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ABSTRACT

We investigated the interplay between deformation and pluton emplacement with the goal of providing insights into the role of transpres-

sion and arc magmatism in forming and modifying continental arc crust. We present 39 new laser-ablation–split-stream–inductively coupled 

plasma–mass spectrometry (LASS-ICP-MS) and secondary ion mass spectrometry (SIMS) 206Pb/238U zircon and titanite dates, together with 

titanite geochemistry and temperatures from the lower and middle crust of the Mesozoic Median Batholith, New Zealand, to (1) constrain 

the timing of Cretaceous arc magmatism in the Separation Point Suite, (2) document the timing of titanite growth in low- and high-strain 

deformational fabrics, and (3) link spatial and temporal patterns of lithospheric-scale transpressional shear zone development to the 

Cretaceous arc flare-up event. Our zircon results reveal that Separation Point Suite plutonism lasted from ca. 129 Ma to ca. 110 Ma in the 

middle crust of eastern and central Fiordland. Deformation during this time was focused into a 20-km-wide, arc-parallel zone of defor-

mation that includes previously unreported segments of a complex shear zone that we term the Grebe shear zone. Early deformation in 

the Grebe shear zone involved development of low-strain fabrics with shallowly plunging mineral stretching lineations from ca. 129 to 

125 Ma. Titanites in these rocks are euhedral, are generally aligned with weak subsolidus fabrics, and give rock-average temperatures 

ranging from 675 °C to 700 °C. We interpret them as relict magmatic titanites that grew prior to low-strain fabric development. In contrast, 

deformation from ca. 125 to 116 Ma involved movement along subvertical, mylonitic shear zones with moderately to steeply plunging 

mineral stretching lineations. Titanites in these shear zones are anhedral grains/aggregates that are aligned within mylonitic fabrics and 

have rock-average temperatures ranging from ~610 °C to 700 °C. These titanites are most consistent with (re)crystallization in response 

to deformation and/or metamorphic reactions during amphibolite-facies metamorphism. At the orogen scale, spatial and temporal pat-

terns indicate that the Separation Point Suite flare-up commenced during low-strain deformation in the middle crust (ca. 129–125 Ma) and 

peaked during high-strain, transpressional deformation (ca. 125–116 Ma), during which time the magmatic arc axis widened to 70 km or 

more. We suggest that transpressional deformation during the arc flare-up event was an important process in linking melt storage regions 

and controlling the distribution and geometry of plutons at mid-crustal levels.

LITHOSPHERE GSA Data Repository Item 2019309  https:// doi .org /10 .1130 /L1073 .1

INTRODUCTION

Cordilleran arcs are locations of continental crust formation and sta-

bilization (Ducea et al., 2015; Cawood et al., 2013; Kelemen et al., 2013; 

Jagoutz and Kelemen, 2015). An outstanding question in petrology and 

continental tectonics is how the architecture of the arc is affected by the 

interaction between deformation and magmatic processes (Brown and 

Solar, 1998; Matzel et al., 2006; Weinberg et al., 2009; Sen et al., 2014). 

The apparent spatial correlation between regional structures and plutons 

has fueled debate on the way(s) in which magmatic emplacement pro-

cesses are influenced by the stress field within the arc. Additionally, there 

is uncertainty regarding whether magmatism and deformation are coupled, 

and the time scales over which coupling may occur (Vigneresse, 1995; 

Blanquat et al., 1998; Paterson and Schmidt, 1999; Schmidt and Pater-

son, 2000; Vigneresse and Clemens, 2000). Thus, reconstructions of the 

emplacement and deformation history of batholiths are important to our 

understanding of magmatic arc construction and continental crust growth.

Most modern continental arcs occur in oblique convergent settings, 

where transpressional and contractional regimes are common (Harland, 

1971; Fossen et al., 1994; Blanquat et al., 1998). Transpression refers to 

strike-slip deformation that simultaneously accommodates horizontal 

shortening and vertical extrusion (Harland, 1971; Sanderson and Marchini, 

1984; Fossen et al., 1994; Dewey et al., 1998). Harland (1971) and Blanquat 

et al. (1998) described transpression as the dominant deformation process 
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in oblique convergent systems, where strain is accommodated within the 

magmatic arc, due mainly to the development of three-dimensional non-

coaxial strain, high heat flow, and rheological contrasts. Continental arcs 

are therefore ideal places to study the interaction between transpressional 

deformation and generation/transport of arc magmas.

Transpressional deformation during magmatism has been proposed to 

be important for the mobilization of magma through the continental crust 

(Weinberg et al., 2004; Marcotte et al., 2005; Whitney et al., 2009; Pereira 

et al., 2013). Other workers, however, have suggested that changes in the 

thermal gradient of country rocks dominantly control magma transport 

(Vigneresse, 1995; Johnson, 2009). The interplay between pluton emplace-

ment and transpression at different crustal levels is still poorly understood; 

consequently, an enhanced understanding of the way(s) in which magma 

is transferred and emplaced within continental arcs during periods of 

regional deformation can elucidate a fundamental question in the evolu-

tion of continental crust and magmatic arc systems (e.g., Paterson et al., 

1998; Paterson and Schmidt, 1999; Blanquat et al., 1998; Vigneresse and 

Clemens, 2000; Pereira et al., 2013; Bitencourt and Nardi, 2000; Sen et 

al., 2014; Webber et al., 2015; Stuart et al., 2018).

Here, we explored the timing and duration of plutonism and defor-

mational events across the lower and middle crust using the Cretaceous 

Median Batholith in Fiordland, New Zealand, as a case study. We docu-

mented the temporal and spatial variations in the development of shear 

zone fabrics and their relationships to pluton emplacement. High- and 

low-strain zones form parts of a lithospheric-scale network of shear zones 

formed within the context of a Cretaceous arc flare-up event in the Meso-

zoic Median Batholith (Klepeis et al., 2004; Marcotte et al., 2005; Allibone 

and Tulloch, 2008; Scott et al., 2009; Klepeis et al., 2016; Milan et al., 

2017; Schwartz et al., 2017). The arc flare-up event was characterized by 

a voluminous surge of mafic to intermediate magmas in the lower and 

middle crust and formed in response to changes in lower-plate dynamics, 

perhaps related to a slab tear event (e.g., Decker et al., 2017). Fiordland 

is an ideal location in which to explore the temporal and spatial relation-

ships between strain and magmatism because it preserves a history of 

prolonged (>150 m.y.) Mesozoic convergence along the southeast margin 

of Gondwana, which coincided in part with the development of regional 

contractional and transpressional structures (Mortimer et al., 1999b; Kle-

peis et al., 2003, 2004; Allibone and Tulloch, 2008; Allibone et al., 2009b). 

Fiordland also offers excellent exposures of a nearly complete, faulted 

and tilted magmatic arc section from 5 to 65 km depth (Klepeis et al., 

2003, 2004, 2019; De Paoli et al., 2009; Daczko et al., 2009; Scott et al., 

2009), which allows us to investigate temporal and spatial relationships 

as a function of depth in a continental arc setting. In Fiordland, middle-

crustal rocks are well exposed in eastern and central Fiordland (15–35 

km), and lower-crustal rocks are represented in western Fiordland (35–65 

km; Klepeis et al., 2019, and references therein).

A key feature of both middle- and lower-crustal ductile shear zones in 

Fiordland is that they contain titanite, which is increasingly recognized 

as a powerful tool with which to fingerprint the timing, temperature, and 

petrogenesis of igneous and metamorphic systems (Frost et al., 2001; Kohn 

and Corrie, 2011; Kylander-Clark et al., 2013; Spencer et al., 2013; Stea-

rns et al., 2015; Scibiorski et al., 2019). Titanite occurs in a wide variety 

of crustal rocks, including quartzofeldspathic igneous rocks, such as the 

Separation Point Suite (Scott et al., 2009; this study), and in amphibolite- 

to granulite-facies prograde and retrograde metamorphic rocks such as 

those that characterize various shear zones in the middle and lower crust 

of Fiordland (e.g., Schwartz et al., 2016). It is an ideal phase for examining 

the timing and conditions of shear zone development because it incorpo-

rates abundant U (Essex and Gromet, 2000; Frost et al., 2001; Flowers et 

al., 2005; Schwartz et al., 2016), it partitions Zr as a function of pressure 

and temperature, enabling its use as a thermobarometer (Hayden et al., 

2008), and it can crystallize and/or recrystallize during changing pressure 

and temperature events associated with reactions with Ca- and Al-bearing 

phases such as calcite, clinopyroxene, plagioclase, epidote, and hornblende 

(Franz and Spear, 1985; Essex and Gromet, 2000; Frost et al., 2001).

