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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) 2°Pb/%8U 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.
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INTRODUCTION is uncertainty regarding whether magmatism and deformation are coupled,
and the time scales over which coupling may occur (Vigneresse, 1995;

Cordilleran arcs are locations of continental crust formation and sta- Blanquat et al., 1998; Paterson and Schmidt, 1999; Schmidt and Pater-

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

*Corresponding author: joshua.schwartz@csun.edu

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
etal. (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
etal., 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) 2°Pb/?**U 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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Figure 1. Geological map of the Fiordland sector of the Median Batholith, New Zealand. Study areas in northern Fiordland
(Fig. 2A) and central Fiordland (Fig. 2B) are indicated by black squares (modified after Turnbull et al., 2010).
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northern Fiordland, the Milford Gneiss (part of the Arthur River Complex)
contains intensely metamorphosed and partially melted Late Devonian
gneisses, which were subsequently intruded by Mesozoic plutonic rocks
(Tulloch et al., 2011). Mesozoic plutonic rocks are subdivided into two
belts (outboard and inboard), which are separated by the Grebe mylonite
zone and its northern continuation, the Indecision Creek shear zone (Mar-
cotte et al., 2005; Allibone et al., 2009a; Scott et al., 2011; Scott, 2013).
These plutonic belts are composed of four different magmatic suites: (1)
the inboard Western Fiordland Orthogneiss, which represents the deep-
est exposed portions of the arc (129-115 Ma; 35-65 km; Allibone et al.,
2009b; De Paoli et al., 2009; Schwartz et al., 2016, 2017; Bhattacharya
et al., 2018); (2) the inboard and outboard Separation Point Suite, com-
posed of midcrustal calc-alkaline tonalites and granodiorites with high Sr/Y
(>40) ratios (129-110 Ma; 15-35 km; Scott and Palin, 2008; Allibone et
al., 2009a; Scott et al., 2009; this study); (3) the inboard Rahu Suite, con-
sisting of upper- to midcrustal, Early Cretaceous I- and S-type granites
(135-115 Ma; Golan et al., 2005; Allibone et al., 2009b; Ramezani and
Tulloch, 2009); and (4) the inboard and outboard Darran Suite, with low-
St/Y, Triassic to Early Cretaceous calc-alkaline plutons (235-136 Ma;
15-35 km; Kimbrough et al., 1994; Muir et al., 1998; Allibone et al., 2009a).
In this study, we focused on magmatism associated with the inboard and
outboard Separation Point Suite in central Fiordland (Figs. 1-2).
Several major intrabatholithic, transpressional shear zones were active

before, during, and immediately after Cretaceous plutonism. In Fiordland

and Stewart Island, these include, from north to south, the Anita shear
zone (Klepeis et al., 1999; Czertowicz et al., 2016), Indecision Creek shear
zone (Klepeis et al., 2004; Marcotte et al., 2005), the Mount Daniel shear
zone (Klepeis et al., 2004), the George Sound shear zone (Klepeis et al.,
2004), the Grebe mylonite zone (Figs. 2A-2B; Scott et al., 2011), and the

Gutter shear zone (Stewart Island; Allibone and Tulloch, 2008). Scott et
al. (2011) interpreted the Grebe mylonite zone as the boundary between

the inboard and outboard belt in central Fiordland (Scott et al., 2011), and

Marcotte et al. (2005) suggested that the Indecision Creek shear zone was

the northern boundary between the inboard and outboard belts (Figs. 1

and 2). Both shear zones are described as transpressional in nature (Mar-
cotte et al., 2005; Allibone and Tulloch, 2008; Scott et al., 2011; Klepeis

et al., 2016), with the Indecision Creek shear zone and Grebe mylonite

zone exposing lower and middle crust, respectively. Here, we focused on

resolving temporal and spatial relationships between voluminous Early
Cretaceous metamorphism and the development of these shear zones in

central (middle crust) and northern Fiordland (lower crust).

METHODS
Sampling

Samples were collected from Lake Manapouri and Lake Te Anau
in central Fiordland in January 2017 (Fig. 2B). Samples collected for
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Figure 2. (A) Detailed geologic map of northern Fiordland and major structural features. (B) Detailed geologic map of central Fiordland and major struc-
tural features (modified after Turnbull et al., 2010). SPS —Separation Point Suite.
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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 *’Pb/?*Pb and ***U/?Pb data.

