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Abstract We report five new Rb‐Sr muscovite‐based isochron ages, which are the first to constrain the
timing of amphibolite‐facies mylonitization of the Alpine Schist in the Southern Alps of New Zealand.
The ages range from 13.1 ± 4.3 to 8.9 ± 3.2 Ma (2σ uncertainties) for mylonite directly above the Alpine
Fault. The weighted mean age of 10.74 ± 0.57 Ma is within uncertainty of a published 40Ar/39Ar illite/mica
upper‐intercept age of 11.5 ± 0.5 Ma measured at the same locality. The end of amphibolite‐facies
mylonitization occurred at metamorphic conditions of ~560–570 °C and ~0.9–1.1 GPa as derived from
pseudosection analysis in the NCTiKFMASH system. We interpret Miocene metamorphism to reflect
transpressional crustal thickening and formation of a thick crustal root supporting early Southern Alps
topography at or prior to 10.74 ± 0.57 Ma. Additional ~2–1 Ma Rb‐Sr biotite, 40Ar/39Ar muscovite, and 40Ar/
39Ar biotite ages reflect isotopic closure during rapid cooling along the Alpine Fault in the Pleistocene. The
Miocene mylonitization ages and the Pleistocene cooling ages define a distinct two‐stage cooling and
exhumation history for the Alpine Schist with initial cooling of ~10 °C/Myr and exhumation rates of 2–4
km/Myr. Final cooling since ~2Mawas >100 °C/Myr at exhumation rates of ~5–6 km/Myr. We interpret the
two‐phase cooling history by movement of the mylonite through a strongly nonlinear thermal structure.
An older 60.5 ± 0.7 Ma metamorphic event is also preserved as a Rb‐Sr crystallization age of a
predeformational muscovite‐plagioclase assemblage in a sheared pegmatite.

1. Introduction

The Southern Alps of New Zealand is an obliquely convergent (transpressional) orogen formed by continen-
tal collision between the Australian and Pacific plates (Cox & Sutherland, 2007; Furlong & Kamp, 2009;
Norris et al., 1990; Norris & Toy, 2014; Walcott, 1998). Plate convergence is accommodated by dip‐slip
motion on the Alpine Fault, which locally attains ~12 mm/a (Norris & Cooper, 2001), and by antithetic,
reverse‐oblique slip on faults distributed eastward across the orogen (Cox & Findlay, 1995; Cox et al.,
2012; Little, 2004). Since its ~25 Ma inception as a strike‐slip fault accommodating horizontal motion on
the Pacific‐Australia plate boundary, the Alpine Fault has accrued a total dextral displacement of at least
460 km (Kamp, 1986; Norris & Cooper, 2001; Norris & Toy, 2014). A phase of rapid rock uplift and exhuma-
tion of Southern Alps topography has been attributed to a late Neogene increase in the rate of convergent
motion. While there is an abundance of low‐temperature thermochronologic ages constraining the Plio‐
Pleistocene exhumation history, comparatively few quantitative data exist on the timing and conditions
under which oblique convergence and crustal thickening developed in the Miocene.

This article places new constraints on the pressure‐temperature (P‐T) conditions and timing of mylonitiza-
tion of the Alpine Schist exposed directly above the central Alpine Fault. The Alpine Schist has a prolonged
tectonic history since the Mesozoic, and there are challenges in distinguishing pre‐Cenozoic tectonometa-
morphic overprints from initiation of oblique plate convergence and the formation of a crustal root in the
Neogene. To circumvent these problems, we selected four mylonitic Alpine Schist samples and one myloni-
tic metapegmatite from locations directly above the Alpine Fault in the central Southern Alps (Figure 1).
Mylonite offers the best opportunity to unambiguously measure Cenozoic age and P‐T information, as in
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Figure 1. Tectonic context of Southern Alps. (a) Index map of Southern Alps and Alpine Fault of South Island, New
Zealand, with Morvel plate motion vector (Pacific relative to Australian plate) (DeMets et al., 2010); gray area outlines
Zealandia. (b) DEM of South Island showing Alpine Fault and metamorphic grade in Pacific‐Plate rocks to east (note that
only metamorphic zonation for central Southern Alps shown); also shown three sample localities of Alpine Schist mylo-
nite (red squares); other localities mentioned in text and selected active faults; Figure 2 provides details of Harold and
Gaunt Creek and Waikukupa River area. (c) Schematic cross‐sectional cartoon A‐A′ showing selected tectonic features,
prominent seismic reflectors (Stern et al., 2007), proposed midcrustal décollement inferred from seismic data, Alpine
Schist metamorphism, and kinematic modeling (Little, 2004; Herman et al., 2007); dashed line marks base of quartzo-
feldspathic crust (Stern et al., 2007); crustal root beneath dashed line may be composed of Australian Plate rocks (Lamb
et al., 2015). Note that Pacific Plate rocks move horizontally above décollement until they reach Alpine Fault ramp in west
and motion becomes steep; in east, WSW moving material initially thickens across eastern “prowedge” (rainshadow
region of slow erosion rate), then rocks ramp upward on Alpine Fault and removed efficiently by high erosion (zone of
very high rainfall) at western “retrowedge” side of Southern Alps. HF=Hope fault; MFS=Marlborough fault system; PPF
= Porter's Pass fault.
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such rocks, older relics may have been strongly or even fully overprinted by pervasive deformation and asso-
ciated fluid infiltration. The latter also enhances nucleation processes and the kinetics of mineral growth
during mylonitization (Ague & Carlson, 2013; Carlson, 2011; Skelton, 1997), potentially erasing earlier tex-
tural relics. In contrast, textural relics in coarse‐grained metapegmatite have the potential to record premy-
lonitization crystallization events (Glodny et al., 1998; Kumerics et al., 2005).

