Betka and Klepeis (2013), Stowell et al. (2014) and 

references therein. In all three units, this igneous layering and the S1 foliations have been 

deformed and dynamically recrystallized at the granulite facies (Oliver, 1980), forming  
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Figure 3.6. Strip maps of the Breaksea Sound region showing the locations of observed 

high and low strain zones, sense of shear, and equal-area stereographic projections of 

mineral lineations for the (a) L1-S1/L2-S2 fabrics and (b) the L3-S3 fabric. 



Figure 3.7. Field examples of 
features that distinguish 
L1-S1in the Malaspina 
orthogneiss. (a) Hornblende- 
bearing mafic layers inter-
fingered with coarse 
leucocratic gneiss. Dashed 
black lines show boundaries 
of some mafic layers. (b) 
Gneissic foliation defined by 
aligned hornblende and 
clinopyroxene aggregates set 
in a coarse plagioclase 
matrix (S1). Note mafic clots 
forming part of the foliation. (c) Coarse, tabular hornblende and plagioclase crosscut by 
leucocratic veinlets. Foliation roughly parallels pencil. Yellow dashed lines show extent 
of garnet granulite dehydration zone (‘grz’ for garnet reaction zone) lining veinlets. (d) 
Plagioclase-rich veinlets crosscutting S1 at high angles. Note garnet granulite dehydration 
halos (grz) lining some veinlets. (e) Locally migmatitic Malaspina Orthogneiss 
characterized by pea-sized garnets (indicated by arrows) surrounded by plagioclase-rich 
leucosome next to leucocratic vein with hornblende inclusions. (f) Amorphous garnet 
granulite dehydration zone (grz) next to grz-lined leucocratic vein with pea-sized garnets.
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locally migmatitic foliations (S2) that parallel S1 foliations.  The Breaksea orthogneiss 

also locally exhibits eclogite facies metamorphic mineral assemblages in mafic layers 

(see also De Paoli et al., 2009).  In two areas of the transect, including Vancouver Arm 

and Breaksea Entrance (Figure 3.6), the S2 foliations form high strain zones defined by 

aligned granulite and eclogite facies metamorphic mineral assemblages (Figure 3.8). 

These high strain areas also exhibit pyroxene and hornblende mineral lineations (L2) that, 

together with the foliation planes, form penetrative L>S fabrics (Figure 3.8). We group 

these fabrics together and refer to them collectively as L2-S2 because they all involve the 

dynamic recrystallization and deformation of igneous fabrics (L1-S1) in their respective 

plutons, and they all predate younger sets of upper amphibolite facies shear zones that 

have been interpreted to mark the onset of regional extension (Gibson et al., 1988; Oliver, 

1990; Klepeis et al., 2007; Betka and Klepeis, 2013).  

Crosscutting the L2-S2 fabrics are networks of younger shear zones composed of 

retrograde upper amphibolite facies foliations (S3) and lineations (L3) (Figure 3.9). These 

upper amphibolite facies shear zones, in turn, are cut by faults and shear zones composed 

of greenschist and sub-greenschist facies mineral assemblages. We distinguish two main 

groups of these latter features. The first includes the Lake Fraser and Dusky fault zones 

and the second comprises the Straight River shear zone (Figure 3.1) (King et al., 2008). 

The oldest of these shear zones and faults exhibits greenschist facies foliations, which we 

designate here as S4. The younger group exhibits greenschist facies foliations, which we 

refer to as S5.  

The crosscutting relationships and other distinctive characteristics of these five 

groups of structures we observed, including metamorphic grade, orientations, and 
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Figure 3.8. Field photographs of L2-S2 features. (a) Strongly lineated L-tectonite. (b) 
Deformed felsic veins rimmed by garnet granulite reaction zones. (c) Garnet-studded 
leucocratic vein in well-foliated garnet granulite. (d) Presence of migmatite and 
asymmery of pyroxene and hornblende. (e) Strong mineral lineations defined by 
hornblende and plagioclase.
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Figure 3.9. Field photographs of L3-S3 features. (a) Fine-grained mylonitic shear zone 
croscutting coarser-grained granulite. (b) Grain-size reduction across an upper 
amphibolite facies shear zone. (c) Tight deflection and branching patterns. Field of view 
is ~2 meters wide.
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geometry, provided a useful basis for correlating structures across the section.  Next, we 

provide detailed descriptions of the structures that make up these events, including how 

we distinguished them in the field. 

 

3.1 First (D1) and second (D2) phase structures 

At Breaksea Entrance, the oldest feature is an igneous banding (S1) consisting of 

alternating layers of dark, gabbroic, and ultramafic rock, and light-colored dioritic units 

within the Breaksea orthogneiss (cf. Allibone et al., 2009c, De Paoli et al., 2009). Betka 

and Klepeis (2013) reported three types of variations of S1 in this unit and in the 

Resolution orthogneiss, which intrudes it. These include 1) mafic schlieren preserved 

within leucocratic migmatitic orthogneiss, 2) tightly folded layers of eclogite gneiss that 

define regions of high strain, and 3) coarse gneissic layering inside mafic pods wrapped 

by external S2 foliations. De Paoli et al. (2009) provides information on compositional 

variability within S1, and suggested that most of the layering originated from diking and 

magmatic flow during magma emplacement. Following this work, and that of Betka and 

Klepeis (2013), we also assign these features to an early period of magmatism and 

igneous flow that define the D1 event.  

Throughout Breaksea Entrance, S1 flow foliations have been dynamically 

recrystallized at the granulite facies through crystal-plastic processes, forming foliations 

(S2) that are defined by coarse aggregates of garnet and pyroxene set in a leucocratic 

matrix. These foliations are also locally migmatitic. Betka and Klepeis (2013) reported 

that they also form nearly concentric trajectories that define a series of domes and 

subdomes (see Figures 2 and 4 from Betka and Klepeis, 2013). These authors defined the 
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structures that comprise high strain zones and low strain zones within and around the 

domes. Following these authors, we interpret the domes as having formed initially during 

D1 magmatism and then evolved during a period of high temperature granulite and 

eclogite facies metamorphism and melt-present deformation (D2) that outlasted D1 

magmatism.  

Throughout the Malaspina orthogneiss, igneous layering is defined by 

hornblende-bearing mafic layers interfingered with coarse, leucocratic gneiss (Figure 

3.7a).  Here, penetrative gneissic foliations (S1) exhibit wholly or dominantly igneous 

textures, including anticlustered hornblende and clinopyroxene aggregates set within a 

coarse, tabular plagioclase matrix (Figure 3.7b). On S1 foliation planes, hornblende, 

clinopyroxene, and plagioclase locally are aligned into a mineral lineation (L1). The 

layers that form part of the L1-S1 fabric range in thickness from decimeter- to meter-

scale, to millimeter-scale rhythmic alternations, where mafic clots form part of the 

foliation (Figures 3.7a,b). Pegmatites and veinlets of leucocratic, plagioclase-rich 

material, some of which are folded, crosscut this layering at high angles (Figures 3.7c,d). 

Together, the coarse, tabular shapes of plagioclase and hornblende and the lack of 

evidence of subsolidus recrystallization (Figure 3.7c), the rhythmic alternation of mafic 

and felsic layers (Figures 3.7a,b), and the high angle crosscutting of dikes and veins 

(Figures 3.7c,d) lead us to interpret this L1-S1 fabric as dominantly igneous. 

Locally, such as in site 133, the Malaspina orthogneiss is migmatitic, and 

characterized by pea-sized garnets surrounded by plagioclase-rich leucosome, commonly 

near leucocratic veins (Figure 3.7e). Many of these areas also show patchy garnet 

granulite dehydration halos (Oliver and Coggon, 1979; Oliver, 1980) (Figure 3.5c,d,f). 
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Some of these dehydration halos parallel the margins of veins (Figure 3.7c,d), whereas 

others form amorphous patches (Figure 3.7f). These features show that the igneous 

fabrics (L1-S1) have been locally recrystallized at the garnet granulite facies across the 

transect, forming locally penetrative foliation planes (S2) that are parallel to the L1-S1 

igneous fabrics, but defined by garnet granulite-facies mineral assemblages (Figure 3.8).  

Stowell et al. (2014) and others (Oliver, 1980; Hollis et al., 2004, Oliver) reported 

thermobarometric data suggesting that the granulite facies assemblages record 

temperatures of T "  800¼C and pressures of at least P !12 kbar. Therefore, in the 

Malaspina orthogneiss, we define D1 as igneous emplacement processes (such as diking 

and sheeting) and D2 as the transition to high temperature subsolidus recrystallization and 

flow at the garnet granulite facies, likely in the presence of melt. 

We divided the occurrences of high-grade S2 foliations into areas of high and low 

D2 strain. In areas of low D2 strain, the delicate igneous textures that define L1-S1 are well 

preserved. In addition, tabular plagioclase shows little to no evidence of subsolidus 

recrystallization. In these areas, crosscutting veinlets and dikes are relatively undeformed, 

L2 mineral lineations are weak to absent, and garnet reaction zones retain their 

amorphous patchy appearance (Figure 3.8). Our maps and cross sections show that these 

low strain zones are found in the interior of the Malaspina orthogneiss in Breaksea Sound 

and in the southern part of the Malaspina orthogneiss in Broughton Arm and Wet Jacket 

Arm (Figures 3.5, 3.6a). In Breaksea Sound, mineral lineations (L1/L2) have plunges 

ranging from vertical to subhorizontal.  Their trends cluster towards the north and south. 

In the southern part of the Malaspina orthogneiss, in Broughton Arm and Wet Jacket 

Arm, mineral lineations (L1/L2) plunge shallowly to the east and west, with some scatter 



 46 

towards the south. Thus, the mineral lineations of low strain zones at Breaksea Sound, 

Broughton Arm, and at Wet Jacket Arm are complex and disorganized.  

In areas of high strain, L1-S1 has been mostly recrystallized and transposed 

parallel to L2 (Figure 3.8b,c). These areas exhibit L>S tectonites, asymmetric pyroxene 

and hornblende fish (Figure 3.8c), and penetrative mineral lineations (L2) defined by 

plagioclase ribbons and stretched aggregates of lenticular garnet and pyroxene (Figure 

3.8a,c,e). In thin section, plagioclase shows evidence of grain size reduction, 

accomplished by a combination of grain boundary migration and subgrain rotation 

recrystallization. These high strain zones form two main areas at the eastern and western 

ends of the section (Figures 3.5, 3.6a). The western zone includes the Breaksea Entrance 

domes. The eastern one spans the section between Vancouver Arm and Hall Arm. 

The ~7 km wide zone of high D2 strain at Breaksea Entrance and Acheron 

Passage (Figure 3.5) is characterized by a wide range of L2 lineation trends (Figure 3.6a). 

Lineation plunges range from vertical to subhorizontal. The dominant trend is to the 

west-southwest. Kinematic indicators including asymmetric shear bands and asymmetric 

pressure shadows of plagioclase around garnet omphacite porphyroblasts show both top-

down-to-the-southwest and -northeast senses of shear. Betka and Klepeis (2013) 

described these patterns and suggested that D2 at Breaksea Entrance involved significant 

vertical displacements within steep shear zones located between gneiss domes (see 

Figures 3 and 4 from Betka and Klepeis, 2013). 

In contrast to the lineation patterns seen at Breaksea Entrance, the zone of high D2 

strain in Vancouver Arm and Hall Arm is dominated by mostly subhorizontal lineation 

orientations trending from ~035Ð115¼(Figures 3.5, 3.6a). Lineations mostly plunge 
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shallowly to the northeast but also include scattered groups that plunge moderately to the 

east and west. Kinematic indicators including pyroxene fish and deflections of foliations 

in minor shear zones show both top-down-to-the-east and top-down-to-the-west senses of 

shear. These contrasting patterns suggest that the mineral lineations and foliation patterns 

that make up the D2 event within the section are highly variable and that this event 

involved dissimilar patterns of flow within the eastern and western parts of the section.  

 

3.2 Third (D3) phase structures 

Shear zones composed of retrograde upper amphibolite facies mineral 

assemblages, including hornblende, biotite, and plagioclase, crosscut and transpose the 

L2-S2 fabric. These shear zones exhibit S>L tectonites characterized by continuous folia 

(S3) defined mostly by the alignment of hornblende and biotite and flattened plagioclase 

aggregates. In thin section, plagioclase exhibits evidence of bulging recrystallization and 

deformation twinning. Hornblende and biotite grew at the expense of garnet and 

pyroxene, indicating retrogression of garnet granulites at the upper amphibolite facies. 

On S3 foliation planes, hornblende and biotite are aligned into a mineral lineation (L3). 

The L3-S3 fabric shows evidence of high strain, including mylonitization, transposition, 

stretching, and asymmetric structures (e.g. S-C fabric and hornblende and biotite fish). At 

Crooked Arm (Figure 3.1), Klepeis et al. (2007) concluded that these upper amphibolite 

facies mineral assemblages record temperatures of T ! 550Ð600¼C and P ! 7Ð9 kbar. This 

is consistent with Flowers et al. (2005) and Schwartz et al. (2013), who reported cooling 

temperatures from T >850¼C through T ! 550Ð650¼C by ~111 Ma. We group these lower 



 48 

temperature shear zone fabrics (L3-S3) that record cooling, retrogression, hydration, and 

deformation at the upper amphibolite facies into the D3 event. 