The 2*Pb/*8U 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 *"Pb/*%Pb 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 2’Pb/?*Pb and 2**U/**Pb 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% (26). The activity of TiO, was assumed to be 0.7,
based on the scarce presence of rutile or ilmenite in analyzed samples,
and the activity of SiO, 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 (S,), (2) subsolidus deformation in low- and moderate-strain zones
characterized by shallowly dipping foliations (S,) and shallowly plung-
ing lineations (L,), and (3) subsolidus deformation in high-strain zones
characterized by moderately to steeply dipping foliations (S,) and linea-
tions (L,) 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 (S,). 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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TABLE 1. SUMMARY OF STRUCTURAL AND GEOLOGICAL FEATURES IN CENTRAL FIORDLAND, LAKE TE ANAU AND LAKE MANAPOURI AREAS

Events Unit Structures Orientations
S, Puteketeke Pluton Magmatic foliations in tonalite and granodiorite Striking 019°-085°, dipping 28°-54° southeast
S, Refrigerator Orthogneiss; Lake Coarse- to medium-grained, subsolidus deformation in tonalite. ~ Striking 097°-166°, dipping 46°-90° southwest
Hankinson Complex Weak foliation with hbl, bt. Slightly aligned ttn in the fabric.
L, Mineral stretching lineations with aligned hbl, bt, ttn Southward trend with shallow south plunging 12°-40°
S, High-strain mylonite zones (Lake Moderate to strong mylonitic foliations with hbil, bt, ttn, czo. North-striking 65°-86°, west dipping
Manapouri mylonites; Lake Te Anau Aligned ttn in the fabric.
mylonites)
L, Mineral stretching lineations with aligned hbl, bt, ttn, czo Southern trend with moderate south plunging 45°-65°

Note: Mineral abbreviations are after Whitney and Evans (2010): bt—biotite; czo—clinozoisite; hbl—hornblende; tth—titanite.
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Figure 3. Geologic cross sections of central Fiordland. See Figure 2B for cross-section locations. (A) North shore South
Fiord, Lake Te Anau (A-A’). (B) North shore of Lake Manapouri including North Arm (B-B’). (C) South Arm, Lake Manapouri

(C-C’). WAL—West Arm Leucogranite.
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Figure 4. Representative field photographs of structures and corresponding zircon dates where available. (A) Folded magmatic layer-
ing in the Puteketeke Pluton (South Arm, Lake Manapouri). (B) Close-up view of weak magmatic layering defined by alignment of
biotite, hornblende, and plagioclase (South Arm, Lake Manapouri). Foliation is interpreted to have formed at 122.8 Ma. (C) Weakly
foliated, Refrigerator Orthogneiss in low-strain zone cut by various postkinematic dikes (east side of North Arm, Lake Manapouri).
The Refrigeration Orthogneiss gave a zircon date of 127.4 Ma, and a crosscutting dike yielded an age of 121.8 Ma, which is similar
our dates from the Puteketeke Pluton to the south. (D) Close-up view of low-strain, subsolidus foliation in Refrigerator Orthogneiss
defined by alignment of biotite, hornblende, and recrystallized plagioclase. Zircons from this rock yielded an age of 129.1 Ma for the
timing of igneous crystallization. (E) Example of a high-strain zone in Murchison intrusives (western South Fiord, Lake Te Anau, north
shore). Mylonitic foliation (S2) is defined by recrystallized plagioclase and alignment of biotite and hornblende. Foliation is steeply
dipping and is cut by late, greenschist-facies cataclastic shear bands. (F) Close-up view of subvertically dipping, high-strain zone in
the Murchison intrusives showing protomylonitic texture defined by aligned biotite, hornblende, and recrystallized plagioclase and
quartz (central South Fiord, Lake Te Anau, north shore).
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observed no evidence for subsolidus deformation of quartz or plagioclase.
Plagioclase laths are commonly oriented parallel to the magmatic fabric.
Lowr-strain fabrics (S, and L,). These fabrics are defined by more
than 50% porphyroclasts, with a fine-grained, recrystallized matrix sur-
rounding larger grains. Low-strain fabrics at the outcrop scale have coarse
foliations and weak stretching lineations. Subsolidus foliations (S,) strike
097°-166° and have dips of 28°-54° southwest (Figs. 4C—4D). Scott et
al. (2011) reported that similar foliations in the Refrigerator Orthogneiss
and adjacent Lake Hankinson Complex are folded about axes that plunge
on average 15° toward 198°. Mineral stretching lineations (L,) observed
in this study are defined by aligned biotite and hornblende and have
shallow to moderate southward-trending plunges ranging from 12° to 40°
consistent with development during folding. In the Refrigerator Orthog-
neiss, foliations range from aligned subhedral oligoclase and hornblende
laths with little internal strain to more intensely deformed oligoclase and
quartz grains. The unstrained fabrics, interpreted by Scott et al. (2011) as
hypersolidus fabrics, are overprinted by discontinuous lenses of recrystal-
lized plagioclase and quartz that occur in a matrix of finer-grained biotite,
K-feldspar, titanite, and ilmenite (Fig. 4D). Titanite is generally euhedral
and lacks evidence for recrystallization (Fig. 5). In contrast, quartz and
plagioclase microstructures show evidence for undulose extinction and
development of lobate grain boundaries and subgrains. Both weak and
more intense subsolidus fabrics are cut by syn- and postkinematic felsic
dikes, particularly in North Arm, Lake Manapouri (Fig. 4C).
High-strain fabrics (S, and L,). These fabrics were identified in
mylonitic rocks in Lake Manapouri, and in schists, gneisses, and mylonites
in South Fiord of Lake Te Anau (Figs. 4E—4F). We collectively refer to

17NZ12
Refrigerator Orthogneiss |
,.'. - - -
';.
-
.

