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ABSTRACT

The exhumed Fiordland sector of Zealandia offers a deep-crustal view
into the life cycle of a Cordilleran-type orogen from final magmatic construc-
tion to extensional orogenic collapse. We integrate U-Pb thermochronologic
data from metamorphic zircon and titanite with structural observations from
>2000 km? of central Fiordland to document the tempo and thermal evolution
of the lower crust during the tectonic transition from arc construction and
crustal thickening to crustal thinning and extensional collapse. Data reveal
that garnet granulite facies metamorphism and partial melting in the lower
crust partially overlapped with crustal thickening and batholith construction
during emplacement of the Western Fiordland Orthogneiss (WFO) from 118
to 115 Ma. Metamorphic zircons in metasedimentary rocks yield 2°°Pb/%¢U
(sensitive high-resolution ion microprobe-reverse geometry) dates of 116.3—
112.0 Ma. Titanite laser ablation split stream inductively coupled plasma-mass
spectrometry chronology from the same rocks yielded complex results, with
relict Paleozoic °Pb/®U dates preserved at the margins of the WFO. Within
extensional shear zones that developed in the thermal aureole of the WFO,
titanite dates range from 116.2 to 107.6 Ma and have zirconium-in-titanite tem-
peratures of ~900-750 °C. A minor population of metamorphic zircon rims and
titanites in the Doubtful Sound region yield younger dates of 105.6-102.3 Ma
with corresponding temperatures of 740-730 °C. Many samples record Creta-
ceous overdispersed dates with 5-10 m.y. ranges. Core-rim traverses and grain
maps show complex chemical and temporal variations that cannot easily be
attributed to thermally activated volume diffusion or simple core-rim crystalli-
zation. We interpret these Cretaceous titanites not as cooling ages, but rather
as recording protracted growth and/or crystallization or recrystallization in
response to fluid flow, deformation, and/or metamorphic reactions during the
transition from garnet granulite to upper amphibolite facies metamorphism.

We propose a thermotectonic model that integrates our results with struc-
tural observations. Our data reveal a clear tectonic break at 108-106 Ma that
marks a change in processes deep within the arc. Prior to this break, arc con-
struction processes dominated and involved (1) emplacement of mafic to in-
termediate magmas of the Malaspina and Misty plutons from 118 to 115 Ma,

(2) contractional deformation at the roof of the Misty pluton in the Caswell
Sound fold-thrust belt from 117 to 113 Ma, and (3) eclogite to garnet granulite
facies metamorphism and partial melting over >8 m.y. from 116 to 108 Ma. These
processes were accompanied by complex patterns of lower crustal flow involv-
ing both horizontal and vertical displacements. After this interval, extensional
orogenic collapse initiated along upper amphibolite facies shear zones in the
Doubtful Sound shear zone at 108-106 Ma. Zircon and titanite growth and/or
crystallization or recrystallization at this time clearly link upper amphibolite
facies metamorphism to mylonitic fabrics in shear zones. Our observations are
significant in that they reveal the persistence of a hot and weak lower crust for
215 m.y. following arc magmatism in central Fiordland. We propose that the ex-
istence of a thermally weakened lower crust within the Median Batholith was a
key factor in controlling the transition from crustal thickening to crustal thinning
and extensional orogenic collapse of the Zealandia Cordillera.

B INTRODUCTION

Extensional collapse of Cordilleran-type orogenic belts is one of the pri-
mary driving mechanisms behind the fragmentation of convergent margins
and the creation of microcontinents and continents (e.g., Zealandia; Mortimer,
2004; Rey and Miiller, 2010). Processes that control extensional orogenic col-
lapse commonly involve a decrease in frictional and viscous stresses due to
changes in plate motions and/or arc root foundering, leading to the develop-
ment of horizontal extension as buoyancy and gravitational stresses become
increasingly important (Dewey, 1988; Rey et al., 2001, 2009; Rey and Mdiller,
2010). Styles of extensional faulting during orogenic collapse depend strongly
on rheological contrasts between the upper and lower crust, and these rheo-
logical variations have a primary control on how and where strain is local-
ized, including the development of detachment faults and gneiss domes (Buck,
1991; Lavier et al., 2000; Whitney et al., 2004; Huismans et al., 2005; Rey et al.,
2009; Platt et al., 2014).

Numerical models that simulate rifting and extensional collapse com-
monly emphasize vertical rheological contrasts and thermal variations within
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the crust as the principal controls on the styles of extensional faulting (e.g.,
Behn et al., 2002; Wijns et al., 2005; Lavier and Manatschal, 2006). In active
Cordilleran-type orogens that are characterized by episodic deformation (con-
traction and extension) and magmatism and metamorphic pulses, the thermal
and rheological structure of the crust changes as a function of magma flux
rate, magma emplacement depth, and cooling rate (Hopper and Buck, 1998;
Vanderhaeghe and Teyssier, 2001; Rey et al., 2001, 2009). Thus, styles of fault-
ing in collapsing Cordilleran-type orogens are temporally linked to the evolv-
ing thermal and rheological structure of the crust, particularly the lower crust
where magmatic activity is abundant, and heat flow and thermal weakening
processes are dominant.

The concept of a thermally and rheologically evolving lower crust raises a
number of questions regarding how strain is linked to the thermal structure of
the crust and how it is accommodated during the collapse of orogenic belts.
For example, over what time scales do thermal perturbations, including partial
melting and high-temperature metamorphism, persist in the roots of orogens?
How does the thermal structure of the lower crust change during ductile faulting
and crustal thinning? What are the spatial dimensions of thermal perturbations
and how long do they last? To what degree do mineral chronometers record
passage through a closure temperature versus growth and/or crystallization or
recrystallization in response to fluid flow, deformation and/or metamorphic re-
actions? How and where is strain focused during progressive metamorphism
and cooling of the lower crust during extensional orogenic collapse?

To address these questions, we use titanite and zircon chronology and ther-
mometry to investigate time scales and rates of metamorphism and the
thermal structure of lower arc crust during collapse of the Fiordland sector of
the Gondwana margin in the Cretaceous (Figs. 1 and 2). Here we use extensional
orogenic collapse to refer to the tectonic transition from crustal thickening to
crustal thinning and extension that eventually led to the rifting of Zealandia from
Gondwana. Fiordland is unique among exposures of extended Zealandia (e.g.,
Mortimer, 2004) in that it preserves >5000 km? of lower crust that underwent
granulite facies metamorphism and extensional collapse immediately follow-
ing a high-flux magmatic event. Extensional faults related to orogenic collapse
are not typically preserved in extended orogens (e.g., Kapp et al., 2008); how-
ever, in Fiordland, lower crustal extension was accommodated along a series of
well-preserved, anastomosing low-angle shear zones that record an evolution of
fabric development from disorganized shearing at eclogite and garnet granulite
facies conditions to organized shearing at upper amphibolite facies conditions
(Klepeis et al., 2007). Two of the most significant lower crustal extensional shear
zones include the Doubtful Sound and Resolution Island shear zones, which con-
sist of gently dipping zones of amphibolite facies mylonites that accommodated
subhorizontal flow associated with crustal thinning, decompression, and cool-
ing (Klepeis et al., 2007, 2016; Klepeis and King, 2009).

Despite a wealth of knowledge about the evolution of lower crustal struc-
tures in Fiordland, there is no consensus regarding when extensional orogenic
collapse initiated and ceased, what structures accommodated extension in the
deep crust, or the relationship between metamorphism and rheological transi-

tions through time (e.g., Flowers et al., 2005; Klepeis et al., 2007; Stowell et al.,
2014). The controversial thermotectonic history of Fiordland is illustrated in Fig-
ure 3, which shows two time-temperature models for the lower crust following
the emplacement of the Western Fiordland Orthogneiss (WFO). In the Flowers
et al. (2005) model (expanded upon by Klepeis et al., 2007), contractional thick-
ening of the arc root resulted in granulite facies metamorphism and lower
crustal flow, followed by rapid and short-lived (<6.2 m.y.), near isobaric cooling
from 800 to 650 °C at ca. 116-111 Ma. Progressive localization of strain resulted
in the formation of amphibolite facies mylonitic shear zones during a period of
protracted cooling and exhumation of the arc root from 111 to 90 Ma (dashed
line in Fig. 3). In contrast, in Stowell et al. (2014) it was proposed that the arc
root remained above 800 °C from 116 to 111 Ma (solid line in Fig. 3), during the
interval in which Flowers et al. (2005) proposed rapid cooling below 650 °C. In
the Stowell et al. (2014) model, granulite facies metamorphism and partial melt-
ing persisted through the onset of lower crustal flow and extension at 111 Ma.

Here we use new thermochronologic data from lower crustal rocks sampled
above, below, and within extensional faults to achieve the following specific
goals: (1) determine the age and durations of lower crustal heating and cooling
with the aim of resolving conflicting time-temperature paths; (2) evaluate the
thermal structure of the Cretaceous arc root (40-65 km paleodepth) and how it
has changed over >30 m.y. from 124 to 90 Ma; (3) link the thermal structure to tec-
tonic transitions involving crustal thickening and crustal thinning; and (4) evalu-
ate the timing of extensional orogenic collapse in the deep crust of Fiordland to
middle and upper crustal extensional shear zones in greater Zealandia.

M GEOLOGIC SETTING AND PREVIOUS WORK
Median Batholith and Prebatholithic Host Rocks in Central Fiordland

The South Island of New Zealand preserves a nearly complete exhumed
section of a Mesozoic Cordilleran-type magmatic arc that was active along
the paleo-Pacific margin of Gondwana prior to extensional orogenic collapse
(Fig. 1) (Kimbrough et al., 1993, 1994; Mortimer et al., 1999; Hollis et al., 2004;
Allibone et al., 2009a; Tulloch and Kimbrough, 2003). Arc-related plutonic and
metaplutonic rocks collectively compose the ~10,000 km? composite Median
Batholith (Mortimer et al., 1999), which was emplaced episodically over a
period of ~250 m.y. from the Devonian to Early Cretaceous. In central Fiord-
land, the Mesozoic portion of the western Median Batholith is composed of
variably metamorphosed Early Cretaceous diorite, monzodiorite, and minor
gabbro of the WFO, a major component of the high Sr/Y Separation Point
Suite (Bradshaw, 1989b; Allibone et al., 2009a; De Paoli et al., 2009). Major plu-
tons of the WFO include the Worsley, Misty, and Malaspina plutons as well as
the Breaksea and Resolution Orthogneisses (Fig. 2). The WFO was emplaced
during a short-lived, high-flux magmatic event from ca. 125 to 115 Ma (Mattin-
son et al., 1986; Tulloch and Kimbrough, 2003; Hollis et al., 2003, 2004; Bolhar
et al., 2008; Sadorski, 2015). Batholith construction in central Fiordland was
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Figure 1. (A) Palinspastic reconstruction of the Gondwana margin and Zealandia ca. 100 Ma during extensional orogenic collapse (modified after Mortimer, 2008). Westland, Stewart
Island, and Fiordland typify parts of the shallow to deep crustal components of the Cordilleran-type Gondwanan arc (red shaded belt) prior to orogenic collapse. (B) Inset shows
schematic reconstruction of Westland (upper to middle crust) and Fiordland (middle to lower crust) during extensional orogenic collapse (after Klepeis et al., 2003). HP —Hikurangi
Plateau (green shaded region in A); DSSZ—Doubtful Sound shear zone; RISZ—Resolution Island shear zone; DSDP—Deep Sea Drilling Project; MCC—metamorphic core complex.

synchronous with contractional deformation in northern Fiordland (Pembroke
Valley and Mount Daniel) and in the Caswell Sound fold-thrust belt (Daczko
et al., 2001, 2002; Klepeis et al., 2004).

Prebatholithic host rocks to the WFO consist of variably metamorphosed
and deformed meta-igneous and metasedimentary rocks of the early Paleozoic
Takaka terrane. Metasedimentary rocks are collectively termed the Deep Cove
Gneiss and chiefly consist of quartzofeldspathic paragneiss, marble, calc-sili-
cate, and hornblende-plagioclase gneiss (Oliver, 1980; Gibson, 1992). Based

on correlations with lower grade metasedimentary rocks in Westland (Fig. 1),
northwest South Island (Cooper and Tulloch, 1992), the depositional ages for
the metasedimentary rocks in this sequence are believed to range from Middle
Cambrian to Silurian; however, little age control exists in Fiordland due to
multiple pulses of high-temperature metamorphism. Pre-Cretaceous meta-
igneous rocks consist of Late Devonian-late Carboniferous I-type and S-type
granitic rocks ranging from 371 to 305 Ma (Tulloch et al., 2009a), and minor
Ordovician orthogneiss (Gibson and Ireland, 1996).

Schwartz et al. | Extensional orogenic collapse of Zealandia
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Figure 3. Time-temperature plot for central Fiordland showing competing and conflicting ther-
mal models for the evolution of the lower crust following Western Fiordland Orthogneiss (WFO)
emplacement. In the Flowers et al. (2005) and Klepeis et al. (2007) model, the lower crust cools
rapidly and isobarically in <6.2 m.y. Decompression and extension occur from 111 to 90 Ma. In
contrast, the Stowell et al. (2014) model shows the lower crust remaining hot (>700 °C) and
weak through 110 Ma with no evidence for rapid isobaric cooling during this interval.