2. Setting
2.1. Tectonic Setting

Inception of a Pacific‐Australian plate boundary dates back to ~45 Ma (Sutherland, 1995). Based on the age
of dike swarms (Cooper et al., 1987), as well as patterns of changing sediment sources (King et al., 1999), the
inception of the present‐day Alpine Fault as a primarily strike‐slip fault occurred at ca. 25 Ma (Kamp, 1986).
Seafloor spreading fabrics, reconstruction of the conjugate rifted margins south of New Zealand (Sutherland,
1995), and magnetic anomaly‐based plate circuits of the Australian, Antarctica, and Pacific plates (Cande &
Stock, 2004; Walcott, 1998) argue for a gradational change of plate motion from initial strike‐slip to dextral
transpressive motion after ca. 25 Ma. The most recent estimate of Pacific Plate motion relative to the
Australian Plate in the central South Island of New Zealand is 39.7 ± 0.7 mm/a on a bearing of 245 ± 1°
(MORVEL model of DeMets et al., 2010). At Fox Glacier, the MORVEL plate motion has components of
39.1 ± 0.7 mm/a parallel to the Alpine Fault and 6.9 ± 0.8 mm/a perpendicular to the fault. There, the plate
motion vector trends 18–20° clockwise of the strike of the Alpine Fault, which takes up 55–80% of the total
margin‐parallel component of Pacific‐Australia plate motion (Norris & Cooper, 2001).

One of the first‐order expressions of Pacific‐Australia plate convergence is the formation of a thick crustal
root supporting Southern Alps topography. Quantitative data for the timing of initial crustal thickening
and peak metamorphism are crucial for better understanding of mountain building along this plate bound-
ary. Young (≤6 Ma) 40Ar/39Ar and K‐Ar hornblende, white mica, and biotite ages interpreted to date cooling
resulting from rapid rock uplift and erosion along the Alpine Fault in the central Southern Alps suggest that
crustal thickening must be at least this old (Adams, 1981; Batt et al., 2000; Little et al., 2005). However, Batt
et al. (2004) reported regionally synchronous onset of rapid cooling at ~8 Ma. Tippett and Kamp (1993)
already proposed a start of rapid rock uplift near Haast at ~8–7 Ma. Based on apatite fission track ages,
Ring and Bernet (2010) called for a >11 Ma onset of crustal thickening and associated rock uplift in the
Bonar Range directly below the Alpine Fault. Ghisetti et al. (2016) reported an even earlier onset of crustal
shortening in the northwestern part of the Southern Alps, to the west of the Alpine Fault, in the early to mid-
dle Miocene. Findlay (1987), Holm et al. (1989), and Batt et al. (2000) speculated that the peak of meta-
morphism in the Alpine Schist could be at 20–15 Ma.

A common concept in models of Southern Alps mountain building is that the lithospheric mantle of the
Pacific Plate delaminates and its lower crustal material is either added to the orogenic root or subducted with
the Pacific lithospheric mantle (Figure 1c) (Kleffman et al., 1998; Okaya et al., 2007; Stern et al., 2007;
Wellman, 1979). A subhorizontal midcrustal décollement is the key structure facilitating the westward
movement (relative to the Australian Plate) of Pacific Plate rocks in a “conveyor belt” fashion (Koons,
1990) (Figure 1c). This “conveyor belt” concept is inherently asymmetric (Willett, 1999). It requires strongly
focused slip on a single fault in the west, which currently is the Alpine Fault. Existence of the décollement is
inferred from (1) seismic reflection and magnetotelluric data (Stern et al., 2007; Wannamaker et al., 2002).
(2) The consistent maximum limit to exhumation depth (~35–40 km, Grapes, 1995; Vry et al., 2004) as
inferred from themetamorphic grade of Alpine Schist exposed along the Alpine Fault and the strongly asym-
metric pattern of rapid exhumation across the present‐day Southern Alps (Grapes, 1995; Little et al., 2005).
No rocks of higher metamorphic grade than amphibolite facies are exposed anywhere along the fault despite
the about 90 km of plate convergence across the Southern Alps. This evidence was used by Wellman (1979)
to argue that the Alpine Fault merges downward into a subhorizontal décollement at midcrustal depths. (3)
The GPS geodetic velocity pattern is also consistent with a present‐day “conveyor belt” (Beavan et al., 2010,
2016). The depth of the midcrustal décollement is usually placed at ~35 km at the base of the quartzofelds-
pathic crust (Stern et al., 2007). This estimate is based on the few available P‐T estimates in exposed Alpine
Schist (Grapes & Watanabe, 1992, 1994; Grapes, 1995; Vry et al., 2004) and seismic data, both of which indi-
cate that the hanging wall passes through depths of 35–40 km. This depth lies above the seismically imaged,
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~45 km thick crustal root of the Southern Alps (Davey et al., 1998) (Figure 1c). Kinematic modeling of low‐
temperature thermochronologic data predicts that a listric décollement might sole out at ~35 km depth
(Herman et al., 2007) (Figure 1c).