17NZ25A

Refrigerator Orthogneiss
AZ S

the fabrics as the “Lake Manapouri mylonites” and the “Lake Te Anau
mylonites,” though they include schistose, gneissic, mylonitic, and ultr-
amylonitic fabrics. These higher-intensity fabrics contrast with the weak,
subsolidus deformational fabrics that characterize the Refrigerator Orthog-
neiss (cf. Fig. 4D vs. Figs. 4E—4F). In general, higher-strain fabrics are
moderately to steeply dipping and parallel the overall trend of the Median
Batholith. In South Fiord, Lake Te Anau, high-strain fabrics occur over an
~20-km-wide zone and display north-striking and moderately to steeply
west-dipping (45°-84°) S, foliations with moderately (47°-64°) south-
west-plunging L, mineral lineations. S, foliations occur throughout all
rocks mapped as Darran Suite on the north shore of South Fiord, including
the Lake Hankinson Complex and the Hunter and Murchison intrusives.
No high-strain zones were observed in the Takahe Pluton, located at the far
east end of South Fiord. S, fabrics in the Darran Suite are typically defined
by clusters of plagioclase, quartz, biotite, hornblende, and minor anhedral
titanite. At the boundary between the Hunter and Murchison intrusives,
deformation is focused into a distributed, ~3-km-wide shear zone, which
contains several discrete high-strain zones that grade from mylonite to
ultramylonite (Figs. 2B and 3; McGinn, 2018). Mylonitic foliations in
this shear zone primarily strike NE-SW and dip moderately to steeply SW.
Mineral stretching lineations plunge moderately toward the S-SW and
steepen from west to east in the shear zone (McGinn, 2018). In this zone,
high-strain mylonites are particularly well developed in muscovite- and
biotite-bearing granitic gneisses that contain conspicuous rutilated quartz.
In Lake Manapouri, high-strain fabrics also occur in granitic gneisses

in South Arm, some of which contain rutilated quartz, along with biotite
and plagioclase, with trace amounts of apatite, muscovite, epidote, and

17NZ100 NF
\Puteketeke Pluton R

LT

FIEETVLAL T O e O

[17NZ11
[Refrigerator Orthogneiss ¢

Figure 5. Representative plane-polarized light images of type | titanites. Samples are from Refrigerator Orthogneiss (low-strain fabrics)
and Puteketeke Pluton (magmatic fabrics); ttn —titanite. White circles are laser-ablation spots.
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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 (S,) 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 (S,) 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 (S,) and dikes are transposed par-
allel to a penetrative gneissic foliation (S,). 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 S, foliations, and mineral lineations plunge moderately to the
north, south, and southwest. S, foliations are overprinted by a series of
upright, northwest-verging folds and steeply dipping foliations (S,) 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 (S,; 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 S, and S, 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 pm. 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
S, and S, fabrics.

Type Il Titanites (Aligned in S, Fabrics): Anhedral Grains and
Aggregates

Type 1I titanites are typically represented by clusters of anhedral
aggregates with subhedral individual grains (Fig. 6). Titanite grains are
on average 100-400 pum 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 1I 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.!

Type I Titanites (Aligned in S, and S, Fabrics)

Puteketeke Pluton (magmatic fabric S,). 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 **Pb/>*U 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 S,). Samples from
the Refrigerator Orthogneiss (17NZ12, 17NZ11, 17NZ124A, 17NZ25A)
contain titanite grains with average diameter between 100 and 200 um and

'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 qz, plg, bt, hbl, ttn, zrn, czo South Fiord, Lake Te Anau
postkinematic felsic dike.

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

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

17NZ25A Refrigerator Orthogneiss hbl-bt tonalite Moderate foliation S, Low strain. Ttn aligned with S,. plg, gz, kfs, gz, bt, hbl, ttn, ap, zrn, opq  South Fiord, Lake Te Anau
Localized anastomosing bands of qz-plg.

17NzZ25B Refrigerator Orthogneiss pegmatite dike (postkinematic) Postkinematic dike. Cuts fabric in host. plg, kfs, gz, zrn South Fiord, Lake Te Anau

17NZ31A Murchison intrusives hbl diorite gneiss Moderate to strong foliation S,. High strain. Fine- plg, gz, hbl, chl, czo, ttn, opq South Fiord, Lake Te Anau
grained hbl diorite.

17NZ31B Murchison intrusives granitic dike (synkinematic)  Synkinematic dike. Oriented semiparallel to the plg, kfs, gz, zrn South Fiord, Lake Te Anau
mylonitic fabric in host.

17NZ40 Murchison intrusives diorite mylonite Moderate to strong foliation S,. High-strain. Fine- plg, gz, hbl, chl, czo zrn, opq, ser South Fiord, Lake Te Anau
grained diorite. Chl and ser as secondary minerals.