All D3 shear zones crosscut and transpose L2-S2 (Figure 3.9). These include two 

main zones of high strain at the western and northeastern ends of the section (Figures 3.5, 

3.6b), as well as smaller strands on Hawea Island and Wairaki Island in Breaksea 

Entrance (Figure 3.1) and along the south shore of Breaksea Sound. The first main zone 

of high strain includes the ~200Ð500 m thick Resolution Island shear zone (RISZ) 

system, which cuts through the Resolution orthogneiss at Breaksea Entrance on the north 

coast of Resolution Island (Figures 3.1, 3.5). Here, the upper amphibolite shear zones are 

found as decameter thick swaths of curvilinear shear fabrics enveloping pods of relatively 

undeformed L2-S2 (Figure 3.10d). Mineral stretching lineations generally plunge 

shallowly and cluster mostly towards the southwest, with some scatter towards the 

northwest and some low strain stretching lineations scattered to the east (Figure 3.6b, 

Breaksea Entrance L3 stereonet). Kinematic indicators include asymmetric pressure 

shadows of hornblende around S2 garnet, hornblende and biotite shear bands, and 

asymmetric deflections of S2 foliation towards D3 shear zones (Betka and Klepeis, 2013). 

These record top-down-to-the-north-northeast and top-down-to-the-south-southwest 

normal displacements (Betka and Klepeis, 2013). The presence of smaller strands of 

shear zones on Hawea Island, Wairaki Island, and the north shore of Breaksea Entrance 

indicate that this ~200-500 m thick zone is not composed of one single shear zone, but 

rather, a series of shear zones that comprise a linked system.  

Shear zones with similar geometries and mineral lineations are found just east of 

Breaksea Entrance, in the westernmost part of the Malaspina orthogneiss between  
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Figure 3.10. Photographs and tracings of upper-amphibolite D3 shear zone fabric 

geometries. (a) Cliff face in western Breaksea Sound containing anastomosing D3 shear 

zones enclosing pods. Note people for scale on platform exposed by low tide. (b) Close-

up view of boxed area in (a). (c) Tracing of pod geometry in cliff face. (d) Photograph 

with superposed tracing of a D3 shear zone pod found on Hawea Island, located in 

Breaksea Entrance. Notebook for scale. (e) Photograph with superposed tracing of a D3 

shear zone pod found in Crooked Arm. Person for scale. 
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166¼48#E and 166¼52#E (Figure 3.10a,b). These shear zones are found in high cliff-faces 

along several hundred meters of the fiord, where S3 is also observed to wrap around 

relatively undeformed pods that preserve L2-S2 (Figure 3.10a,b). Mineral stretching 

lineations plunge shallowly and cluster towards the east and west, with some plunging to 

the south (Figure 3.6b, Western Breaksea Sound L3 stereonet). Kinematic indicators on 

the outcrop scale are defined by asymmetric deflections of S2 into S3 and porphyroblastic 

plagioclase in matrix hornblende, and show top-down-to-the-west sense of shear. Thin 

section scale kinematic indicators defined by S-C fabric and biotite fish confirm this 

sense of shear. These wide shear zones make up a zone of high strain D3 on the western 

part of the Malaspina orthogneiss.  

Another zone of high D3 strain is found in the northeastern part of the section, and 

includes the ~1 km thick DSSZ system, exposed along Doubtful Sound at Kellard Point 

and along Crooked Arm (Figure 3.1). We see similar pods of low strain L2-S2 wrapped by 

L3-S3 within this high strain system as well (Figure 3.10c). At Vancouver Arm and Hall 

Arm, mineral lineations generally plunge shallowly to the northeast and east-northeast, 

with some scatter to the west (Figure 3.6b Vancouver and Hall Arm L3 stereonet). 

Kinematic indicators on the outcrop scale include asymmetric deflection of foliations, 

biotite shear bands, and asymmetric recrystallized tails on plagioclase that show 

dominantly top-down-to-the-northeast motion. Thin section scale kinematic indicators 

include biotite shear bands, asymmetric plagioclase aggregates, and hornblende fish, and 

also show some top-down-to-the-northeast motion, but mostly chaotic senses of motion.  

Between these two main shear zone systems are a series of smaller shear zones 

with thicknesses ranging from the centimeter- to decimeter-scale. These are found on the 
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south shore of the eastern reach of Breaksea Sound between 166¼52#E and 166¼54#E. 

These narrow shear zones crosscut L2-S2 as a series of branching, centimeter- to meter-

thick splays, which show a combination of tight foliation deflections as well as relatively 

straight segments (Figure 3.11). In these shear zones, mineral stretching lineations are 

scattered in plunge but generally cluster towards the north (Figure 3.6b, Eastern Breaksea 

Sound L3 stereonet). Kinematic indicators at the outcrop and thin section scale include 

asymmetric deflection of foliation, asymmetric tails on garnet and plagioclase augen,  

hornblende and biotite shear bands forming S-C fabrics, and plagioclase sigma clasts 

within a hornblende matrix. These show top-to-the-north and -northeast sense of shear, 

and top-to-the-south sense of shear.  

Thus, we observe that the mineral lineations and foliation patterns that make up 

the D3 event within the section are organized into two distinct shear zone systems (Figure 

3.5) showing coherent subhorizontal flow, uniform top-down-to-the-northeast and -

southwest senses of shear, and similar, distinctive outcrop-scale patterns of L3-S3 shear 

zones wrapping pods of competent, low strain L2-S2 (Figure 3.10). Our mapping shows 

that this event involved focused and organized deformation in the western and eastern 

parts of the section in two $0.5 km wide systems, with smaller, centimeter to decimeter 

wide shear zones occurring on the interior of the Malaspina orthogneiss. 

 

3.3 Fourth (D4) phase structures 

Throughout the area, faults and shear zones composed of greenschist and sub-

greenschist facies mineral assemblages including biotite, chlorite, and sericite crosscut D3 

shear zones. As part of our study, we defined several new fault strands, including the Hall  
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Figure 3.11. Panorama photograph and line tracing of small-scale D3 shear zones penetrating older, low strain granulite facies D2 
fabric. Note interlinking of shear zone strands and deflections of foliations indicating flow. Dark gray corresponds to moss and 
slime, white correspond to deformed felsic veins.
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Arm fault, the Acheron fault, and the Vancouver fault (Figure 3.12). We incorporated 

these faults with numerous previously mapped faults (such as the Lake Fraser fault) and 

outcrop-scale faults that form parts of major fault zones. We group these faults and shear 

zones into an event characterized by greenschist facies shear zones, brittle faulting and 

semi-brittle deformation (D4) distributed over the entire study area. 

As part of our analysis of faults, we collected information on fault plane 

orientation, slickenline data, and shear sense on faults along the shores of Breaksea 

Sound, Vancouver Arm, Broughton Arm, and Wet Jacket Arm. Fault surfaces typically 

exhibited epidote slickensides, where slickenlines were defined by aligned deformed 

epidote minerals. We obtained senses of shear on minor fault populations using offset 

foliations, veins, and S-C fabrics. We identified six major fault populations on the basis 

of similar fault plane orientation, similar slip senses, and slickenline trends.  

The first population strikes ~025¡Ð035¡ and dips steeply to the southeast and 

northwest, with slickenlines that plunge gently to the northeast (Figure 3.12b,c). These 

are found in Vancouver Arm and at the mouth of Broughton Arm. The second population 

includes faults found throughout Breaksea Sound that strike ~045¡Ð090¡ and dip 

moderately to steeply to the southeast, with slickenlines plunging gently to the northeast 

(Figure 3.12d,e). The third population includes faults found in Hall Arm and Acheron 

Passage that strike ~325¡Ð035¡ and dip moderately to steeply to the east and southeast, 

with slickenlines plunging gently to the north (Figure 3.12f,g). The fourth population 

includes faults found in Breaksea Sound and Wet Jacket Arm that strike ~335¡Ð015¡ and 

dip moderately to the east and west. Slickenlines form a girdle pattern along a N-S 

striking, E-dipping great circle (Figure 3.12h,i). 



(b) N

n = 25

(c) N

1

Z

Y
X

n = 25

N

n = 16

(d) N

n = 11

Y

Z
X

(e)

N

n = 14

(f)
N

n = 9

X

Y

Z

(g)
N

n = 12

(h)
N

n = 8

X

Y

Z

(i)

55

Ductile shear zones

Straight River shear zone

Major brittle and semi-brittle fault zones

Onshore geology

strike-slip fault with relative 
motion, dashed where covered

normal fault, ticks on down thrown 
side, dashed where covered

Paleozoic paragneiss, 
marble, schist, and 
granitoids

Early Cretaceous 
orthogneiss

WJSZ

Resolution 
Island

10 km0

LAKE F
RASER F

AULT 

HAF

APF

VF

DUSKY FAULT

S
tr

a
ig

h
t 

R
iv

e
r 

S
h

e
a

r 
Z

o
n

e

166º45'E

166º45'E 167ºE

45º30'S

45º45'S

(a)

Z

X

Main strike-slip 
fault set

antithetic strike-slip 
fault set

Secondary 
normal fault set

Z

X

(j)

mid-K extensional shear zones

Main sinistral fault traces
(includes trace of Lake Fraser fault)

Antithetic dextral fault set
(includes Hall Arm fault and Acheron Passage fault) Secondary normal fault sets



 56 

Figure 3.12. Fault map of central Fiordland with equal-area stereonet plots and fault 

solutions for oblique-sinistral and normal fault sets from the Breaksea Sound region. (a) 

Geologic map of central Fiordland modified from Turnbull et al. (2010), with major 

brittle and semi-brittle faults and ductile shear zones. (b) Stereonet plot of fault plane and 

slickenline orientations of the northeast-striking fault set. (c) Fault plane solution of the 

northeast-striking fault set showing sinistral motion. (d) Stereonet plot of fault plane and 

slickenline orientations of the east-northeast-striking fault set. (e) Fault plane solution of 

the east-northeast-striking fault set showing sinistral oblique motion. (f) Stereonet plot of 

fault plane and slickenline orientations of a north-striking fault set. (g) Fault plane 

solution of a north-striking fault set showing dextral oblique motion. (h) Stereonet plot of 

fault plane and slickenline orientations of a second north-striking fault set. (i) Fault plane 

solution of the second north-striking fault set, showing normal sense of motion. (j) 

Schematic model of central Fiordland fault populations as a sinistral transtensional fault 

system. VF = Vancouver fault; HAF = Hall Arm fault; WJSZ = Wet Jacket shear zone; 

APF = Acheron Passage fault. 
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In addition to our field data, we constructed average fault plane solutions using 

the FaultKin v. 5.6.3 program by Richard Allmendinger (Allmendinger, 2011) and the 

OSXStereonet v. 2.4 program by Nestor Cardozo (Cardozo and Allmendinger, 2012), 

which follow the algorithms outlined in Marrett and Allmendinger (1990) and 

Allmendinger et al. (2012). The method we used involves three-dimensional, 

instantaneous strain analysis of fault-slip data to determine the bulk kinematics of fault 

populations and the orientations of the principal axes of incremental strain (see Marrett 

and Allmendinger, 1990). We calculated the axes of shortening (Z) and extension (X) for 

the principal incremental strain tensor associated with each fault by using measurements 

of fault plane orientation, slickenline striae orientation, and sense of displacement for 

each fault. These kinematic solutions were useful for evaluating how well our fault 

populations cluster and for recognizing subsets of each fault population. 

The largest fault in the study area is the northeast-striking Lake Fraser fault, 

which has a trace length of ~63 km and crosses Dusky Sound, Wet Jacket Arm, and 

Broughton Arm (Figure 3.10). This fault records sinistral oblique-normal motion on the 

basis of shear band cleavages exposed at Wet Jacket Arm. Other, similar fault 

populations strike northeast to east-northeast and show dominantly sinistral movement 

with a small component of normal motion on steeply to moderately dipping fault planes 

(Figure 3.10b-e). The instantaneous axes of contraction (Z-axes) plunge gently towards 

the north and northeast. The instantaneous axis of extension (X-axis) plunges gently 

towards the east for the northeast-striking fault population, and to the northwest for the 

east-northeast-striking fault population. Together, these define a northeast-striking, 

sinistral oblique-normal fault set (Figure 3.12j). 
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Another fault set, which displays fault segments that are shorter in trace length 

than those of the Lake Fraser fault, includes the north- and north-northeast-striking 

Acheron fault and Hall Arm fault (Figure 3.10f,g). Our average fault plane solutions 

show that this population of faults strikes north-northwest to north-northeast and exhibits 

dextral oblique-reverse sense of movement on moderately to steeply east-dipping fault 

planes. The Z-axis plunges gently towards the southwest, and the X-axis plunges 

moderately to the northwest. 

I grouped these fault populations on the basis of fault plane orientation, 

slickenline orientation, field-based sense of slip observations, and calculated sense of slip 

directions. Together, these two populations fit a sinistral Riedel shear model (Figure 

3.13a). The Riedel shear model predicts a pair of synthetic (R) and antithetic (RÕ) strike-

slip faults that occur 15¼ and 75¼ degrees from a master fault (D), respectively (Figure 

3.13a)(Aydin and Page, 1984; Davis et al., 1999). The Riedel shear geometry may be 

applied even in the absence of an observed master fault, given that the synthetic and 

antithetic faults occur at ~60¼ from one another an exhibit the appropriate slip sense in the 

given strike-slip deformational zone. Observations on outcrops, such as at site 132, 

provide further information on the relationship between the two sets (Figure 3.13b). Here, 

we observe two, epidotized semi-brittle faults that form a synthetic-antithetic pair with an 

internal angle of 60¼ (Figure 3.13b,c).  