Lower Crustal Extensional Structures and Fabric Evolution

Most contacts between the WFO and prebatholithic host rocks are char-
acterized by thin, 10-100 m bands of upper amphibolite facies mylonites that
form branching networks of high-strain extensional shear zones (Gibson et al.,
1988; Klepeis et al., 2007, 2016). Mylonitic marbles and associated paragneisses
are commonly located in the hanging wall of high-strain shear zones and mark
the boundary between the WFO and prebatholithic rocks. Regional mapping in
central Fiordland has led to the recognition of two principal extensional shear
zones, the Doubtful Sound and Resolution Island shear zones (Fig. 2) (Klepeis
et al., 2007, 2016; Allibone et al., 2009a, 2009b). The Doubtful Sound shear zone
has received significant attention in the literature as a possible large-magni-
tude, lower crustal detachment fault (e.g., Gibson et al., 1988; Oliver, 1990);
however, this interpretation is controversial. Gibson and Ireland (1995) argued
that ~9-12 km of middle crust were removed during Early Cretaceous exten-

sion, based on 2.5-3 kbar differences in metamorphic pressure between the
footwall WFO (10-12 kbar) and hanging-wall Deep Cove Gneiss (7-9 kbar).
However, Allibone et al. (2009b) noted that the estimates of large-magnitude
displacements are based on contrasting mineral assemblages that may have
formed at different times; they argued for smaller displacements based on
regional mapping and thermobarometry of preserved intrusive contacts be-
tween WFO and prebatholithic host rocks. Allibone et al. (2009b) concluded
that the WFO intruded the Deep Cove Gneiss at high pressures and that re-
crystallization of adjacent Deep Cove Gneiss occurred within a 200-1000 m
(present thickness) garnet granulite facies thermal aureole of the WFO (also
see Daczko et al., 2009).

Timing of Metamorphism and Extensional Orogenic Collapse

Existing geochronology of metamorphic rocks in central Fiordland docu-
ments three episodes of Paleozoic to Cretaceous high-grade metamorphism:
(1) a low-P-high-T event at 375-355 Ma, (2) a medium-P-high-T event at 340—
315 Ma, and (3) a high-P-high-T event from ca. 125 to 110 Ma (Ireland and Gib-
son, 1998; Klepeis et al., 1999, 2004, 2007; Clarke et al., 2000; Chavez et al., 2007;
Daczko et al., 2009; Stowell et al., 2010, 2014; De Paoli et al., 2009). The former
two events record deformation and metamorphism along the paleo-Pacific
margin of Gondwana and have been linked to events in the Lachlan Fold Belt
in southeast Australia (Gibson, 1992; Foster and Gray, 2000). The last phase of
metamorphism resulted in localized migmatization of prebatholitic host rocks
in the contact aureole of the WFO and localized partial melting of the WFO
(Oliver, 1980; Gibson and Ireland, 1995; Allibone et al., 2009b; Daczko et al.,
2009). Peak Cretaceous metamorphic conditions recorded in central Fiordland
range from 10 to 18 kbar and 800 to 920 °C (Gibson and Ireland, 1995; Hollis
et al., 2004; Klepeis et al., 2007; De Paoli et al., 2009; Stowell et al., 2014).

Lower crustal flow within central Fiordland is recorded by early crystal-
plastic deformation of prograde garnet granulite facies mineral assemblages
(Klepeis et al., 2007, 2016; Betka and Klepeis, 2013). Nine garnet Sm-Nd dates
from partially melted granulites and a garnet pyroxenite interpreted to record
the timing of high-grade metamorphism from 115.6 + 2.2 to 110.6 + 2.0 Ma
(20) were reported in Stowell et al. (2014). One crystal-plastically deformed
clinopyroxene-garnet assemblage yielded an age of 112.8 + 2.2 Ma (2c) at con-
ditions of 14-15 kbar and ~920 °C, indicating that lower crustal flow was under-
way shortly after WFO emplacement (Stowell et al., 2014). Trondhjemitic veins
and garnet reaction zones locally cut early garnet granulite facies foliations.
One trondhjemitic leucosome vein gave a U-Pb sensitive high-resolution ion
microprobe (SHRIMP) zircon date of 114.2 + 2.2 Ma (2c; Hollis et al., 2004).

Evidence for a hot lower crust that persisted for >5 m.y. at granulite facies
conditions following WFO emplacement conflicts with single and multigrain
titanite thermal ionization mass spectrometry dates of 113.4 + 0.4 Ma to
111.1 £ 0.5 Ma (20) that were interpreted by Flowers et al. (2005) to document
rapid lower crustal cooling from ~850-650 °C in <6.2 m.y. without significant
exhumation (Fig. 3). The interpretation of rapid cooling of the arc root was

Schwartz et al. | Extensional orogenic collapse of Zealandia
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based on the assumption that the titanite dates record thermally activated vol-
ume diffusion, a conclusion that we dispute. Based in part on these titanite
dates, Klepeis et al. (2007) proposed that exhumation and extension at upper
amphibolite facies conditions along the Doubtful Sound shear zone occurred
from 111 to 90 Ma. These dates also conflict with a zircon ion probe date of
119 £ 5 Ma (10) from an amphibolite in the same shear zone that Gibson et al.
(1988) interpreted as representing the timing of extension. A K-Ar hornblende
date of 92.6 + 1.8 Ma (2c) was used Gibson et al. (1988) to document cooling
of the footwall to the Doubtful Sound shear zone through ~500-550 °C. By ca.
83 Ma, Zealandia rifted from the proto-Gondwana margin and seafloor spread-
ing had initiated in the Tasman Sea (Gaina et al., 1998; Tulloch et al., 2009b).

Bl METHODS
Sampling Strategy

Our helicopter and boat sampling covers >2000 km? and consists of 15
zircon- and titanite-bearing metasedimentary and metaigneous rocks collected
structurally above, below, and within extensional shear zones including the
Doubtful Sound shear zone (DSSZ) and the Resolution Island shear zone (RISZ)
(Table 1). Shear zone, hanging-wall, and footwall samples consist of 12 calc-
silicates, paragneisses, and amphibolites of the Deep Cove Gneiss (Takaka ter-
rane) and 2 samples from the WFO (Misty pluton and Resolution Orthogneiss).
Shear zone samples include two samples from within the RISZ (12NZ12,
12NZ15), eight samples within the DSSZ (13NZ41b, 12DC04e, 12DC47a,

13NZ61, 14NZ77b), and two samples within splays of the DSSZ at the entrance
to Bradshaw Sound (14NZ13a) and Nancy Sound (13NZ54). Hanging-wall
samples include three samples from above the DSSZ (13VA178a, 12NZ24, and
14NZ11b). Footwall samples include a garnet granulite orthogneiss from the
Resolution Orthogneiss located below the RISZ (12NZ07), and a calc-silicate
below the projection of the DSSZ at Wet Jacket arm (13NZ13c). One paragneiss
was also collected from within a ductile shear zone in the Caswell Sound fold-
thrust belt (13NZ43). A postkinematic dike (14NZ32) from the same area was
also collected to constrain the timing of contractional deformation. (For addi-
tional details regarding samples, see Figs. 4 and 5, Table 1, and the Results
discussion.)

Zircon and Titanite Chronology and Geochemistry

Zircon and titanite were separated following standard methods involving
density (Wilfley table and heavy liquids) and magnetic (Frantz isodynamic
separator) separation techniques at California State University Northridge. Zir-
cons and titanite were mounted in epoxy, ground and polished, and imaged
on a FEI Quanta 600 variable pressure environmental scanning electron mi-
croscope (SEM). Zircons were imaged in cathodoluminescence (CL) using a
Gatan MiniCL detector, and titanite were imaged on a backscattered (BSE)
electron detector. Zircon U-Pb geochronology and trace element analyses (Y,
rare earth elements, Hf) were conducted simultaneously using an average
spot size of ~22-28 ym at the U.S. Geological Survey-Stanford SHRIMP-RG
(reverse geometry) facility (see text in Supplemental File' for analytical
details). Reported zircon dates are the common Pb-corrected 2°°Pb/?*®U dates.

TABLE 1. SAMPLE LOCALITIES AND PETROGRAPHY

Sample Lithology Structure Location Assemblage Deformation and/or Textural Features

12Nz07 Garnet orthogneiss RISZ (footwall) Breaksea Sound Grt-Pl-Hbl-Di-lim-Rt-Ap-Ttn Weak S,; Grt inclusion in Hbl; [Im and Rt inclusion in Ttn; Hbl-PI-Di symplectites.
12NZ13 Calc-silicate gneiss RISZ (shear zone) Breaksea Sound Cal-Di-Grt-PI-Qz-Ttn-Zrc-Ap Weak S;; Cal locally granoblastic and kinked; Ttn to 1 mm weakly aligned with S;.
12Nz15 Calc-silicate gneiss RISZ (shear zone) Breaksea Sound Cal-Di-Grt-PI-Qz-Ttn-Zrc-Ap-Scp Strong S;; Cal recrystallized and kinked.

13NZ13c Calc-silicate gneiss DSSZ (footwall) Wet Jacket Sound Cal-Di-Grt-PI-Qz-Ttn-Zrc-Ap Fine-grained, mylonitic S, fabric.

12DCO04e Paragneiss DSSZ (shear zone) Hall Arm Hbl-PI-Qz-Di-Ep-Ttn-Zrc-Ap Strong S; foliation with Ttn aligned in fabric.

13NZ61 Paragneiss DSSZ (shear zone) First Arm Di-Hbl-PI-Kfs-Ap-Zrc-Ttn-Mag Strong S; with tight isoclinal folds.

14NZ77b Amphibolite DSSZ (shear zone) Cascadia Bay Hbl-PI-Di-Ttn-Ep Ttn aligned in moderate to strong S; fabric; late Ep veins cut fabric.

13NZ54 Calc-silicate gneiss DSSZ (shear zone) Nancy Sound Cal-Di-Hbl-Bt-PI-Qz-Ttn-Zrc-Ap Strong S, foliation; Ttn aligned in fine-grained Cal.

12DC47a Calc-silicate gneiss DSSZ (shear zone) Kellard Point Cal-Di-Grt-PI-Qz-Ttn-Zrc-Ap-Scp Strong S;; Cal recrystallized and kinked; Ttn aligned with S,.

13NzZ41b Calc-silicate gneiss DSSZ (shear zone) Vancouver Arm Cal-Di-Bt-PI-Qz-Ttn-Zrc-Ap Strong S;; Cal recrystallized and kinked; Ttn aligned with S;.

14NZ13a Calc-silicate gneiss DSSZ (shear zone) Bradshaw Sound Cal-Di-Qz-Scp-Ttn-Zrc-Ap Strong S; mylonitic fabric.

12NZ24 Hornblende diorite DSSZ (hanging wall) Marington Peaks PI-Hbl-Bt-Ep-Czo-llm-Mag No evidence for crystal-plastic deformation.

14NZ11b Calc-silicate gneiss DSSZ (hanging wall) Bradshaw Sound Cal-Di-Scp-PI-Qz-Ttn-Zrc-Ap S-C mylonite with strong S, fabric.

13VA178a Calc-silicate gneiss DSSZ (hanging wall) Vancouver Arm Cal-Di-PI-Qz-Bt-Ttn-Zrc-Ap Weak S; fabric; Ttn randomly aligned in fabric.

13NZ43 Paragneiss CS ftb (shear zone) Caswell Sound Di-Hbl-PI-Ca-Qz-Ep-Ap-Zrc-Ttn Moderately foliated with granoblastic overprint.

14NZ32 Granitic dike CS ftb (shear zone) Caswell Sound PI-Kfs-Bt-Ms-Qz-Czo-Zrc Postkinematic dike, cuts mylonitic fabric in host Caswell gneiss.

Note: RISZ—Resolution Island shear zone; DSSZ—Doubtful Sound shear zone; CS ftb—Caswell Sound fold-thrust belt. Mineral abbreviations are after Whitney and Evans (2010): Grt—garnet; Pl—plagioclase; Hbl—hornblende;
Di—diopside; lIm—ilmenite; Rt—rutile; Ap—apatite; Ttn—titanite; Cal—calcite; Qz—quartz; Zrn—zircon; Scp—scapolite; Bt—biotite; Ep—epidote; Czo—clinozoisite; Kfs—K-feldspar; Mag—magnetite; Ms—muscovite.
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Figure 4. Field photos illustrating struc-
tures developed in central Fiordland.
(A) Intrusion of granulitic orthogneiss
into xenoliths of garnet pyroxenite in the
Breal Orth The gr lite is

titic and displays a well-developed
S, foliation. (B) Garnet (Grt) pyroxenite
in the Breaksea Orthogneiss showing in-
ternal S, foliation that disrupts original
cumulate layering (Omp—omphacite).
(C) Migmatitic garnet graunulite host
(Breaksea Orthogneiss) with well-devel-
oped S, foliation. Fine-grained garnet is
developed throughout a plagiocl (PI)
rich matrix. Lenses and layers of ompha-
cite are retrogressed locally to hornblende
(Cpx—clinopyroxene). (D) Relict igneous
layering of fine- and coarse-grained dio-
- i Z 4 ¥ : rite is transposed into tight S; axial planar
5 Cpx + Grt k. g el | G g foliation in the footwall to the Resolution
T B BN | N 3 N ] -~ ' Island shear zone. (E) Angular brecciated
fragments of hornblendite in host dio-
rite (Misty pluton, Nancy Sound) formed
during Western Fiordland Orthogneiss
pl nent. (F) Di inated garnet
in a low-strain migmatitic diorite (Misty
pluton) with garnet-bearing leucosome.
Large (1 cm) garnets have plagioclase
halos. (G) Granodioritic leucosome vein
with gamet reaction zone intruding diorite
(Misty pluton). Leucosome cuts S, foliation
defined by aligned clots of clinopyroxene.
A homblende (Hbl) reaction zone is devel-
oped within 2-3 cm around the leucosome,
suggesting hydration of the host during
vein pl nent. (H) Hornblende diorite
(Misty pluton) located in the hanging wall
of the Doubtful Sound shear zone. Sample
12NZ24 lacks foliation but has strong am-
phibolite facies overprint defined by devel-
opment of green hornblende, epidote (Ep),
clinozoisite, and titanite. Red and white
boxes on scale bar are 1 cm in length.