17NZ43A Murchison intrusives diorite mylonite Moderate to strong foliation S,. High strain. Mylonite plg, gz, hbl, chl, czo, ap, ttn, opq South Fiord, Lake Te Anau
medium-grained. Ttn aligned in fabric.

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 S, Moderate to high strain. plg, gz, hbl, chl, czo zrn, opq South Fiord, Lake Te Anau

17NZ55A Hunter intrusives hbl-bt tonalite mylonite Strong S, foliation. Medium-coarse tonalite. High-strain qz, plg, hbl, bt, ttn, czo, chl, ser South Fiord, Lake Te Anau
mylonite. Chl and ser as secondary minerals. Ttn
aligned with S,.

17NZ60 Hunter intrusives hbl diorite mylonite Strong S, foliation. High strain. Medium-coarse diorite plg, hbl, bt, gz, ttn South Fiord, Lake Te Anau
mylonite. Ttn aligned with S,.

17NZ72A Hunter intrusives hbl diorite protomylonite Weak to moderate S, foliation. Fine-grained plg, gz, hbl, bt, ttn, czo South Fiord, Lake Te Anau
protomylonite. Ttn aligned with S,.

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

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

17NZ94 Lake Manapouri mylonite bt-hbl diorite mylonite Moderate foliation S, High strain. Ttn aligned with S,. plg, gz, bt, hbl, chl, czo zrn, opq South Arm, Lake Manapouri
Localized anastomosing bands of qz-plg.

17NZ95B Lake Manapouri mylonite hbl-bt diorite mylonite Strong S, foliation. High strain. Medium-grained diorite plg, gz, hbl, bt, ttn, opq, zrn, czo South Arm, Lake Manapouri
mylonite. Quartz-rich band. Ttn aligned with S,

17NZ96 Lake Manapouri mylonite bt diorite mylonite Strong S, foliation. High strain. Fine-grained hbl diorite plg, gz, bt, hbl, ttn, zrn, ap, czo, ser South Arm, Lake Manapouri
mylonite. Ttn-rich band. Ttn aligned with S,.

17NZ98 Puteketeke Pluton bt granodiorite Weak S, foliation. Bt-granodiorite with weak magmatic plg, kfs, gz, bt, ap, zrn, opq South Arm, Lake Manapouri
foliation.

17NZ100 Puteketeke Pluton bt tonalite Weak S, foliation. Bt-granodiorite with magmatic plg, kfs, gz, bt, ap, ttn, zrn, opq South Arm, Lake Manapouri
foliation (alignment of bt). Moderate alignment of ttn.

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

17NzZ114 West Arm Leucogranite hbl-bt tonalite Weak fabric S, defined by alignment of bt. plg, kfs, gz, bt, czo, ttn, zrn, ap, opq West Arm, Lake Manapouri

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

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

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

17Nz127 Refrigerator Orthogneiss pegmatite dike (postkinematic) Undeformed bt granitic dike. plg, kfs, gz, bt, opq, ttn, ap, zrn West Arm, Lake Manapouri

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

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

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

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

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

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

0308F Mount Daniel shear zone grt diorite gneiss High-strain gneiss. plg, gz, 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; opg—opaque
mineral; plg—plagioclase; gz—quartz; ser—sericite; tth—titanite; zrn—zircon. Unit names follow Turnbull et al. (2010).
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Figure 6. Representative plane-polarized light images of type Il titanites. Samples are from Hunter intrusives, Lake Manapouri mylonites,
and the Mount Daniel shear zone; ttn —titanite. White circles are laser-ablation spots.

lower-intercept dates clustering at 122—117 Ma (Figs. 8C-8F). Seventy-
seven titanite grains from sample 17NZ12 plot along a discordia array
with a large MSWD (7.6), indicating greater scatter than can be accounted
for by analytical uncertainties alone. Anchoring of the upper intercepts
at 2"Pb/?*Pb = 0.80 and 0.72 produces two discordia arrays with lower-
intercept ages of 120.3 + 0.4 Ma (MSWD = 7.6) and 118.3 + 0.4 Ma
(MSWD = 7.6), respectively. Titanites from sample 17NZ11 yielded a
single discordia array with a lower-intercept **Pb/>8U age of 121.4 + 1.4
Ma (MSWD = 1.2) from 28 spots. Analyses from sample 17NZ124A plot
along a discordia array (48 spots) with a lower-intercept *°Pb/**$U age of
117.3 + 0.8 Ma (MSWD = 1.6). Seventy-two titanite grains from sample
17NZ25A plot along a discordia array with a lower-intercept *°Pb/>*U
age of 120.8 = 1.5 Ma (MSWD = 0.8). Scott et al. (2009) reported a
lower-intercept date of 120.7 + 3.1 Ma, which lies within error of our
ages reported here.