On the basis of trace length and crosscutting relationships in the field, we interpret 

the northeast-striking, sinistral-normal fault set, including the Lake Fraser fault, as 

dominant (the synthetic set in the Riedel shear model), and the north-striking dextral fault 

set as subordinate, antithetic set. In addition to this pair of fault populations, throughout  
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Figure 3.13. Synthetic-antithetic faults following Riedel shear geometry. (a) Idealized 
Riedel shear model for a sinistral simple shear system, with angular relationships 
between D, R, and R’ shown. Modified from Aydin and Page (1984). (b) Outcrop 
example of a synthetic-antithetic fault pair. Photograph is an aerial view of the faults. 
(c) Sketch of same outcrop example showing angular relationships between the two fault 
sets superposed on idealized Riedel shear model (in gray). Note rotation of the idealized 
model above to match outcrop relationships. Sense of motion along the two faults were 
inferred in the field on the basis of slickenline orientations and offset markers. 
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the Breaksea Sound area we also recognize a set of normal faults that strike north-south 

and dip shallowly to moderately towards the east (Figure 3.12h,i). In this set of faults, the 

Z-axis is oriented near vertically, and the X-axis plunges gently towards the west. 

Together these fault sets fit a model of sinistral Riedel shear, which matches with the 

oblique strike-slip motion on the faults. However, these faults also show a normal 

component and are also associated with other normal faults in the region. Together, these 

comprise a transtensional fault system. 

 

3.4 Fifth (D5) phase structures 

On the eastern side of Resolution Island (Figure 3.1), a subvertical, <0.5 km-wide 

high-strain zone cuts across all L3-S3 and older fabrics (Figure 3.5). This shear zone 

system is part of the Straight River shear zone (SRSZ), which represents one of the 

youngest phases of deformation (D5) in the region. The SRSZ was defined by King et al. 

(2008) after the Straight River fault, which was first identified by Oliver and Coggon 

(1979). It refers to an array of steep faults and low grade (greenschist facies) ductile high-

strain zones that occur between Thompson Sound and Resolution Island across a 10 % 80 

km area (King et al., 2008). At Resolution Island, King et al. (2008) reported that the 

high strain parts of the SRSZ are defined by steep, ductile and semi-brittle fault zones and 

locally mylonitic greenschist facies foliations (S5), where quartz is dynamically 

recrystallized and plagioclase is microfaulted. Biotite and quartz mineral lineations (L5) 

plunge variably within foliation planes (see Figure 8 of King et al., 2008). King et al. 

(2008) also reported that within the shear zone, networks of brittle to semi-brittle faults 

formed several distinctive sets, the most prominent of which are sinistral and dextral 
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strike-slip fault pairs. Another set includes minor thrust faults. Both fault sets record 

contraction at high angles to the shear zone boundaries (King et al., 2008), and provide 

evidence of a dextral transpressional style of deformation. 

We focused our survey of the SRSZ to the northern shore of Breaksea Sound, 

including both the western and eastern boundaries of the shear zone (Figures 3.1, 3.5). 

We focused our work to this area because the SRSZ is poorly mapped there, and because 

it is aligned with our continuous section. Our observations of the SRSZ on the northern 

shore of Breaksea Sound are compatible with those described by King et al. (2008) from 

other parts of the SRSZ. In addition to thrusts and conjugate crenulation cleavages 

described by King et al. (2008), we observed steep, upright folds that occur within the 

Deep Cove gneiss (Figure 3.14). We also report that these steep fabrics crosscut and 

truncate mylonitic D3 shear zones. This is the first documentation of S5 crosscutting S3 in 

this segment of the SRSZ. 

 We observed shear bands defined by biotite that form S-C fabrics within the 

SRSZ, which indicated a predominantly dextral strike-slip sense of motion. This is 

compatible with data presented by King et al. (2008) from other parts of the SRSZ. On 

the basis of these observations, we conclude that D5 in the study area forms part of a 

heterogeneous, dextral transpressional system where the main, subvertical fault surfaces 

record a strike-slip component and minor thrusts and steep folds record contraction at 

high angles to the shear zone boundaries.  

Across Breaksea Sound and at Doubtful Sound (Figure 3.12a) (King et al., 2008), 

the SRSZ is crosscut by semi-brittle faults that strike west-northwest and offset the SRSZ 

dextrally by a few hundred meters. These are part of a population of northwest-striking 
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Figure 3.14. Upright folds in the Straight River shear zone (SRSZ) at 
site 113 in Breaksea Sound. Bottom photograph shows close-up view 
of the same upright folds at site 113. Note pictured geologists sitting 
in a fold hinge.
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(~300¡Ð330¡), moderately to steeply southwest-dipping faults with slickenlines plunging 

to the northwest (Figure 3.15a). These faults show dominantly dextral movement with a 

small component of oblique motion (Figure 3.15b). These faults are similar in orientation 

to some D4 fault sets but their sense of motion conflicts with the Riedel shear model of a 

sinistral strike-slip fault system (D4). Instead, the sense of motion of these faults is 

compatible with the phase of dextral transpression that describes D5. We interpret these 

dominantly dextral faults that crosscut the SRSZ as reflecting either the formation of a 

new fault set or the reactivation of preexisting D4 faults.  

Another fault population that does not fit with the D4 sinistral Riedel shear model 

includes northeast-striking (~035¡Ð065¡), moderately to steeply northwest-dipping faults 

with slickenlines plunging to the northeast (Figure 3.15c). Faults of this population show 

dominantly dextral movement with a small component of normal motion (Figure 3.15d), 

and are found throughout Breaksea Sound and at the mouths of Vancouver Arm and 

Broughton Arm (Figure 3.12). Although this fault population is similar in orientation to 

the Lake Fraser fault, this fault population shows oblique-dextral motion, whereas the 

Lake Fraser fault shows oblique-sinistral motion. These faults are also similar in 

orientation to the Dusky fault (Figure 3.12a), which is the second largest fault in the area 

(trace length ~54 km) and one with a recorded history of multiple motions and late 

Cenozoic reactivation (Turnbull et al., 2010). We also interpret this northeast-striking, 

oblique dextral-normal fault set as reflecting reactivation of preexisting faults, or the 

formation of a new fault set, during the D5 dextral transpressional deformation phase. 

Together, these reactivated faults as well as the SRSZ comprise the D5 deformational 

phase. 
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Figure 3.15. Equal-area stereonet plots and fault solutions for oblique-
dextral fault sets from the Breaksea Sound region. (a) Stereonet plot of 
fault plane and slickenline orientations of a northwest-striking fault set. 
(b) Fault plane solution of the northwest-striking fault set, showing 
dextral oblique motion. (c) Stereonet plot of fault plane and slickenline 
orientations of a northeast-striking fault set. (d) Fault plane solution of 
the northeast-striking fault set, showing dextral oblique motion.

NW-striking oblique-dextral set
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4. Discussion 

4.1 Magma emplacement, high grade metamorphism and ductile flow (D1/D2) 

The Breaksea, Resolution, and Malaspina orthogneisses were emplaced over a 

period of ~10 million years (~125Ð115 Ma) (Oliver, 1977; Tulloch and Kimbrough, 

2003; Hollis et al., 2004; Allibone et al., 2009c; Turnbull et al., 2010; Hout et al., 2012). 

The emplacement of all three plutonic units (D1) was accompanied by high-grade 

metamorphism and deformation at the granulite and, locally, eclogite facies (D2) that 

predates the formation of upper amphibolite facies shear zones (D3). The upper 

amphibolite shear zones (D3) form networks across all three plutons, where they exhibit 

similar styles (Figures 3.9, 3.10), metamorphic mineral assemblages, and crosscutting 

relationships with D1/D2. Therefore, they provide a convenient minimum age limit  for all 

D1/D2 events. Klepeis et al. (2007) reported a 206Pb/238U zircon age from a syntectonic 

pegmatite dike in the DSSZ (D3) of 102 ± 1.8 Ma, which indicates that all D1/D2 events 

were prior to 102 ± 1.8 Ma. Klepeis et al. (2007) also summarized structural relationships 

at Crooked Arm, within the Malaspina orthogneiss, and linked the formation of high-T, 

granulite facies shear zones to the onset of regional extension at ~114 Ma. More recently, 

Stowell et al. (2014) reported a zircon age of a sample from this same site, which 

suggested that the granulite-facies fabrics formed at " 112.8 ± 2.2 Ma at conditions of T ! 

920¼C at P ! 14-15 kbar. Therefore, in this paper, the D1/D2 period encompasses the 

emplacement of these three plutonic bodies and the high-T deformation and 

metamorphism that affected them prior to ~113 Ma.  

Any model that describes D1/D2 must account for the following patterns: 1) the 

intrusion and emplacement of mafic  (and/or ultramafic) to intermediate magma into the 
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lower crust, resulting in the Breaksea, Resolution, and Malaspina orthogneisses, 2) the 

occurrence of mafic intrusions (dikes) during the early parts of all pluton emplacement, 

3) localized partial crustal melting and the formation of migmatites accompanying and 

postdating magma emplacement (Figures 3.7, 3.8), 4) localized, high-T metamorphism at 

the eclogite and/or garnet granulite facies, 5) complex structural patterns involving 

variably plunging mineral lineations ranging from dominantly horizontal fabrics to 

locally vertical fabrics (Figure 3.6a), and 6) broadly distributed deformation resulting in 

the formation of two >7 km wide regions of high strain at the western and northeastern 

ends of the study area (Figure 3.5). 

 The chaotic structural patterns, presence of partial melt and migmatites, and high-

grade metamorphic mineral assemblages suggest that the D1/D2 events resulted in a 

deformation style that was highly spatially variable, with high strain zones that were 

diffuse, broadly distributed across the study area, and occurred at high temperatures. 

Foliated migmatites, sheared plagioclase-rich leucosome, and sheared garnet granulite 

dehydration zones (Figures 3.7, 3.8) suggest that these periods were marked by high-T, 

melt-present deformation in the lower crust.  

Available geochronology and geothermobarometry provide additional information 

on the ages, temperatures, and depths of these plutonic units. The Breaksea orthogneiss 

yields the oldest igneous crystallization ages of 125Ð123 Ma (Turnbull et al., 2010; Hout 

et al., 2012) and peak metamorphic conditions of P ! 18Ð20 kbar, T ! 850Ð920¼C (De 

Paoli et al., 2009). The Resolution orthogneiss intruded the Breaksea orthogneiss at 115.5 

± 1.3 Ma, but includes younger, ~94 Ma gabbroic dikes (Hout et al., 2012); these 

gabbroic dikes constitute the youngest known components of the WFO. The Malaspina 
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orthogneiss was emplaced mostly between 118Ð115 Ma (Hollis et al., 2004; Hout et al., 

2012; Sadorski et al., 2013) and underwent metamorphism at the garnet granulite facies 

from 115Ð112 Ma (Hollis et al., 2004; Hout et al., 2012, Stowell et al., 2014). Stowell et 

al. (2014) also reported peak metamorphic conditions in the Malaspina orthogneiss of P ! 

12Ð14.5 kbar, T ! 840Ð920¼C, and new ages and temperature estimates for 

metamorphism and partial melt that suggested that these temperatures occurred at 112.5 ± 

1.1 Ma. These data indicate that the D1/D2 period occurred during the Early Cretaceous, 

at depths ranging from 40Ð60 km and temperatures of " 800¼C, prior to the formation of 

upper amphibolite facies shear zones. Available thermochronology (Flowers et al., 2005; 

Schwartz et al., 2013) suggests that cooling to below 650¡C and D3 deformation at the 

upper amphibolite facies had occurred by ~111 Ma.  

The chronology of events (D1ÐD5) in the Malaspina orthogneiss is summarized in 

Figure 3.16, along with the respective structures, metamorphic conditions, P-T history, 

and interpretation of each of these five events. A schematic P-T-t-D diagram for the 

Malaspina orthogneiss (Figure 3.17) further synthesizes the results of this work with 

those of previous works.   

 

4.2 Extension and exhumation during upper amphibolite facies deformation (D3) 

In this paper, we group together all retrogressive upper amphibolite facies shear 

zones (L3-S3), including the RISZ system, the DSSZ system, and smaller shear zone 

strands on the basis of metamorphic mineral assemblage, dominantly northeast-southwest 

trending and gently plunging mineral lineations, and relative age. Everywhere in the field 

area, retrogressive upper amphibolite facies shear zones crosscut L1-S1/L2-S2 and are cut  
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Figure 3.16. Chronology chart of the Malaspina orthogneiss. Sources: 1) Gibson et al. 