Here, we present 39 new laser-ablation–split-stream–inductively 

coupled plasma–mass spectrometer (LASS-ICP-MS) and secondary ion 

microprobe mass spectrometer (SIMS) 206Pb/238U zircon and titanite dates, 

titanite geochemical data, and Zr-in-titanite temperatures, which allow us 

to (1) constrain the timing of a the Cretaceous arc flare-up event in the 

middle crust (i.e., the Separation Point Suite), (2) document the timing 

of titanite growth in low- and high-strain deformational fabrics, and (3) 

link spatial and temporal patterns of lithospheric-scale, transpressional 

shear zone development to the Cretaceous arc flare-up event. We find 

that Separation Point Suite plutonism in central Fiordland lasted from ca. 

129 Ma to ca. 110 Ma and overlapped with transpressional deformation 

in both the middle (129–116 Ma) and lower crust (119–106 Ma) of the 

Median Batholith. In the middle crust, crystal-plastic deformation initi-

ated in low-strain shear zones (129–125 Ma) shortly after emplacement of 

the Refrigerator Orthogneiss, one of the earliest phases of the Separation 

Point Suite. High-strain, mylonitic shear zones are documented in Lake 

Manapouri (and southward in Lake Hauroko: Scott et al., 2011), and in 

various diffuse shear zones in Lake Te Anau during the ca. 125–116 Ma 

interval. This latter phase of transpressional deformation was associated 

with a voluminous surge of high-Sr/Y magmatism and the widening of the 

magmatic arc to 70 km or more during the flare-up stage. During this event, 

melts were focused into a broad, 20-km-wide zone of transpressional 

deformation in the middle crust and were temporally and spatially associ-

ated with ductile deformation in lower-crustal shear zones at the same time. 

Transpressional deformation in the lower crust outlasted emplacement of 

the Western Fiordland Orthogneiss (125–120 Ma in northern Fiordland) 

by ~10–15 m.y., and transpression at all levels of the crust appears to 

have ceased prior to the initiation of extensional orogenic collapse in the 

lower crust at ca. 106 Ma.

GEOLOGIC SETTING AND PREVIOUS WORK

Zealandia and the Median Batholith

New Zealand is part of a submerged continental mass called Zealandia 

that broke apart from the supercontinent Gondwana in the Cretaceous 

(Luyendyk, 1995; Mortimer et al., 2017), and it records a history of Paleo-

zoic to Mesozoic subduction-related plutonism and arc thickening and 

thinning, leading to extensional orogenic collapse in the Late Cretaceous 

(Mortimer, 2004). Zealandia can be divided into two provinces: the West-

ern Province and Eastern Province (Irel and Gibson, 1998; Mortimer et al., 

1999a; Meert, 2003; Klepeis and Clarke, 2004; Mortimer, 2004). The West-

ern Province is composed of mid-Paleozoic subduction-related, S-type 

plutons as well as Paleozoic–Mesozoic volcanic and sedimentary rocks 

(Tulloch et al., 2009; Turnbull et al., 2016). The Eastern Province includes 

late Paleozoic–Mesozoic allochthonous terranes (Mortimer, 2004). The 

boundary between these two provinces is defined by the Median Batholith 

(Mortimer et al., 1999b; Scott, 2013), which has been offset ~480 km by 

Cenozoic dextral motion along the Alpine fault (e.g., Little et al., 2005).

Magmatic rocks in Zealandia range in age from Ordovician to Early 

Cretaceous (Fig. 1; Muir et al., 1998; Mortimer et al., 1999a; Tulloch and 

Kimbrough, 2003; Scott, 2013; Schwartz et al., 2017). Extensive Devonian 

to Carboniferous plutonic rocks occur throughout Fiordland and include 

the Karamea (S-type), Paringa (I-type), Foulwind (A-type), Ridge (S-type), 

and Tobin (I-type) suites (Tulloch et al., 2009; Turnbull et al., 2016). In 
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zircon geochronology included Separation Point Suite and Darran Suite 

plutonic rocks. Sample collection for titanite petrochronology focused 

on: (1) weakly to moderately foliated magmatic rocks in the Puteketeke 

Pluton in central Fiordland, (2) weakly deformed meta-igneous rocks in 

the Refrigerator Orthogneiss in central Fiordland, (3) strongly deformed 

and metamorphosed rocks in central Fiordland, and (4) weakly to mod-

erately deformed rocks from the Mount Daniel shear zone (Klepeis et 

al., 2004) and the Indecision Creek shear zone in northern Fiordland 

(see locations in Figs. 2A–2B; Marcotte et al., 2005). Twenty-two zircon 

samples were analyzed by SIMS using the sensitive high-resolution mass 

spectrometer–reverse geometry (SHRIMP-RG) at Stanford University, co-

operated by the U.S. Geological Survey, and 17 titanite-bearing samples 

were analyzed by LASS-ICP-MS at the University of California–Santa 

Barbara (UCSB). Additional geochronologic data used throughout this 

study were compiled from Marcotte et al. (2005), Schwartz et al. (2016, 

2017), and Gebauer (2016).

Zircon and Titanite Geochronology

Zircon and titanite were separated using the standard mineral separa-

tion techniques at California State University–Northridge. Zircon analyses 

were performed on grains mounted in epoxy, and titanite was analyzed 

in situ using thin sections and grain mounts. Samples were sorted, cut, 

and prepared in Dunedin, New Zealand, at the Geological and Nuclear 

Sciences (GNS Science) rock laboratory facility. Thin sections and 

grain mounts were polished and imaged to avoid inclusions, cracks, and 

imperfections during the analytical sessions. Zircons were imaged by 

cathodoluminescence using a GatanMiniCL detector on an FEI Quanta 

600 variable-pressure-setting scanning electron microscope (SEM), and 

titanite grains were imaged with the backscattered electron (BSE) detec-

tor at California State University–Northridge.

Twenty-two samples in four different epoxy mounts were analyzed 

for zircon U-Pb isotopes, as well as trace elements (Ti, Fe, Y, 9 rare earth 

elements [REEs], Hf, U, Th), following methods described by Coble et 

al. (2018). Depending on the abundance from mineral separates, between 

60 and 100 zircons were picked and mounted per sample. Rims and cores 

were targeted for analysis in order to determine the timing of magmatism 

and/or metamorphism for all samples. Zircon spots with high common 

Pb were excluded from data analysis and plots. In cases where one or two 

grains were older than the majority of the zircon population, the older 

ages were presumed to represent inheritance, and this interpretation is 

supported by the differences in Th and U concentrations between core and 

rim spots (e.g., 17NZ94). Spots with statistically younger ages and large 

uncertainties were also excluded because they likely represent Pb loss. 

Zircon concordia plots and ages were created using IsoplotR (Vermeesch, 

2018). Ages are presented as error-weighted average ages calculated from 

the common Pb–corrected 207Pb/206Pb and 238U/206Pb data.

The 206Pb/238U isotopes for titanite were collected using the LASS-ICP-

MS at UCSB following methods outlined in Kylander-Clark et al. (2013), 

Spencer et al. (2013), and Schwartz et al. (2016). Depending on abundance, 

between 30 and 50 titanite grains per sample were picked and analyzed. 

Titanite data presented in this study were corrected for common Pb using 

a regression on the Tera-Wasserburg Pb/U isochron, where the y intercept 

will yield the 207Pb/206Pb isotopic ratio of the common Pb for each individual 

sample (Storey et al., 2006). Titanite ages are presented as lower intercepts 

calculated from regression of 207Pb/206Pb and 238U/206Pb data by IsoplotR (Ver-

meesch, 2018). The quoted titanite dates in the text and tables were assigned 

2% uncertainties based on reproducibility of standards during analyses.