Type Il Titanites (Aligned in S, Fabrics)

Lake Manapouri mylonites. Two samples (17NZ95B, 17NZ96) were
collected from high-strain zones in South Arm, Lake Manapouri. Titanite
grains from these samples show average diameters between 300 and 400
um and form anhedral aggregates aligned with the fabric S, (Fig. 6). Forty
titanite grains from sample 17NZ95B yielded a lower-intercept **°Pb/>*$U
age of 117.1 £ 3.2 Ma (MSWD = 2.3; Fig. 8G). This sample contains an
inherited Pb component (or composition) that defines an older population

with a lower-intercept 2°Pb/>*U age of 307.7 + 3.7 Ma and MSWD = 28.
Eighteen titanite grains from sample 17NZ96 plot along a discordia array
with a lower-intercept 2*Pb/**U age of 122.3 + 1.8 Ma (MSWD = 2.3;
Fig. 8H). This sample also contains a poorly defined older population.

Lake Te Anau mylonites. Six samples (17NZA3A, 17NZ60, 17NZ55A,
17NZ72A, 17TNZ31A, 17TNZ4A) were collected in South Fiord, Lake Te
Anau, where series of diffuse high-strain, gneissic to mylonitic shear zones
were identified. Based on our U-Pb zircon data (see below), these dif-
fuse shear zones are hosted in Carboniferous and Jurassic dioritic rocks.
Sample 17NZ43A yielded a lower-intercept **Pb/*¥U age of 123.2 +9.6
Ma (MSWD = 0.4) from 29 spots (Fig. 81). Twenty-eight analyses from
sample 17NZ60 form a discordia array with a lower-intercept *°Pb/*8U
date of 116.3 = 1.7 Ma (MSWD = 0.4; Fig. 8J). Titanite grains from
sample 17NZ31A yielded a titanite 2*Pb/?**U date of 125.7 + 7.4 Ma
(MSWD =0.6) from 37 grains (Fig. 8K). Forty titanite analyses from sam-
ple 17NZAA plot along a discordia array with a lower-intercept 2°Pb/>$U
date of 125.3 + 1.4 Ma (MSWD = 4.2; Fig. 8L). Thirty-four analyses
from sample 17NZ55A plot along a discordia array with a lower-intercept
206pp/238U date of 146.8 +2.3 Ma (MSWD = 2.4; Fig. 8M). Sixty-six spots
in sample 17NZ72A yielded a lower-intercept 2°°Pb/>*U age of 130.8
+ 1.8 Ma (MSWD = 1.1; Fig. 8N).

Indecision Creek and Mount Daniel shear zones (northern Fiord-
land). Thirty spots from sample 2013K1 from the western margin of the
Indecision Creek shear zone (Fig. 2A) yielded a lower-intercept 2*°Pb/*8U
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Figure 7. Backscattered electron images of representative titanite grains with individual spots. Black numbers represent
common Pb-corrected 2°°Pb/2®U dates (Ma), and red numbers represent model temperatures (°C) calculated using the
pressure-dependent zirconium-in-titanite thermometer of Hayden et al. (2008).

age of 119.8 + 2.0 Ma (MSWD = 5.9; Fig. 80). Eight spots with high
common Pb and low radiogenic Pb values were excluded because they
do not lie along the same discordia array. From the Mount Daniel shear
zone, 42 spots from sample 0308F plot along a discordia array with a
lower-intercept 2*Pb/**U date of 111.1 = 1.2 Ma (MSWD = 0.7, Fig. 8P).
One analysis yielded a younger date and was excluded from this array.
Sample 0308L1 spots plot along a discordia array (30 analyses) with a
lower-intercept 2°Pb/>*¥U date of 105.5 + 3.6 Ma (MSWD = 1.1; Fig. 8Q).

Titanite Geochemistry and Thermometry

Titanite trace-element geochemical data show that titanite grains
form two distinct groups that correlate with microscopic textures
(Figs. 9A-9F). Type I titanites are distinguished by enrichment in light
rare earth elements/heavy rare earth elements (LREEs/HREEs), whereas
type Il titanites display a distinctive depletion in LREE/HREE (cf. Fig. 9A
and 9D). Type I samples generally have either weak positive or negative
europium (Eu) anomaly, and type II titanites consistently have no Eu
anomaly (Ew/Eu* = +Sm x Gd). In general, type I titanites display a
positive correlation between temperature and La concentrations, reflecting
fractional crystallization processes (Fig. 9B). Type I titanites also generally
exhibit a broad intrasample Zr-in-titanite temperature range (50-150 °C)
and give sample-average temperatures ranging from ~675 °C to 700 °C,

with 10 standard deviations ranging from 4 °C to 7 °C (Figs. 9B-9C;
Table 3). Type II titanites generally show a more restricted intrasample
temperature range (~50-100 °C) and give overlapping to somewhat lower
sample-average temperatures ranging from ~610 °C to 700 °C, with 16
standard deviations ranging from 4 °C to 8 °C (Figs. 9E-9F; Table 3).
Compared to type I titanites, type II titanites have much lower La concen-
trations and La/Sm values (cf. Figs. 9B-9C with Fig. 9E-9F).