Rapid rock exhumation may explain the high geothermal gradient observed in the Southern Alps (Allis &
Shi, 1995; Kamp, 1997; Kamp et al., 1989; Koons, 1987; Toy et al., 2010). The geothermal gradient measured
at 63 ± 2 °C/km at Gaunt Creek and 125 ± 55 °C/km atWhataroa has been attributed to advection of heat in
meteoric‐derived fluids circulating between high ridges and deep Quaternary sediment‐filled valleys
oriented perpendicular to the fault (Sutherland et al., 2017). These very high gradients magnify an already
elevated conductive geotherm and reflect transfer of heat from mountainous terrains into adjacent valleys
(Stüwe & Hintermüller, 2000). Therefore, the high gradients do not persist to great depths. Estimates of
the geothermal gradient using geological criteria yield more conservative but still high depth‐averaged
values of about 40–50 °C/km, which primarily reflect crustal‐scale conductive heat flow associated with
advection of hot rocks from depth (Batt et al., 2000; Craw, 1997; Kidder et al., 2018; Ring et al., 2017; Toy
et al., 2010). As a consequence of the high geothermal gradient, the modern brittle‐ductile transition is
≤10 km deep (Leitner et al., 2001). The rapid exhumation and cooling rates are due to fast movement of
rocks atop the Alpine Fault “conveyor belt,” causing them to be rapidly eroded at the surface (Koons,
1990; Willett, 1999). The time of initiation of the “conveyor belt” is not known. High‐grade schist detritus
was found in sediments deposited at ~4 Ma in theWaiho‐1 drill hole (Sutherland, 1996), which implies rapid
exhumation of the western Southern Alps began prior to this time. Extending this detrital record, fission
track thermochronology of Waiho‐1 sediments further suggests that exhumation of the western side of the
orogen abruptly increased in the late Miocene at 8–7 Ma (Lang et al., 2018).

2.2. Alpine Schist

Erosion of the uplifted and tilted crustal section in the Pacific Plate has exhumed the Alpine Schist in a 10–20
km wide strip directly above the Alpine Fault (Figure 1b). The metamorphic grade increases westward from
chlorite zone (greenschist facies) near the main (topographic) divide of the central Southern Alps, ~12–15
km east of the Alpine Fault, to garnet‐oligoclase and partly K‐feldspar zone (amphibolite facies) adjacent
to the Alpine Fault (Grapes, 1995; Scott et al., 2015) (Figure 1b). The intensity and degree of deformation also
increases westward (Little et al., 2002; Norris & Cooper, 2003) (Figure 2). The Alpine Schist consists of meta-
morphosed quartzofeldspathic greyschist; however, deeply exhumed pelitic, mafic, and quartzose rocks also
occur closer to the Alpine Fault.

Deformation fabrics, metamorphic isograds, and published geochronology of the Alpine Schist illustrate that
the Southern Alps orogen has a polymetamorphic and polydeformational history (Cooper, 1980; Grapes &
Watanabe, 1992, 1994; Grapes, 1995; Little et al., 2002; Mortimer, 2000; Mortimer & Cooper, 2004; Scott
et al., 2015; White, 1996; Yardley, 1982). A ~0.5–1.5 km thick mylonite zone occurs immediately east of
the Alpine Fault (Little et al., 2005; Norris & Cooper, 1995; Sibson et al., 1981) (Figure 2). Mylonitic fabrics
in the Alpine Schist largely reflect amphibolite‐facies deformation. The generally accepted interpretation is
that the mylonitic fabrics are Pliocene and younger in age. However, back‐calculation of the current exhu-
mation rates in conjunction with P‐T estimates suggests that the mylonitic fabrics may have formed before
6.4 ± 2.4 Ma (Vry et al., 2004) (see below for more details). Rocks adjacent to the Alpine Fault also record a
transient phase of deep embrittlement and backshearing related to upward ramping of the Pacific Plate rocks
onto the dipping plane of the Alpine Fault (Little et al., 2002; Little & Holcombe, 2002; Little, 2004; Norris &
Cooper, 2007) (Figure 1c).

Outside the mylonite zone, the foliation in the Alpine Schist strikes NNE, approximately orthogonal to the
direction of present‐day maximum geodetic shortening , and ~15° anticlockwise to the strike of the more
easterly striking Alpine Fault (Holm et al., 1989; Little et al., 2002, 2007) (Figure 2). Closer to the fault, a
younger mylonitic foliation strikes subparallel to the Alpine Fault and dips ~25–60° SE, depending on local
variability in the strike and kinematics of Alpine Fault segments (Norris & Cooper, 1995). Pervasive
greenschist‐facies reworking and cataclasis affect rocks within ~30–50 m of the Alpine Fault (Little et al.,
2002; Sibson et al., 1981). The foliation generally steepens in its southeast dip with increasing distance east-
ward from the Alpine Fault, whereas the foliation dips gently to moderately within the mylonite zone
(Figure 2). In the nonmylonitic Alpine Schist, an older foliation of pre‐Neogene age dips steeply to the south-
east or is subvertical (Little et al., 2002) (Figure 2). In rocks of the lowest metamorphic grade and at higher
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structural levels far to the east of the Alpine Fault, still older fabrics in the nonmylonitic schist predate the
main, steeply dipping, nonmylonitic Alpine foliation (Little et al., 2005).