In simple systems where titanite dates are controlled by Pb volume 

diffusion, experimental studies suggest a closure temperature for titanite 

of ~650 °C, depending on grain size and cooling rate (Cherniak and 

Watson, 2000). Recent empirical studies from high-grade metamorphic 

rocks are somewhat at odds with the interpretation of titanite dates as 

recording closure temperatures (Kohn and Corrie, 2011; Spencer et al., 

2013; Stearns et al., 2015; Schwartz et al., 2016). These studies show 

that titanite can preserve U-Pb dates (and Zr-in-titanite temperatures) 

at metamorphic conditions above 750 °C. A key finding in these studies 

is that Pb mobility in titanite is often driven by changing metamorphic 

conditions (pressure, temperature, fluid activity) rather than thermally acti-

vated volume diffusion. Moreover, Kirkland et al. (2016) suggested age 

information coupled with chemical and textural data can provide insight 

into conditions of titanite formation. Here, we integrated textures, trace-

element geochemistry, and age dating to evaluate the origin of titanite in 

central and northern Fiordland.

Titanite Geochemistry and Thermometry

Titanite trace elements were measured by quadrupole LA-ICP-MS 

simultaneously with U-Pb isotopes measured by multicollector (MC) 

LA-ICP-MS at UCSB. Trace-element data were reduced using Iolite, 

and concentrations were calculated relative to BHVO as a primary stan-

dard. Model Zr-in-titanite temperatures were calculated following the 

methods from Hayden et al. (2008). Temperature uncertainties resulted 

from analytical uncertainties in the Zr measurements in titanite, which 

ranged from 3% to 12% (2σ). The activity of TiO2 was assumed to be 0.7, 

based on the scarce presence of rutile or ilmenite in analyzed samples, 

and the activity of SiO2 was assumed to equal 1.0 due to the presence of 

quartz. Pressure (P) was estimated for samples from central Fiordland 

at 0.6 GPa, while temperatures for samples in northern Fiordland were 

calculated with a pressure of 1.0 GPa (Daczko et al., 2002b; Scott et al., 

2009; Scott, 2013; Marcotte et al., 2005; Stowell et al., 2010; Schwartz et 

al., 2016; Klepeis et al., 2016; Gebauer, 2016). Given the uncertainties in 

measurements, pressure values, and activities, we conservatively applied 

an uncertainty of ±50 °C to all our temperature estimates.

RESULTS

Field and Petrographic Observations

Central Fiordland

Field observations in central Fiordland revealed (1) magmatic struc-

tures (S0), (2) subsolidus deformation in low- and moderate-strain zones 

characterized by shallowly dipping foliations (S1) and shallowly plung-

ing lineations (L1), and (3) subsolidus deformation in high-strain zones 

characterized by moderately to steeply dipping foliations (S2) and linea-

tions (L2) with amphibolite-facies mineral assemblages. Strain intensity 

in low- and high-strain zones was defined based on grain-size reduction 

(porphyroclast to matrix ratio), fabric intensity, and absence/presence of 

grain-shape alignment. Structural domains described herein and in Table 1 

are strain-intensity dependent. Figure 3 shows three cross sections through 

central Fiordland illustrating the locations of these low- and high-strain 

zones and their host rocks.

Magmatic fabrics (S0). These were observed in the Puteketeke Pluton 

and consist of weak to moderate planar alignment of biotite, hornblende, 

tabular plagioclase laths, and minor titanite that define a magmatic folia-

tion (Figs. 4A–4B). Magmatic foliations are significantly shallower in dip 

relative to the high-strain zones and commonly dip 20°–50°. Magmatic 

layering is sometimes folded into outcrop-scale S and Z folds, the latter of 

which are characterized by top-to-the-SW vergence with fold limbs strik-

ing from 041° to 045° and dipping from 32° to 68° SE. In thin section, we 
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zircon. Gneisses in this region are composed of alternating layers of feld-

spar-rich and polycrystalline quartz bands. Foliations are typically defined 

by biotite and elongate plagioclase. Quartz occurs as anastomosing, inter-

connected bands in some samples. Quartz microstructures show undulose 

extinction and lobate grain boundaries. Plagioclase generally lacks obvi-

ous evidence for recrystallization. Sigma porphyroclasts of plagioclase 

and potassium feldspar generally display sinistral shear (three out of five 

field stations), although dextral shear sense was also observed. In thin 

section, mica fish also give a sinistral sense of shear, which is consistent 

with previous interpretations of the sinistral transpressional deformation 

in this zone and to the north (Marcotte et al., 2005; Scott et al., 2011).

Northern Fiordland

Cretaceous deformational fabrics are recorded in several ductile shear 

zones in northern Fiordland and include from west to east: the George 

Sound shear zone, the Mount Daniel shear zone, and the Indecision Creek 

shear zone (Klepeis and Clarke, 2004; Klepeis et al., 2004; Marcotte et al., 

2005). Here, we focus on the latter two shear zones and their relationship 

to deformation in central Fiordland (Fig. 2A). The Indecision Creek shear 

zone is a N-S–striking ductile shear zone that occurs within Darran Suite 

rocks and the Arthur River Complex. Klepeis et al. (2004) and Marcotte 

et al. (2005) described the fabric evolution of the Indecision Creek shear 

zone and the development of triclinic, partitioned transpression involv-

ing dip-slip and oblique-slip displacements. Transpressional fabrics in 

the Indecision Creek shear zone occur over a ~20-km-wide zone where 

deformation is partitioned into structural domains distinguished based 

on structure style and the orientation of rock fabrics through time (Mar-

cotte et al., 2005). Magmatic and solid-state fabrics include: (1) gneissic 

and igneous layering in the Worsley Pluton and Mount Edgar Diorite 

(domain i: Mount Daniel shear zone), (2) polyphase fabrics and folding 

in the Arthur River Complex (domain ii: western margin of the Indecision 

Creek shear zone), and (3) steeply foliated fabrics associated with tight 

folds, mylonitic shear zones, and syntectonic dikes (domain iii: core of 

the Indecision Creek shear zone). Here, we focus on fabrics developed in 

domains i and ii (Mount Daniel and western Indecision Creek shear zones).

In domain i, ductile shear fabrics associated with the Mount Daniel 

shear zone (Fig. 2A) occur at the boundary between the Worsley Pluton 

(hanging wall) and Arthur River Complex (footwall). Early gneissic layer-

ing in this region is characterized by moderate to high strains associated 

with south- and southwest-dipping fabrics (S1) that formed at high tem-

peratures during magmatic emplacement of the Worsley Pluton. These 

early magmatic fabrics are deformed by a moderate, penetrative, subsoli-

dus south- to southwest-dipping foliation (S2) that is defined by flattened 

clusters of upper-amphibolite-facies mineral assemblages including pla-

gioclase, quartz, biotite, hornblende, and garnet. We collected two samples 

from this region, which record an early high-strain fabric (0308F), and a 

later moderate-strain fabric (0308L1; Table 2).

In domain ii, polyphase folding is preserved at Steep Hill, along the 

western margin of the Indecision Creek shear zone (domain ii of Mar-

cotte et al., 2005). Here, the Arthur River Complex consists of gneissic 

gabbros and diorites of the Milford Gneiss, which are cut by mafic dikes. 

Early high-grade, gneissic layering (S1) and dikes are transposed par-

allel to a penetrative gneissic foliation (S2). Foliations associated with 

this fabric generally strike E-W and dip moderately to the south. Gar-

net + plagioclase + quartz leucosomes developed in migmatitic gneisses 

parallel S2 foliations, and mineral lineations plunge moderately to the 

north, south, and southwest. S2 foliations are overprinted by a series of 

upright, northwest-verging folds and steeply dipping foliations (S3) that 

characterize higher-strain zones to the east in the core of the Indecision 

Creek shear zone. Our sample (0213K1) from this area is a retrogressed 

(schistose) mafic gneiss from the early high-grade fabric (S2; Table 2). 

Textures related to the early, high-grade fabric include large garnet por-

phyroblasts in a migmatite gneissic fabric with biotite and plagioclase 

pressure shadows.

Titanite Petrographic Observations and Relationships to Fabrics

Petrographic analysis indicated that titanite occurs in two textural cat-

egories in northern and central Fiordland, which we define as type I and 

type II titanites (Figs. 5–6). We defined these two groups based on their 

morphology, grain size, and textural and mineral relationships within the 

host rock. They are also distinguished based on geochemistry (see below).

Type I Titanites (Aligned in S0 and S1 Fabrics): Euhedral to 

Subhedral Grains

Type I titanites consist of euhedral to subhedral morphologies and 

occur primarily in foliated magmatic fabrics in the Puteketeke Pluton 

and in weakly foliated, subsolidus fabrics in the Refrigerator Orthogneiss 

(Fig. 5). Titanite grains have average lengths of 400–800 µm. Crystals are 

generally yellow brown to dark brown. Some titanite grains show weak 

internal zoning in BSE imaging. Type I titanites are generally aligned in 

S0 and S1 fabrics.