Zircon SHRIMP-RG Geochronology

Separation Point Suite

Zircon crystallization ages from five plutons in central Fiordland were
determined in order to constrain the timing of Separation Point Suite
magmatism associated with the high-magma-addition-rate event. In
some instances, postkinematic dikes were dated to place minimum time
constraints on the timing of subsolidus deformation. Examples of zircon
cathodoluminescence images and SHRIMP-RG spot analysis locations
are shown in Figure 10. Concordia diagrams are given in Figure 11. Data
are summarized in Table 4 and in the Data Repository.

Refrigerator Orthogneiss
Three tonalitic samples were collected from the Refrigerator Ortho-
gneiss (17NZ12, 17NZ25A, 17NZ124A) in Lake Te Anau and Lake
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Figure 8. Tera-Wasserburg concordia diagrams showing titanite data. Concordia diagrams show all spots (including
rejected spots in white). Error ellipses are shown at 2¢ total uncertainty for spot analyses. MSWD —mean square of
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Figure 8 (continued).
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Manapouri. Zircon grains display average diameters between 50 and
150 um and aspect ratios of 1:1-1:2, with subhedral to euhedral crystal
habit and a few low-U rims. Sample 17NZ12 yielded an error-weighted
average date of 128.8 + 1.7 Ma (MSWD = 2.8) from 10 individual zir-
con analyses (Fig. 11A), excluding one statistically younger date (117
Ma). Eight spots from sample 17NZ25A were analyzed and yielded an
error-weighted average 2*Pb/?*U date of 129.2 + 1.7 Ma (MSWD =0.8;
Fig. 11B). Sample 17NZ124A (n = 10) yielded an error-weighted aver-
age 2Pb/*#U date of 127.4 + 1.3 Ma (MSWD = 2.0; Figs. 10 and 11C).

Zircons from three post-S, pegmatite dikes (17NZ127, 17NZ25B,
17NZ124B) display subhedral to euhedral crystal habit, chaotic patchy
zoning, and low-U domains. From sample 17NZ127, seven spots yielded
an error-weighted average *Pb/*%U date of 112.7 + 1.3 (MSWD = 1.2;
Fig. 11D). Two xenocrystic zircons giving ages of 128—122 Ma were
excluded. Sample 17NZ25B yielded an error-weighted average 2°Pb/>#U
date of 124.1 £ 1.4 (MSWD = 2.8) from seven spots analyzed (Fig. 11E).
One statistically younger spot (116 Ma) was excluded in the weighted
average age calculation. Sample 17NZ124B yielded an error-weighted
average °Pb/>8U date of 122.0 = 0.9 (MSWD = 2.2) from seven spots
analyzed (Fig. 11F). One much younger date (ca. 110 Ma) was rejected
as an outlier.

Puteketeke Pluton

Two granodioritic samples were collected from the Puteketeke Pluton
(17NZ98, 17NZ100). Zircons from sample 17NZ100 yielded an error-
weighted average *°Pb/>%U age of 122.6 = 1.4 Ma (MSWD = 2.7) from
nine spots analyzed (Figs. 10 and 11G). Seven zircons from sample
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Figure 8 (continued).

17NZ98 were analyzed and yielded an error-weighted average *°Pb/>$U
age of 122.0 £ 1.6 Ma (MSWD = 0.4; Fig. 11H).

West Arm Leucogranite

The West Arm Leucogranite is a composite unit that consists of orthog-
neisses (samples 17NZ114 and 17NZ134) and dikes and small plutonic
bodies exposed at shore level in Lake Manapouri (samples 17NZ117 and
17NZ137), and larger granitic to granodioritic plutons at higher elevations
(samples 17NZ139, 17NZ140, and 17NZ141).

From the orthogneisses, 10 zircons from sample 17NZ114 yielded an
error-weighted average *Pb/**U date 123.9 + 1.5 Ma (MSWD = 1.5;
Fig. 111). Six grains from 17NZ134 yielded a concordant error-weighted
average **Pb/**U age of 122.5 + 1.8 Ma (MSWD = 1.4; Fig. 11J). Three
statistically younger grains ranging from 116 to 112 Ma were excluded
from the weighted average age calculation.

From the dikes and smaller felsic intrusive bodies, sample 17NZ137
recorded a **Pb/>¥U age of 113.2 + 1.3 Ma (MSWD = 3.8) from five
zircon spots (Figs. 10 and 11K), with one grain yielding a statistically
younger date of ca. 101 Ma. Sample 17NZ117 yielded five concordant
dates in five spots with an error-weighted average age of 113.3 £ 1.6 Ma
(MSWD = 1.7; Fig. 11L).