(1988); 2) Allibone et al. (2009c); 3) Oliver and Coggon (1979); 4) Oliver (1980); 5) 

Gibson and Ireland (1995); 6) Klepeis et al. (2007); 7) Stowell et al. (2014); 8) Tulloch 

and Kimbrough (2003); 9) Klepeis et al. (2013); 10) King et al. (2008); 11) Claypool et 

al. (2002); 12) Lebrun et al. (2003). Mineral abbreviations used: q = quartz; bt = biotite; 

ep = epidote; hb = hornblende; pl = plagioclase; g = garnet; pyx = pyroxene; opx = 

orthopyroxene; cpx = clinopyroxene; cz = clinozoisite. DSSZ = Doubtful Sound shear 

zone. RISZ = Resolution Island shear zone. WJA = Wet Jacket Arm.
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Figure 3.17. Schematic P-T-t-D diagram for the Malaspina orthogneiss. Pressures of D4 
and D5 are unknown and estimated here. Sources: 1) Stowell et al. (2014); 2) Flowers et 
al. (2005); 3) Schwartz et al. (2013); 4) Klepeis et al. (2007), age of syntectonic dike in 
the Doubtful Sound shear zone (DSSZ); 5) Klepeis et al. (2013), age of crosscutting 
dike in the DSSZ; 6) King et al. (2008), age of crosscutting dike; 7) Davids (1996); 
8) Claypool et al. (2002); 9) House et al. (2005). 
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by greenschist facies brittle to semi-brittle faults and shear zones (L4-S4). Together, these 

major shear zone systems and shear zone strands define a period of cooler, upper 

amphibolite facies deformation we are calling the D3 event. The following patterns must 

be explained by any model describing D3: 1) the formation of shear zones crosscutting 

L1-S1/L2-S2, 2) the localization of shear zones into discreet but spaced systems across a 

~45 km transect, 3) retrogressive, lower-T (550Ð650¡C) metamorphism at the upper 

amphibolite facies, 4) complex structural patterns involving scattered but dominantly 

northeastÐsouthwest-trending, gently-plunging mineral lineations (Figure 3.6b), 5) 

focused deformation resulting in the formation of two or more ~0.5Ð1 km wide shear 

zone systems at the western and northeastern ends of the study area (Figure 3.5), and 6) 

the occurrence of curvilinear L3-S3 wrapping around L1-S1/L2-S2 to form meter-scale 

pods in each of the major shear zone systems (Figure 3.10). 

Other authors working in ductile terranes have described similar pod or ÔlozengeÕ 

shapes formed by anastomosing shear zones (Coward, 1976; Bell, 1981; Simpson, 1982; 

Choukroune and Gaipais, 1983; Corsini et al., 1996; Hudleston, 1999; Czeck and 

Hudleston, 2004; Fusseis et al., 2006; Bhattacharyya and Czeck, 2008; Carreras et al., 

2010; Ponce et al., 2013). While various processes have been proposed to explain the 

geometry and their evolution, including an inhomogeneous distribution of strain, the 

interaction of preexisting mineral foliations undergoing strain, and contrasting 

competencies, the lack of a systematic typology has led to different interpretations of the 

mechanisms controlling the formation of such pods (Ponce et al., 2013). One unifying 

feature is that all examples involve a combination of simple-shear movement 
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accompanied by a component pure shear across the zone of deformation, which is 

otherwise known as general shear (Simpson and De Paor, 1993).  

Coward (1976), who compared field examples with numerical modeling of strain 

during the propagation and growth of shear zones, concluded that ductile shear zones for 

which the rate of shear strain is high relative to the rate of shear zone propagation tended 

to have a sigmoidal form. These sigmoidal shear zones act as the starting point in a 

progressively deforming ductile system, in which the shear zones coalesce, anastomose, 

and enclose lozenge-shaped blocks of less deformed rocks (Coward, 1976). CowardÕs 

results imply that pods form under conditions in which strain remains localized within a 

damage zone, where high strain rates lead to sigmoidal shear zone shapes that 

progressively deform to form pods. Conversely, conditions in which strain delocalizes 

and shear zones migrate to form new shear zone strands tend to lead to straight shear 

zones that preclude pod formation. In central Fiordland, the presence of pods within the 

RISZ and DSSZ (Figure 3.10) could indicate that shear strain rates within these systems 

were higher than those in the smaller, interveningÐÐand relatively straightÐÐshear zones 

that penetrate the interior of the Malaspina Pluton. While we cannot resolve the specific 

mechanisms that led to the formation of the shear zone-related pods, their occurrence in 

both the RISZ and DSSZ systems suggests that each system experienced similar styles of 

strain localization and conditions of shear strain deformation. 

The similar shapes and structural style of the D3 shear zones that form pods in the 

RISZ and DSSZ systems (D3), and the more coherent pattern of mineral lineations 

together show an increase in self-organization and strain localization relative to D2 high 

strain zones. In addition, the growth of secondary hornblende and biotite at the expense 



 73 

of garnet and pyroxene provide evidence for retrogression of the garnet granulite facies 

fabrics at the upper amphibolite facies (Oliver and Coggon, 1979; Oliver, 1980). These 

characteristics suggest that the dominant processes of localization during this period were 

lower-T, fluid-involved retrograde metamorphism and deformation. This contrasts with 

the dominant processes of localization during the D1/D2 events, which involved high 

temperatures and partial melting. Therefore, D3 marks the beginning of retrograde 

metamorphism after peak metamorphism during D2. 

Available geochronology and geothermobarometry data provide additional 

information on the ages, temperatures, and depths of these D3 shear zone systems. 

Klepeis et al. (2007) reported deformation in the DSSZ at P !  7Ð9 kbar, T ! 550Ð650¼C, 

and De Paoli et al. (2009) reported deformation in the RISZ at P ! 9Ð14 kbar and T ! 

650-750¼C. Flowers et al. (2005) inferred that that patterns probably reflect 

decompression and cooling during extension. Available zircon 206Pb/238U ion probe 

(Stanford-USGS SHRIMP-RG) ages and titanite Pb/U cooling ages (Flowers et al., 2005; 

Schwartz et al., 2013) suggest extension had begun by ~112 Ma. King et al. (2008) 

reported U-Pb zircon ages from pegmatite dikes (88.4 ± 1.2 Ma) whose crosscutting 

relationships indicate that they were emplaced after the formation of the DSSZ (D3). This 

provides an upper age limit for the DSSZ (D3). Klepeis et al. (2007) used 

thermobarometry on upper amphibolite facies mineral assemblages from the DSSZ to 

infer crustal depths of 25Ð30 km during D3 deformation. This result suggests that ~10Ð35 

km of exhumation occurred between D1/D2 and D3 deformation.  

 Several authors have recognized the DSSZ, RISZ, and other ductile shear zones as 

forming part of regional extensional systems (Gibson et al., 1988; Oliver, 1990; Gibson 
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and Ireland, 1995; Hill, 1995a,b; Klepeis et al., 2007; Scott and Cooper, 2009). The 

DSSZ was first identified as a thrust fault by Oliver and Coggon (1979), and later 

reinterpreted as a shear zone by Gibson et al. (1988) and Gibson and Ireland (1995). The 

RISZ was first defined by Klepeis et al. (2007) and later described by Allibone et al. 

(2009b) and Betka and Klepeis (2013). Subsequent work, including this study, has shown 

that there are other extensional shear zones that form parts of the DSSZ system and RISZ 

systems (Klepeis et al., 2007; Allibone et al., 2009b). For instance, the D3 shear zones 

that we mapped in the eastern part of the study area form part of the DSSZ, and those in 

the western part form the part of the RISZ system. The evidence to suggest that these 

upper amphibolite facies D3 shear zones formed part of an extensional system are three-

fold: 1) the mid-Cretaceous age of these systems matches the age of known extensional 

features outside of Fiordland, including upper crustal normal faults and extensional 

basins (Tulloch et al., 2009), 2) the shear zones record cooling with decompression 

(Klepeis et al., 2007; Flowers et al., 2005; De Paoli et al., 2009), and 3) they record 

dominantly subhorizontal flow that is compatible with an extensional regime. As part of 

this latter observation, Tulloch et al. (2009) showed that L3 mineral stretching lineations 

within Fiordland match those within known extensional systems outside of Fiordland.  

The DSSZ has formerly been interpreted to be a major detachment within a 

Cordilleran style metamorphic core complex system (Gibson et al., 1988; Gibson and 

Ireland, 1995). Metamorphic core complexes were first mapped and described in the 

Basin and Range region of Arizona and Nevada, and have also been found throughout the 

entire western North American Cordilleran (Crittenden et al., 1980; Coney and Harms, 

1984; Fossen, 2010). Although metamorphic core complexes vary in style, they generally 
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consist of a core of relatively high grade metamorphic gneisses exposed in a window 

between non-metamorphic, or relatively lower grade metamorphic rocks, which form the 

upper plate (hanging wall) of the system (Fossen, 2010). The high grade gneissic core 

and low grade to non-metamorphic rocks in the hanging wall are separated by at least one 

low-angle extensional detachment fault or shear zone that shows evidence of significant 

shear offset (Fossen, 2010).  

The structural relationships of rocks in Fiordland fit the profile of a core 

complexÐÐhigh grade metamorphic rock (the Malaspina orthogneiss and satellite plutons) 

are juxtaposed against an upper plate of lower grade metasedimentary rock (the Deep 

Cove gneiss) by a low-angle extensional shear zone (the DSSZ system). However, simply 

relying on the presence of a low angle shear zone and the footwall and hanging wall 

relationships is potentially misleading, and a rigorous investigation of multiple datasets is 

necessary to accurately assess the validity of the core complex model for describing the 

DSSZ system. For example, Allibone et al. (2009b) mapped and described pristine 

contacts between the plutons and host rock that implied that significant (>15 km) offset 

could not have occurred along the DSSZ. Furthermore, Daczko et al. (2009) studied the 

P-T-t path of the metasedimentary host rock and concluded that the upper-amphibolite-

facies metasedimentary host rock could have persisted metastably alongside the plutonic 

units as they were buried and exhumed together, rather than juxtaposed together due to 

offset along the DSSZ. This latter result removes the necessity of large-scale offset along 

the DSSZ for explaining the juxtaposition of higher grade Malaspina orthogneiss against 

lower grade metasedimentary host rock.  
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Geothermobarometry reported by Klepeis et al. (2007) and De Paoli et al. (2009) 

suggest that the crustal section was only at mid-crustal levels by the end of D3 

deformation. Our detailed structural survey and cross section through the Malaspina 

orthogneiss provides new information on the spatial extent of D3 shear zones and 

suggests that the shear zones are neither spatially continuous nor widespread enough to 

form crustal-scale detachments like those found in examples of core complex systems. 

The DSSZ system is best expressed along Doubtful Sound and disappears south of 

Vancouver Arm, which implies that it records decreasing displacements from north to 

south and is spatially limited to only the northern and northeastern parts of the Malaspina 

orthogneiss. There are other extensional shear zones outside of the Malaspina and 

Resolution orthogneisses, including the Mt. Irene shear zone (Scott and Cooper, 2006) 

~45 km NNE of the Malaspina orthogneiss (Figure 3.3) and shear zones on Stewart 

Island (Allibone 1991; Kula et al., 2007; Allibone and Tulloch, 2008), ~170 km SE of the 

Malaspina orthogneiss (Figure 3.2). However, these shear zone systems are smaller than 

the DSSZ and RISZ systems, which limits the plausibility that they represent crustal-

scale detachments that were capable of achieving Fiordland-wide exhumation of the 

lower crust. In addition, high-P rocks are found in the hanging wall above the shear zones 

(Daczko et al., 2009), which indicates low displacements along the shear zones and 

suggests that exhumation was not solely linked to extension along D3 shear zones. We 

propose that the migration of the locus of deformation from the DSSZ system to the RISZ 

system after 97.8 ± 1.3 Ma (Klepeis et al., 2013) prevented the formation of crustal-scale 

detachments that deeply exhumed the lower crust. For these reasons, we argue that the 

shear zone systems that constitute the D3 event allowed for exhumation only up to the 
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middle crust, but were not crustal-scale detachments capable of exhuming the entire 

terrane. Thus, other mechanisms are required to explain how the rest of the lower crust 

was exhumed in Fiordland. 

 

4.3 Transtensional fault system and further exhumation (D4) 

We have identified a transtensional deformational event that is composed of both 

normal, sinistral strike-slip and oblique-slip faults that form a Riedel shear geometry 

(Figures 3.10, 3.12). These greenschist facies brittle to semi-brittle faults and shear zones 

(L4-S4) are widespread, and everywhere crosscut L3-S3 and older fabrics. Within this 

group of faults, we recognize distinctive populations that form a coherent sinistral 

transtensional system (Figure 3.10). Therefore, we group these greenschist facies faults 

into a period of brittle to semi-brittle, transtension-dominated deformation (D4) that may 

explain how FiordlandÕs lower crustal section was partially exhumed. 

The following key features characterize the D4 event: 1) the formation of major 

and minor fault populations and shear zones cross cutting all L3-S3 and older structures, 

with trace lengths up to >60 km, 2) faults and shear zones with greenschist facies and 

sub-greenschist facies mineral assemblages including chlorite, epidote, and brittle 

cataclastic textures, and 3) displacement patterns involving strike-slip and normal motion 

on synthetic-antithetic pairs, forming a sinistral transtensional system. 