Type II Titanites (Aligned in S2 Fabrics): Anhedral Grains and 

Aggregates

Type II titanites are typically represented by clusters of anhedral 

aggregates with subhedral individual grains (Fig. 6). Titanite grains are 

on average 100–400 µm long. Crystals are yellow brown to dark brown. 

Some titanite grains also display minor internal zoning in BSE imaging 

(Fig. 7). Crystals with inclusions of oxides (e.g., magnetite, ilmenite) are 

common. Titanite grains are oriented parallel to foliation and are found 

in samples with upper- to middle-amphibolite-facies mylonitic fabrics in 

Lake Manapouri and Lake Te Anau mylonites, the Indecision Creek shear 

zone, and the Mount Daniel shear zone.

Titanite LA-MC-ICP-MS Geochronology

Type I and II titanites were dated from plutonic and metamorphic 

rocks in order to constrain the timing of titanite growth and deformation. 

Examples of titanite BSE images and LASS spot analysis locations are 

shown in Figure 7. Concordia diagrams with lower-intercept regressions 

are given in Figure 8. Data are summarized in Table 3, and full data sets 

are given in the GSA Data Repository Item.1

Type I Titanites (Aligned in S0 and S1 Fabrics)

Puteketeke Pluton (magmatic fabric S0). Two samples (17NZ100, 

17NZ104) from Puteketeke Pluton contain titanite grains that defined 

weak igneous layering with oriented biotite. Titanite grains in samples 

17NZ100 and 17NZ104 yielded 206Pb/238U lower-intercept ages of 118.4 

± 1.3 Ma (mean square of weighted deviates [MSWD] = 0.8) and 115.7 

± 1.4 Ma (MSWD = 1.5), respectively (Figs. 8A and 8B). Our titanite 

ages overlap within error of a lower-intercept date of 113.7 ± 7.3 Ma 

reported by Scott et al. (2009).

Refrigerator Orthogneiss (low-strain fabric S1). Samples from 

the Refrigerator Orthogneiss (17NZ12, 17NZ11, 17NZ124A, 17NZ25A) 

contain titanite grains with average diameter between 100 and 200 µm and 

1 GSA Data Repository Item 2019309, U-Pb zircon and titanite isotope data, and 
titanite geochemistry data, is available at http://www.geosociety.org  /datarepository  
/2019, or on request from editing@geosociety.org.
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TABLE 2. SAMPLE LOCATIONS AND PETROGRAPHIC DESCRIPTIONS.

Sample Unit Rock type Description Mineral assemblages Location

17NZ4A Lake Hankinson Complex bt gneiss Moderate to strong schistose foliation. Host of a 
postkinematic felsic dike.

qz, plg, bt, hbl, ttn, zrn, czo South Fiord, Lake Te Anau

17NZ11 Refrigerator Orthogneiss hbl-bt tonalite Moderate foliation S1.  Low strain. Ttn aligned with S1. plg, qz, kfs, qz, bt, hbl, ttn, ap, zrn, opq South Fiord, Lake Te Anau

17NZ12 Refrigerator Orthogneiss hbl-bt tonalite Moderate foliation S1.  Low strain. Ttn aligned with S1. plg, qz, kfs, qz, bt, hbl, ap, ttn, zrn, opq South Fiord, Lake Te Anau

17NZ25A Refrigerator Orthogneiss hbl-bt tonalite Moderate foliation S1.  Low strain. Ttn aligned with S1. 
Localized anastomosing bands of qz-plg. 

plg, qz, kfs, qz, bt, hbl, ttn, ap, zrn, opq South Fiord, Lake Te Anau

17NZ25B Refrigerator Orthogneiss pegmatite dike (postkinematic) Postkinematic dike. Cuts fabric in host. plg, kfs, qz, zrn South Fiord, Lake Te Anau

17NZ31A Murchison intrusives hbl diorite gneiss Moderate to strong foliation S2. High strain. Fine-
grained hbl diorite.

plg, qz, hbl, chl, czo, ttn, opq South Fiord, Lake Te Anau

17NZ31B Murchison intrusives granitic dike (synkinematic) Synkinematic dike. Oriented semiparallel to the 
mylonitic fabric in host. 

plg, kfs, qz, zrn South Fiord, Lake Te Anau

17NZ40 Murchison intrusives diorite mylonite Moderate to strong foliation S2. High-strain. Fine-
grained diorite. Chl and ser as secondary minerals. 

plg, qz, hbl, chl, czo zrn, opq, ser South Fiord, Lake Te Anau

17NZ43A Murchison intrusives diorite mylonite Moderate to strong foliation S2. High strain. Mylonite 
medium-grained. Ttn aligned in fabric. 

plg, qz, hbl, chl, czo, ap, ttn, opq South Fiord, Lake Te Anau

17NZ43B Murchison intrusives pegmatite dike (postkinematic) Postkinematic dike. Cuts fabric in host. hbl, bt, ttn, zrn, czo South Fiord, Lake Te Anau

17NZ44 Hunter intrusives granite Moderate foliation S2.  Moderate to high strain. plg, qz, hbl, chl, czo zrn, opq South Fiord, Lake Te Anau

17NZ55A Hunter intrusives hbl-bt tonalite mylonite Strong S2 foliation. Medium-coarse tonalite. High-strain 
mylonite. Chl and ser as secondary minerals. Ttn 
aligned with S2.

qz, plg, hbl, bt, ttn, czo, chl, ser South Fiord, Lake Te Anau

17NZ60 Hunter intrusives hbl diorite mylonite Strong S2 foliation. High strain. Medium-coarse diorite 
mylonite. Ttn aligned with S2.

plg, hbl, bt, qz, ttn South Fiord, Lake Te Anau

17NZ72A Hunter intrusives hbl diorite protomylonite Weak to moderate S2 foliation. Fine-grained 
protomylonite. Ttn aligned with S2.

plg, qz, hbl, bt, ttn, czo South Fiord, Lake Te Anau

17NZ78B Takahe Granodiorite bt granodiorite Undeformed bt granodiorite. plg, kfs, qz, bt, white mica, ap, zrn, opq South Fiord, Lake Te Anau

17NZ81 Takahe Granodiorite bt granodiorite Undeformed bt granodiorite. plg, kfs, qz, bt, white mica, ap, zrn, opq South Fiord, Lake Te Anau

17NZ94 Lake Manapouri mylonite bt-hbl diorite mylonite Moderate foliation S2.  High strain. Ttn aligned with S2. 
Localized anastomosing bands of qz-plg. 

plg, qz, bt, hbl, chl, czo zrn, opq South Arm, Lake Manapouri

17NZ95B Lake Manapouri mylonite hbl-bt diorite mylonite Strong S2 foliation. High strain. Medium-grained diorite 
mylonite. Quartz-rich band. Ttn aligned with S2. 

plg, qz, hbl, bt, ttn, opq, zrn, czo South Arm, Lake Manapouri

17NZ96 Lake Manapouri mylonite bt diorite mylonite Strong S2 foliation. High strain. Fine-grained hbl diorite 
mylonite. Ttn-rich band. Ttn aligned with S2. 

plg, qz, bt, hbl, ttn, zrn, ap, czo, ser South Arm, Lake Manapouri

17NZ98 Puteketeke Pluton bt granodiorite Weak S0 foliation. Bt-granodiorite with weak magmatic 
foliation.

plg, kfs, qz, bt, ap, zrn, opq South Arm, Lake Manapouri

17NZ100 Puteketeke Pluton bt tonalite Weak S0 foliation. Bt-granodiorite with magmatic 
foliation (alignment of bt). Moderate alignment of ttn.

plg, kfs, qz, bt, ap, ttn, zrn, opq South Arm, Lake Manapouri

17NZ104 Puteketeke Pluton bt tonalite Weak S0 foliation. Coarse-grained bt-tonalite. plg, kfs, qz, bt, ap, ttn, zrn, opq South Arm, Lake Manapouri

17NZ114 West Arm Leucogranite hbl-bt tonalite Weak fabric S1 defined by alignment of bt. plg, kfs, qz, bt, czo, ttn, zrn, ap, opq West Arm, Lake Manapouri

17NZ117 West Arm Leucogranite bt granodiorite Undeformed bt granodiorite. plg, kfs, qz, bt, zrn, opq, ap West Arm, Lake Manapouri