The timing of amphibolite‐facies metamorphism and mineral growth in the Alpine Schist is not well under-
stood. The main metamorphic isograds strike subparallel to the Alpine Fault and are inferred to be parallel
to or more steeply dipping than the fault (Cox & Findlay, 1995; Findlay, 1987; Grapes & Watanabe, 1992;
Little et al., 2002). Despite this spatial correlation, the major metamorphic isograds and the dominant folia-
tion are often correlated with a Mesozoic phase of metamorphism unrelated to formation of the present
Southern Alps (Cooper, 1974; Craw et al., 1994; Findlay, 1987; Grapes, 1995; Grapes & Watanabe, 1992,
1994; Holm et al., 1989). Recent age estimates for that metamorphism, and by inference for the timing of
peak metamorphic conditions, range from 120–100 to ~68 Ma (Briggs et al., 2018; Chamberlain et al.,
1995; Grapes, 1995; Mortimer & Cooper, 2004; Scott et al., 2015). Vry et al. (2004) obtained an imprecise
Sm‐Nd age of 12 ± 37 Ma from a Cenozoic garnet rim (Zone 4 garnet in their nomenclature), demonstrating
a Cenozoic tectonometamorphic overprint of the Alpine Schist, which they quantified at 580–620 °C and 1–
1.15 GPa (equivalent to 37–45 km depth if an average mineral density of 2,700 kg/m3 was assumed). Vry
et al. (2004) identified an even younger phase of garnet growth (Zone 5 garnet) overgrowing an amphibo-
lite‐facies Alpine Schist mylonite fabric. By applying late Quaternary to Recent exhumation rates of 8–10
km/Myr (Hovius et al., 1997; Simpson et al., 1994), they inferred an age of 6.4 ± 2.4 Ma for this youngest
garnet‐growth phase. However, million year‐scale exhumation rates based on low‐T thermochronologic data
are markedly smaller. Kamp et al. (1989) reported exhumation rates of 2.3–2.5 km/Myr from ~5.5 to 1 Ma

Figure 2. Tectonic map of Harold and Gaunt Creek and Waikukupa River area (see Figure 1 for location of creeks and
rivers) showing structural data on map and in stereonet, garnet‐in isograd, sample localities, and cross section A‐A′;
note that strike of faults compatible with Riedel shear orientations. Cross section schematically shows premylonitic
foliation in SE and transposition of it toward Alpine Schist mylonite zone above Alpine Fault; amphibolite‐facies mylo-
nitic foliation overprinted by pervasive greenschist‐facies C′ shear bands, both sets of structures record same kinematics.
Modified from Cox and Barrell (2007) and Little et al. (2005).
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and a higher rate of 6.2 km/Myr from ~1 Ma to the present. Such smaller rates would make the inferred
growth age for Zone 5 garnet of Vry et al. (2004) distinctly older (garnet growth at about 15 Ma if 1.1 GPa
pressure, slip along a 45°‐dipping Alpine Fault, and an exhumation rate of 2.5 km/Myr was also used for
the time before ~5.5 Ma, i.e., from 15 to 1 Ma).

Ring et al. (2017) dated fault gouge from cataclasite/gouge layers interleaved within mylonitic Alpine Schist
at Gaunt Creek and Harold Creek by the 40Ar/39Ar isochron method. The upper intercept age of the gouge
isochron dates the original growth age of the metamorphic white mica. Fault gouge at Gaunt Creek yielded
an upper intercept age of 2.04 ± 0.3 Ma, whereas fault gouge at Harold Creek has an upper intercept at 11.46
± 0.47 Ma.

K‐Ar and 40Ar/39Ar hornblende, white mica, and biotite ages from amphibolite‐facies Alpine Schist in the
central Southern Alps range between 6 and 1.5 Ma and are usually interpreted as cooling ages related to
rapid exhumation associated with greenschist‐facies and cataclastic thrusting along the Alpine Fault ramp
(Adams, 1981; Batt et al., 2000; Little, 2004).

3. Samples and Deformation

We collected five samples of Alpine Schist mylonite for Rb‐Sr and 40Ar/39Ar age dating, as well as estimating
P‐T conditions. Mylonite samples SCMY1 and SCMY2 are from Harold Creek, samples GC5 and GC6 are
from Gaunt Creek, and metapegmatite sample WAI is from Waikukupa River (43.4437°S, 170.07011°E)
(Figure 2). Outcrop descriptions and sample coordinates of the Harold and Gaunt Creek sample localities
are published in Ring et al. (2017). Here we provide additional outcrop photos and document the relation-
ship between garnet growth and mylonitization (Figures 3a–3d), which allows linking metamorphism as
deduced from matrix minerals and garnet rims with the muscovite‐based age data. C′ shear bands
(Passchier & Trouw, 2005) in Figures 3a–3c show a top‐to‐the‐W shear sense affecting an older foliation that
developed during garnet growth. The older foliation appears higher grade than the shear bands, the latter of
which formed during greenschist‐facies conditions. Garnet in the older foliation is often chloritized to vary-
ing degrees, indicating exhumation‐related greenschist‐facies overprinting (Figures 3a–3d). Because we are
interested in constraining early crustal thickening in the Southern Alps, we focused on samples with mini-
mal postmylonitic overprinting (Figures 3e–3h). Detailed descriptions of the five samples are provided in the
supporting information.

Our samples from Harold and Gaunt Creek show a relationship between garnet growth and ductile myloni-
tic deformation. Mylonitization includes K‐feldspar recrystallization, implying temperatures ≥500°
(Passchier & Trouw, 2005). Grapes (1995) and Grapes and Vry (1999) showed that some garnet growth
accompanied mylonitization. Vry et al. (2004, p.147) analyzed one sample (their sample 1) from <100 m east
of the Alpine Fault (Figure 1) in detail. They showed that Cenozoic garnet rims (zone 4 garnet) formed with
the mylonitic foliation and both the garnet rims and the mylonitic foliation were overgrown by a postmylo-
nitic garnet growth phase forming outermost rims (zone 5 garnet). The garnets usually have older, pre‐
Neogene garnet cores and have complicated textures (Vry et al., 2004).