The absolute ages of the fault systems are still unknown. However, we can obtain 

reasonable estimates on the time period over which they formed. King et al. (2008) 

obtained U-Pb zircon ages from pegmatite dikes that crosscut D3 shear zones and are cut 

by greenschist facies faults. Crosscutting relationships indicate that the dike was 
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emplaced after the formation of the DSSZ and prior to or during the formation of the 

SRSZ (D5). The dike yielded an age of 88.4 ± 1.2 Ma (King et al., 2008), which places a 

lower limit on the age of D4 and D5 deformation. Titanite Pb-U ages record cooling 

through 650¼C (Flowers et al., 2005; Schwartz et al., 2013) at ~112 Ma at Resolution 

Island, Vancouver Arm, and Wet Jacket Arm. Davids (1999) obtained 40Ar/39Ar cooling 

ages on hornblende (~101 Ma), muscovite (~90 Ma), and biotite (~81), from along Wet 

Jacket Arm, where D3 deformation is at a minimum (Figure 3.6b). These ages indicate 

that upper amphibolite facies metamorphism everywhere had ended by ~81 Ma. 

Crosscutting relationships between D4 fault zones and these assemblages indicate that D4 

most likely occurred during the latest Cretaceous and early Tertiary.  

Kula et al. (2007) also showed that the last phase of pure extension in the Sisters 

shear zone on Stewart Island (Figure 3.2) occurred from 89Ð82 Ma. This is compatible 

with Davids (1999) ages in Fiordland, and suggests that the ~81 Ma cooling age on 

biotite also marks the end of pure extension in central Fiordland. Previous work suggests 

the presence of transtensional fault systems and basins to the south of Fiordland 

beginning in the middle Eocene (Beggs et al., 2008; Tulloch, 2009; Turnbull et al., 1993; 

2010). This is compatible with the work on D4 faults in my study. Together these studies 

suggest that the transition from extension to transtension occurred during the early 

Tertiary.  

Geodynamic work by Lebrun et al. (2003) suggests a possible cause for this 

system. Lebrun et al. (2003) present kinematic reconstructions of the southern Pacific-

Australian plate boundary beginning at 45 Ma, using characteristic topographical 

elements and finite rotations from stage poles given by Sutherland (1995). At 45Ð40 Ma, 
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rifting along the incipient Pacific-Australian plate boundary to the south of Fiordland was 

accompanied by little to no transform motion (see Figure 3a in Lebrun et al., 2003). 

However, during EoceneÐOligocene times, the Pacific-Australian pole of instantaneous 

rotation migrated southeastward, resulting in a combination of oceanic spreading and 

strike-slip motion south of Fiordland (see Figure 3b in Lebrun et al., 2003). Lebrun et al. 

(2003) compared this transtensional setting to the present day, obliquely opening northern 

Gulf of California, which extends northward into a transtensive fault zone with pull-apart 

basins that eventually reconnects with the San Andreas Fault (e.g. Wallace, 1990). Using 

swath data and plate boundary reconstruction models, Lamarche et al. (1997) concluded 

that the change in orientation of the structural grain of the oceanic crust south of 

Fiordland reflects the reorganization of the divergent plate boundary in response to 

changing relative plate motions between 31 Ma and 14Ð15 Ma. Periods of asymmetric 

spreading accommodated this transition and resulted in changes in orientation of both 

spreading segments and transform faults (Lamarche et al., 1997). The transition from a 

divergent to obliquely divergent setting from the early- to mid-Tertiary fits with the 

timing and transtensional regime of our D4 event. 

Inherited structures may have controlled the formation of the D4 deformational 

system as well. Sutherland et al. (2000) argued on the basis of plate reconstructions that 

ancient faults could have played a large role in the pattern of continental deformation. 

Sutherland et al. (2000) also asserted that structural inheritance since at least 100 Ma had 

significantly affected the patterns of CretaceousÐCenozoic deformation. To test for the 

occurrence of an inherited structural grain, we compiled the orientations and trace lengths 

of mapped faults throughout Fiordland ranging from Paleozoic age to active faults 
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(Figure 3.18). We constructed rose diagrams of these fault orientations (grouped by 

relative age) that reveal that a dominant northeast-trending structural grain takes 

precedent beginning in the Cretaceous and continued as the preferred orientation of major 

faults up until today (Figure 3.18). This northeast-trending orientation is compatible with 

those of ancient fault systems and transform fracture zones that coalesced in the Miocene 

to form a single strike-slip plate boundary (Lamarche et al., 1997; Lebrun et al., 2003). 

Therefore, we conclude that a combination of changing plate boundary conditions and 

inherited structural grain influenced the localization of strain leading to transtensional 

fault formation during the D4 deformation event, and continued to be influential factors 

during the D5 deformation event. 

The Fiordland region is currently characterized by a large positive Bouguer and 

free air gravity anomaly (>150 mgal), which requires that high-density material (the 

mantle) must be closer to the surface than in anywhere else throughout New Zealand 

(Malservisi et al., 2003). In other words, the Fiordland crust is anomalously thin (less 

than ~25 km thick, based on regional seismicity data) (Malservisi et al., 2003). This 

signifies that from the Early Cretaceous until now, the Fiordland crust had to have 

thinned from ~60 km- to ~25 km-thick. The transtensional regime that characterizes the 

D4 event provides a mechanism for crustal thinning in addition to extensional shearing 

along upper amphibolite shear zones during the Cretaceous extensional event (D3).  

I propose that this transtensional event (D4) is an important and under-recognized 

chapter of FiordlandÕs exhumation story that helped to exhume the Fiordland crust in a 

piecemeal fashion. Other authors have speculated on the likely heterogeneity of structures 

involved in the exhumation of Fiordland, but lacked the mechanism to explain the
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Figure 3.18. Fault map of Fiordland modified from Turnbull et al. (2010), with rose 
diagrams of fault orientations through time. Relative fault ages were taken from 
Turnbull et al. (2010). Rose diagrams were created using OSXStereonet v. 2.4 
(Cardozo and Allmendinger, 2012). Note that the rose diagrams are not weighted by 
fault trace length, and that the rose diagram for mainly Cretaceous faults includes 
faults that were later reactivated.
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process. For example, Klepeis et al. (2007) suggested that Cretaceous ductile shear zones 

exhumed the middle, but not the lower crustÐÐtherefore raising the necessity of other 

mechanisms of exhumation. Flowers et al. (2005) speculated that discrepancies in cooling 

ages of samples throughout Fiordland reflected differential uplift and variable cooling of 

blocks that experienced heterogeneous exhumation, but related this to exhumation and 

deformation along the Alpine fault.  However, transpressional deformationÐÐsuch as that 

along the Alpine faultÐÐcannot explain the crustal thinning reflected by the strong 

positive Bouguer anomaly in Fiordland (Malservisi et al., 2003). We suggest instead that 

these patterns may be explained by the piecemeal exhumation of Fiordland by a 

combination of upper amphibolite facies shear zones (D3) and transtensional, greenschist 

facies faults (D4), as well as exhumation associated with younger greenschist facies faults 

including the Alpine fault system (discussed in the following section). Further data are 

required to quantify the amount of crust the D4 faults had the potential to exhume. 

However, even if our speculations on the significance of D4 phase faulting in crustal 

exhumation are incorrect, it still stands as a major, Fiordland-wide system that calls for 

further study. 

 

4.4 Transpressional fault regime leading up to the Alpine fault system (D5) 

King et al. (2008) describe distinctive sinistral and dextral strike-slip fault pairs 

within the SRSZ that record contraction at high angles to the shear zone boundaries. 

These fault sets provide evidence of a dextral transpressional style of deformation (King 

et al., 2008) that is distinct from, and post-dates, the transtensional style of deformation 

during D4. In this paper, I group the SRSZ into a period of transpressional deformation 



 83 

that represents the youngest deformational event (D5) in this section of central Fiordland. 

The following key patterns distinguish the D5 event: 1) steep shear zone foliations that 

are superimposed on all older fabrics, including L4-S4 and L3-S3, 2) conjugate crenulation 

cleavages and upright folds inside the shear zone that record shortening at high angles to 

the shear zone boundaries, and 3) the creation of new fault sets or the reactivation of 

preexisting northwest- and northeast-striking (D4) faults resulting in oblique dextral-

normal fault motions. 

 No geochronology data are available for the SRSZ. However, King et al. (2008) 

suggested that it is younger than 88 Ma, the age of a pegmatite dike, which was emplaced 

after the formation of the DSSZ but crosscut by greenschist facies faults. Also, because 

D5 is transpressional while D4 is transtensional, we can distinguish the two systems and 

observe that D5 structures crosscut D4 structures, and therefore must be younger. Because 

the SRSZ is transpressional and records the same style of motion as the Alpine fault, 

King et al. (2008) suggested it most likely formed an early part of the Alpine fault 

system. A similar greenschist facies transpressional shear zone in northern Fiordland, the 

Anita shear zone, was dated to 20-30 Ma and 12Ð13 Ma, with the latter age reflecting 

strike-slip reactivation (Claypool et al., 2002).  

 We suggest that the northeast- and northwest-striking dextral faults that crosscut 

the SRSZ at Doubtful Sound and in Breaksea Sound started as D4 faults because of their 

normal component, but were reactivated during the D5 phase due to their suitable 

orientations for reactivation during the D5 transpressional regime. It seems likely that 

these faults were were reactivated between 12Ð13 Ma, when the Alpine fault system 
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accommodated dominantly dextral strike-slip movement with a small component of fault-

perpendicular shortening (see Kearey et al., 2009). 

Since ~12 Ma, an increased rate of convergence due to changes in relative plate 

motion across the transpressional Alpine fault system led to rapid uplift and erosion of 

the South Island that accelerated the process of exhumation (Walcott, 1998; House et al., 

2002, 2005; Lebrun et al., 2003; Cande and Stock, 2004). Rapid exhumation of middle 

crustal rocks (15-25 km depths) since ~3 Ma has been documented in the Southern Alps 

(Figure 3.2), where the component of compression across the Alpine fault is greatest 

(Little et al., 2002; Koons et al., 2003). However, it is important to highlight that at its 

southern end (including its offshore segment adjacent to central Fiordland), motion along 

the Alpine fault is dominantly strike-slip (Sutherland and Norris, 1995). This indicates 

that the magnitude and rate of exhumation along the central part of the Alpine fault (in 

the Southern Alps) is likely an overestimate if applied directly to central Fiordland. Data 

reported by House et al. (2005) show that this seems to be true. These authors reported 

apatite (U-Th)/He cooling ages, which indicated that final exhumation of Fiordland crust 

from shallow depths (2Ð3 km) has occurred since ~5 Ma (House et al., 2005). Even if the 

dominantly strike-slip motion along the Alpine fault segment proximal to central 

Fiordland was capable of exhuming the crust, it would still be unable to account for the 

anomalous thinning of the Fiordland block. Therefore, the transtensional D4 faulting 

event is still preferable for explaining the partial exhumation of central Fiordland and the 

crustal thinning reflected by the high positive gravity anomaly described by Malservisi et 

al. (2003).  
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5. Conclusions 

Changes in the style of deformation following magma emplacement at the root of 

the Fiordland continental arc led to the development of superposed structures. We have 

characterized and grouped these into five deformational phases (D1ÐD5) (Figures 3.16, 

3.17). The distribution of deformational structures from D1ÐD5 show progressive 

focusing and increasing organization in strain localization patterns, first into $0.5 km-

thick extensional ductile shear zones (D3), then into an array of brittle to semi-brittle 

transtensional faults (D4), and lastly into a highly localized transpressional shear zone 

system (D5) possibly related to the establishment of the Alpine fault in the late Tertiary. 

This evolution of superposed structures captures the changing styles of strain localization 

through the lifespan of a continental arc orogen, and sheds light on the evolution of 

conditions and processes that accompany and propel deep crustal deformation.  

Our findings support previous work suggesting that Late Cretaceous, gently 

dipping upper amphibolite facies ductile shear zones (D3) in the region, including the 

DSSZ and RISZ systems, had limited ability to exhume the crust (Klepeis et al., 2007; 

Allibone et al., 2009b; Clarke et al., 2009). However, we have identified an early to 

middle Tertiary, sinistral transtensional fault regime (D4) that provides a mechanism for 

the early exhumation history of central Fiordland as well as the exceptional thinning of 

the Fiordland block. Further work is necessary to constrain the timing and magnitude of 

the D4 event. Even so, this work shows that five successive phases of deformation with 

contrasting styles of strain localization and deformation resulted in the piecemeal 

exhumation of deep crustal rocks in central Fiordland. This contrasts with other examples 

of deep crustal exhumation, such as the Paparoa core complex in the northern part of 
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New ZealandÕs South Island (Turnbull, 2009; Klepeis et al., 2007), and the Western 

Gneiss Region of the Norwegian Caledonides (Andersen et al., 1991; Austrheim, 1991; 

Andersen, 1998). This study highlights the complexity of mechanisms in orogenesis and 

deep crustal exhumation, and the utility of field-based structural and kinematic 

information for understanding crustal dynamics over tens of millions of years.  
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Chapter IV Ð Summary and Future Work 
 
 

1. Thesis summary 

A 1,200 km2 exposure of arc-magmatic lower crustal rocks in central Fiordland 

provides an excellent opportunity to study the deep crust. The structural geometries and 

kinematic indicators of ductile and brittle deformational features preserved here yield 

invaluable information on how the crust accommodated a combination of shortening, 

extension, faulting, and ductile shearing over the lifecycle of an orogenic arc. The 

patterns of strain localization through time revealed the dynamic factors governing 

deformation of the lower and middle crust, including magma, heat, melting, fluid activity, 

plate boundary reorganization, and reactivation of inherited structures. The succession of 

contrasting styles of deformation in response to changing local and tectonic conditions 

lead to the exhumation of the deep crust in a heterogeneous and fragmented, or 

ÔpiecemealÕ, fashion. 