17NZ124A Refrigerator Orthogneiss bt tonalite Undeformed bt tonalite. plg, qz, bt, hbl, chl, czo zrn, opq West Arm, Lake Manapouri

17NZ124B Refrigerator Orthogneiss pegmatite dike (postkinematic) Postkinematic dike. Cuts fabric in host. plg, kfs, qz, bt, zrn, opq, ap West Arm, Lake Manapouri

17NZ127 Refrigerator Orthogneiss pegmatite dike (postkinematic) Undeformed bt granitic dike. plg, kfs, qz, bt, opq, ttn, ap, zrn West Arm, Lake Manapouri

17NZ134 West Arm Leucogranite bt tonalite Undeformed bt tonalite. plg, kfs, qz, bt, zrn, opq North Arm, Lake Manapouri

17NZ137 West Arm Leucogranite bt tonalite Undeformed bt tonalite. plg, kfs, qz, bt, zrn, opq North Arm, Lake Manapouri

17NZ139 West Arm Leucogranite bt granite Undeformed bt granite. plg, kfs, qz, bt, white mica, zrn, opq, ap Percy Saddle

17NZ140 West Arm Leucogranite bt granodiorite Undeformed bt granodiorite. plg, kfs, qz, bt, white mica, zrn, opq, ap Percy Saddle

17NZ141 West Arm Leucogranite granodiorite Undeformed granodiorite. plg, kfs, qz, ms, zrn, opq, ap Percy Saddle

0213K1 Indecision Creek shear zone grt diorite gneiss High-strain grt diorite gneiss. grt, plg, qz, cpx, bt, ttn, opq Steep Hill

0308F Mount Daniel shear zone grt diorite gneiss High-strain gneiss. plg, qz, hbl, grt, ttn, czo, opq Mount Daniel

0308L1 Mount Daniel shear zone bt diorite schist Low-to-moderate strain bt schist. plg, czo, bt, hbl, ttn, opq Mount Daniel

Note: Mineral abbreviations are after Whitney and Evans (2010): ap—apatite; bt—biotite; chl—chlorite; cpx—clinopyroxene; czo—clinozoisite; grt—garnet; hbl—hornblende; kfs—k-feldspar; opq—opaque 
mineral; plg—plagioclase; qz—quartz; ser—sericite; ttn—titanite; zrn—zircon. Unit names follow Turnbull et al. (2010).
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TABLE 3. SUMMARY OF U-Pb LASER-ABLATION–SPLIT STREAM–INDUCTIVELY COUPLED PLASMA–MASS SPECTROMETRY (LASS-ICP-MS) TITANITE DATES AND ASSOCIATED TEMPERATURES

Sample P collection no. Unit* Rock type Fabric 
classification

Titanite  
type

Date  
(Ma; 2 SE)

MSWD No. of 
titanite†

Temperature§ 
(˚C)

SD 
(1σ)

Location

17NZ100 P89982 Puteketeke Pluton bt tonalite Magmatic (S0) Type I 118.4 ± 1.3 0.8 100 694 4 South Arm, Lake Manapouri

17NZ104 P89988 Puteketeke Pluton bt tonalite Magmatic (S0) Type I 115.7 ± 1.4 1.5 32 697 4 South Arm, Lake Manapouri

17NZ12 P89881 Refrigerator Orthogneiss hbl-bt tonalite Low strain (S1) Type I 122.3 ± 0.4 7.7 72 700 7 South Fiord, Lake Te Anau

17NZ12 P89881 Refrigerator Orthogneiss hbl-bt tonalite Low strain (S1) Type I 118.3 ± 0.4 7.7 72 700 7 South Fiord, Lake Te Anau

17NZ11 P89880 Refrigerator Orthogneiss hbl-bt tonalite Low strain (S1) Type I 121.4 ± 1.5 1.2 28 682 6 South Fiord, Lake Te Anau

17NZ25A P89896 Refrigerator Orthogneiss hbl-bt tonalite Low strain (S1) Type I 120.8 ± 1.5 0.8 62 674 7 South Fiord, Lake Te Anau

17NZ124A P90007 Refrigerator Orthogneiss bt tonalite Low strain (S1) Type I 117.3 ± 0.8 1.6 48 683 7 West Arm, Lake Manapouri

0213K1 P70481 Indecision Creek shear zone grt diorite gneiss Low strain (S1) Type II 119.8 ± 2.0 5.9 30 665 5 Steep Hill, Northern Fiordland

0308L1 P70518 Mount Daniel shear zone bt diorite schist Low strain (S1) Type II 105.5 ± 3.6 1.1 33 689 8 Mount Daniel, Northern Fiordland

0308F P70512 Mount Daniel shear zone grt diorite gneiss High strain (S2) Type II 111.1 ±  1.2 0.7 42 631 7 Mount Daniel, Northern Fiordland

17NZ4A P89869 Lake Hankinson Complex bt gneiss High strain (S2) Type II 125.3 ± 1.4 4.2 40 690 5 South Fiord, Lake Te Anau

17NZ31A P89897 Murchison intrusives hbl diorite mylonite High strain (S2) Type II 125.7 ± 7.4 0.6 37 620 6 South Fiord, Lake Te Anau

17NZ43A P89913 Murchison intrusives diorite mylonite High strain (S2) Type II 123.2 ± 9.6 0.4 21 608 6 South Fiord, Lake Te Anau

17NZ55A P89930 Hunter intrusives hbl-bt tonalite mylonite High strain (S2) Type II 146.8 ± 2.3 2.4 34 637 4 South Fiord, Lake Te Anau

17NZ60 P89934 Hunter intrusives hbl diorite mylonite High strain (S2) Type II 116.3 ± 1.7 0.4 28 659 7 South Fiord, Lake Te Anau

17NZ72A P89950 Hunter intrusives hbl diorite protomylonite High strain (S2) Type II 130.8 ± 1.8 1.1 66 650 7 South Fiord, Lake Te Anau

17NZ95B P89975 Lake Manapouri mylonite hbl-bt diorite mylonite High strain (S2) Type II 117.1 ± 3.2 2.3 40 699 7 South Arm, Lake Manapouri

17NZ95B P89975 Lake Manapouri mylonite hbl-bt diorite mylonite High strain (S2) Type II 307.7 ± 3.7 28.0 28 699 7 South Arm, Lake Manapouri

17NZ96 P89978 Lake Manapouri mylonite bt diorite mylonite High strain (S2) Type II 122.3 ± 1.8 2.3 18 658 7 South Arm, Lake Manapouri

Note: Mineral abbreviations are after Whitney and Evans (2010): bt—biotite; grt—garnet; hbl—hornblende. MSWD—mean square of weighted deviates; SE—standard error; SD—standard deviation.
*Unit names follow Turnbull et al. (2010).
†Titanite grains used in age calculations.
§Titanite temperatures calculated from Ti concentrations following Hayden et al. (2008) thermometer.

Figure 9. (A) Chondrite-normalized rare earth 

element abundance patterns for representa-

tive type I titanites. (B) Temperature vs. La 

(ppm) for representative type I titanites. 

(C) Temperature vs. La/Sm for representative 

type I titanites. (D) Chondrite- normalized rare 

earth element abundance patterns for repre-

sentative type II titanites. (E) Temperature vs. 

La (ppm) for representative type II titanites. 

(F) Temperature vs. La/Sm for representative 

type II titanites. SZ—shear zone.
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206Pb/238U age of 336.3 ± 2.4 Ma (MSWD = 1.7; Figs. 10 and 11S), with 

three grains yielding statistically younger dates of 105 Ma, 116 Ma, and 

309 Ma. The two Cretaceous dates were analyzed on a thin (<20 μm thick) 

rim, and the oldest date is similar to the lower-intercept age of titanites 

from the same sample (117.1 ± 3.2 Ma; see above).

Murchison and Hunter Intrusives (Darran Suite)

Zircon grains from four samples (17NZ40, 17NZ43A, 17NZ43B, 

17NZ44) mapped as Darran Suite exhibited subhedral to anhedral crystal 

shape and homogeneous zoning, with occasional subordinate sector and 

patchy zonation. Samples 17NZ43A and 17NZ43B mapped as Murchi-

son intrusives by Turnbull et al. (2010) and Allibone et al. (2009a) gave 

Carboniferous dates. Seven spots from sample 17NZ43B yielded a popu-

lation with a 206Pb/238U age of 344.5 ± 1.8 Ma (MSWD = 5.2; Fig. 11T). 