Grt reaction
zZone
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Zircon trace element data were collected from zircon-bearing calc-silicates and
paragneisses to verify that zircons within extensional shear zones represent
new metamorphic growth and not igneous xenocrysts derived from tectonic
shearing of the adjacent WFO. Results are compared to those of the WFO from
Sadorski (2015).

Titanite chronology and geochemistry were performed at the University
of Santa Barbara laser ablation split stream inductively coupled plasma-
mass spectrometry (LASS, ICP-MS) laboratory following methods outlined in
Kylander-Clark et al. (2013) and Spencer et al. (2013). Titanite ages for samples
are presented as lower intercepts calculated from regression of 27Pb/26Pb—
28/206Pp data using Isoplot 3.75 (Ludwig, 2012). In a few cases where titanites
display limited spread in 27Pb/?5Pb-238U/2Pb, a fixed 2°’Pb/?*Pb value of 0.83
is used to calculate dates. When discussing individual dates, we refer to com-
mon Pb-corrected 25Pb/28U dates whereby common Pb values are based on
either y-intercepts of regressed 2’Pb/2°6Pb—2*¢U/2%Pb data or an assumed value
of 0.83. The quoted dates in the text and tables are assigned 2% absolute un-
certainties based on reproducibility of standards during analyses, except when
comparing analyses within the same sample or grain; in the latter case, un-
certainties are reported as 2 standard error of internal measurements only.

Figure 5. Field photos illustrating structures
developed in extensional shear zones in
central Fiordland. (A) Shallow to moder-
ately dipping calc-silicates and amphibole
schist in Resolution Island shear zone
(RIS2). (B) Isoclinal folding of Deep Cove
Gneiss during shearing in Doubtful Sound
(DSSZ—Doubtful Sound shear zone).
(C) High-strain zone at the entrance to
Nancy Sound where a splay of the DSSZ
shows strong S, foliation developed in
amphibolites, marble, and calc-silicates
(Deep Cove Gneiss). (D) High-strain zone
in the DSSZ (Vancouver Arm) show-
ing clasts of quartzofeldspathic biotite
(gtz-feld. bio) gneiss enveloped within a
mylonitic marble host.

e

DSSZ:Vancouver Arm

Detailed descriptions of the methods for isotopic analysis and sample loca-
tions are provided in the Supplemental File text. Zircon and titanite data are
also reported in the Supplemental File text, and summarized in Tables 2 and 3.
Geochronologic and geochemical data are presented in Figures 6-11.

Titanite Thermometry

We use LASS Zr measurements of titanite and the Hayden et al. (2008) cali-
bration to assess titanite crystallization or recrystallization temperatures. Ana-
lytical uncertainties on Zr measurements range from 5% to 10% (2 standard
error, SE) resulting in temperature uncertainties of 5-10 °C (Supplemental File
text, Supplemental Table 4). Incorporation of pressure and activity uncertain-
ties results in larger temperature uncertainties. For example, all samples con-
tain quartz and zircon (except two mafic orthogneisses, 12NZ07 and 14NZ77b),
fixing the aSiO, and aZrSiO, at unity for most samples. Note that samples
12NZ07 and 14NZ77b yield dates with large uncertainties and consequently
their dates and temperatures are not emphasized in this study. The activity
of TiO, is assumed to be unity; however, this is a maximum because most
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TABLE 2. SUMMARY OF METAMORPHIC ZIRCON AND TITANITE DATES AND TEMPERATURES IN WESTERN FIORDLAND, NEW ZEALAND

Standard
Titanite* Titanite® Error Titanite$ deviation Zircon™ Error Number
Sample type ages (20) MSWD temperatures (10) ages (20) MSWD (spots)
13VA178a P 330.1 6.6 n.a. 754 19 n.d. n.d. n.d. n.d.
104.9 7.4 0.0 699 1
12DC04e P 110.1 4.5 1.6 829 20 n.d. n.d. n.d. n.d.
13NZ43 (e} 113.6 2.3 1.0 853 18 n.d. n.d. n.d. n.d.
13NZ61 C 111.2 2.2 0.6 767 13 116.3 1.7 2.2 8
105.6 1.9 1.2 7
12NZ13 (e} 110.5 2.2 1.0 841 22 112.0 1.4 1.5 1
12Nz15 C 110.4 2.2 3.2 896 28 113.9 2.0 1.5 9
12NZ24 C 104.7 41 0.2 742 22 115.8 1.9 1.5 8
14NZ77b C 99.0 13.0 0.7 770 21 n.d. n.d. n.d. n.d.
12Nz07 C 95.2 8.9 2.2 816 16 n.d. n.d. n.d. n.d.
13NZ54 O 116.2 23 4.3 860 32 114.7 1.6 23 10
109.0 2.2 3.6 851 35 112.4 1.3 1.3 10
12DC47a O 116.0 2.3 1.2 859 32 112.6 0.8 0.9 12
110.0 22 2.8 n.d. n.d.
13NZ13c O 115.3 23 1.6 887 14 n.d. n.d. n.d. n.d.
110.4 22 0.7 885 14
14NZ11b (0] 114.5 2.3 1.5 831 20 n.d. n.d. n.d. n.d.
109.4 22 0.9 790 27
13NZ41b (0] 111.4 2.2 1.1 777 9 n.d. n.d. n.d. n.d.
107.6 2.2 0.8 753 15
14NZ13a (0] 108.3 2.2 3.6 811 28 n.d. n.d. n.d. n.d.
102.3 2.0 24 728 17

Note: MSWD—mean square of weighted deviates; n.d.—not determined; n.a.—not applicable.

*P—pre-Cretaceous dates; C—Cretaceous dates; O—overdispersed Cretaceous dates (see text).

tAges determined by laser ablation—multicollector—inductively coupled plasma—-mass spectrometry (LA-MC-ICP-MS). Reported ages are lower intercept ages
defined by isochron regressions on Tera-Wasserburg concordia diagrams (see footnotes in Supplemental Table 3).

§$Zirconium-in-titanite temperatures calculated from qLA-ICP-MS data except samples 12NZ15 and 12DC47a, determined by sensitive high-resolution ion
microprobe—reverse geometry (SHRIMP-RG). Zirconium-in-titanite temperatures were calculated following Hayden et al. (2008), assuming pressure, P= 1.0 GPa,

aTio, = 1.0, aSiO, = 1.0, except 13VA178a, where P = 0.8 GPa.
**Error-weighted average ages determined by SHRIMP-RG.

samples lack rutile. For samples with ilmenite, aTiO, is likely >0.8, resulting
in an ~15 °C decrease in calculated temperature (Chambers and Kohn, 2012).
Most calc-silicates lack rutile and ilmenite; however, because samples contain
titanite, aTiO, is constrained to at least 0.5 (Hayden et al., 2008). Assuming a
lower estimate for aTiO, of 0.5 results in a decrease in temperature of ~20 °C.
Notably, in the original Hayden et al. (2008) experiments, a rutile-absent run
with excess CaO resulted in average Zr concentrations that were statistically
indistinct from rutile-saturated runs. Pressure estimates for granulite to am-
phibolite facies metamorphism in central Fiordland range from 1.5 to 0.7 GPa
(Oliver, 1977; Bradshaw, 1989a, 1989b; Gibson and Ireland, 1995; Brown, 1996;
Hollis et al., 2004; Klepeis et al., 2007; Stowell et al., 2014). Peak metamorphic
pressure estimates below the RISZ are somewhat higher, ranging to 1.8 GPa;
however, titanite is commonly developed in retrograde fabrics that record

pressures ranging from 1.4 to 0.9 GPa at 115-88 Ma (De Paoli et al., 2009; Betka
and Klepeis, 2013). We assume an intermediate pressure value of 1.0 GPa for
all samples during metamorphism and extensional orogenic collapse. How-
ever, it is possible that titanite growth initiated at high-P conditions; a 0.4 GPa
uncertainty in pressure results in an ~50 °C uncertainty in calculated tempera-
ture. Given these uncertainties in measurements, pressure, and activities, we
conservatively apply an uncertainty of +50 °C to all our temperature estimates.

Zircon and Titanite Pb Mobility and Closure Temperatures

Intracrystalline volume diffusion of Pb in zircon is typically considered to be
asluggish process resultingin closure temperatures in excess of 900 °C for a typi-
cal 100 um zircon (assuming 10 °C/m.y. cooling rate; Cherniak and Watson, 2001).
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TABLE 3. SUMMARY OF ZIRCON, GARNET AND TITANITE DATES AND TEMPERATURES FOR WESTERN FIORDLAND ORTHOGNEISS AND HOST ROCKS IN WESTERN FIORDLAND, NEW ZEALAND

Absolute Absolute error  Reference
Long.* Lat.* Age error Temperaturet  (°C; 2 standard material
Sample Unit Rock type (dd) (dd) (Ma) (Ma; 26) (°C) deviation) (primary) Reference
Igneous zircon chronology?®
13NZ33E Breaksea Orthogneiss garnet orthogneiss 166.6424 —45.5922 123.2 1.3 n.d. n.d. R33 Klepeis et al. (2016)
13NZ59 Northwest Malaspina pluton hornblende orthogneiss 166.9129 —45.3401 120.3 1.4 840 60 R33 Sadorski (2015)
13NZ34A Malaspina pluton garnet orthogneiss 166.7189 —45.6547 118.0 1.6 790 60 R33 Sadorski (2015)
13N16B Malaspina pluton garnet orthogneiss 166.7203 —45.6937 118.0 1.7 780 80 R33 Sadorski (2015)
12NZ17b Malaspina pluton garnet leucosome 166.7935 —45.5686 117.0 1.5 n.d. n.d. R33 Sadorski (2015)
13Nz46 Misty pluton orthogneiss 167.2902 —45.0442 116.9 1.8 800 20 R33 Sadorski (2015)
13NZ22 Malaspina pluton orthogneiss 166.7906 —45.5697 116.9 1.8 810 60 R33 Sadorski (2015)
13NZ52A Misty pluton orthogneiss 167.1568 —45.0925 116.8 2.1 830 30 R33 Sadorski (2015)
13NZ40D Malaspina pluton orthogneiss 166.8534 —45.5497 116.4 1.6 780 60 R33 Sadorski (2015)
0OuU49113 Malaspina pluton orthogneiss 166.9535 —45.6192 116.3 n.d. n.d. n.d. n.a. Tulloch and Kimbrough (2003)
12NZ24 Misty pluton orthogneiss 167.1720 —45.3449 115.8 1.7 n.d. n.d. R33 Sadorski (2015)
CA90 Malaspina pluton orthogneiss 167.0303 —45.3969 115.6 2.4 n.d. n.d. Temora Hollis et al. (2004)
12DC41 Malaspina pluton orthogneiss 166.9366 —45.4137 115.4 1.8 n.d. n.d. R33 Sadorski (2015)
13NZ58 Misty pluton orthogneiss 167.0909 —45.1556 115.3 2.0 740 60 R33 Sadorski (2015)
13NZ55A Misty pluton orthogneiss 167.0396 —45.1141 115.2 1.9 820 100 R33 Sadorski (2015)
12NZ22 Misty pluton orthogneiss 167.1093 —45.3072 114.7 1.7 n.d. n.d. R33 Sadorski (2015)
12NZ33 Misty pluton orthogneiss 167.1540 —45.3059 114.5 2.6 n.d. n.d. R33 Sadorski (2015)
12NZ36 Misty pluton orthogneiss 167.1390 —45.2714 114.2 1.3 n.d. n.d. R33 Sadorski (2015)
Metamorphic zircon chronology
CA39M Takaka terrane paragneiss 167.0453 —45.3546 120.8 2.3 n.d. n.d. Temora Hollis et al. (2004)
13NZ04B Takaka terrane garnet orthogneiss 167.0502 —45.3781 117.2 0.8 n.d. n.d. R33 Klepeis et al. (2016)
13Nz61 Takaka terrane paragneiss 166.9623 —45.3208 116.3 1.7 n.d. n.d. R33 Schwartz et al. (this study)
CA39M Takaka terrane paragneiss 167.0453 —45.3546 114.9 2.2 n.d. n.d. Temora Hollis et al. (2004)
CA10 Malaspina pluton garnet reaction zone 167.0198 —45.4110 114.0 2.2 n.d. n.d. Temora Hollis et al. (2004)
12Nz15 Takaka terrane calc-silicate 166.6868 —45.6043 113.9 1.6 n.d. n.d. R33 Schwartz et al. (this study)
12DCO4E Takaka terrane paragneiss 167.1316 —45.4446 113.5 1.7 n.d. n.d. R33 Klepeis et al. (2016)
12DC47A Takaka terrane calc-silicate 167.0351 —45.3574 112.6 0.8 n.d. n.d. R33 Schwartz et al. (this study)
13NZ54 Takaka terrane calc-silicate 167.0131 —45.1101 112.4 1.3 n.d. n.d. R33 Schwartz et al. (this study)
12NZ13 Takaka terrane calc-silicate 166.6861 —45.6028 112.0 1.4 n.d. n.d. R33 Schwartz et al. (this study)
12MHO6A Takaka terrane calc-silicate 167.3269 —45.2740 110.0 1.1 n.d. n.d. R33 Klepeis et al. (2016)
91-588 Western Fiordland orthogneiss n.d. n.d. 107.5 2.8 n.d. n.d. SL13 Gibson and Ireland (1995)
Orthogneiss
13Nz61 Takaka terrane paragneiss 166.9623 —45.3208 105.6 1.9 n.d. n.d. R33 Schwartz et al. (this study)
12NZ11 Resolution Island Orthogneiss hornblende orthogneiss 166.6841 —45.5989 93.0 1.6 n.d. n.d. R33 Hout et al. (2012)
12NZ01D Breaksea Orthogneiss hornblende orthogneiss 166.6367 —45.5919 92.7 21 n.d. n.d. R33 Hout et al. (2012)
13NZ33D Breaksea Orthogneiss hornblende orthogneiss 166.6424 —45.5922 88.8 4.7 n.d. n.d. R33 Klepeis et al. (2016)
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Faster cooling rates, as might be expected following cessation of arc magma-
tism and extensional orogenic collapse, would result in higher closure tem-
peratures. For example, assuming a 100 °C/m.y. cooling rate, a 100 um effec-
tive diffusion radius, and the Arrhenius parameters of Cherniak and Watson
(2001), the zircon Pb closure temperature is 950 °C. The calculated diffusive Pb
loss from the same zircon at granulite facies conditions (800-900 °C) is <56%