Textural relations suggest that in our samples, the entire garnet grains formed during mylonitic shearing
(Figures 3e–3g), although some garnet microstructures might be interpretable as being interkinematic
(Figure 3g). The mylonitic foliation is continuous between garnet and the matrix and slightly bent internally
(Figures 3e, 3f, and 3h) indicating that garnet grew on the developing foliation, that is, syntectonic with the
mylonitic foliation. However, in Figure 3g, the garnet does not appear to be syntectonic with the last (mylo-
nitic) deformation, which is probably associated with the upper greenschist‐facies C′ shear bands, because a
sharp bend is present between the internal and external fabric at the garnet contact. Assuming that all gar-
nets have grown in the same kinematic regime, we propose that garnet grew during a phase of deformation
generating the main muscovite‐biotite‐ilmenite mylonitic foliation in the rock and created the syntectonic
inclusion patterns. After this garnet growth event, mylonitic C′ shear bands developed, and the older folia-
tion was reworked, probably in a strain field with similar orientation (possibly a change in the vorticity of
flow). Garnet remained stable but did not continue to grow. The observation that there is no great angle
between the internal and external fabrics may also be an indication for separate development of shear‐band
foliation overprint in a later stage of development. However, it is possible that all structures developed in a
continuous tectonic event, where deformation conditions changed gradually.

10.1029/2019TC005577Tectonics

RING ET AL. 4340



Figure 3. (a–c) Outcrop photographs fromHarold Creek. Garnet inmylonitic metasediment commonly chloritized at rim;
some garnet severely chloritized, while few show no chloritization. Most asymmetric strain shadows around garnet pro-
vide same top‐W shear sense as C′ shear bands in matrix (C′ shear bands highlighted by blue lines and arrows). C′ shear
bands formed during greenschist‐facies mylonitization and affect older foliation (including garnet) that appears higher
grade than shear bands. Outcrops oriented approximately parallel to stretching lineation and perpendicular to mylonitic
foliation. (d) Gaunt Creek locality where GC5 and GC6 were collected. Note that garnet grows in quartz‐oligoclase seg-
regations (red arrows). (e–h) Microphotographs showing relation between internal foliation in garnet (Si), strain shadows
around garnet, and matrix foliation (Se) in sample GC6. Note missing chloritization of garnet and biotite. Blue dashed line
indicates foliation. (e) Elongated garnet with Si subparallel Se, Se wraps around garnet, at left end of garnet continuity
between Si and Se, at right end garnet resorbed and biotite grows in embayment. Garnet distinctly flattened perpendicular
to foliation. Red arrow shows small vein filled with chlorite and opaques cutting across foliation. (f) Garnet with Si made
up by fine graphite and elongated ilmenite, Si subparallel to Se, small garnet rim shows hardly any Si at top end of garnet,
bottom end resorbed, biotite growing in strain shadows. (g) Garnet with Si made up by fine graphite and elongated
ilmenite, ilmenite continues from garnet into strain shadows, Se (subparallel to Si) wraps around garnet, garnet does not
appear syntectonic with last (mylonitic) deformation since sharp bend present between internal and external fabric at
garnet contact. Red arrow shows chlorite and opaques growing at interface between garnet and its strain shadow over-
growing mylonitic foliation. (h) Cloudy graphite and ilmenite in garnet core hardly oriented, outermost rim has graphite
inclusions forming Si that has continuity with Se, bent strain caps of garnet overgrown indicating syntectonic garnet
growth on developing foliation.

10.1029/2019TC005577Tectonics

RING ET AL. 4341



Quartz in our mylonitic samples is typically >100 μm, annealed, and depicts straight grain boundaries.
Mancktelow and Pennacchioni (2004) showed that suchmicrostructures are typical for fluid‐saturatedmylo-
nitization. Skelton (1997) argued that in zones of pervasive fluid flow nucleation and thermally accelerated
diffusion‐controlled growth of garnet is strongly enhanced. Garnet with bell‐shaped MnO growth profiles
was interpreted to have grown as a result of pervasive fluid flow along interconnected grain boundaries
(Skelton, 1997), which is typical for mylonitic deformation.

There is evidence for minor chloritization of garnet and biotite in our samples (Figures 3e and 3g). In other
mylonitic rocks, chloritization of garnet is more severe (Figures 3a–3d). The degree of chloritization is
increasing toward the Alpine Fault and related to the young (<2 Ma) phase of rapid exhumation recorded
in the currently exposed Alpine Schist (Little et al., 2002). The structures in amphibolite‐facies mylonite
and in the zones of later pervasive C′ shear bands and cataclasis are concordant and record the same kine-
matics (top‐to‐the‐W transpressional shearing).

4. Data

The methods used for geothermobarometry and geochronology are detailed in the supporting information.