From the more massive granodioritic bodies, four of 10 spots analyzed
from sample 17NZ139 yielded an error-weighted average **Pb/>*8U age
of 110.3 £ 1.6 Ma (MSWD = 2.3; Fig. 11M). This sample contained a
number of xenocrystic zircons with dates of ca. 130-123 Ma, 267 Ma,
320 Ma, and 361 Ma. Sample 17NZ140 yielded an error-weighted aver-
age °Pb/>%U age of 116.9 = 1.8 Ma (MSWD = 1.4) from six spots
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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 Titanite Date MSWD No. of TemperatureS  SD Location
classification type (Ma; 2 SE) titanitet (‘'C) (10)
17NZ100 P89982 Puteketeke Pluton bt tonalite Magmatic (S,) Type | 118.4+1.3 0.8 100 694 4 South Arm, Lake Manapouri
17NZ104 P89988 Puteketeke Pluton bt tonalite Magmatic (S,) Type | 115.7+1.4 1.5 32 697 4 South Arm, Lake Manapouri
17Nz12 P89881 Refrigerator Orthogneiss hbl-bt tonalite Low strain (S;) Type | 122.3+0.4 7.7 72 700 7 South Fiord, Lake Te Anau
17Nz12 P89881 Refrigerator Orthogneiss hbl-bt tonalite Low strain (S,) Type | 118.3+ 0.4 7.7 72 700 7 South Fiord, Lake Te Anau
17NZ11 P89880 Refrigerator Orthogneiss hbl-bt tonalite Low strain (S;) Type | 121.4+£15 1.2 28 682 6 South Fiord, Lake Te Anau
17NZ25A P89896 Refrigerator Orthogneiss hbl-bt tonalite Low strain (S,) Type | 120.8+15 0.8 62 674 7 South Fiord, Lake Te Anau
17NZ124A P90007 Refrigerator Orthogneiss bt tonalite Low strain (S,) Type | 117.3+0.8 1.6 48 683 7 West Arm, Lake Manapouri
0213K1 P70481 Indecision Creek shear zone grt diorite gneiss Low strain (S;) Type Il 119.8 +2.0 5.9 30 665 5 Steep Hill, Northern Fiordland
0308L1 P70518 Mount Daniel shear zone bt diorite schist Low strain (S,) Type 105.5 + 3.6 1.1 33 689 8  Mount Daniel, Northern Fiordland
0308F P70512 Mount Daniel shear zone grt diorite gneiss High strain (S,) Type Il 1111+ 1.2 0.7 42 631 7  Mount Daniel, Northern Fiordland
17NZ4A P89869 Lake Hankinson Complex bt gneiss High strain (S,) Type Il 1253+ 1.4 4.2 40 690 5 South Fiord, Lake Te Anau
17NZ31A P89897 Murchison intrusives hbl diorite mylonite High strain (S,) Type Il 1257+ 7.4 0.6 37 620 6 South Fiord, Lake Te Anau
17NZ43A P89913 Murchison intrusives diorite mylonite High strain (S,) Type Il 123.2+9.6 0.4 21 608 6 South Fiord, Lake Te Anau
17NZ55A P89930 Hunter intrusives hbl-bt tonalite mylonite  High strain (S,) Type Il 146.8 £ 2.3 2.4 34 637 4 South Fiord, Lake Te Anau
17NzZ60 P89934 Hunter intrusives hbl diorite mylonite High strain (S,) Type Il 116.3+1.7 0.4 28 659 7 South Fiord, Lake Te Anau
17NZ72A P89950 Hunter intrusives hbl diorite protomylonite  High strain (S,) Type Il 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 (S,) Type Il 1171 +£3.2 23 40 699 7 South Arm, Lake Manapouri
17NZ95B P89975 Lake Manapouri mylonite hbl-bt diorite mylonite High strain (S,) Type Il 307.7 £ 3.7 28.0 28 699 7 South Arm, Lake Manapouri
17NZ96 P89978 Lake Manapouri mylonite bt diorite mylonite High strain (S,) Type Il 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.

STitanite temperatures calculated from Ti concentrations following Hayden et al. (2008) thermometer.

10000A||||||||||||||

1000

IIIIIIII IIIIIIIII L
Temperature (°C)

N
o

Type | Titanite/Chondrite
8

Temperature (°C)

X 17NZ100 (Puteketeke Pluton)
V' 17NZ11 (Refrigerator Orthogneiss)
<C> 17NZ25A (Refrigerator Orthogneiss)

Figure 9. (A) Chondrite-normalized rare earth
- element abundance patterns for representa-
tive type | titanites. (B) Temperature vs. La
(ppm) for representative type | titanites.