(continued)

for time scales <10 m.y. (Cherniak and Watson, 2001). Thus, for geologically
young, nonmetamict zircons, diffusive Pb loss is not likely to have played a
significant role relative to our analytical uncertainties even if samples were
at 800-900 °C for short (<10 m.y.) periods. In interpreting zircon U-Pb isotope
data, we assume that the zircon dates reflect growth with little diffusive Pb loss
except where noted.
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TABLE 3. SUMMARY OF ZIRCON, GARNET AND TITANITE DATES AND TEMPERATURES FOR WESTERN FIORDLAND ORTHOGNEISS AND HOST ROCKS IN WESTERN FIORDLAND, NEW ZEALAND (continued)

Absolute Absolute error  Reference
Long.* Lat.* Age error Temperaturet  (°C; 2 standard material
Sample Unit Rock type (dd) (dd) (Ma) (Ma; 20) (°C) deviation) (primary) Reference
Metamorphic titanite chronology
13Nz43 Takaka terrane paragneiss 167.2533 —45.0435 113.6 2.3 853 18 BLR Schwartz et al. (this study)
F03-59C Malaspina pluton orthogneiss 167.0201 —45.3608 113.4-112.1 n.d. n.d. n.a. n.a. Flowers et al. (2005)
14NZ11b Takaka terrane calc-silicate 167.1561 —45.2575 114.5 2.3 831 20 BLR Schwartz et al. (this study)
109.4 2.2 790 27 BLR Schwartz et al. (this study)
F03-55 Takaka terrane calc-silicate 167.0017 —45.3419 112.5-111.1 n.d. n.d. n.a. n.a. Flowers et al. (2005)
12MHO06a Takaka terrane calc-silicate 167.3269 —45.2740 11.7 22 n.d. n.a. BLR Schwartz et al. (this study)
13NZ61 Takaka terrane paragneiss 166.9623 —45.3208 111.2 2.2 767 13 BLR Schwartz et al. (this study)
13NZ41b Takaka terrane calc-silicate 166.8987 —45.5328 111.4 2.2 777 9 BLR Schwartz et al. (this study)
107.6 2.2 753 15 BLR Schwartz et al. (this study)
12NZ13 Takaka terrane calc-silicate 166.6861 —45.6028 110.5 2.2 841 22 BLR Schwartz et al. (this study)
12NZ15 Takaka terrane calc-silicate 166.6868 —45.6043 110.4 2.2 896 28 BLR Schwartz et al. (this study)
13NZ13c Takaka terrane calc-silicate 166.7929 —45.6607 115.3 2.3 887 14 BLR Schwartz et al. (this study)
110.4 2.2 885 14 BLR Schwartz et al. (this study)
12DC04e Takaka terrane paragneiss 167.1316 —45.4446 110.1 45 829 20 BLR Schwartz et al. (this study)
12DC47a Takaka terrane calc-silicate 167.0351 —45.3574 116.0 23 859 32 BLR Schwartz et al. (this study)
110.0 22 n.d. n.d. BLR Schwartz et al. (this study)
13NZ54 Takaka terrane calc-silicate 167.0131 —45.1101 116.2 23 860 32 BLR Schwartz et al. (this study)
109.0 2.2 851 35 BLR Schwartz et al. (this study)
14NZ13a Takaka terrane calc-silicate 167.0301 —45.2844 108.3 2.2 811 28 BLR Schwartz et al. (this study)
102.3 2.0 728 17 BLR Schwartz et al. (this study)
13VA178a Takaka terrane calc-silicate 166.9456 —45.5129 330.1 6.6 754 19 BLR Schwartz et al. (this study)
104.9 7.4 699 1 BLR Schwartz et al. (this study)
12NZ24 Misty pluton hornblende diorite 167.1720 —45.3449 104.7 41 742 22 BLR Schwartz et al. (this study)
12MH06a Takaka terrane calc-silicate 167.3269 —45.2740 99.2 2.0 n.d. n.a. BLR Schwartz et al. (this study)
14NZ77a Takaka terrane amphibolite 166.8751 —45.2919 99.0 13.0 770 21 BLR Schwartz et al. (this study)
12Nz07 Res. Island orth. garnet orthogneiss 166.6649 —45.6051 95.2 8.9 816 16 BLR Schwartz et al. (this study)
Metamorphic garnet chronology
12NZ1A Breaksea Orthogneiss eclogite 166.6367 —45.5919 123.1 2.8 >600 n.a. n.a. Hout et al. (2013)
09NZ31 Malaspina pluton garnet orthogneiss 167.0128 —45.3759 115.6 2.6 >600 n.a. n.a. Stowell et al. (2014)
P69531a Malaspina pluton garnet orthogneiss 166.8767 —45.2920 113.6 25 >600 n.a. n.a. Stowell et al. (2014)
P69531b Malaspina pluton garnet orthogneiss 166.8767 —45.2920 113.2 2.8 >600 n.a. n.a. Stowell et al. (2014)
09NZ22A Malaspina pluton garnet orthogneiss 167.0201 —45.4120 112.8 2.2 >600 n.a. n.a. Stowell et al. (2014)
09NZ29c Malaspina pluton garnet orthogneiss 167.0206 —45.4003 112.8 2.8 >600 n.a. n.a. Stowell et al. (2014)
09NZ35 Malaspina pluton garnet orthogneiss 167.1068 —45.4138 111.9 3.0 >600 n.a. n.a. Stowell et al. (2014)
06NZ28 Malaspina pluton garnet orthogneiss 166.7222 —45.7030 111.9 1.6 >600 n.a. n.a. Stowell et al. (2014)
09NZ17 Malaspina pluton garnet pyroxenite 167.0017 —45.4087 11.7 3.1 >600 n.a. n.a. Stowell et al. (2014)
03NZDS3 Malaspina pluton garnet orthogneiss 167.0216 —45.4118 110.6 1.9 >600 n.a. n.a. Stowell et al. (2014)
12NZ1A Breaksea Orthogneiss eclogite 166.6367 —45.5919 108.2 1.8 >600 n.a. n.a. Hout et al. (2013)

Note: n.d.—not determined; n.a.—not applicable.

*dd—decimal degree.

Zircon temperatures calculated from Ti concentrations following Watson et al. (2006). Metamorphic garnet closure temperatures after Metzger et al. (1992) for garnet with radii <5 cm.
§Zircon data include isotope dilution—thermal ionization mass spectrometry and ion probe dates.
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For titanite, early empirical studies of high-grade metamorphic terranes
indicated a Pb closure temperature of ~500 °C (Hanson et al., 1971; Gas-
coyne, 1986; Tucker et al. 1987). Studies have challenged these early results
and demonstrated that titanite U-Pb dates can survive high-grade metamor-
phism (e.g., Scott and St. Onge, 1995; Verts et al., 1996; Kohn and Corrie, 2011;
Spencer et al., 2013). For example, titanite from the Himalaya preserve U-Pb
dates and zirconium-in-titanite temperature information at metamorphic con-

1121 +£21

Figure 6. Cathodolumi imag
of representative metamorphic zircons in
Deep Cove Gneiss from central Fiordland.
Dashed and solid circles in 13NZ54 and
13NZ61 indicate interior and rim spots, re-
spectively. Scale bars are 100 pm.

1M1.1+1.7 4

1134+£26
1149+1.3

O —

O | 1130z45

12NZ13 (top) & 12NZ15 (bottom)

(Breaksea Sound)

ditions above 750 °C (Kohn and Corrie, 2011). Spencer et al. (2013) reported
orogen-wide preservation of pre-Scandian dates and zirconium-in-titanite
temperatures even after long-term heating above 750 °C and at pressures well
outside the stability field of titanite in the Western Gneiss region of Norway.
Stearns et al. (2015) described similar findings from the Pamir Plateau, where
temperatures >650 °C were sustained for at least 10 m.y. and were insufficient
to reset Pb (and Zr) in titanite. An important observation in these studies is the
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[A] Type C:12NZ13(110.5 + 2.2 Ma)

inclusion-free rim Distance (pm)

recognition that thermally activated volume diffusion was not the principal
means of U-Pb titanite resetting, but was subordinate to crystallization- or re-
crystallization-driven Pb mobility (Spencer et al., 2013; Stearns et al., 2015). In
interpreting titanite U-Pb isotope data, we evaluate whether Fiordland titanite
dates reflect new growth, prolonged crystallization or recrystallization, or vol-
ume diffusion of Pb.
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Linking U-Pb dates to Zr concentrations and temperatures is an important
aspect in understanding the thermal evolution of lower crust in Fiordland. Ex-
perimental studies have demonstrated that volume diffusion of Zr in titanite is
~2 orders of magnitude slower than Pb (Cherniak, 2006; Hayden et al., 2008).
In Fiordland, documented peak metamorphic temperatures are reported in
excess of 750 °C, indicating that Zr and Pb volume diffusion should occur.
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To evaluate the role of volume diffusion and other possible mechanisms such
as new growth and/or crystallization or recrystallization, we conducted LASS
grain traverses and grain mapping to evaluate links between Zr temperatures
and Pb/U dates (e.g., Figs. 7 and 8).

Time-Temperature Slices

Time-temperature (t-T) slices of the Fiordland arc root were constructed
from calculated cooling profiles using georeferenced U-Pb data from igneous
zircon, metamorphic zircon, titanites, and rutile (Figs. 12 and 13; Table 3 and
references therein). These time slices were constructed with the goal of aid-
ing visualization of the transient thermal structure of the lower crust during
arc-construction processes at granulite facies through extensional orogenic
collapse at amphibolite facies. To construct our tT slices, we assign a unique
cooling path to each sample location (or node) that consists of thermochrono-
logic data collected at that location as well as interpolated data from nearby
field stations. The result is a series of time slices that integrate 26 unique t-T
profiles across the arc root. Locations of t-T nodes are shown by black dots
in Figure 13. Resulting temperatures from tT profiles were plotted at 4 m.y.
intervals and contoured in Surfer software (http://www.goldensoftware.com
/products/surfer) using kriging. Metamorphic pressures are known to decrease
from ~18-7 kbar in central Fiordland over the interval 116-88 Ma (Klepeis et al.,
2007; DePaoli et al., 2009; Stowell et al., 2014); however, pressure changes
are not clearly integrated with metamorphic ages and are therefore not in-
corporated in our thermal model. Given existing information, initial pressure
differences from different areas within central Fiordland are probably not sig-
nificant, because the Breaksea Orthogneiss and Malaspina pluton both record

Zr-in-titanite temperature

Figure 8. Textural and geochemical plots for a representa-

206Pb/238U tive titanite grain in 14NZ13a. (A) Backscattered electron
date (Ma) image showing complex geochemical domains whereby
bright domains are characterized by higher mean atomic

123 number. Laser ablation-multicollector-inductively cou-

pled spectr: spots are shown by
dashed white circles. (B) Contour map of the same grain
illustrating spatial variations in 2’Pb corrected 2°Ph/%*U
dates. Note that spatial variations in dates do not corre-
spond to simple core-rim diffusion profiles, but instead
locations of young dates are suggestive of recrystalliza-
105 tion fronts migrating from exterior to interior domains.
(C) Contour map showing spatial variations in U con-
centration. The general pattern of dates younger than
107 Ma corresponds with intermediate U concentrations
(180-460 ppm). (D) Contour map showing spatial varia-
860 tions in zirconium-in-titanite temperatures. In general,
dates and U concentrations show a positive covariation
with zirconium-in-titanite temperatures. Higher tempera-
tures in core region may indicate preservation of an older
(older than 113 Ma), low U and high Zr domain. Con-
800 toured maps were generated using Surfer 11.0 software
(http://www.goldensoftware.com/products/surfer).
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m
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similar conditions of ~14-12 kbar at the initiation of our model ca. 116 Ma
(DePaoli et al., 2009; Betka and Klepeis, 2013; Stowell et al., 2014). Cenozoic
faulting in the region is also a source of possible error in our model; however,
high-T chronometers yield Cretaceous Pb/U dates and are largely insensitive
to late, low-T faulting (see House et al., 2005 for effects of Cenozoic faulting on
low-Tthermochronometers in the region). Additional details regarding t-T slice
construction are provided in the Supplemental File text.