This sample also contained two statistically older grains ranging in age 

from 367 to 359 Ma, and one younger grain at 314 Ma. The host rocks 

gave an LA-SF-ICP-MS (SF—sector field) zircon age of 344.0 ± 7.6 Ma 

(17NZ43A: M. Ringwood, 2018, personal commun.), which overlaps 

with our age for the postkinematic felsic dike. Sample 17NZ44, mapped 

as Hunter intrusive in Turnbull et al. (2010) and Allibone et al. (2009a), 

yielded an error-weighted average 206Pb/238U age of 342.8 ± 2.5 Ma 

(MSWD = 3.2) from six spot analyses (Figs. 10 and 11U). Eight spots 

from sample 17NZ40 (Murchison intrusive) yielded an error-weighted 

average 206Pb/238U age of 170.0 ± 1.5 Ma (MSWD = 1.2; Figs. 10 and 11V).

DISCUSSION

Linking Titanite Petrochronology and Transpressional Shear 

Zone Development

Our field and petrographic investigation of magmatic and deforma-

tional structures in Lake Te Anau and Lake Manapouri revealed a pattern 

of magmatism and deformation that was synchronous with the develop-

ment of distinct titanite morphologies and chemistries in magmatic and 

deformed rocks. These features provide insights into the timing and tem-

perature conditions of deformation in the middle and lower crust of the 

Median Batholith during a major Cordilleran arc flare-up event (Milan et 

al., 2017; Schwartz et al., 2017). From our field mapping, we observed 

the following key features that guided our interpretations: (1) Igneous 

structures and textures (S0) are primarily preserved in undeformed Sepa-

ration Point Suite plutons such as the Puteketeke Pluton (123–122 Ma), 

the West Arm Leucogranite (124–111 Ma), and the Takahe Granodiorite 

(125–123 Ma); (2) low-strain fabrics overprint magmatic structures and 

record shallowly dipping foliations (S1) and shallowly plunging lineations 

(L1), and such structures are generally associated with euhedral, type 

I titanites; and (3) high-strain zones overprint all other structures and 

contain amphibolite-facies mineral assemblages, moderately to steeply 

dipping foliations (S2), and moderately to steeply plunging lineations (L2). 

These fabrics are associated with anhedral titanite grains and aggregates 

that we classify as type II titanites. Next, we link these field observations 

with microscale geochemical and isotopic observations from titanites to 

understand the timing and thermal conditions of transpressional deforma-

tion during arc construction.

Early, Low-Strain (S1) Fabric Development

In the middle crust of central Fiordland, shallowly to moderately dip-

ping low-strain fabrics occur within the Darran Suite and the Refrigerator 

Orthogneiss of the Separation Point Suite (Fig. 2B). In Lake Manapouri, 

we observed these fabrics primarily in the Refrigerator Orthogneiss; 

however, to the north in Lake Te Anau, low-strain domains occur over 

a broader zone, up to 15 km wide. In this region, low-strain domains 

form the western boundary of a broad zone that is cored by a number 

of high-strain, subvertical mylonitic shear zones (see below). Based on 

crosscutting relationships, low-strain fabrics appear to predate high-strain 

TABLE 4. SUMMARY OF U-Pb SENSITIVE HIGH-RESOLUTION MASS SPECTROMETER–REVERSE GEOMETRY (SHRIMP-RG) ZIRCON DATES AND ASSOCIATED 
TEMPERATURES

Sample P collection no. Latitude
(°S)

Longitude
(°E)

Unit* Rock type Date  
(Ma; 2 SE)

MSWD No. of 
zircons†

Temperature§ 
(˚C)

SD 
(1σ)

17NZ12 P89881 45.293 167.481 Refrigerator Orthogneiss hbl-bt tonalite 128.8 ± 1.7 2.8 10 800 8

17NZ25A P89896 45.309 167.475 Refrigerator Orthogneiss hbl-bt tonalite 129.2 ± 1.7 0.8 8 827 8

17NZ25B P89896 45.309 167.475 Refrigerator Orthogneiss postkinematic pegmatite dike 124.1 ± 1.4 2.8 7 801 8

17NZ40 P89906 45.309 167.522 Murchison intrusives diorite mylonite 170.0 ± 1.5 1.2 8 870 9

17NZ43B P89914 45.307 167.520 Murchison intrusives postkinematic pegmatite dike 344.5 ± 1.8 5.2 7 727 7

17NZ44 P89915 45.313 167.526 Hunter intrusives granite 342.8 ± 2.5 3.2 6 649 7

17NZ78B P89960 45.341 167.649 Takahe Granodiorite bt granodiorite 125.1 ± 1.7 0.3 9 609 6

17NZ81 P89963 45.340 167.669 Takahe Granodiorite bt granodiorite 123.2 ± 1.8 1.9 6 627 6

17NZ94 P89973 45.553 167.417 Lake Manapouri mylonite bt-hbl diorite mylonite 336.3 ± 3.2 1.6 6 817 8

17NZ95B P89975 45.555 167.415 Lake Manapouri mylonite hbl-bt diorite mylonite 336.2 ± 2.4 1.7 7 712 7

17NZ98 P89980 45.552 167.400 Puteketeke Pluton bt granodiorite 122.0 ± 1.6 0.4 7 626 6

17NZ100 P89982 45.547 167.402 Puteketeke Pluton bt tonalite 122.6 ± 1.4 2.7 9 593 6

17NZ114 P89998 45.507 167.349 West Arm Leucogranite hbl-bt tonalite 123.9 ± 1.5 1.5 10 828 9

17NZ117 P90001 45.509 167.344 West Arm Leucogranite bt granodiorite 113.3 ± 1.6 1.7 5 606 6

17NZ124A P90007 45.494 167.397 Refrigerator Orthogneiss bt tonalite 127.4 ± 1.3 2.0 10 672 7

17NZ124B P90008 45.494 167.397 Refrigerator Orthogneiss postkinematic pegmatite dike 122.0 ± 0.9 2.2 6 653 7

17NZ127 P90010 45.493 167.385 Refrigerator Orthogneiss postkinematic pegmatite dike 112.7 ± 1.3 1.2 8 590 6

17NZ134 P90013 45.449 167.374 West Arm Leucogranite hbl-bt tonalite 122.5 ± 1.8 1.4 6 785 8

17NZ137 P90016 45.491 167.355 West Arm Leucogranite bt tonalite 113.2 ± 1.3 3.8 5 646 6

17NZ139 P90018 45.565 167.313 West Arm Leucogranite bt granite 110.3 ± 1.6 2.3 4 712 7

17NZ140 P90019 45.550 167.312 West Arm Leucogranite bt granodiorite 116.9 ± 1.8 1.4 6 699 7

17NZ141 P90020 45.532 167.275 West Arm Leucogranite bt granodiorite 118.0 ± 1.1 2.7 9 710 7

Note: Complete isotopic data and individual spot dates can be found in the supplementary file (see text footnote 1). Mineral abbreviations are after Whitney and Evans 
(2010): bt—biotite; hbl—hornblende. MSWD—mean square of weighted deviates; SE—standard error; SD—standard deviation

*Unit names follow Turnbull et al. (2010).
†Zircons used in age calculations.
§Zircon temperatures calculated from Ti concentrations following Watson et al. (2006) thermometer.
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be linked as a network of middle- to lower-crustal triclinic, transpressional 

shear zones (Marcotte et al., 2005; Klepeis and King, 2009).

Transpressional structures in Lake Manapouri are spatially associated 

with the development of broad (kilometer-scale), synmagmatic, open folds, 

with minor, outcrop-scale S and Z folds in the limbs of the open fold west 

of the shear zone in the Puteketeke Pluton (Fig. 3B). The Z folding is char-

acterized by top-to-the-SW vergence with fold limbs striking from 041° 

to 045° and dipping from 32° to 68° SE. In some places, the Puteketeke 

Pluton also crosscuts high-strain fabrics in the Grebe shear zone (R. Jon-

gens, 2018, personal commun.), indicating that mylonitic shearing and 

Puteketeke Pluton emplacement temporally overlapped (Fig. 3C).