T S T

Ce Nd Sm Gd Dy Er Yb 12 N
la Pr Pm Eu Tb yHo Tm Lu (C) Temperature vs. La/Sm for representative
10000 type | titanites. (D) Chondrite-normalized rare
rrrrrTTT T TS earth element abundance patterns for repre-
Qo 1 750 sentative type Il titanites. (E) Temperature vs.
5 1000 E ;Cf § La (ppm) for representative type Il titanites.
5 3 -~ _ = 700 e (F) Temperature vs. La/Sm for representative
S 100 i § 2 i % %%, X i type Il titanites. SZ—shear zone
O e 5 5 .SZ— .
o E 5 ¥ ¥ ¥ | EGSO_W*%}** |
= 1 & * % 8 A ek
g 10 - 2. = o w
= E I £
[= 3 ) E & 600 4
= i\( 17NZ96 (Lake Manapouri mylonite)| ] — [ i\( @
8 1 2@ 0231K1 (Indecision Creek SZ) —E _ 550 | i
|z‘ © 17NZ43A (Lake Te Anau mylonite) | I
1 | NN N Y N I I N N N N I A | ] 1 1 1 1 500 1 1 1 1 1 1 1
Ce_Nd Sm Gd_Dy Er_Yb 0 50 100 150 200 0.0 02 04 06 0.8

La Pr Pm Eu Tb Ho Tm Lu La (ppm) La/Sm

pue|eaZ MBN ‘Pue|pIOl ‘YNjoyIeq UeIpa 8y} Ul uoissaidsues pue wsnewbely | v 13 yIILIMNG

HJdY3S3d



BURITICAET AL. | Magmatism and transpression in the Median Batholith, Fiordland, New Zealand RESEARCH

17NZ124A 17NZ81
Refrigerator Orthogneiss Takahe Granodiorite

124+2
1222

(oF

12942 130+2 123+3

o o

123i€) ) ; v ‘ o
, (@) :

119£2  128+2

L

o 131+2 128+2  128%2
+
e il 17NZ100

Puteketeke Pluton

IVA\VAEY

West Arm Leucogranite

Figure 10. Representative cathodoluminescence (CL) images for Separation Point Suite and Carboniferous and Darran
Suite samples. White circles (~30 um in diameter) show spots targeted during the sensitive high-resolution mass
spectrometer-reverse geometry (SHRIMP-RG) analyses. Red spots show analyses excluded from error-weighted
average age calculation. Scale bars are 100 pm. Age uncertainty is 16. (Continued on following page.)
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Figure 10 (continued).

(Fig. 11N), and it also had older zircons with dates of ca. 330 and 497 Ma.

Nine grains from sample 17NZ141 yielded a concordant error-weighted
average 2*Pb/>¥U age of 118.0 = 1.1 Ma (MSWD = 2.7; Fig. 110). One
older grain gave a date of 220 Ma.

Takahe Granodiorite

Two tonalites were collected from within the Takahe Granodiorite
(17NZ78B, 17NZ81). Six zircon grains from sample 17NZ81 gave an
error-weighted average *“Pb/>*U age of 123.2 + 1.8 Ma (MSWD = 1.9;
Figs. 10 and 11P). One older grain with a date of 131 Ma was excluded
from the weighted average age calculation. For sample 17NZ78B, nine
analyses yielded an error-weighted average *°°Pb/>*U age of 125.2
+ 1.6 Ma (MSWD = 0.3; Fig. 11Q).

Carboniferous and Darran Suite

Lake Manapouri Mylonites
Two samples, 17NZ94 and17NZ95B, were analyzed from mylonites

on South Arm, Lake Manapouri. Zircons from 17NZ94 yielded an error-
weighted average 2*Pb/>*U age of 336.3 + 3.2 Ma for a population of
luminescent rims and cores (MSWD = 1.6; n = 6; Figs. 10 and 11R). Rims
had Th/U values ranging from 0.5 to 0.7 and overgrew dark cores that had
distinctly higher Th and U concentrations compared to the ca. 336 Ma
population. These dark cores ranged in age from 355 to 364 Ma, and we
interpret them as xenocrysts (Fig. 10). Two other spots were younger (ca.
317 Ma) and likely represent Pb loss. Seven spots analyzed from rims and
interior domains on sample 17NZ95B yielded an error-weighted average
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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 Longitude Unit* Rock type Date MSWD No.of  Temperature$ SD
(°S) (°E) (Ma; 2 SE) zircons't (°C) (10)
17NzZ12 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 3428 +2.5 3.2 6 649 7
17NZ78B P89960 45.341 167.649 Takahe Granodiorite bt granodiorite 1251 +1.7 0.3 9 609 6
17NZ81 P89963 45.340 167.669 Takahe Granodiorite bt granodiorite 1232+ 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 1226 +1.4 27 9 593 6
17NZ114 P89998 45.507 167.349 West Arm Leucogranite hbl-bt tonalite 123.9+15 1.5 10 828 9
17NzZ117 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 1274 +£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
17NzZ127 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 1132+1.3 3.8 5 646 6
17NZ139 P90018 45.565 167.313 West Arm Leucogranite bt granite 110.3+1.6 23 4 712 7
17NZ140 P90019 45.550 167.312 West Arm Leucogranite bt granodiorite 1169+ 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.

SZircon temperatures calculated from Ti concentrations following Watson et al. (2006) thermometer.

206pp/238Y age of 336.3 + 2.4 Ma (MSWD = 1.7; Figs. 10 and 118S), 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 um 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 *Pb/>%U 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
(17NZA43A: M. Ringwood, 2018, per<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>