B RESULTS
Field Observations and Sample Descriptions
Breaksea Sound and the RISZ

Batholithic rocks in the Breaksea Sound area include the Breaksea and
the Resolution Orthogneisses, both of which form the footwall to the RISZ.
The Breaksea Orthogneiss is a composite unit with an omphacitic granu-
lite host (Fig. 4A) composing ~70% of exposures. Less abundant layers and
pods of dark colored garnet-pyroxenite make up the remaining portion of the
unit (Figs. 4A, 4B) together with sparse garnetite, clinopyroxenite, harzburg-
ite, and hornblende peridotite. Omphacitic granulites consist of granoblastic
plagioclase, garnet, omphacite, quartz, rutile, and apatite (Fig. 4C). Kyanite,
ilmenite, and magnetite are found locally. Garnet pyroxenite layers and pods
consist of granoblastic omphacite and garnet with lesser amounts of rutile,
clinozoisite, ilmenite, magnetite, apatite, and pargasite. Titanite is absent and
zircon is rare. Garnet and pyroxene layering produces a banded appearance
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weighted average age plots show data used for age determinations (MSWD—mean square of weighted deviates). Teal and red ellipses depict individual ion probe spot analyses used in age calculations.
Where multiple textural domains were analyzed, red ellipses indicate cores and/or interior domains, whereas teal ellipses represent rim domains. Yellow ellipses represent the age and uncertainty of Isoplot
3.75 generated concordia age calculations (Ludwig, 2012). Dashed white ellipses were rej

that has been interpreted to represent igneous cumulate layering of high-P
mineral assemblages in a deep crustal MASH (melting, assimilation, storage,
homogenization) zone (DePaoli et al., 2009; Clarke et al. 2013; Klepeis et al.,
2016). Igneous zircon from a garnet granulite orthogneiss yielded dates rang-
ing from 124 to 121 Ma (Hout et al., 2013; Klepeis et al., 2016) and is interpreted

d from age

as recording the timing of magmatic construction of this unit.

ions (see text for details). Error ellipses show 2¢ total uncertainty for spot analyses.

The Resolution Orthogneiss consists of hornblende metadiorite and
metagabbro (Fig. 4D) that intrude the Breaksea Orthogneiss. Granoblastic
metadiorite contain hornblende, plagioclase, clinozoisite, ilmenite, mag-
netite, quartz, apatite, and rutile. Biotite and titanite are sometimes present;
fine-grained metamorphic garnet and clinopyroxene are also present, but are

typically less abundant than in the Breaksea Orthogneiss. Titanite occurs as
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a secondary, retrogressive phase often overgrowing ilmenite and/or rutile.
Secondary green hornblende also overgrows titanite. In unstrained zones,
alternating layers of hornblende and plagioclase display grading suggesting
density sorting during magmatic crystallization. Hout et al. (2013) reported a
206Ph/238 zircon date of 115.1 + 1.6 Ma from an undeformed hornblende diorite.
Early igneous fabrics in the Breaksea and Resolution Orthogneisses are over-
printed by a high-T migmatitic fabric that developed during eclogite to garnet
granulite facies metamorphism (Fig. 4C). At the entrance to Breaksea Sound,
kilometer-scale gneiss domes occur in eclogites and omphacitic granulites and
are defined by complex, nearly concentric foliation trajectories previously inter-
preted to reflect buoyancy-driven flow in melt-rich zones (see Betka and Klepeis,
2013, and Klepeis et al., 2016, for detailed discussion of gneiss dome kinematics).
Constrictional flow fabrics are dominant and are associated with dome forma-
tion. Mineral lineations in L > S domains are defined by aligned aggregates of
plagioclase, pyroxenes, and/or hornblende. Migmatitic leucosomes are com-
mon in omphacitic granulites and occur with large (1-3 cm) peritectic garnets.
Retrogressive, upper amphibolite facies metamorphism resulted in the de-
velopment of gneissic and locally mylonitic shear zones, particularly at contacts
between the Breaksea and Resolution Orthogneisses (footwall) and the Deep
Cove Gneiss (hanging wall). The RISZ is the largest of these shear zones in the
Breaksea area and ranges from 200 to 500 m in thickness (Betka and Klepeis,
2013; Figs. 4D and 5A). In the hanging wall of the RISZ, the Deep Cove Gneiss con-
sists of biotite- and hornblende-bearing gneisses interlayered with quartzite, mar
ble, calc-silicates, and schist. Within the shear zone, Deep Cove Gneiss exhibits a
penetrative, upper amphibolite facies L > S fabric consisting of hornblende-clino-
zoisite-biotite gneiss that is complexly interfolded with calc-silicate and amphibo-
lite. Garnet and pyroxene are absent from mafic gneisses, suggesting that they
were unstable under higher fluid activity conditions during amphibolite facies
retrogression. Calc-silicates display a range of assemblages including calcite,

plagioclase, diopside, quartz, garnet, titanites, and zircon. Mylonitic fabrics are
common in the marbles and calc-silicates; however, granoblastic textures are
locally present. Two examples of calc-silicates were collected from the RISZ at
the entrance to Breaksea Sound (12NZ13 and 12NZ15) and a footwall sample
(12NZ07) was collected from the Resolution Orthogneiss.

Doubtful Sound and DSSZ

In the Doubtful Sound region, the WFO consists of two large dioritic to
monzodioritic intrusive units termed the Malaspina and Misty plutons (Fig. 2).
They are separated by the Paleogene-Neogene Wilmot fault; however, in Creta-
ceous reconstructions, they formed the footwall and hanging wall, respectively,
to the DSSZ (Fig. 1B, inset). The Malaspina pluton consists of diorite, horn-
blende diorite, and monzodiorite. Scarce hornblendite and pyroxenite are pres-
ent. Igneous mineral assemblages include plagioclase and hornblende, with
lesser amounts of clinopyroxene, orthopyroxene, biotite, apatite, quartz, and
zircon. Titanite is occasionally present as a secondary phase. Original igneous
foliations are recognized by layering of coarse hornblende and clinopyroxene
within a plagioclase matrix. Aligned clots of hornblende and clinopyroxene are
also present and may represent enclaves related to mafic recharge. Intrusive
contacts between the Malaspina pluton and the Deep Cove Gneiss are com-
monly overprinted by amphibolite facies extensional shear zones (see follow-
ing). In rare cases original intrusive contacts are preserved, such as in Wet
Jacket Sound (at location 13NZ13c) and in western Crooked Arm. Contacts be-
tween the Malaspina pluton and the Breaksea Orthogneiss were not observed
in this study; however, xenoliths of garnet-pyroxenite as much as 10 m wide
occur as rafts within the Malaspina pluton along the eastern shore of Acheron
Passage, suggesting that intrusion of the Malaspina pluton disrupted high-P
mineral cumulates at the base of the arc.
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Figure 10 (continued). (J-O) Type O ti-
tanites are characterized by an overdis-
persion of Cretaceous dates spanning
5-10 m.y. or more. Error ellipses show 2¢
total uncertainty for spot analyses. Cal-
culated intercept age uncertainties are
reported at the 95% confidence interval
and include analytical and decay constant
errors; the total uncertainty (analytical +
systematic + decay constant) for any one
date is 2% (or 2.2 m.y. at 110 Ma).
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Figure 11. Zircon trace element geochem-
istry plots illustrating chemical distinc-
tions between igneous and metamorphic
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adjacent to the WFO are not tectonically
mixed igneous zircons, but rather repre-
sent new growth following or during WFO
emplacement.
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The Misty pluton consists of medium-grained two-pyroxene diorite, horn-
blende diorite, and monzodiorite with minor monzonite. Apatite, zircon, mag-
netite, and ilmenite are common accessory phases, and titanite is rare except
in retrograde amphibolite facies assemblages. Locally, the Misty pluton dis-
plays compositional banding composed of dioritic gneiss and centimeter- to
meter-scale layers of hornblendite. In some cases, angular brecciated horn-

.01 A 1
Th/Uu

blendite clasts are surrounded by diorite, suggesting that emplacement of the
Misty pluton involved magma fracturing of brittle hornblendite (Fig. 4E). U-Pb
zircon dating of the Misty and Malaspina plutons indicates that both units were
emplaced contemporaneously from ca. 120 to 115 Ma (Sadorski, 2015).
Garnet granulite facies metamorphism of both the Malaspina and Misty
plutons resulted in transposition of earlier magmatic fabrics and recrys-

Schwartz et al. | Extensional orogenic collapse of Zealandia



http://geosphere.gsapubs.org

Slope: e
13.5+6.8
. 900} (95% conf.) - |
I r 167.2
g z
£
:g. 800
£ Caswell
ﬁ Sound o Figure 12. Contoured t_ltanlte age variation
— o map constructed using youngest peak
700 7 ~ age in each sample. Map excludes sam-
i —*4. ples with Paleozoic titanite populations
104 108 112 116 120 13NZ43 (13VA178a) and those with large uncer-
206 238 . tainties (12NZ07, 14NZ77b). Note that
Pb/ U titanite date (Ma) 13NZS4 some regions are undersampled or data

lack sufficient age resolution to be mean-
ingful (e.g., western Malaspina pluton and
eastern Misty pluton). Spatial distribution
of high-resolution data shows widespread
I / pattern of granulite facies metamorphism

DSSZ \:‘\ \:;

Doubtful 14NZ11b ca. 113-108 Ma, followed by an apparent

L A , geographically localized pulse from 106

Sound h */ / to 102 Ma. Sustained high-temperature

L\ “\ *' ﬁr heating may have been driven by post-

106 108 Western Fiordland Orthogneiss (WFO)

DSSZ b/_ﬂt * mafic underplating related to foundering
- o3 W[12NZ24 of a high-density arc root and/or asthe-

nospheric upwelling related to exten-
sional thinning. Locations of Doubtful

- 454 Sound shear zone (DSSZ) and Resolution
N - Island shear zone (RISZ) are indicated.
Titanite date Inset shows time-temperature plot of all
pd / (Ma) titanite populations in this study (conf.—
> y 7 112DC04e confidence). Least squares regression of
Breaksea el 13NZ4 16 all titanite data yield slow cooling rates
‘* 4 N of 13.5 % 6.8 °C/m.y. over the temperature
Sound k 12 range of 900700 °C.
RISZ ~ 108
SOV,
104
2NZI5 < 20km
Y [12NZ13] t ¥ *’ —— 100
F !, ﬁ Titanite sample location (this study)

ﬁ Titanite sample location (Klepeis et al., 2013)

tallization associated with the development of garnet and clinopyroxene  DSSZ display mylonitic textures that are cut by garnet-bearing leucosome
coronas and coarse ribbons of dynamically recrystallized plagioclase + veins, indicating that partial melting and deformation were synchronous.
clinopyroxene + garnet aggregates (Fig. 4C). Metamorphic garnet occurs as  In the Misty pluton, S, foliations in two-pyroxene diorites are truncated by
three distinct textural types that reflect (1) fine-grained garnet + clinopy- garnet-bearing leucosomes that show a coarsening of hornblende adja-
roxene intergrowths in dehydration zones; (2) coarse porphyroblasts within  cent to leucosome margins (Fig. 4G). Garnet appears within the leucosome
trondhjemitic leucosome veins; and (3) coarse porphyroblasts surrounded and in the selvage region. Hornblende reaction zones are interpreted to re-
by plagioclase-rich halos without leucosome veins (Stowell et al., 2014) (Fig.  flect hydration of the host pyroxene diorite during hydrous melt migration
4F). In the Malaspina pluton, stromatic migmatite zones in the footwall to the  through leucosome veins.
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Figure 13. Time-temperature (Temp.) maps
of Fiordland arc root at 4 m.y. time slices.
Maps were generated using 2°°Pb/#:U ig-
neous zircon dates and titanium-in-zircon
thermometry from Sadorski (2015), zircon
and titanite chronology and thermom-
etry data (this study), and rutile dates
(Clements et al., 2014). Time-temperature
maps show the final phases of Western
Fiordland Orthogneiss (WFO) emplace-

ment at 116 Ma, widespread granulite
facies metamorphism (112-108 Ma), and
localized sustained heating (or reheating)
at 106-100 Ma in the southeastern lobe of
the Misty pluton in the Doubtful Sound
region.
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Progressive hydration and retrogression of earlier, garnet granulite facies
fabrics is preserved in upper amphibolite facies fabrics in the DSSZ (e.g., Figs.
5B-5D). S, foliations in amphibolite facies high-strain zones are commonly
shallowly dipping and defined by aligned clusters of hornblende, plagioclase,
epidote, and locally biotite and titanite. Hydrous minerals commonly exhibit
evidence for extensive neoblastic growth and complete replacement of garnet
and clinopyroxene. In the hanging wall of the DSSZ, paragneisses have tight,
recumbent folds (e.g., Fig. 5B), implying that a component of nearly vertical
shortening accompanied horizontal flow (Klepeis et al., 2007, 2016). Kinematic
analysis suggests that subhorizontal (northeast-southwest) extension was ac-
commodated by approximately equal amounts of pure and simple shear as
strain was progressively localized into networks of thin, conjugate-style shear
zones (Klepeis et al., 2007, 2016). Six samples were collected from paragneisses
and calc-silicates within the DSSZ in Doubtful Sound and east of Breaksea
Sound (13NZ41b, 12DC04e, 12DC47a, 13NZ61, 14NZ77b). Splays of the DSSZ
also occur at the entrance to Nancy Sound and Bradshaw Sound (e.g., 13NZ54
and 14NZ13a). Upper amphibolite facies metamorphic fabrics also occur in the
hanging wall of the DSSZ (e.g., 12NZ24) and are not always associated with
deformational textures (Fig. 4H).