Hypersolidus folding adjacent to the Grebe shear zone suggests that 

some strain was accommodated by late deformation in the Puteketeke 

Pluton; however, quantification of the absolute magnitude of strain accom-

modated is inherently difficult because magmatic fabrics rarely, if ever, 

preserve their entire strain history, and hypersolidus foliations and folds 

only preserve the last increment of strain during crystallization (Paterson 

et al., 1998; Webber et al., 2015; Fossen and Calvacante, 2017). In the 

case of the Puteketeke Pluton, its high Sr/Y chemistry and depletion in 

HREEs suggest that it was derived in part from partial melting of mafic 

arc crust in the garnet-stability field at depths greater than or equal to ~35 

km at 122.8–119.9 Ma (Tulloch and Kimbrough, 2003; Scott and Palin, 

2008; Allibone et al., 2009b; Ramezani and Tulloch, 2009; this study). 

The emplacement depth of the Puteketeke Pluton at ~20–24 km depth 

(Scott et al., 2009) would have allowed vertical displacements of at least 

11–15 km or more prior to emplacement in the middle crust. Unfolding of 

hypersolidus fabrics also provides an estimate for horizontal shortening 

during the last increment of deformation. Based on foliation measure-

ments from the south shore of Lake Manapouri, we estimate ~2%–3% 

of horizontal shortening for this final increment of the deformation. We 

emphasize that this is a minimum estimate for the magnitude of horizontal 

shortening, because the majority of strain is not preserved in the pluton.

In contrast to hypersolidus fabrics, mylonitic fabrics preserve more 

information on the magnitude of displacement accommodated during 

midcrustal transpression. Using the length-displacement relationship of 

Pennacchioni (2005), we estimate ~10 km of offset, given the length of the 

Grebe shear zone. Foliation deflection trajectories in the Lake Manapouri 

area are also consistent with several kilometers of strike-slip displacement 

(Ramsay and Huber, 1983). Both independent measurements together 

suggest as much as 10 km of lateral offset during the mylonitic phase of 

shearing at ca. 122–117 Ma. Quantifying vertical displacements along the 

Grebe shear zone is more difficult because there is little pressure informa-

tion directly correlated with mylonitic deformation. Pressure information 

from Jurassic to Cretaceous plutonic rocks on either side of the Grebe 

shear zone give an average of 3 km of west-side-up vertical displacement 

(Scott et al., 2009). However, the timing of this uplift is uncertain, and 

the west-side-up sense of shear contrasts with thermochronologic data 

that indicate the opposite sense of motion (west-side-down). One prob-

lem with use of the barometric data is that pressure estimates east and 

west of the fault are derived from rocks of contrasting ages (Jurassic-age 

rocks east, Cretaceous-age rocks west), and they assume no subsequent 

reactivation of the fault. Geologic mapping of the region shows a pos-

sible Tertiary brittle structure that parallels the Grebe shear zone in South 

Arm, Lake Manapouri (Turnbull et al., 2010), and we cannot rule out that 

Tertiary movement and/or reactivation of this fault may have resulted in 

the observed pressure difference along the Grebe shear zone (Klepeis et 

al., 2019). Therefore, we are cautious about assigning specific vertical 

displacements to the Grebe shear zone in the Early Cretaceous.

Titanites from the high-strain portions of the Grebe shear zone provide 

additional insights into the temperature conditions of deformation during 

fabric development. Type II titanites in these rocks are characterized by 

anhedral grains or aggregates of anhedral grains that are aligned within 

mylonitic fabrics (Fig. 5). In chondrite-normalized rare earth element 

(REE) plots, titanites display HREE depletion relative to LREE, and 

low La concentrations relative to type I, igneous titanites (see summary 

of type I and II titanites in Figs. 9 and 12). Middle (M) REEs are more 

strongly partitioned into type II titanites than LREEs, and this behav-

ior has been associated with metamorphic reactions in several titanite 

geochemical studies (Della Ventura et al., 1999; Olin and Wolff, 2012; 

Che et al., 2013; Garber et al., 2017; Loader et al., 2017). Zr-in-titanite 

temperatures generally show a narrow crystallization range (typically 

<50 °C), and rock-average temperatures range from ~610 °C to 700 °C, 

with the highest temperature recorded in the Lake Manapouri mylonites 

(660–700 °C) and slightly lower average temperatures recorded in the 

Lake Te Anau mylonites (610–660 °C). We note that our titanite tempera-

tures are consistently higher than deformation temperatures reported by 

Scott et al. (2011). They reported rock-average garnet-biotite temperatures 

of 576 ± 53 °C and 588 ± 58 °C (assuming pressures of 3 and 10 kbar); 

however, their temperatures were not linked to dates and may record an 

earlier phase of metamorphism, such as that observed in titanites from the 

Lake Manapouri mylonites in this study (samples 17NZ95b and 17NZ96 

in Figs. 8G–8H).

Titanites in the Lake Te Anau mylonites generally give Cretaceous 

lower-intercept dates ranging from 125.7 to 116.3 Ma, and titanites from 

the Lake Manapouri mylonites give overlapping lower-intercept dates 

ranging from 122.3 to 117.1 Ma. Scott et al. (2009) reported a similar 

titanite date of 119.6 ± 4.7 Ma from a mylonitized pluton south of South 

Arm, Lake Manapouri, and 40Ar-39Ar biotite dates from eastern Lake 

Manapouri suggest cooling of the outboard Median Batholith through 

~325 °C between 122.1 and 117.3 Ma (Scott et al., 2011). These dates and 

our dates overlap with the timing of igneous crystallization and hyper-

solidus folding observed in the adjacent Puteketeke Pluton (122.8–119.9 

Ma: Scott and Palin, 2008; Ramezani and Tulloch, 2009; this study), sug-

gesting that deformation was synchronous with mid-crustal magmatism.

Pre-Cretaceous titanites were also observed in the Lake Manapouri 

mylonites and yielded poorly constrained lower-intercept dates of ca. 

307 Ma (Figs. 7G–7H). These older dates may be related to medium-

pressure–high-temperature metamorphism in central Fiordland at 340–315 

Ma (Ireland and Gibson, 1998; Flowers et al., 2005; Chavez et al., 2007; 

Daczko et al., 2009; Schwartz et al., 2016; Dwight et al., 2018) and may 

signify incomplete purging of older titanite domains during Cretaceous 

mylonitic deformation at amphibolite-facies conditions. Thus, titanite tex-

tures and variations in dates indicate preservation of complex growth and 

(re)crystallization, and 206Pb/238U dates cannot be attributed to thermally 

activated volume-diffusion or simple core-rim crystallization processes 

(see 17NZ95B in Fig. 7). Instead, our observations of type II titanites are 

most consistent with titanite dates recording (re)crystallization in response 

to deformation and/or metamorphic reactions during amphibolite-facies 

metamorphism.

Further to the north in the lower crust, two samples from the Mount 

Daniel shear zone (domain i of Marcotte et al., 2005) yielded titanite dates 

ranging from 111.1 Ma (0308F) to 105.5 Ma (0308L1). Both samples gave 

Zr-in-titanite temperatures ranging from 630 °C to 690 °C and signify a 

period of high- to moderate-strain, amphibolite-facies deformation from 

ca. 111 to 106 Ma. Outcrop textures for these sample show that early 

granulite-facies shearing occurred synchronously with emplacement of the 

Worsley Pluton (124.0–121.8 Ma; Schwartz et al., 2017, and references 

therein), and our dates suggest that the latest motion of the Mount Daniel 

shear zone lasted until 111–106 Ma. These dates overlap with the timing 

of extensional structures further south in western Fiordland (Klepeis et 
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al., 2016; Schwartz et al., 2016); however, we did not observe evidence 

for extensional structures in northern Fiordland.

Along the western margin of the Indecision Creek shear zone, sample 

0213K1 from the early, S1 high-grade fabric yielded a lower-intercept 

date of 119.8 Ma ± 2.0 Ma and an average Zr-in-titanite temperature of 

~670 °C, consistent with amphibolite-facies deformation. Marcotte et al. 

(2005) reported a zircon rim date of 119.0 ± 4.7 Ma from a late-stage dike 

that cuts the earlier S1 and S2 fabrics at this location. Our date and theirs 

establish that the timing of S1 and S2 formation occurred at ca. 120–119 

Ma. Higher-strain, transpressional fabrics located in the core of the Inde-

cision Creek shear zone (domain iii in Fig. 2A) formed slightly later at 

115.0 ± 3.6 Ma (Marcotte et al., 2005), which temporally overlaps with 

the development of high-strain, transpressional fabrics in the middle crust 

of central Fiordland. Collectively, these data show that transpressional 

fabrics in both the middle and lower crust coincided with a major pulse 

of mafic to felsic magmatism during the arc flare-up event, and transpres-

sion in both levels of the crust preceded the onset of extensional orogenic 

collapse of the Median Batholith at ca. 108–106 Ma (Klepeis et al., 2016; 

Schwartz et al., 2016).