The results of this thesis include structural maps and a continuous cross section 

through the lower crust that reveal the interior of the Malaspina orthogneiss and the 

sequence of structures preserved within it. My analysis of the spatial distribution of upper 

amphibolite ductile shear zones (D3) confirms the results of some previous authors (e.g., 

Allibone et al., 2009b; Clarke et al., 2009) that these had only limited capability in 

exhuming the crust. Additionally, my work on semi-brittle to brittle faults (D4) is the first 

attempt to characterize these structures in a systematic way within this region of 

Fiordland. My study has revealed that these D4 faults comprise an important, and 

previously overlooked, deformational phase in the history of the continental arc. Also, 
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these faults provide an additional mechanism for the exhumation of the lower crustal 

section of central Fiordland that fits well with available geophysical data (e.g. Malservisi 

et al., 2003). 

A contribution of this work is that it provides detailed structural context for all 

other geochronology and geothermobarometry work in the area. This study highlights the 

importance of field-based structural studies for understanding crustal-scale processes. 

Finally, this work provides the impetus for the next wave of study in Fiordland, which is 

the further documentation, characterization, and dating of faults that comprise the D4 

transtensional event and late Tertiary D5 event. 

 

2. Future work 

Future work should be focused on further understanding the structure as well as 

the P-T-t-D history of D4ÐD5 faults in order to better constrain the timing, magnitude, and 

mechanisms that exhumed and thinned the Fiordland crust.  

The Dusky sound region (Figure 3.1) is a particularly enticing location in which 

to look for fault data, as it allows access to major faults including Lake Fraser and Dusky 

faults, as well as subsidiary faults (Figure 3.12). Efforts have been made to understand 

the nature and complex history of multiple motions on the Dusky fault (e.g. Powell, 

1997; Davids, 1999), but the poor exposure of faults and remote access has made detailed 

studies of it difficult. Regardless, a careful survey of minor fault sets in the vicinity of 

both the Lake Fraser fault and Dusky fault would be useful for informing us of the 

structure and kinematic regimes across each fault zone. Geothermobarometry studies 
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across these fault zones would also be useful for constraining the timing and magnitude 

of movement along the fault systems.  

I also recommend further study of the structure and deformational history of the 

Paleozoic host rock, including the Deep Cove gneiss, as part of piecing together a 

comprehensive understanding of the process of crustal exhumation in central Fiordland. 

We know that the host rock provides lithologic and competency contrasts to the WFO, 

but it is unclear how much these host-rock-related conditions influenced the process of 

strain localization and exhumation. 

Further structural studies in the adjacent Misty and Worsley plutons are also 

highly encouraged (Figure 3.3). These would allow for the comparison of structures and 

conditions between the major plutons of the WFO, including the Malaspina orthogneiss, 

to see whether the mechanisms for piecemeal crustal exhumation are extensive beyond 

central Fiordland. 

 



 90 

Comprehensive Bibliography 
 

 
Allibone, A. H., Jongens, R., Scott, J. M., Turnbull, I. M., Cooper, A. F., Powell, N. G., 

Ladley, E. B., King, R. P., and Rattenbury, M. S., 2009a, Plutonic rocks of the 
Median Batholith in eastern and central Fiordland, New Zealand: field relations, 
geochemistry, correlation and nomenclature: New Zealand Journal of Geology 
and Geophysics, v. 52, p. 101-148. 

 
Allibone, A. H., Jongens, R., Turnbull, I. M., Milan, L. A., Daczko, N. R., De Paoli, M. 

C., and Tulloch, A. J., 2009b, Plutonic rocks of western Fiordland, New Zealand: 
field relations, geochemistry, correlation, and nomenclature: New Zealand Journal 
of Geology and Geophysics, v. 52, p. 379-415. 

 
Allibone, A. H., Milan, L. A., Daczko, N. R., and Turnbull, I. M., 2009c, Granulite facies 

thermal aureoles and metastable amphibolite facies assemblages adjacent to the 
Western Fiordland Orthogneiss in southwest Fiordland, New Zealand: Journal of 
Metamorphic Geology, v. 27, no. 5, p. 349-369. 

 
Allmendinger, R. W., 2011, FaultKin 5.2: A computer program for fault slip analysis for 

Mac and Windows: Department of Earth and Atmospheric Sciences, Cornell 
University. 

 
Allmendinger, R. W., Cardozo, N., and Fisher, D., 2012, Structural geology algorithms: 

Vectors and tensors in structural Geology, Cambridge University Press. 
 
Andersen, T. B., 1998, Extensional tectonics in the Caledonides of southern Norway, an 

overview: Tectonophysics, v. 285, p. 333-351. 
 
Andersen, T. B., Jamtveit, B., Dewey, J. F., and Swensson, E., 1991, Subduction and 

eduction of continenal crust: major mechanisms during continentÐcontinent 
collision and orogenic extensional collapse, a model based on the south 
Norwegian Caledonides: Terra Nova, v. 3, p. 303-310. 

 
Andronicos, C. L., Chardon, D. H., Hollister, L. S., Gehrels, G. E., and Woodsworth, G. 

J., 2003, Strain partitioning in an obliquely convergent orogen, plutonism, and 
synorogenic collapse: Coast Mountains Batholith, British Columbia, Canada: 
Tectonics, v. 22, no. 2, p. 1012. 

 
Armstrong, R. L., 1972, Low-Angle (Denudation) Faults, Hinterland of the Sevier 

Orogenic Belt, Eastern Nevada and Western Utah: Geological Society of America 
Bulletin, v. 83, p. 1729Ð1754. 

 
Astrheim, H., 1991, Eclogite formation and dynamics of crustal roots under continental 

collision zones: Terra nova, v. 3, no. 5, p. 492-499. 



 91 

Aydin, A., and Page, B. M., 1984, Diverse Pliocene-Quarternary tectonics in a transform 
environment, San Francisco Bay region, California: Geological Society of 
America Bulletin, v. 95, p. 1303-1317. 

 
Beggs, J. M., Ghisetti, F. C., and Tulloch, A. J., 2008, Basin and petroleum systems 

analysis of the West Coast region, South Island, New Zealand: PESA Eastern 
Australian Basins Symposium III. 

 
Behrmann, J. H., 1988, Crustal-scale extension in a convergent orogen: The Sterzing-

Steinach mylonite zone in the Eastern Alps: Geodinamica Acta, v. 2, p. 63-73. 
 
Bell, T. H., 1981, Foliation development Ð The contribution, geometry and significance 

of progressive, bulk, inhomogeneous shortening: Tectonophysics, v. 75, p. 273-
296. 

 
Betka, P. M., and Klepeis, K. A., 2013, Three-stage evolution of lower crustal gneiss 

domes at Breaksea Entrance, Fiordland, New Zealand: Tectonics, v. 32, p. 1-23. 
 
Bhattacharyya, P., and Czeck, D. M., 2008, Using network analyses within geographic 

information system technologies to quantify geometries of shear zone networks: 
Geosphere, v. 4, no. 4, p. 640-656. 

 
Borja, R. I., 2000, A finite element model for strain localization analysis of strongly 

discontinuous fields based on standard Galerkin approximation: Computer 
Methods Applied to Mechanical Engineering, v. 190, p. 1529-1549. 

 
Bradshaw, J. Y., 1985, Basement geology, northern Franklin Mountains, northern 

Fiordland, New Zealand, with emphasis on the origin and ecolution of Fiordland 
granulites [Doctor of Philosophy: University of Otago, 368 p. 

 
Bradshaw, J. Y., 1989, Origin and metamorphic history of an Early Cretaceous polybaric 

granulite terrain, Fiordland, southwest New Zealand: Contributions to Mineralogy 
and Petrology, v. 103, p. 346-360. 

 
Brandon, M. T., Roden-Tice, M. K., and Garver, J. I., 1998, Late Cenozoic exhumation 

of the Cascadia accretionary wedge in the Olympic Mountains, NW Washington 
State: Geological Society of America Bulletin, v. 100, p. 985-1009. 

 
Burbank, D., Derry, L. A., and France-Lanord, C., 1993, Reduced Himalayan sediment 

production 8 Myr ago despite an intensified monsoon: Nature, v. 364, p. 48-50. 
 
Cande, S. C., and Kent, D. V., 1995, Revised Calibration of the Geomagnetic Polarity 

Timescale for the Late Cretaceous and Cenozoic: Journal of Geophysical 
Research-Solid Earth, v. 100, no. B4, p. 6093-6095. 



 92 

Cande, S. C., and Stock, J. M., 2004, Pacific-Antarctic-Australia motion and the 
formation of the Macquarie Plate: Geophysical Journal International, v. 157, no. 
1, p. 399-414. 

 
Cardozo, N., and Allmendinger, R. W., 2012, OSXStereonet v. 2.4: A computer program 

to plot linear and planar orientation data on a spherical, equal area or equal angle, 
projection: Department of Petroleum Engineering, University of Stavanger. 

 
Carreras, J., Czeck, D. M., Druguet, E., and Hudleston, P. J., 2010, Structure and 

development of an anastomosing network of ductile shear zones: Journal of 
Structural Geology, v. 32, no. 5, p. 656-666. 

 
Cerveny, P. F., Naeser, N. D., Zeitler, P. K., Naeser, C. W., and Johnson, N. M., 1988, 

History of uplift and relief of the Himalaya during the past 18 million years: 
Evidence from fission-track ages of detrital zircons from sandstones of the 
Siwalik group, in Kleinspehn, K. L., and Paola, C., eds., New Perspectives in 
Basin Analysis: Berlin, Springer-Verlag, p. 43-61. 

 
Choukroune, P., and Gapais, D., 1983, Strain Pattern in the Aar Granite (Central Alps) - 

Orthogenesis Developed by Bulk Inhomogeneous Flattening: Journal of Structural 
Geology, v. 5, no. 3-4, p. 411-418. 

 
Clarke, G. L., Fitzherbert, J. A., Milan, L. A., Daczko, N. R., and Degeling, H. S., 2010, 

Anti-clockwise P-T paths in the lower crust: an example from a kyanite-bearing 
regional aureole, George Sound, New Zealand: Journal of Metamorphic Geology, 
v. 28, no. 1, p. 77-96. 

 
Claypool, A. L., Klepeis, K. A., Dockrill, B., Clarke, G. L., Zwingmann, H., and Tulloch, 

A., 2002, Structure and kinematics of oblique continental convergence in northern 
Fiordland, New Zealand: Tectonophysics, v. 359, no. 3-4, p. 329-358. 

 
Coney, P. J., and Harms, T. A., 1984, Cordilleran metamorphic core complexes: 

Cenozoic extensional relics of Mesozoic compression: Geology, v. 12, no. 9, p. 
550-554. 

 
Cooper, A. F., Barreiro, B. A., Kimbrough, D. L., and Mattinson, J. M., 1987, 

Lamprophyre Dike Intrusion and the Age of the Alpine Fault, New-Zealand: 
Geology, v. 15, no. 10, p. 941-944. 

 
Copeland, P., and Harrison, T. M., 1990, Episodic Rapid Uplift in the Himalaya Revealed 

by Ar-40/Ar-39 Analysis of Detrital K-Feldspar and Muscovite, Bengal Fan: 
Geology, v. 18, no. 4, p. 354-357. 

 



 93 

Corsini, M., Vauchez, A., and Caby, R., 1996, Ductile duplexing at a bend of a 
continental-scale strike-slip shear zone: Example from NE Brazil: Journal of 
Structural Geology, v. 18, no. 4, p. 385-394. 

 
Coward, M. P., 1976, Strain within Ductile Shear Zones: Tectonophysics, v. 34, no. 3-4, 

p. 181-197. 
 
Crawford, M. L., Klepeis, K. A., Gehrels, G., and Isachsen, C., 1999, Batholith 

emplacement at mid-crustal levels and its exhumation within an obliquely 
convergent margin: Tectonophysics, v. 312, no. 1, p. 57-78. 

 
Crittenden, M. D., Coney, P. J., and Davis, G. H., 1980, Cordilleran metamorphic core 

complexes: Geological Society of America Memoir, v. 153, p. 490. 
 
Czeck, D. M., and Hudleston, P. J., 2004, Physical experiments of vertical transpression 

with localized nonvertical extrusion: Journal of Structural Geology, v. 26, no. 3, 
p. 573-581. 

 
Daczko, N. R., Klepeis, K. A., and Clarke, G. L., 2001, Evidence of Early Cretaceous 

collisional-style orogenesis in northern Fiordland, New Zealand and its effects on 
the evolution of the lower crust: Journal of Structural Geology, v. 23, no. 4, p. 
693-713. 

 
Davids, C., 1999, A thermochronological study of southern Fiordland, New Zealand 

[Doctor of Philosophy: The Australian National University, 230 p. 
 
Davis, G. A., 1988, Rapid Upward Transport of Mid-Crustal Mylonitic Gneisses in the 

Footwall of a Miocene Detachment Fault, Whipple Mountains, Southeastern 
California: Geologische Rundschau, v. 77, no. 1, p. 191-209. 

 
Davis, G. H., Bump, A. P., Garcia, P. E., and Ahlgren, S. G., 1999, Conjugate Reidel 

deformation band shear zones: Journal of Structural Geology, v. 22, p. 169-190. 
 