Caswell Sound

Evidence for contractional deformation is preserved in Caswell Sound
(Fig. 2), where a bivergent thrust system emplaced the Caswell Gneiss and
Western McKerr intrusives over the Misty pluton (Daczko et al., 2002; Klepeis
et al., 2004). The Caswell Gneiss consists of calc-silicate, marble, paragneiss
(13NZ43), and schist complexly interlayered with biotite metadiorite. The
Western McKerr intrusives consist of two-pyroxene diorite, pyroxene monzo-
diorite, quartz monzodiorite, and monzodiorite (Allibone et al., 2009a). Both
units are thrust over the Misty pluton along granulite to amphibolite facies,
ductile thrust faults defined by mylonitic to ultramylonitic fabrics (Daczko et al.,
2002). Sadorski (2015) reported an age of 116.9 + 1.2 Ma for a footwall sample
of the Misty pluton, and Klepeis et al. (2004) reported a similar date of 116.8 +
3.7 Ma for an imbricated hanging-wall sample of the Western McKerr intru-
sives. These dates suggest that the two units are coeval and likely represent
the imbricated roof of the Misty pluton. Postkinematic, granitic A-type dikes cut
these fabrics (14NZ32) and were sampled to place a lower limit on the timing
of contractional deformation in the WFO.

Zircon SHRIMP-RG Chronology

Zircons are typically <200 pm in length, anhedral, and stubby with aspect
ratios of 1:1-2:1. They are clear and colorless, and lack visible mineral inclu-
sions. In SEM-CL imaging, they display very weak oscillatory zoning (Fig. 6).
In many samples, chemically distinct, high-U cores are embayed and interior
zonation is truncated by overgrowths of lower U rim domains, suggesting mul-
tiple phases of growth during changing chemical environments (e.g., 13NZ61

and 13NZ54 in Fig. 6). In this study we target both core and rim domains to
evaluate time scales of zircon growth. Ages are weighted average ages unless
otherwise specified.

Two calc-silicate samples were collected from within the RISZ (12NZ15 and
12NZ13 in Fig. 2). For sample 12NZ13, 13 individual SHRIMP-RG spot analyses
on separate zircon grains yield a 2°°Pb/?®U age of 110.6 + 3.1 Ma (mean square
of weighted deviates, MSWD = 7.2). Two spots give anomalously young dates
of 94 and 102 Ma, and likely underwent Pb loss. The remaining 11 zircons yield
a 25Pp/2%8 age of 112.0 + 1.4 Ma (MSWD = 1.5; Fig. 9A).

Individual SHRIMP-RG spot analyses (n = 12) from 12 zircons in 12NZ15
yield a 2°Pb/#8U age of 115.1 + 3.3 Ma (MSWD = 6.8). The overdispersion of
dates indicates a component of nonanalytical scatter in the data. One spot
analysis from a rim domain is slightly older (122 Ma) than the rest of the analy-
ses and two other zircons yield younger apparent dates of 103 and 107 Ma. Ex-
cluding these three spots results in a 2°Pb/?¢U age of 113.9 = 2.0 Ma (MSWD =
1.5; Fig. 9B).

Zircons from a calc-silicate (n = 14) within the DSSZ (12DC47a) yielded a
206Ph/238 age of 112.5 + 1.4 Ma (MSWD = 2.6). One spot has anomalously high
U concentration (3432 ppm) and a young apparent date of 107 Ma. Given the
high U concentration, we cannot rule out the possibility of matrix effects or
Pb loss affecting this zircon (e.g., White and Ireland, 2012); this date is there-
fore excluded from further consideration. The remaining 13 zircons yield a
206Pp/238 age of 112.9 = 1.1 Ma (MSWD = 1.6; Fig. 9C).

Zircons from a paragneiss (13NZ61) also within the DSSZ display well-
developed core and rim textures (Fig. 6). The 2°°Pb/2*®U dates for nine cores are
all Cretaceous with the exception of one Precambrian date of 1430 Ma, which
is the only non-Cretaceous zircon analyzed in this study. The age of all cores,
excluding the Precambrian outlier, is 116.3 £ 1.7 Ma (MSWD = 2.2; Fig. 9D). The
age of seven rim spot analyses is 105.6 + 1.9 Ma (MSWD = 1.2; Fig. 9D). Core
domains are also chemically distinct from rims and on average have higher U
(131-526 ppm) and Th/U values above 0.2 compared to rims (U = 1-35 ppm;
Th/U <0.1).

A calc-silicate from within a splay of the DSSZ at the entrance to Nancy
Sound (13NZ54) also displays core and rim textures in CL images (Fig. 6). In-
dividual spot analyses (n = 10) from zircon cores yield an age of 114.7 + 1.6 Ma
(MSWD = 2.3); 10 spots from 10 rim domains yield an overlapping age within
uncertainty of 112.4 + 1.3 Ma (MSWD = 1.3; Fig. 9E). Cores and rims are chem-
ically distinct, with rims characterized by lower average U concentrations
(43-83 ppm) relative to cores (142-533 ppm). Both cores and rims have over-
lapping Th/U values <0.1.

A postkinematic dike from the Caswell Sound fold-thrust belt (14NZ32)
yielded 12 spot analyses ranging from 118.1 to 108.3 Ma (Fig. 9F). The 2 spots
that yielded the oldest dates (115.6-118.1 Ma) have extremely high U con-
centrations ranging from 4000 to 4700 ppm and may have older ages due
to matrix effects (e.g., White and Ireland, 2012); we therefore exclude these
dates. The remaining samples yield a weighted average age of 112.2 + 1.8 Ma
(MSWD = 3.2). One of the youngest spots is discordant and another does not
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overlap with the majority of other spots in Tera-Wasserburg space (dashed
spots at 108 Ma in Fig. 9F). Excluding these spots results in a weighted average
age of 113.4 + 1.0 Ma (MSWD = 1.1). We prefer this age for the timing of dike
emplacement.

Zircon SHRIMP-RG Geochemistry

Zircons within extensional shear zones are distinct from those in footwall
rocks of the WFO (Fig. 11). They are characterized by extremely low light rare
earth element concentrations commonly below 1 ppm for La, Ce, and Nd (see
Supplemental File text). They have low average Th/U values (<0.4), and Th
(<100 ppm) and Yb (<60 ppm) concentrations (Fig. 11). On average, Ce/Ce*
values are <100 and Eu/Eu* values are >0.5.

Titanite Laser Ablation—Multicollector—ICP-MS Chronology

Titanites from calc-silicates, paragneisses, and orthogneisses typically dis-
play patchy zoning in BSE images (Figs. 7 and 8) that reflect growth and/or
crystallization or recrystallization involving reactions with Ca- and Al-bearing
phases such as calcite, clinopyroxene, plagioclase, epidote, and hornblende
(Franz and Spear, 1985; Essex and Gromet, 2000; Hayden et al., 2008; Kohn
and Corrie, 2011; Spencer et al., 2013; Bonamici et al., 2014; Stearns et al.,
2015). Laser ablation—-multicollector-ICP-MS spots were selected to investigate
the temporal patterns associated with the textural relationships observed in
BSE images. The metamorphic titanites commonly yield isotopic ratios that
define isochrons in Tera-Wasserburg space (e.g., Figs. 10C-10l). Many sam-
ples, however, show more complex U-Pb ratios that do not define an isochron
(MSWD >> 1). Within these samples, we observe: (1) titanite populations that
preserve a wide range of 2%Pb/2®U dates ranging from Mississippian to Creta-
ceous (e.g., 13VA178a and 12DC04e) and (2) titanite populations that display
only Cretaceous dates, but yield an overdispersion spanning 5-10 m.y. or more
(Figs. 10J-100). Samples that preserve pre-Cretaceous dates are located in the
hanging wall of extensional faults at significant distances (500 m or more)
above contacts with the WFO (sample 13VA178a), or at the margins of the
WFO (sample 12DC04e). We classify titanites according to their distribution of
dates as follows: type P titanites preserve mostly pre-Cretaceous dates (Figs.
10A, 10B); type C titanites record primarily Cretaceous dates that form a sin-
gle, homogeneous population of equivalent age (MSWD typically < 2: Figs.
10C-10l); and type O titanites display an overdispersion of Cretaceous dates
spanning 5-10 m.y. or more (Figs. 10J-100).

Type P: Pre-Cretaceous Titanites

A sample from the easternmost margin of the WFO in the DSSZ (12DC04e)
yields a large population of mixed, but mostly pre-Cretaceous 2°°Pb/?*#U dates
ranging from ca. 355 Ma to 100 Ma. Though mostly pre-Cretaceous, this sam-
ple also contains a Cretaceous population with a lower intercept of 110.1 +

4.5 Ma (Fig. 10A) and a large MSWD. Another sample, 13VA178a, located
>500 m structurally above the DSSZ, contains mostly Mississippian dates with
a peak population of 330.1 + 6.6 Ma, and 3 grains that define a poorly con-
strained isochron age of 104.9 + 7.4 Ma (Fig. 10B). The latter date is based on
only three grains and is not discussed further. Two samples from Bradshaw
Sound also contain minor (n = 3) pre-Cretaceous titanites with dates of 146 Ma
and 196 Ma (14NZ11b) and 285 Ma (14NZ13a; see Supplemental File text).
These two samples also contain Cretaceous populations and are discussed in
more detail in the following.

Type C: Homogeneous Cretaceous Titanite Population

Nearly half of samples in this study yield homogeneous titanite popula-
tions with lower intercept dates clustering at 114-110 Ma (Figs. 7A and 10C-10l).
For example, in the Caswell Sound fold-thrust belt, titanites from a paragneiss
(13NZ43) give a well-defined isochron of 113.6 + 2.3 Ma (Fig. 10C). Within the
DSSZ, titanites from a paragneiss at the entrance to First Arm (13NZ61) give
a date of 111.2 + 2.2 Ma (Fig. 10D). Two calc-silicates from within the RISZ
(12NZ15 and 12NZ13) give identical dates of 110.4 = 2.2 Ma and 110.5 + 2.2 Ma
(Figs. 10E, 10F). An orthogneiss from the hanging wall of the DSSZ (southeast-
ern lobe of the Misty pluton; 12NZ24) has a strong amphibolite facies overprint
and a younger date of 104.7 + 4.1 Ma (Fig. 10G). Two samples have low radio-
genic Pb/common Pb values and yield young dates of 95.2 + 8.9 Ma (Fig. 10H)
and 99.0 + 13.0 Ma (Fig. 91). Although these dates are the youngest observed in
this study, we are cautious in interpreting their significance due to their large
uncertainties (9%-13%, 2c). Consequently, these dates are not emphasized or
used in generating contoured plots (Figs. 12 and 13).

Type 0: Overdispersed Cretaceous Titanite Population

Of the samples, 40% (6 of 15) display overdispersed titanite dates for which
MSWD values are >>1 (Figs. 10J-100). Using the Sambridge and Compston
(1994) algorithm, individual samples yield peak titanite populations ranging
from ca. 116 to 108 Ma (Table 2). In some cases, titanite populations are nor-
mally distributed (e.g., 13NZ54; Fig. 10J), but the majority of samples have
continuous to bimodal date populations (e.g., 12DC47a; Fig. 10K). With the ex-
ception of 14NZ13a (see following), the oldest populations give dates ranging
from 116.2 £ 2.3 to 114.5 + 2.3 Ma, and younger populations yield dates ranging
from 110.4 + 2.2 to 107.6 = 2.2 Ma (Table 2). Sample 14NZ13a (splay within the
DSSZ) is an exception and yields overdispersed dates with peak populations
at 108.3 + 2.2 and 102.3 + 2.0 Ma (Fig. 10N).

In general, the overdispersed dates do not correlate with simple core-rim
growth textures (e.g., type O titanites in Figs. 7B, 7C). For example, in sam-
ple 12DC47a (DSSZ), two spots in the core of one titanite yield young dates
of 109.4 + 1.4 and 110.9 + 1.5 Ma (26 SE internal uncertainties), and are sur-
rounded by older interior and rim domain dates as old as 117.5 = 1.4 Ma (Fig.
7B). The weighted average date of all nine spots on this grain is 114 £ 2.2 Ma
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(MSWD = 14). In sample 13NZ54 (splay of DSSZ), BSE images reveal inclu-
sion-rich cores surrounded by inclusion-free rims; however, both domains
give overlapping dates ranging from 119.5 + 1.8 Ma to 105.8 + 1.2 Ma for inclu-
sion-rich cores, and 123.1 + 1.5 Ma to 105.8 + 1.4 Ma for inclusion-free rims (Fig.
7C). SEM-energy-dispersive X-ray spectroscopy results indicate that inclusions
are primarily plagioclase feldspar. A titanite from 14NZ13a (Figs. 8A-8D) also
displays a complex spatial distribution with young dates (107-105 Ma) forming
apparent domains that extend from exterior to interior portions of the grain.
The oldest date in this grain (122.4 + 1.6 Ma) is located in an exterior domain
(Fig. 8B). Collectively, the spatial variation in dates is not consistent with ex-
pectations for thermally mediated volume diffusion. Instead, we argue that the
overdispersion reflects incomplete or prolonged intragrain recrystallization.