4.1. Microstructures and Mineral Chemistry

We studied two representative samples of garnet‐bearing mylonitic schist (GC6 and SCMY2) in detail
for deriving P‐T conditions of mylonitization. The samples exhibit aligned muscovite and biotite flakes
parallel to the main foliation. Dark, micrometer‐scale oxide fringes under the optical microscope suggest
some activity of pressure‐solution creep together with crystal‐plastic deformation during mylonitization.
Millimeter‐sized garnet porphyroblasts are either wrapped by the mylonitic foliation, or the mylonitic
foliation in the matrix continues into the garnet (Figures 3e and 3f). The mylonitic foliation is mainly
composed of quartz‐plagioclase‐rich bands separated by mica‐rich domains. Garnet contains inclusions
of zoisite, quartz, rutile, and ilmenite. Garnet is enriched in Mn and Ca in the cores, with Fe and
Mg increasing towards the rims (Figures 4a, 4b, and 5a). Zoisite only occurs as inclusions in garnet
and has a composition between XPs 0.14 and 0.21 (XPs = Fe3+/Fe3+ + Al). Biotite is found in several
microstructural settings: (i) in garnet strain shadows (Figure 4b), (ii) rimming muscovite in the matrix
(Figure 4c), (iii) as mica fish in the foliation (Figure 4d), (iv) interleaved with muscovite and ilmenite in
the foliation (Figure 4e), and (v) filling garnet fractures along with muscovite (Figure 4f). Biotite com-
position is influenced by its setting (Figure 5b). Biotite near garnet is richer in Fe (XMg = 0.3) than bio-
tite flakes in the matrix (XMg = 0.45). Biotite is often closely associated with ilmenite in the main
foliation (Figure 4d). Muscovite crystals are found in the same microstructural sites as biotite, which
suggests the two minerals were in equilibrium during most of the mylonitic deformation recorded in
these samples. Muscovite composition is homogeneous in both samples, ranging between Si = 3.14
and 3.2 atoms per formula unit (Figure 5c). Five micrometer thick bright rims are sometimes visible
around muscovite flakes in back‐scattered‐electron mode: These are characterized by slightly higher
celadonite content. Plagioclase composition ranges from Ab84An15Or1 (cores) to Ab77An22Or1 (rims;
Figure 5d). Apatite is common as 100 μm large elongated grains in the main foliation.

Garnet growth zoning indicates that the crystals are mono‐metamorphic and therefore different from the
complexly zoned garnet crystals reported by Vry et al. (2004). The enrichment of Mn and Ca in the cores
of our garnets is similar to the enrichment Mn and Ca in clear, euhedral rims that overgrow preexisting
strain shadows or include segments of the mylonitic foliation as reported in Little et al. (2002) from com-
plexly zoned garnets. Little et al. (2002) concluded that those garnet rims grow synkinematic to late kine-
matic with respect to the mylonitic foliation. In line with most workers, we envisage that the thermal
peak of metamorphism predates the post‐Pliocene phase of oblique transpression (see summary in Little
et al., 2002).

A retrograde, lower greenschist‐facies overprint is expressed in the samples as (i) chlorite rims around biotite
and to a lesser extent, garnet and (ii) the pseudomorphic replacement of plagioclase by aggregates of musco-
vite, albite, and orthoclase. Amphibole is not present in either of the samples.
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4.2. Pseudosection Modeling

The P‐T grid for mylonite sample SCMY2 has been calculated between 510 and 640 °C and 0.6 and 1.4 GPa
(Figure 6). The pseudosection also contains isopleths of the silica content (in atoms per formula unit) of
white mica, the anorthite content of plagioclase (mol.%), and XMg and XCa isopleths (mol.%) of garnet.
Our results show that the best fit region for the peak mylonitic assemblage is at 560–570 °C and 0.9–1.1
GPa (equivalent to 33–41 km depth) in the plagioclase‐white mica‐biotite‐garnet‐chlorite‐rutile field. This
best fit region is based on the observed peak paragenesis and the crossing of mineral isopleths. Our P‐T esti-
mates are, within errors (±30 °C; Palin et al., 2016), in agreement with those from Vry et al. (2004). Garnet
rims, in textural equilibriumwith the matrix, are considered to reflect peakmetamorphic conditions. We use
the grossular and pyrope content of garnet to constrain temperatures in the model. The pressure is quanti-
fied by combining the anorthitic component of plagioclase with the silica content of white mica, which lies
in the mylonitic foliation and is in textural equilibriumwith biotite. Importantly, modeled peakmineral pro-
portions as well as mineral compositions are in good agreement with the mineral data (see comparison in

Figure 4. Back‐scattered‐electron images showing textural relationships in samples GC6 and SCMY2. (a) Large, rounded
garnet porphyroblast showing oriented trail of inclusions, wrapped by mylonitic foliation. (b) Garnet containing ilmenite,
zoisite, quartz, and rutile inclusions; biotite crystallized in strain shadow. (c) Close up of muscovitic white mica
showing thin overgrowth of biotite. (d) Biotite with cracks perpendicular to mylonitic foliation made up of muscovite,
biotite, plagioclase, ilmenite, quartz, and apatite. (e) Muscovite fish inmuscovite + biotite + ilmenite foliation. (f) Close up
of garnet fracture in which biotite, quartz, plagioclase, and muscovite grew.
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Table S3). The only discrepancies are (i) the presence of minor amounts of chlorite (3.6 vol.%) at peak
conditions, which is possible, but not confirmed by our petrographic observations and (ii) the predicted
presence of rutile and absence of ilmenite in the peak assemblage (note that rutile does occur as
inclusions in garnet rims). Note that the ilmenite‐in reaction curve lies only 0.1 GPa below our peak
conditions, which more or less corresponds to the uncertainty on metamorphic reactions of pseudosection
modeling in this P‐T range (Palin et al., 2016; see also Angiboust & Harlov, 2017, for further experimental
constraints on rutile‐forming processes in amphibolite‐facies rocks).

Despite uncertainties in the prograde path, the presence of zoisite inclusions in garnet suggests a burial path
traversing the zoisite‐bearing, amphibole‐absentfield (~510 °C, 0.9GPa; Figure 6). Constraints on the decom-
pression path are based on the following petrographic observations: (i) the increase of the anorthite content
of plagioclase toward the rims, (ii) the breakdown of garnet and its replacement by biotite and chlorite, and
(iii) the weak chemical zoning of silica in white mica along an exhumation path following the same Si iso-
pleth. The good preservation of the peak metamorphic assemblage suggests that deformation/
recrystallization ceased relatively early in the exhumation history, probably when the rock entered the
greenschist facies (~500 °C). This statement is confirmed by the absence of titanite rims around ilmenite
and by the good preservation of garnet porphyroblasts in the studied samples.