De Paoli, M. C., Clarke, G. L., Klepeis, K. A., Allibone, A. H., and Turnbull, I. M., 2009, 

The EclogiteÐGranulite Transition: Mafic and Intermediate Assemblages at 
Breaksea Sound, New Zealand: Journal of Petrology, v. 50, no. 12, p. 2307-2343. 

 
Ducea, M. N., and Saleeby, J. B., 1996, Buoyancy sources for a large, unrooted mountain 

range, the Sierra Nevada, California: Evidence from xenolith 
thermobarometry: Journal of Geophysical Research: Solid Earth, v. 101, no. B4, 
p. 8229-8244. 

 
Eagles, G., Gohl, K., and Larter, R. D., 2004, High�®resolution animated tectonic 

reconstruction of the South Pacific and West Antarctic Margin: Geochemistry, 
Geophysics, Geosystems, v. 5, no. 7,  



 94 

 
England, P., and Molnar, P., 1990, Surface Uplift, Uplift of Rocks, and Exhumation of 

Rocks: Geology, v. 18, no. 12, p. 1173-1177. 
 
Ernst, W. G., 2001, Subduction, ultrahigh-pressure metamorphism, and regurgitation of 

buoyant crustal slicesÑ implications for arcs and continental growth: Physics of 
the Earth and Planetary Interiors, v. 127, no. 1, p. 253-275. 

 
Feehan, J. G., and Brandon, M. T., 1999, Contribution of ductile flow to exhumation of 

low-temperature, high-pressure metamorphic rocks: San Juan-Cascade nappes, 
NW Washington State: Journal of Geophysical Research-Solid Earth, v. 104, no. 
B5, p. 10883-10902. 

 
Flowers, R. M., Bowring, S. A., Tulloch, A. J., and Klepeis, K. A., 2005, Tempo of burial 

and exhumation within the deep roots of a magmatic arc, Fiordland, New 
Zealand: Geology, v. 33, no. 1, p. 17-20. 

 
Fossen, H., 2010, Structural Geology, New York, Cambridge University Press. 
 
Fusseis, F., Handy, M. R., and Schrank, C., 2006, Networking of shear zones at the 

brittle-to-viscous transition (Cap de Creus, NE Spain): Journal of Structural 
Geology, v. 28, no. 7, p. 1228-1243. 

 
Gaina, C., MŸller, D. R., Royer, J. Y., Stock, J., Hardebeck, J., and Symonds, P., 1998, 

The tectonic history of the Tasman Sea: a puzzle with 13 pieces: Journal of 
Geophysical Research: Solid Earth, v. 103, no. B6, p. 12413-12433. 

 
Gibson, G. M., and Ireland, T. R., 1995, Granulite formation during continental extension 

in Fiordland, New Zealand: Nature, v. 375, p. 479-482. 
 
Gibson, G. M., Mcdougall, I., and Ireland, T. R., 1988, Age constraints on metamorphism 

and the development of a metamorphic core complex in Fiordland, southern New 
Zealand: Geology, v. 16, p. 405-408. 

 
Gordon, S. M., Bowring, S. A., Whitney, D. L., Miller, R. B., and McLean, N., 2010a, 

Time Scales of Metamorphism, Deformation, and Crustal Melting in a 
Continental Arc, North Cascades USA: Geological Society of America Bulletin, 
v. 122, no. 7-8, p. 1308-1330. 

 
Gordon, S. M., Whitney, D. L., Miller, R. B., McLean, N., and Seaton, N. C. A., 2010b, 

Metamorphism and deformation at different structural levels in a strike-slip fault 
zone, Ross Lake fault, North Cascades, USA: Journal of Metamorphic Geology, 
v. 28, no. 2, p. 117-136. 

 



 95 

Group, A. W., 2003, Seismic imaging of a convergent continental margin and plateau in 
the central Andes: Journal of Geophysical Research-Solid Earth, v. 108, p. 23-28. 

 
Hacker, B. R., Ratschbacher, L., Webb, L., and Shuwen, D., 1995, What brought them 

up? Exhumation of the Dabie Shan ultrahigh-pressure rocks: Geology, v. 23, no. 
8, p. 743-746. 

 
Hacker, B. R., and Gans, P. B., 2005, Continental collisions and the creation of ultrahigh-

pressure terranes: Petrology and thermochronology of nappes in the central 
Scandinavian Caledonides: Geological Society of America Bulletin, v. 117. no. 1-
2, p. 117-134. 

 
Hill, E. J., 1995a, The Anita Shear Zone: A major, middle Cretaceous tectonic boundary 

in northwestern Fiordland: New Zealand Journal of Geology and Geophysics, v. 
38, no. 1, p. 93-103. 

 
Hill, E. J., 1995b, A Deep-Crustal Shear Zone Exposed in Western Fjordland, New-

Zealand: Tectonics, v. 14, no. 5, p. 1172-1181. 
 
Hollis, J. A., Clarke, G. L., Klepeis, K. A., Daczko, N. R., and Ireland, T. R., 2004, The 

regional significance of Cretaceous magmatism and metamorphism in Fiordland, 
New Zealand, from U-Pb zircon geochronology: Journal of Metamorphic 
Geology, v. 22, no. 7, p. 607-627. 

 
House, M. A., Gurnis, M., Kamp, P. J. J., and Sutherland, R., 2002, Uplift in the 

Fiordland region, New Zealand: Implications for incipient subduction: Science, v. 
297, no. 5589, p. 2038-2041. 

 
House, M. A., Gurnis, M., Sutherland, R., and Kamp, P. J. J., 2005, Patterns of Late 

Cenozoic exhumation deduced from apatite and zircon U-He ages from Fiordland, 
New Zealand: Geochemistry Geophysics Geosystems, v. 6. 

 
Hout, C., Stowell, H., Schwartz, J., and Klepeis, K. A., 2012, New 206Pb/238U zircon ages 

record magmatism and metamorphism in the crustal root of a magmatic arc, 
Fiordland, New Zealand: Geological Society of America Abstracts with 
Programs, v. 44, no. 7, p. 586. 

 
Hudleston, P., 1999, Strain compatibility and shear zones: is there a problem?: Journal of 

Structural Geology, v. 21, no. 8-9, p. 923-932. 
 
Kearey, P., Klepeis, K. A., and Vine, F. J., 2009, Global Tectonics, Wiley-Blackwell. 
 
King, D. S., Klepeis, K. A., Goldstein, A. G., Gehrels, G. E., and Clarke, G. L., 2008, 

The initiation and evolution of the transpressional Straight River shear zone, 



 96 

central Fiordland, New Zealand: Journal of Structural Geology, v. 30, no. 4, p. 
410-430. 

 
Klepeis, K. A., Clarke, G. L., Gehrels, G., and Vervoort, J., 2004, Processes controlling 

vertical coupling and decoupling between the upper and lower crust of orogens: 
results from Fiordland, New Zealand: Journal of Structural Geology, v. 26, no. 4, 
p. 765-791. 

 
Klepeis, K. A., and Crawford, M. L., 1999, High-temperature arc-parallel normal faulting 

and transtension at the roots of an obliquely convergent orogen: Geology, v. 27, 
no. 1, p. 7-10. 

 
Klepeis, K. A., King, D., De Paoli, M., Clarke, G. L., and Gehrels, G., 2007, Interaction 

of strong lower and weak middle crust during lithospheric extension in western 
New Zealand: Tectonics, v. 26, no. 4. 

 
Klepeis, K. A., Newman, A. C., Dianiska, K. E., Schwartz, J. J., Stowell, H., and Tulloch, 

A., 2013, Time-scales of magmatism, metamorphism and deformation during the 
initiation of intraplate rifting in the lower crust of a continental arc, Fiordland, 
New Zealand: Geological Society of America Abstracts with Programs, v. 45, no. 
7, p. 812. 

 
Klepeis, K. A. K., D.S. , 2009, Evolution of the middle and lower crust during the 

transition from contraction to extension in Fiordland, New Zealand: The 
Geological Society of American Special Paper 456, p. 243-265. 

 
Koons, P. O., Norris, R. J., Craw, D., and Cooper, A. F., 2003, Influence of exhumation 

on the structural evolution of transpressional plate boundaries: An example from 
the Southern Alps, New Zealand: Geology, v. 31, no. 1, p. 3-6. 

 
Kula, J., Tulloch, A., Spell, T. L., and Wells, M. L., 2007, Two-stage rifting of zealandia-

australia-antarctica: Evidence from Ar-40/Ar-39 thermochronometry of the sisters 
shear zone, Stewart island, New Zealand: Geology, v. 35, no. 5, p. 411-414. 

Lamarche, G., Collot, J. Y., Wood, R. A., Sosson, M., Sutherland, R., and Delteil, J., 
1997, The Oligocene-Miocene Pacific-Australia plate boundary, south of New 
Zealand: Evolution from oceanic spreading to strike-slip faulting: Earth and 
Planetary Science Letters, v. 148, no. 1-2, p. 129-139. 

 
Lebrun, J. F., Lamarche, G., and Collot, J. Y., 2003, Subduction initiation at a strike-slip 

plate boundary: The Cenozoic Pacific-Australian plate boundary, south of New 
Zealand: Journal of Geophysical Research-Solid Earth, v. 108, no. B9. 

 
Little, T. A., Holcombe, R. J., and Ilg, B. R., 2002, Ductile fabrics in the zone of active 

oblique convergence near the Alpine Fault, New Zealand: identifying the 
neotectonic overprint: Journal of Structural Geology, v. 24, no. 1, p. 193-217. 



 97 

 
Malservisi, R., Furlong, K. P., and Anderson, H., 2003, Dynamic uplift in a 

transpressional regime: numerical model of the subduction area of Fiordland, 
New Zealand: Earth and Planetary Science Letters, v. 206, no. 3-4, p. 349-364. 

 
Mancktelow, N., 1985, The Simplon Line - a Major Displacement Zone in the Western 

Lepontine Alps: Eclogae Geologicae Helvetiae, v. 78, no. 1, p. 73-&. 
 
Marrett, R., and Allmendinger, R. W., 1990, Kinematic Analysis of Fault-Slip Data: 

Journal of Structural Geology, v. 12, no. 8, p. 973-986. 
 
Mattinson, J. M., Kimbrough, D. L., and Bradshaw, J. Y., 1986, Western Fiordland 

orthogneiss: Early Cretaceous arc magmatism and granulite facies metamorphism, 
New Zealand: Contributions to Mineralogy and Petrology, v. 92, p. 383-392. 

 
Milliman, J. D., and Syvitski, J. P. M., 1992, Geomorphic Tectonic Control of Sediment 

Discharge to the Ocean - the Importance of Small Mountainous Rivers: Journal of 
Geology, v. 100, no. 5, p. 525-544. 

 
Mortimer, N., 1993, Metamorphic Zones, Terranes, and Cenozoic Faults in the 

Marlborough Schist, New-Zealand: New Zealand Journal of Geology and 
Geophysics, v. 36, no. 3, p. 357-368. 

 
Mortimer, N., Davey, F. J., Melhuish, A., Yu, J., and Godfrey, N. J., 2002, Geological 

interpretation of a deep seismic reflection profile across the Eastern Province and 
Median Batholith, New Zealand: crustal architecture of an extended Phanerozoic 
convergent orogen: New Zealand Journal of Geology and Geophysics, v. 45, no. 
3, p. 349-363. 

 
Mortimer, N. 2004, New Zealand's geological foundations: Gondwana Research, v. 7, no. 

1, p. 261-272. 
 
Mortimer, N., Graham, I. J., Adams, C. J., Tulloch, A. J., and Campbell, H. J., 2005, 

Relationships between New Zealand, Australian and New Caledonian mineralised 
terranes: a regional geological framework, in New Zealand Minerals 
Conference, p. 151-159. 

 
Mortimer, N., Hauff, F., and Calvert, A. T., 2008, Continuation of the New England 

Orogen, Australia, beneath the Queensland Plateau and Lord Howe 
Rise: Australian Journal of Earth Sciences, v. 55, no. 2, p. 195-209. 

 
Oliver, G. J. H., 1976, The high grade metamorphic rocks of Doubtful Sound, Fiordland, 

New Zealand [Doctor of Philosophy: University of Otago, 558 p. 
 



 98 

Oliver, 1977, Feldspathic Hornblende and Garnet Granulites and Associated Anorthosite 
Pegmatites from Doubtful-Sound, Fiordland, New-Zealand: Contributions to 
Mineralogy and Petrology, v. 65, no. 2, p. 111-121. 

 
Oliver, 1980, Geology of the Granulite and Amphibolite Facies Gneisses of Doubtful 

Sound, Fiordland, New-Zealand: New Zealand Journal of Geology and 
Geophysics, v. 23, no. 1, p. 27-&. 

 
Oliver, G. J. H., and Coggon, J. H., 1979, Crustal Structure of Fiordland, New-Zealand: 

Tectonophysics, v. 54, no. 3-4, p. 253-&. 
 
Passchier, C. W., and Trouw, R. A. J., 2005, Microtectonics, Springer. 
 
Platt, J. P., 1993, Exhumation of High-Pressure Rocks - a Review of Concepts and 

Processes: Terra Nova, v. 5, no. 2, p. 119-133. 
 