Titanite Thermometry

Type P, pre-Cretaceous titanites in a hanging-wall calc-silicate above the
DSSZ (13VA178a) yield a temperature of 754 °C. Another type P titanite sam-
ple in the DSSZ (12DC04e) gives a temperature of 859 °C for pre-Cretaceous
titanites and 829 °C for the ca. 110 Ma population.

Type C titanites with homogeneous age populations ranging from 113.6 to
110.4 Ma give temperatures of 765-896 °C (Table 2). Within individual samples,

Central Fiordland
(Doubtful Sound shear zone)

WFO

(upper amphibolite facies: 108-106 Ma) ,_

(amphibolite-facies: 98 Ma;

1000

temperatures variations are minor and sample populations are characterized
by low standard deviations ranging from 13 to 28 °C. LASS grain traverses also
show no apparent temperature variation from exterior to interior domains. We
do not observe any apparent correlation between temperature and geographic
location. The youngest dated sample in this population, a 104.7 Ma hornblende
orthogneiss from the hanging wall of the DSSZ (12NZ24), also gives the lowest
temperature of 742 °C suggesting a covariation between temperature and age
(see also Fig. 14A).

Type O Cretaceous titanites with dates ranging from 116.2 to 107.6 give tem-
peratures ranging from 753 to 887 °C (Table 2). Within a single sample, multi-
ple age populations generally yield indistinguishable temperatures; however,
intrapopulation temperatures show somewhat more variability compared to
type C titanites (e.g., standard deviation of temperatures in Table 2). In LASS
grain traverses, a few exterior domains show statistically lower temperatures
than interior domains that may be consistent with limited Zr mobility by vol-
ume diffusion (e.g., spot 13NZ54-20; see Supplemental File text). LASS grain
maps (Figs. BA-8D) reveal lower temperatures in exterior domains (~780-
800 °C) compared to those in an apparent core (~820-840 °C). Integrating tem-
peratures and 2°Pb/%8U dates suggests that the titanite in Figure 8 underwent
incomplete and/or prolonged crystallization or recrystallization during Creta-
ceous metamorphism with limited evidence for diffusive reequilibration by
thermally mediated volume diffusion.
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H DISCUSSION

Our zircon and titanite data from central Fiordland allow us to clarify ex-
isting thermochronologic relationships and provide links between U-Pb chro-
nometers and specific deformation fabrics developed in the lower crust during
the transition from arc-construction to extensional orogenic collapse. Prior to
this study, existing thermochronologic data yielded conflicting information re-
garding the initiation and cessation of lower crustal extension (see contrasting
models in Fig. 3). Titanite and garnet thermochronometers, in particular, yield
similar dates, but have been interpreted to record very different temperature
conditions and cooling rates during the same interval of time (Flowers et al.,
2005; Stowell et al., 2014). The controversy centers in part on the assump-
tion that titanite Pb/U dates record cooling through the closure temperature
of ~650-550 °C (Flowers et al., 2005). Although the use of closure temperature
for titanite is commonly employed in documenting the thermal evolution of
high-grade terranes, for the concept to be applied it must be demonstrated
that (1) new or relict titanites were completely purged of radiogenic daughter
products during the last deformational or metamorphic event, (2) titanites had
a simple cooling history through the closure temperature following metamor-
phism, and (3) isotopic exchange of Pb during cooling was accomplished by
volume diffusion (rather than a recrystallization process; Dodson, 1973).

We evaluated titanite data from central Fiordland, and show that most sam-
ples fail to meet the Dodson (1973) criteria. We caution against interpreting
titanite dates as recording passage through a closure temperature and present
a new thermotectonic model that documents (1) time scales and durations
over which the lower crust remained thermally weakened and able to accom-
modate flow and (2) how rheological transitions were linked to the transient
thermal structure of the lower crust during extensional orogenic collapse. We
explore the significance of our thermotectonic model in light of regional exten-
sional patterns in the greater Zealandia Cordillera.

Time Scales and Durations of Arc Root Metamorphism and Cooling

Regional-scale zircon and titanite chronology and thermometry reveal four
general patterns that characterize high-T metamorphism in central Fiordland:
(1) pre-Cretaceous, type P metamorphic titanite dates are preserved exclu-
sively in metamorphic rocks (Deep Cove Gneiss) at the margins of the WFO
or at significant structural distances away from the WFO; (2) the vast majority
of Cretaceous titanite and zircon dates overlap within error and range from
116.3 to 107.6 Ma with zirconiume-in-titanite temperatures >750 °C; (3) some Cre-
taceous zircon and titanite populations are characterized by an overdispersion in
206Pp/238 dates that span ~5 m.y. or more; and (4) a minor population of zircon
and titanite dates range from 105.6 to 102.3 Ma and yield upper amphibolite
facies temperatures of 740-730 °C. These samples are concentrated within and
above the DSSZ in the Doubtful Sound region (Fig. 12). We discuss implica-
tions for these observations in the following.

Pre-Cretaceous Metamorphism

Previous geochronologic studies of zircon, titanite, garnet, and monazite
in central Fiordland have documented multiple phases of pre-Cretaceous, re-
gional high-grade metamorphism at 375-355 and 340-330 Ma (lreland and
Gibson, 1998; Flowers et al., 2005; Chavez et al., 2007; Daczko et al. 2009).
Two samples from our data set (13VA178a and 12DC04e) yield significant pop-
ulations of pre-Cretaceous titanite dates, and both are located either at the
margins of the WFO or >500 m structurally above the WFO. Sample 13VA178a
preserves the most homogeneous, pre-Cretaceous titanite population and re-
cords a temperature of ~750 °C. These results support prior field and metamor-
phic studies that document the preservation of Paleozoic mineral assemblages
in paragneisses and calc-silicates outside of the WFO thermal aureole (Alli-
bone et al., 2009b; Daczko et al., 2009).

Cretaceous High-T Metamorphism (116-108 Ma)

More than 90% of samples in this study yield zircon and titanite dates
ranging from 116 to 108 Ma (Table 2) with corresponding zirconium-in-titanite
temperatures >750 °C. Sparse, pre-Cretaceous titanites are preserved in
only two samples, suggesting that pre-Cretaceous titanite populations were
completely to nearly completely reset during Cretaceous high-T-high-P
metamorphism. The oldest titanites from both type C and O subgroups and
zircon cores yield dates of 116-114 Ma that overlap with the waning stages
of WFO emplacement in central Fiordland from 118 to 115 Ma (Table 3;
Fig. 2). Titanites in this oldest Cretaceous age range give temperatures of
~831-887 °C, indistinguishable from titanium-in-zircon temperatures from
igneous zircons in the WFO (Tables 1 and 2; Fig. 14A). Metamorphic zircons
in this study yield dates ranging from 116.3 to 112.3 Ma and have trace ele-
ment concentrations that are distinct from those in mafic to intermediate
plutonic rocks of the WFO (Fig. 11). These unique geochemical signatures
indicate that zircons in extensional shear zones represent new metamorphic
growth possibly resulting from dissolution-reprecipitation of older detrital
grains, rather than igneous xenocrysts derived from tectonic shearing of the
adjacent WFO. Moreover, the agreement in dates and temperatures between
metamorphic titanites and zircons in this study versus igneous zircons from
the WFO (Sadorski, 2015; Table 2) suggests that high-grade metamorphism
of the prebatholithic host rocks was driven initially by advection of heat re-
lated to magmatic emplacement followed by latent heat of crystallization as
the WFO cooled. Consequently, our metamorphic zircons present evidence
for prograde heating related to garnet granulite facies metamorphism, rather
than late-stage cooling during exhumation as predicted in some mass-bal-
ance models (Kohn et al., 2015).

Migmatitic textures and garnet granulite facies mineral assemblages in the
WEFO are well developed and have long been cited as evidence that high-T-
high-P metamorphism continued after batholith construction (Oliver, 1977,
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1980; Flowers et al., 2005; Klepeis et al., 2007; De Paoli et al., 2009; Stowell
et al., 2014). Our 113-108 Ma titanite dates yield zirconium-in-titanite tempera-
tures of ~900-750 °C that are identical to dates and temperatures from garnet
chronology and thermobarometry in the region (Stowell et al., 2014). The co-
incidence of these dates and temperatures presents multiple lines of evidence
for the persistence of granulite facies thermal conditions for >8 m.y. following
batholith emplacement.

Significance of Cretaceous Titanite Overdispersion

A significant number of titanite-bearing samples in this study and Flowers
et al. (2005) have *Pb/?®U dates (MSWD >> 1) that are inconsistent with a
single age population (type O titanites; Figs. 7, 8, and 10J-100). We consider
two possibilities: the range in dates reflects (1) the effects of thermally acti-
vated intracrystalline volume diffusion of Pb, and/or (2) protracted crystalliza-
tion or recrystallization by fluid flow, deformation, and/or metamorphic reac-
tions. In all samples (except 14NZ13a), the titanite populations yield identical,
>750 °C temperatures. These temperatures are higher than empirically or ex-
perimentally determined Pb-closure temperatures for titanite (Cherniak, 1993,
2010; Verts et al., 1996; Frost et al., 2001; Kohn and Corrie, 2011; Spencer et al.,
2013), and might thus suggest that thermally activated Pb diffusion controlled
Pb mobility.

However, closer inspection of titanite spot locations and dates reveals that
many titanites do not show simple core-rim age zoning, as expected from
diffusion-controlled Pb mobility (Fig. 7 and 8). For example, in 14NZ13c, dates
to 122 Ma are located along exterior domains, whereas younger dates of ca.
106-105 Ma traverse exterior and interior spatial domains. Other samples also
show complex relationships (Fig. 7). In sample 12DC47a, BSE images reveal a
chemically distinct, ca. 111-109 Ma core surrounded by 117-111 Ma domains.
In sample 13NZ54, core-rim variations in inclusion density are suggestive of
multiple phases of growth and/or crystallization or recrystallization; however,
both inclusion-free and inclusion-rich domains give overdispersed dates
ranging from ca. 123 to 105 Ma. Although subtle matrix effects associated
with sampling inclusion-rich domains might affect our dates in core domains,
these effects cannot explain the broad temporal variability in inclusion-free
rim domains. Initial common Pb isotopic variability during metamorphism
is also not a likely explanation for the overdispersion in 26Pb/2®U dates as
type O titanites commonly have high radiogenic Pb/common Pb values with
average intrasample 2°Pb/2**Pb values ranging from 23 to 2700 (Essex and
Gromet, 2000). Collectively, these textures and variations in dates indicate
preservation of complex growth and crystallization or recrystallization his-
tories, and their 2°°Pb/?®U dates cannot be attributed to thermally activated
volume diffusion or simple core-rim crystallization processes. Instead, our ob-
servations are most consistent with titanite dates recording protracted growth
and/or crystallization or recrystallization in response to deformation and/or

metamorphic reactions during garnet granulite to upper amphibolite facies
metamorphism (Verts et al., 1996; Frost et al., 2001; Kohn and Corrie, 2011;
Spencer et al. 2013; Stearns et al., 2015).

Geographically Controlled Sustained Heating (106102 Ma)

A minor population of zircon and titanite dates in the Doubtful Sound re-
gion preserves evidence for growth and/or crystallization or recrystallization
from 106 to 102 Ma (Fig. 12). Zircon rims in the DSSZ record growth at 105.6 Ma
(13NZ61), and 2 titanite samples in the DSSZ and in its hanging wall give dates
of 104.7 and 102.3 Ma with corresponding temperatures of 742 and 728 °C,
respectively (12NZ24 and 14NZ13a). The presence of young zircon and titanite
dates within the DSSZ directly link growth and/or crystallization or recrystal-
lization at 106-102 Ma to upper amphibolite facies deformation. Syntectonic
dikes in the DSSZ yield dates of 102-101 Ma and further support deformation
at this time (Klepeis et al., 2007, 2016).

Sample 12NZ24 is well outside the DSSZ (Fig. 2), but displays a strong
amphibolite facies overprint, suggesting that the spatial footprint of upper
amphibolite facies metamorphism was larger than discrete mylonitic shear
zones. Allibone et al. (2009a) considered this portion of the Misty pluton as a
separate magmatic phase (hornblende diorite unit: Fig. 2); however, another
interpretation supported by our data and regional mapping (Rattenbury and
Isaac, 2012) is that this region is a zone of widespread amphibolite facies
metamorphism (see stripe and hachure patterns in Misty pluton; Fig. 2). This
suggestion highlights the complexity and importance of linking zircon and
titanite growth and/or crystallization or recrystallization with metamorphic
fabrics in resolving disparate tectonic, magmatic, and thermal interpre-
tations for lower crustal evolution (Allibone et al., 2009a; Rattenbury and
Isaac, 2012).