4.3. Rb‐Sr and 40Ar/39Ar Ages
4.3.1. Harold Creek
Rb‐Sr mineral data for SCMY1 are available in Ring et al. (2017). For comparison with the new results for
samples SCMY2, GC5, GC6, and WAI (Table S4), we summarize the data here (Figure 7a). Regression of
the Rb‐Sr mineral data of SCMY1 provides an age of 13.1 ± 4.3 Ma. There are Sr‐isotopic disequilibria,
expressed by pronounced systematic correlations between white‐mica grain sizes and Rb‐Sr isotopic signa-
tures, with older apparent ages for bigger muscovite grains. Such correlations may result from three different
scenarios: (1) The grain‐size sensitivity of several ductile deformation mechanisms (Platt & Behr, 2011) may
lead to partial preservation of larger grains as textural relics, like mica fish and feldspar augen. This is in par-
ticular the case if deformation is weak and nonpervasive and prolonged in time. Textural relics commonly
also show isotopic inheritance (Villa, 2010), explaining the older apparent ages for larger muscovite grains.
(2) Textural relics may also be preserved as a result of metamorphic, fluid‐present, dissolution‐
reprecipitation processes (Hyppolito et al., 2019; Putnis, 2009; Villa, 2016). Such processes commonly start

Figure 5. (a) Garnet composition of GC6 and SCMY2. (b) XMg versus octahedral aluminum content of biotite. (c)
Celadonite (Cel) versus muscovite content of white mica. (d) Anorthite (XAn) versus albite (XAb) content of plagioclase
as function of microtextural position.
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from grain boundaries or cracks in minerals, again favoring preservation of larger grains as relics during
later fluid‐controlled overprinting. (3) A correlation between grain size and apparent age may arise from
temperature‐controlled diffusional Sr exchange processes during cooling, with more efficient Sr exchange
(or Sr loss) from small grains because of smaller effective diffusion grain radii. However, peak
metamorphic temperatures of SCMY1 are 560–570 °C, and Sr diffusion in white mica is activated to
significant extents only at or above 600 °C (Glodny et al., 1998; Heri et al., 2014). Hence, postpeak‐
metamorphic, temperature‐controlled diffusional exchange between white mica and its matrix is unlikely.
The mylonitic texture of the rock indicates that ductile deformation was the last process that caused
recrystallization of white mica in the rock. Dynamic recrystallization is well known to reset the Rb‐Sr
system of white mica at temperatures as low as ~300 °C (Müller et al., 2000; Reddy et al., 2003, and
references therein). Textural and microchemical observations provide some indications for minor
greenschist‐facies fluid driven dissolution‐reprecipitation and mineral‐reaction processes, like occasional

Figure 6. Modeled P‐T pseudosection showing topology for SCMY2; P‐T path marked by red arrow and best fit area of
peak P‐T by red polygon. Garnet XMg (=Mg/(Mg + Fe2+)) and grossular (Grs) content, anorthite (An) content of plagi-
oclase (Pl), and isopleths showing silica (Si) content of muscovite (Ms) shown.
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celadonite‐enriched rims around muscovite, sporadic partial chloritization of biotite and garnet, and the
presence of fine‐grained secondary muscovite as reaction products after plagioclase. Therefore, we
interpret the white‐mica grain size versus apparent age correlation as resulting from protracted, slowly
waning deformation and synkinematic recrystallization, potentially combined with minor effects of
postmylonitic greenschist‐facies overprint(s), like the formation of celadonite rich rims on white mica
(Angiboust et al., 2018). The strongest impact of these retrograde processes is expected for the smallest
white‐mica grains and for low‐Rb/Sr phases with low shear strength and susceptibility for fluid‐driven
recrystallization, like apatite (Engvik et al., 2009; Kusebauch et al., 2015). The apparent apatite‐white
mica age for the smallest studied grain‐size fraction (160–125 μm) of 10.4 ± 0.5 Ma (Figure 7a) can thus
be regarded as a maximum age for the end of deformation and fluid‐driven overprint. Noteworthy, the
presence of middle to late Miocene ages between ~15 and ~10 Ma for Rb‐Sr white‐mica age signals in this
sample is consistent with an extrapolated 100% 2M illite 40Ar/39Ar age from a nearby fault gouge of 11.46
± 0.47 Ma (Ring et al., 2017).

Sample SCMY2 is a garnet‐bearing, biotite‐rich mylonite. Indications for low‐temperature alteration, like
bleaching or chloritization of biotite or chloritization of garnet, are present but rare. Rb‐Sr mineral data
for feldspar, apatite, and different grain‐size fractions of muscovite and biotite show marked Sr‐isotopic dis-
equilibria (Figure 7b), namely, between the low‐Rb/Sr phases apatite and feldspar and between muscovite

Figure 7. Rb‐Sr isochron diagrams for samples SCMY1 (a), SCMY2 (b), GC5 (c), GC6 (d), and WAI (e).
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and biotite. Muscovite Rb/Sr data allow calculation of apparent ages of 14.0 ± 0.5 Ma (apatite + two musco-
vite grain‐size fractions) and 10.8 ± 0.5 Ma (feldspar + two muscovite grain‐size fractions). These middle to
late Miocene muscovite‐based apparent ages are very similar to the ones obtained from sample SCMY1.