Platt, J. P., Soto, J. I., Whitehouse, M. J., Hurford, A. J., and Kelley, S. P., 1998, Thermal 

evolution, rate of exhumation, and tectonic significance of metamorphic rocks 
from the floor of the Alboran extensional basin, western Mediterranean: 
Tectonics, v. 17, no. 5, p. 671-689. 

 
Ponce, C., Druguet, E., and Carreras, J., 2013, Development of shear zone-related 

lozenges in foliated rocks: Journal of Structural Geology, v. 50, p. 176-186. 
 
Ratschbacher, L., Frisch, W., Linzer, H. G., and Merle, O., 1991, Lateral Extrusion in the 

Eastern Alps, .2. Structural-Analysis: Tectonics, v. 10, no. 2, p. 257-271. 
 
Reddy, S. M., Wheeler, J., and Cliff, R. A., 1999, The geometry and timing of orogenic 

extension: an example from the Western Italian Alps: Journal of Metamorphic 
Geology, v. 17, no. 5, p. 573-589. 

 
Ring, U., Brandon, M. T., Willett, S. D., and Lister, G. S., 1999, Exhumation processes: 

Geological Society of London Special Publications, v. 154, p. 1-27. 
 
Ring, U., and Merle, O., 1992, Forethrusting, Backfolding, and Lateral Gravitational 

Escape in the Northern Part of the Western Alps (Monte-Rosa Region): 
Geological Society of America Bulletin, v. 104, no. 7, p. 901-914. 

 
Rusmore, M. E., Woodsworth, G. J., and Gehrels, G. E., 2005, Two-stage exhumation of 

midcrustal arc rocks, Coast Mountains, British Columbia: Tectonics, v. 24, p. 
TC5013. 

 
Sadorski, J. F., Schwartz, J. J., Stowell, H., Klepeis, K. A., Tulloch, A., and Coble, M. A., 

2013, Time scales of continental arc root construction and deep crustal magmatic 
flux rates: Insights from U-Pb zircon geochronology of a Triassic-Cretaceous arc, 



 99 

Fiordland, New Zealand: Geological Society of America Abstracts with 
Programs, v. 45, no. 7, p. 391. 

 
Schwartz, J. J., Zamora, C., Stowell, H., Klepeis, K. A., Tulloch, A., and Coble, M. A., 

2013, Episodic metamorphism and cooling in the root of a continental arc, 
Fiordland, New Zealand: Geological Society of America Abstracts with 
Programs, v. 45, no. 7, p. 743. 

 
Scott, J. M., and Cooper, A. F., 2006, Early Cretaceous extensional exhumation of the 

lower crust of a magmatic arc: Evidence from the Mount Irene Shear Zone, 
Fiordland, New Zealand: Tectonics, v. 25, p. TC3018. 

 
Selverstone, J., 1985, Petrologic Constraints on Imbrication, Metamorphism, and Uplift 

in the Sw Tauern Window, Eastern Alps: Tectonics, v. 4, no. 7, p. 687-704. 
 
Simpson, C., 1983, Strain and Shape-Fabric Variations Associated with Ductile Shear 

Zones: Journal of Structural Geology, v. 5, no. 1, p. 61-72. 
 
Simpson, C., and De Paor, D. G., 1993, Strain and Kinematic Analysis in General Shear 

Zones: Journal of Structural Geology, v. 15, no. 1, p. 1-20. 
 
Spell, T. L., McDougall, I., and Tulloch, A. J., 2000, Thermochronologic constraints on 

the breakup of the Pacific Gondwana margin: The Paparoa metamorphic core 
complex, South Island, New Zealand: Tectonics, v. 19, no. 3, p. 433-451. 

 
Sr, W., Platt, J. P., and Knott, S. D., 1993, Recognition of Syn-Convergence Extension in 

Accretionary Wedges with Examples from the Calabrian Arc and the Eastern 
Alps: American Journal of Science, v. 293, no. 5, p. 463-495. 

 
Stowell, H., Parker, K. O., Gatewood, M., Tulloch, A., and Koenig, A., 2014, Temporal 

links between pluton emplacement, garnet granulite metamorphism, partial 
melting and extensional collapse in the lower crust of a Cretaceous magmatic arc, 
Fiordland, New Zealand: Journal of Metamorphic Geology, v. 32, no. 2, p. 151-
175. 

 
Summerfield, M. A., and Brown, R. W., 1998, Geomorphic factors in the interpretation 

of fission-track data, in Van Den Haute, P., and De Corte, F., eds., Advances in 
fission-track geochronology: Kluwer, Dordrecht, p. 19-32. 

 
Sutherland, R., 1995, The Australia-Pacific Boundary and Cenozoic Plate Motions in the 

Sw Pacific - Some Constraints from Geosat Data: Tectonics, v. 14, no. 4, p. 819-
831. 

 



 100 

Sutherland, R., 1999, Cenozoic bending of New Zealand basement terranes and Alpine 
Fault displacement: a brief review: New Zealand Journal of Geology and 
Geophysics, v. 42, no. 2, p. 295-301. 

 
Sutherland, R., Barnes, P., and Uruski, C., 2006, Miocene-Recent deformation, surface 

elevation, and volcanic intrusion of the overriding plate during subduction 
initiation, offshore southern Fiordland, Puysegur margin, southwest New Zealand: 
New Zealand Journal of Geology and Geophysics, v. 49, no. 1, p. 131-149. 

 
Sutherland, R., Davey, F., and Beavan, J., 2000, Plate boundary deformation in South 

Island, New Zealand, is related to inherited lithospheric structure: Earth and 
Planetary Science Letters, v. 177, no. 3-4, p. 141-151. 

 
Teyssier, C., 2011, Exhumation of deep orogenic crust: Lithosphere, v. 3, no. 6, p. 439-

443. 
 
Tulloch, A. J., and Kimbrough, D. L., 2003, Paired pluton belts in convergent margins 

and the development of high Sr/Y magmatism: Peninsular Ranges batholith of 
Baja-California and Median Batholith of New Zealand: Geological Society of 
America Bulletin Special Paper 374, p. 275-295. 

 
Tulloch, A. J., Ramezani, J., Mortimer, N., Mortensen, J., van den Bogaard, P., and 

Maas, R., 2009, Cretaceous felsic volcanism in New Zealand and Lord Howe Rise 
(Zealandia) as a precursor to final Gondwana break-up: Geological Society, 
London, Special Publications, v. 321, no. 1, p. 89-118. 

 
Turnbull, I. M., Allibone, A. H., and Jongens, R., 2010, Geology of the Fiordland area: 

Institute of Geological & Nuclear Sciences, scale 1:250000, 1 sheet, 97 p. text. 
 
Walcott, R. I., 1998, Modes of oblique compression: Late Cenozoic tectonics of the 

South Island of New Zealand: Reviews of Geophysics, v. 36, no. 1, p. 1-26. 
 
Wallis, S., 1995, Vorticity Analysis and Recognition of Ductile Extension in the 

Sambagawa Belt, Sw Japan: Journal of Structural Geology, v. 17, no. 8, p. 1077-
1093. 

 
Wallis, S. R., 1992, Vorticity Analysis in a Metachert from the Sambagawa Belt, Sw 

Japan: Journal of Structural Geology, v. 14, no. 3, p. 271-280. 
 
Wheeler, J., and Butler, R. W. H., 1994, Criteria for Identifying Structures Related to 

True Crustal Extension in Orogens: Journal of Structural Geology, v. 16, no. 7, p. 
1023-1027. 

 
Wood, B. L., 1960, Sheet 27 Fiord. Geological Map of New Zealand 1:250 000 

Department of Scientific & Industrial Research. 



 101 

 
Wood, B. L., 1962, Sheet 22 Wakatipu. Geologic Map of New Zealand !:250 000 

Department of Scientific & Industrial Research. 
 
Wood, B. L., 1966, Sheet 24 Invercargill. Geological Map of New Zealand 1:250 000: 

Department of Scientific & Industrial Research. 
 
 



25

20

32

20

20

15

15

10

25

05

25

30

05

30

10

35

60

25

65

78

20

7876

44

49

81

35

30

55

30

42

7071

07

42

25

85

34

15

28

51

85

74

12

73

07

63

05

58

69

75

53

79

71

76
76

66

52

46

45

64

65

14

30

10

60

24

03

66

39

37

02

70

10

43

35

40

35

45

23

20

05

50

45

15

50

46

75

13

32

28

45

10

35

35

05
82

44

41

76

32

05

48

07
6735

10

65

77

80

76

48

25

40

30

50

70

25

61

50

88

74

71

70
79

60

20

43

73

80

20

20

12

20

55

55

20

40

50

38

35

75

12

40

40

68

32

33

31

20

10

05

30

20

30
35

44

07

88

25

45
70

70

50

40

53

26

40

32

20

16

53

16

52

45

22

14

67

10

79

10
62

80 42
20

80

15

25

15

25

20
55

20

20

25

30

25

15

25

10

25

10

88

40

40

35

26

82

49

60
86

80

39

62

05

31

21

05

67

39

01

85

65

33

05

50

14

42

33

02

78

69

40

22

20

10

40

40

50

45

55

45

55

78

46

49

05

76

76

70

82

78

72

56

15

40
82

63

20

63

71

45

50

19

12

32

20

48

06

70

28

05

10

10

05

11

22

59

58 

23

203

170
171

141

142
187

188
189

190

202

201

200199

NZ31

198197

196

NZ38

204

205

194 195

186
185

184

183

182
181

180
179

174

173

168
167

166 165

172
169

214

213
212

211

209
210

208

207

206

175

103
104

176

177
178

164

163

162
161
160

155

154

159

153

101

156
157

150

149

148

147

152
158

151

146

145

140

139
135 137

138136

134

133

132

131

130

129

108

107

106105

NZ34

NZ35

NZ37

NZ28

NZ27

NZ29
NZ32

NZ26

100

144143

191
128

127

126

192

125
124123

122
121

193
120

119

118

117

116
115

110

114
111

112
113109

pod

pod

pod

pod

pod

pod

peg
peg

peg

peg

peg
peg

peg

peg

peg?

peg

flt

flt

flt

flt

flt

flt

flt

flt

flt
flt

flt

flt

flt

flt

flt

flt

flt

flt

flt

flt

flt

flt

peri

peri

peri

peri

peri

periperi

peri

peri

peri

peri

peri

peri

peri

peri

grz
grz

grz

grz

grz

grz

grz

grz

grz

grz

grzgrz

grz?

grz
grz

grz

grz

grz

grz

grz

grz

grz

grz

grz

grz?

grz?

grz?

grz?

grz?

grz

37

46

47

33

41

46 22

18

52

30

26

43

09

34

36

18

22

36

45

6420

56

32

10

18

52

82

70

62

32

12

40

40

05

84

11

41
32

40

6737

15 58

34

38

18
20

16

70

40

82

66

20

24

66

48

29

38

12

75

10
75

33

56
58

18

34

49

38

28

30

64

60

32

29

38

55

66
30

62

42

24

34

37
26

30

15

42

60

54

32

38

87
72

60

3870

60
60

58
16

30

22

42

35

10 88

37

62
60

54 60

16

76

55

70 62

24

30

74

30

8064
38

64

34

02

12

64

23
68

12

2822

28

36

32

31

60

10

22

18

30

25

16

12

08

15

15

18

19*

46

30*

16*
18*

14 22

12*

43*

10

30

12

40

05

6634

05
50

15

18
06

14

38
16

14

04

06
12

18

35

03

28

12

36

04

05

45

10

25

12

25

2050

19

22

28

12

31
48

28

12

13

29
24

19

20

10
28

30

38

06

28

28

46

29

36

27

14

20

38

02

38

11

06

08

59
46

48
02

26

09

04

44

32

14

41

68

22

30

02

10

36

20

10

30

10

32
14

30

26

30

22

0 2 31 Km

N

W
es

te
rn

Brittle & semi-brittle faults

Straight River shear zone (SRSZ)

Doubtful Sound shear zone (DSSZ)
Resolution Island shear zone (RISZ)

Major ductile shear zones

flt = Epidotized faults

peri = Peritectic garnet

= Chaotic/isoclinal folding

peg = pegmatite

Observed strain intensity (by station)

Notable features

Geologic Map of Breaksea Sound and 
adjacent Fiords     

Alice C. Newman
University of Vermont

Masters Thesis
2014

L1-S1/L2-S2 Low Strain

L2-S2 High Strain

L3-S3 High Strain

L3-S3 Low Strain

Not determined

pod = shear zone lozenge geometry

grz = garnet reaction zones

Geologic symbols

Undifferentiated  lineation and 
foliation measurements mapped 
by Turnbull et al. (2010)

Paleozoic metasedimentary fabric

SRSZ L5-S5

L3-S3

L2-S2

L1-S1

00

00

00

00

00

00

00

00

00

00

00

**Includes both published and unpublished data**

119

Field stations and sample locations

120

Field station

(Italicized) Field station where sample was collected

Straight River Shear Zone

Resolution Island

   Shear Zone

Doubtful Sound Shear Zone

Vancouver A
rm

Broughton Arm

Wet    J
acket     

Arm

Breaksea

Sound

A
cheron

P
assage

Tasman Sea

167°5'0"E167°0'0"E166°55'0"E166°50'0"E166°45'0"E166°40'0"E
45

°3
0'

0"
S

45
°3

5'
0"

S

Rock units

F
io

rd
la

nd
O

rt
ho

gn
ei

ss

*Cross section lines correspond to cross section in Figure 3.1

A

A'

A'

A"