Two mylonitic samples (17NZ55 and 17NZ72A) from Lake Te Anau 

also record older lower-intercept dates ranging from 146.8 to 130.7 Ma 

(Figs. 6 and 7M–7N). The latter date overlaps with the timing of the 

low-strain fabrics we observed in the Refrigerator Orthogneiss and may 

indicate that both low- and high-strain fabrics developed synchronously 

during the initiation of the Separation Point Suite flare-up event. In con-

trast, the ca. 147 Ma date is older than the other high-strain fabrics that 

we observed in central and northern Fiordland and may signal an older, 

unrecognized phase of arc-parallel deformation and metamorphism within 

the Median Batholith. Evidence for a late Tithonian event may also be 

preserved in garnet-bearing pelitic gneisses in central Fiordland. Scott 

et al. (2009) reported a metamorphic zircon date of 145.0 ± 2.8 Ma, and 

pressure-temperature data indicate that zircon growth and metamorphism 

occurred at amphibolite-facies conditions (4.2 ± 0.8 kbar and 629 ± 20 °C). 

Further research is needed in the Darran Suite and older arc rocks to bet-

ter constrain this event(s).

Spatial and Temporal Patterns of Arc Magmatism and 

Deformation in Central Fiordland

We compiled our geochronological and structural results along with 

results from previous geochronology studies to document the temporal 

evolution of magmatism and deformation in the middle and lower crust 

of Fiordland. These data are summarized in Figures 13 and 14. Our com-

pilation reveals that plutonism in the Fiordland sector of the Median 

Batholith consisted of three primary episodes: a high-magma-addition-

rate pulse of S-, I-, and A-type plutons in the Devonian from ca. 365 to 

345 Ma, followed by low-magma-addition-rate plutonism until ca. 305 

Ma (Tulloch et al., 2009; Turnbull et al., 2016), a prolonged period of 

low-magma-addition-rate magmatism from ca. 240 to 130 Ma (Darran 

Suite; Kimbrough et al., 1994; Allibone et al., 2009b; Milan et al., 2016, 

2017; Schwartz et al., 2017), and a terminal high-magma-addition-rate 

event from 129 to 110 Ma (see Figs. 14A–14E for Mesozoic magmatic 

pulses). This terminal phase involved the emplacement of granitic to 

tonalitic melts of the Separation Point Suite magmatism in the shallow to 

middle crust of central Fiordland, and gabbros and diorites in the lower 

crust in western Fiordland (Western Fiordland Orthogneiss). While sev-

eral previous studies have documented the tempo of magmatism in the 

lower crust (Schwartz et al., 2017, and references therein), prior to this 

study, large portions of the middle crust in Fiordland remained poorly 

dated, and their temporal relationships to deformation remained unclear.

Our 22 new SHRIMP-RG zircon ages from central Fiordland pro-

vide new insights into this problem and link low- and high-strain fabric 

development to plutonism in the middle and lower crust. We find that 

middle-crustal deformation was closely associated temporally and spa-

tially with emplacement and crystallization of the Separation Point Suite. 

This surge of midcrustal magmatism in central Fiordland involved punc-

tuated emplacement of plutons over ~19 m.y. from 129 to 110 Ma. The 

initiation of the high-magma-addition-rate event involved early dioritic to 

tonalitic plutonism in the Refrigerator Orthogneiss (129–127 Ma). This 

early phase of Separation Point Suite magmatism is rare in the Median 

Batholith (Fig. 14B) and signifies an important change in magma chem-

istry from dominantly low-Sr/Y plutonism that characterizes the Darran 

Suite to strongly high-Sr/Y plutonism that characterizes the Separation 

Point Suite. Small volumes of similar-age plutons appear in the lower 

crust (e.g., Supper Cove Pluton, and Mount Edgar Diorite; Hollis et al., 

2003; Tulloch and Kimbrough, 2003) and in upper-crustal exposures in 

southwest Fiordland (e.g., Rahu Suite; Gollan et al., 2005; Ramezani and 

Tulloch, 2009). The Refrigerator Orthogneiss is significant in that it is 

the earliest phase of Separation Point Suite magmatism recognized in the 

middle crust, and it is host to low-strain fabrics that record early stages 

of transpression in the Median Batholith.

Subsequent Separation Point Suite plutonism in Fiordland (including 

the Western Fiordland Orthogneiss in the lower crust) occurred over a 

broad, >70-km-wide, arc-perpendicular zone (Figs. 14B–14E). This zone 

of magmatism is significantly wider than the currently exposed width of 

the Jurassic to Early Cretaceous Darran Suite magmatic belt (Figs. 14A–

14C). Whereas most active arcs are ~30–40 km wide and migrate laterally 

at 2–6 km m.y.–1 (Ducea et al., 2015, 2017), this flare-up phase signaled 

both a widening and a geologically instantaneous continentward migration 

of arc magmatism at ca. 125 Ma (see Figs. 14C–14E). This voluminous 

surge of magmatism at all levels within the crust occurred during a period 

of regional thrusting, transpression, and crustal thickening throughout 

Fiordland (Daczko et al., 2001, 2002b; Klepeis et al., 2004; Marcotte et 

al., 2005; Allibone and Tulloch, 2008; Scott et al., 2011). This observa-

tion implies deformation was synchronous in middle and lower crust. In 

central Fiordland, this magmatic surge and widening of the arc coincided 

with the development of high-strain, mylonitic shear zones from ca. 125 

to 116 Ma, and lower-crustal shearing continued to ca. 110–106 Ma.

Transpression and Melt Mobilization in Arc Crust

Our zircon and titanite geochronology indicate that transpressional 

shear zone development coincided spatially and temporally with the Early 

Cretaceous flare-up of Separation Point Suite plutons in the middle crust 

and lower crust. In the middle crust, Separation Point Suite plutons were 

largely focused into a broad, ~20-km-wide zone of regional transpression 

located in the western Lake Manapouri and southern Lake Te Anau area 

from ca. 129 to 110 Ma. In this region (the Grebe shear zone), large plu-

tons such as the Puteketeke Pluton and West Arm Leucogranite display 

elongate map patterns with long axes that parallel the arc, the overall strike 

of low- and high-strain shear zones, and trends of S2 mineral stretching 

lineations (Figs. 14B–14C). In the case of the Puteketeke Pluton, hyper-

solidus folding records shortening, and subvertical lineations in host rocks 

show evidence for vertical extrusion of midcrustal material during magma 

emplacement (Hufford, 2018; McGinn, 2018). The hypersolidus folia-

tions and shortening in Puteketeke Pluton suggest that it was emplaced 

syntectonically during transpressional deformation within the ~20-km-

wide Grebe shear zone. The high-Sr/Y character of the pluton further 

suggests that it originated from a lower-crustal magma reservoir, and 

these melts were mobilized and vertically transferred ~15 km or more to 
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in Carboniferous rocks and is dated at ca. 122–117 Ma. Transpressional 

deformation during the ca. 125–116 Ma interval was synchronous in all 

branches of the Grebe shear zone, including a number of diffuse shear 

zones located in South Fiord, Lake Te Anau. In the lower crust (north-

ern Fiordland), early transpressional fabrics are recorded by titanites 

in the Indecision Creek shear zone at ca. 118 Ma, and deformation at 

upper-amphibolite facies lasted in the Mount Daniel shear zone until ca. 

110–106 Ma. A compilation of geochronological and structural data from 

the middle and lower crust suggests that magmatism generally preceded 

transpressional deformation within the arc, and that high-strain mylonitic 

deformation was associated with a voluminous surge of magmatism and 

the widening of the arc axis to 70 km or more during the peak flare-up 

stage (ca. 120–115 Ma). Highly elongate Separation Point Suite plutons 

in central Fiordland, and syndeformational features in the Puteketeke 

Pluton suggest that melts were focused into a broad, 20-km-wide zone 

of transpressional deformation in the middle crust. Similar, but lower-

volume melt focusing was observed in lower crust (Indecision Creek shear 

zone; Marcotte et al., 2005), indicating that transpressional deformation 

was an important process in transporting lower-crustal melts to shallower 

levels and in controlling the distribution and the geometry of melt storage 

regions at midcrustal levels.
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