Documenting the full regional extent of amphibolite facies metamorphism
will require more extensive thermochronology work, particularly in eastern
Fiordland. However, one unpublished titanite date in the Mount Hall region,
~14 km northeast of sample 12NZ24, yielded a date of 99 Ma and a zirconium-
in-titanite temperature of 689 + 25 °C (gray star in Fig. 12). Together with our
data, these dates define an apparent geographically controlled pulse of re-
gional, upper amphibolite facies heating from 106 to 99 Ma that extended
from central Doubtful Sound to eastern Fiordland (Fig. 12). We note that this
region of young dates (younger than 106 Ma; Fig. 12) is remarkably similar to
the zone of widespread amphibolite facies metamorphism in the Misty pluton
(Fig. 2). No plutons of this age have been identified at the current level of
exposure in this region; however, postorogenic, A-type granitic dikes have
dates of 105-97 Ma (Klepeis et al., 2013). The A-type character of the dikes
suggests that sustained heating of the WFO was not related to continued
subduction-related magmatism, but is compatible with other mechanisms
such as slab breakoff, asthenospheric upwelling during the onset of extension
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(Tulloch et al., 2009b), and/or foundering of a high-density arc root (Klepeis
et al., 2016). Further geochemical work is needed to elucidate the origin of this
apparent lower crustal thermal pulse.

Thermal Evolution of the Lower Crust During
Rheological Transitions (124-90 Ma)

Our thermotectonic model that integrates field and thermochronologic re-
sults with existing structural observations (Fig. 12-14) allows us to evaluate
previous interpretations (e.g., Flowers et al., 2005; Klepeis et al., 2007; Stowell
et al., 2014) and improve these models in the following ways: (1) we inter-
pret titanite dates and temperatures not as cooling ages but as recording pro-
tracted growth and/or crystallization or recrystallization in the thermal aureole
of the WFO during and following emplacement; (2) zircon and titanite thermo-
chronologic results document the persistence of granulite facies temperatures
for >8 m.y. following arc flareup, during which the lower crust was thermally
weakened and partially molten; and (3) we show that extensional orogenic
collapse in the lower crust initiated during the interval from 108-106 Ma in
the DSSZ and was associated with decompression, hydration, and a regional
pulse of lower crustal heating at amphibolite facies conditions that extended
beyond the footprint of extensional shear zones. In our model, we distinguish
between arc-construction processes related to contractional thickening, WFO
emplacement and heating, and rift-related processes that led to the opening of
the Tasman Sea at 83 Ma (Fig. 14). To illustrate the transient thermal structure
of the lower crust, we present a series of t-T slices in Figure 13. A representa-
tive t-T plot for the DSSZ is shown in Figure 14.

Our thermotectonic model begins with the final emplacement of the WFO
during a voluminous burst of mafic to intermediate magmatism in central
Fiordland (Mattinson et al., 1986; Tulloch and Kimbrough, 2003; Hollis et al.,
2004; Sadorski, 2015). The main phase of magmatism and lower crustal heating
in central Fiordland occurred during emplacement of the Misty and Malaspina
plutons from 118 to 115 Ma (Mattinson et al., 1986; Tulloch and Kimbrough, 2003;
Hollis et al., 2004; Sadorski, 2015). Igneous textures related to batholith con-
struction reveal the development of igneous layering and emplacement-related
disruption of hornblende and garnet-pyroxenite cumulates as WFO magmas
were emplaced into a lower crustal MASH zone. Titanium-in-zircon tempera-
tures for WFO magmas range from 740 to 840 °C, and these are likely minimum
temperatures as zircon is a late-forming igneous phase in dioritic magmas. This
stage marks the final phase of batholith construction in this sector of Zealandia,
and overlapped with crustal thickening and contractional deformation in the
Caswell Sound fold-thrust belt from 117 to 113 Ma (this study) and transpres-
sional deformation in the Indecision Creek and George Sound shear zones in
northern Fiordland from 119 to 111 Ma (Marcotte et al., 2005).

Accompanying final magma emplacement and crystallization was a period
of sustained heating, partial melting, and lower crustal weakening at eclogite
to garnet granulite facies conditions, which lasted at least 8 m.y. from 116 to
108 Ma (Figs. 13 and 14). High temperatures (>750 °C) in footwall, shear zone,

and hanging-wall rocks of the DSSZ and RISZ were provided by latent heat
of crystallization in the WFO with possible additions from underplated A-type
magmas related to felsic dikes. Paleozoic titanites in prebatholithic host rocks
within the thermal aureole of the WFO were completely recrystallized and
reset during prograde metamorphism (Table 2). Metamorphic zircons also de-
veloped during this time and capture the timing of prograde metamorphism
in the arc root. High temperatures led to the development of garnet- and clino-
pyroxene-rich granulitic assemblages and local migmatization of the WFO and
host rocks.

Following this interval of high-T heating, a tectonic break occurred at
108-106 Ma and was associated with cooling from garnet granulite to upper
amphibolite facies conditions, decompression, hydration, and the initiation of
extensional orogenic collapse (Klepeis et al., 2007) (Fig. 14A). In both the RISZ
and DSSZ, upper amphibolite facies fabrics record progressive strain focusing
and subhorizontal flow along arrays of mylonitic shear zones that facilitated
crustal thinning and decompression (Klepeis et al., 2007). Our zircon and ti-
tanite dates from these shear zones record new growth and/or crystallization
or recrystallization during this interval that are compatible with a period of
sustained heating >700 °C from 106 to 102 Ma in the DSSZ region. Our RISZ
footwall sample, 12NZ07, yielded the youngest titanite date in this study (95.2 +
8.9 Ma) and may record diachronous heating in the Breaksea region.

Spatiotemporal patterns in our data suggest that upper amphibolite facies
heating from ca. 106 to 99 Ma was geographically concentrated and/or sus-
tained in the DSSZ and in its hanging wall, extending from the southeastern
Misty pluton to eastern Fiordland (Figs. 12 and 13). This apparent geographic
footprint likely reflects deep-seated heating related to continued A-type diking
in the region. In Tulloch et al. (2009b) it was speculated that ca. 101-97 Ma
A-type tuffs located throughout Zealandia may reflect the onset of rifting of
Zealandia from West Antarctica. The A-type dikes and the spatiotemporal pat-
tern we observe in Fiordland may reflect this same lithospheric thinning. An
alternative, although not mutually exclusive, possibility is that foundering of
a high-density arc root formed from magmatic crystallization of high-P gar
net pyroxenite may have initiated asthenospheric upwelling beneath central
Fiordland and driven lower crustal thinning. Structural studies in the Breaksea
region document vertical flow of gneiss domes in response to density con-
trasts between garnet pyroxenites and melt-rich granulites (Betka and Klepeis,
2013; Klepeis et al., 2016). Numerical models of arc root foundering predict
time scales of ~10 m.y. or more following crystallization, consistent with the
time scales of arc root heating after WFO emplacement in the Breaksea area
(Jull and Kelemen, 2001; Dufek and Bergantz, 2005; Lee, 2014).

The high temperatures (>700 °C) we document in hanging-wall and shear
zone rocks also have implications for the relationship between WFO and wall
rocks, and postulated large-magnitude vertical displacements. Our tempera-
ture data from within shear zone and hanging-wall rocks record granulite
facies temperatures that overlap with zircon crystallization temperatures from
adjacent footwall rocks (Tables 2 and 3). These results confirm that portions
of the Deep Cove Gneiss were located within the thermal aureole of the WFO
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during magmatic emplacement and underwent cooling from garnet granulite
to upper amphibolite facies conditions during progressive strain localization
(Allibone et al., 2009b; Daczko et al., 2009). Least squares regression of titanite
temperatures and dates gives a regional cooling rate of 13.56 + 6.8 °C/m.y.
over the temperature range of 900-700 °C. For the DSSZ only, the rate is 8.3 +
6.6 °C/m.y. (Fig. 12, inset; Fig. 14). Although these rates have large uncertain-
ties, they are ~2-4x slower than rates estimated by Flowers et al. (2005) based
on assumed zircon and titanite closure temperatures. Our data thus demon-
strate that the lower crust remained hot and weak for at least 8 m.y. during the
rheological transition from granulite facies lower crustal flow to extensional
orogenic collapse.

Patterns of Regional Extension in Zealandia

Our data from central Fiordland document a prolonged (>8 m.y.) granulite
facies thermal pulse that resulted in the lower crust remaining hot (>750 °C)
and weak from 116 to 108 Ma. Contractional deformation and crustal thickening
recorded in the Caswell fold-thrust belt ceased during this interval and were
followed by complex patterns of lower crustal flow involving both vertical and
horizontal displacements (Klepeis et al., 2007, 2016; Betka and Klepeis, 2013).
Garnet granulite facies metamorphism, partial melting, and lower crustal flow
processes occurred at largely isobaric conditions and were not accompanied
by decompression (Stowell et al., 2014). However, by 108-106 Ma, orogenic
collapse was underway in the lower crust of the Median Batholith and marked
the beginning of extension and decompression (Klepeis et al., 2007) leading
to rifting and continental break-up throughout Zealandia (Bradshaw, 1989b;
Mortimer, 2008). Data from other parts of the Median Batholith reveal that
final high Sr/Y (possibly subduction related) magmatism occurred at 105 Ma
(Tulloch and Kimbrough, 2003; green field in Fig. 14B). Subsequent A-type
magmatism from 101 to 97 Ma occurred throughout the width of Zealandia and
has been interpreted to signify extension within the orogen as a consequence
of plate reorganization (Tulloch et al., 2009b).

Kula et al. (2007) proposed a two phase model for continental breakup of
Zealandia that involved (1) northward propagation of the Tasman ridge be-
tween Zealandia and West Antarctica and East Antarctica and Australia from
101 to 88 Ma; and (2) opening of the Pacific-Antarctic spreading ridge between
Zealandia and West Antarctica at 89-82 Ma (Fig. 1; Kula et al. 2007). Regional
extensional features related to their initial stage include oblique detachment
structures in the Fosdick Mountains, Antarctica, at 102-99 Ma (McFadden et al.,
2007, 2015), detachment structures in the Ross Sea at 98-95 (Fitzgerald and
Baldwin, 1997; Siddoway et al., 2004), and core complexes in upper to mid-
crustal rocks in Westland, South Island, New Zealand, at 94-89 Ma (Tulloch and
Kimbrough, 1989; Spell et al., 2000). The second phase of continental breakup
is manifested by detachment structures in the Sisters shear zone, Stewart
Island, New Zealand, at 89-82 Ma (Kula et al., 2007; Ring et al., 2015), and sea-
floor spreading in the Tasman Sea at 83 Ma and the Pacific-Antarctic spreading
ridge at 79 Ma (Fig. 1; Stock and Cande, 2002).

Our dates from central Fiordland suggest that extensional structures in
the lower crust developed even earlier than proposed in the Kula et al. (2007)
model and marked the development of organized networks of upper amphibo-
lite facies shear zones from 108 to 106 Ma as batholithic construction and gar-
net granulite facies heating ceased (Fig. 14B). We postulate that the prolonged
period (>15 m.y.) of lower crustal heating resulted in rheological weakening
of the arc root and was a key factor in controlling the transition from crustal
thickening to crustal thinning and extensional orogenic collapse.

B CONCLUSIONS

The thermochronology of metamorphic zircon and titanite from the lower
crust of central Fiordland captures the timing of both prograde granulite facies
metamorphism and crystal-plastic flow from 116 to 108 Ma, and subsequent
retrograde amphibolite facies metamorphism in high-strain zones from 106 to
102 Ma. Titanite LASS analysis reveals that most samples display an overdis-
persion of dates (>5-10 m.y.) that cannot be explained by volume diffusion or
simple, monotonic cooling through a closure temperature following metamor-
phism. Instead, we interpret titanite dates as reflecting protracted crystalliza-
tion or recrystallization and/or growth over ~15 m.y. during the transition from
granulite to amphibolite facies conditions. Our observations require reevalua-
tion of previous thermotectonic models for the lower crust based on assumed
titanite closure temperatures.

Our results are incorporated into a thermotectonic model that involves
(1) thermal weakening of the lower crust during a short-lived burst of mafic to
intermediate magmatism from 118 to 115 Ma that coincided with crustal thick-
ening and contractional deformation in the Caswell Sound fold-thrust belt;
(2) protracted, eclogite to garnet granulite facies metamorphism, partial melt-
ing, and lower crustal flow over ~8 m.y. from 116 to 108 Ma; and (3) localization
of extensional strain in upper amphibolite facies shear zones accompanied by
decompression and hydration starting at 108-106 Ma in the DSSZ. Our results
demonstrate that the lower crust in central Fiordland remained hot (>750 °C),
partially molten, and thermally weakened for longer than previously proposed
(Flowers et al., 2005; Klepeis et al., 2007), and facilitated the initial tectonic tran-
sition from crustal thickening to extensional collapse of the Zealandia Cordi-
llera within the Fiordland sector of the Median Batholith during the interval 108
to 106 Ma. The rheological transition from complex horizontal and vertical flow
at granulite facies to organized shearing in upper amphibolite facies mylonite
zones resulted from the decay of thermal energy after arc flareup as viscosity
of the lower crust increased. We observe that sustained upper amphibolite
facies heating extended beyond the footprint of extensional shear zones and
reflects the presence of transient lower crustal thermal anomalies resulting
from lithospheric thinning and asthenospheric upwelling. We propose that
orogenic collapse of the Zealandia Cordillera in the lower crust of the Median
Batholith initiated as a direct consequence of prolonged (>15 m.y.) thermal
weakening of the lower arc crust.
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