Inmarked contrast, regression of data for apatite, feldspar, and the three biotite grain‐size fractions results in
an age value of 1.39 ± 0.19 Ma. This age estimate is somewhat imprecise, due to the apatite versus feldspar
disequilibrium and the presence of a minor but significant correlation between biotite grain size and appar-
ent ages, with the oldest apparent age (equivalent to position of mineral‐fraction data above the regression
line) for the largest grain‐size fraction (500–355 μm).

For SCMY2, we also analyzed 40Ar/39Ar signatures of several muscovite and biotite grain‐size fractions
(Figure 8 and Table S5). Muscovite plateau ages are 2.09 ± 0.10 Ma (muscovite 250–160 μm) (Figure 8a)
and 1.38 ± 0.13 Ma (muscovite 160–90 μm) (Figure 8b). Biotite plateau ages appear to be slightly younger,
with ages for two aliquots of 0.87 ± 0.11 Ma (Figure 8c) and 1.06 ± 0.31 Ma (biotite 500–355 μm)
(Figure 8d) and 1.04 ± 0.17 Ma (biotite 250–160 μm) (Figure 8e). Muscovite shows positive grain‐size versus
apparent‐age correlation, whereas for biotite, such a correlation is not evident.

Comparison between Rb‐Sr and 40Ar/39Ar results reveals that the biotite‐based Rb‐Sr and 40Ar/39Ar age
results overlap, with a tendency for younger ages recorded in the 40Ar/39Ar data. In contrast, Rb‐Sr
muscovite‐based apparent ages are considerably older (middle to late Miocene) than 40Ar/39Ar‐based mus-
covite ages (early Pleistocene). Obviously, the Miocene Rb‐Sr age signature of muscovite persisted through a
process that caused complete (or almost complete) reset of the K‐Ar decay system in that mineral and that
also caused complete reset of the Rb‐Sr age in biotite. The observed age pattern is consistent with cooling
of the rock through greenschist‐facies conditions in early Pleistocene times in the presence of intergranular
fluids. This cooling started from temperatures above the closure temperature for diffusive Ar loss frommus-
covite (near 450 to 500 °C for muscovite, grain size 100–200 μm, open‐system conditions; Warren et al., 2012)
at about 2 Ma, down to temperatures of closure of the K‐Ar system in biotite (near 350 °C, Harrison &
McDougall, 1985). Textural observations in sample SCMY2 (see above) include evidence for costability of
muscovite and biotite in the main mylonitic foliation. Mylonitic, foliation‐forming ductile deformation is
known to easily reset the Rb‐Sr signatures of muscovitic white mica at temperatures as low as ~300 °C
(see above). Given that Miocene Rb‐Sr muscovite ages are preserved, we conclude that the last fabric‐
defining ductile deformation in the sample occurred at about 14 to 10 Ma and that Rb‐Sr biotite, as well
as 40Ar/39Ar muscovite and biotite ages, record cooling under static conditions. This is consistent with the
preservation of the peak metamorphic assemblage indicating that deformation in the amphibolite‐facies
mylonite stopped relatively early in the exhumation and cooling history of the rock.
4.3.2. Gaunt Creek
Sample GC5 is a garnet‐bearing, feldspar‐muscovite‐rich mylonite, with minor biotite. Indications for
low‐temperature alteration are virtually absent. From the fabric‐forming assemblage of muscovite, feld-
spar, and apatite, we obtain a fairly well‐defined Rb‐Sr multimineral age of 13.1 ± 1.2 Ma (Figure 7c)
(Table S4). There is no significant contrast between the apparent ages for different muscovite grain‐size
fractions, indicating that neither isotopic relics nor diffusion‐driven resetting affected Rb‐Sr signatures in
the muscovite population in this sample. Given the strong mylonitic fabric in the rock, the age is best
interpreted as dating the end of mylonitic deformation at amphibolite‐facies conditions in the stability
field of garnet.

Sample GC6 is a garnet‐bearing mylonite. Muscovite Rb‐Sr and 40Ar/39Ar age analyses have already been
reported by Ring et al. (2017). Muscovite Rb‐Sr data (Figure 7d) show a similar pattern to that of sample
SCMY2 (Figure 7b). The data show disequilibrium, with a slightly younger apparent age for the more fine‐
grained muscovite fraction. In combination with mineral data for quartz‐feldspar and apatite, an apparent
white‐mica age of 8.9 ± 3.2 Ma is obtained, demonstrating the presence of middle to late Miocene white mica
in this sample.

Two biotite grain‐size fractions were also analyzed from GC6 (Figure 7d). These two biotite fractions com-
bined with apatite and feldspar yield an early Pleistocene age of 1.50 ± 0.21 Ma. There is a (hardly signifi-
cant) tendency of the smaller biotite grain‐size fraction toward a younger age. In combination with the
Miocene muscovite age and the observation of textural equilibrium between biotite and muscovite, this
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Figure 8. 40Ar/39Ar age spectra for different grain‐size fractions of muscovite and biotite from samples SCMY2 (a–e) and GC6 (f–i).
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Pleistocene age suggests that the biotite Rb‐Sr age was reset during cooling, at largely static, fluid‐present,
open‐system, greenschist‐facies conditions.

The 40Ar/39Ar plateau ages for two aliquots of the muscovite 160–125 μm grain‐size fraction from that sam-
ple are 1.47 ± 0.08 and 1.57 ± 0.15 Ma (Figures 8f and 8g and Table S5), that is, they are identical within
uncertainties. We also analyzed in duplicate the 355‐250 μm grain‐size fraction of biotite for 40Ar/39Ar.
Plateau ages of 1.12 ± 0.27 Ma and 1.03 ± 0.07 Ma (Figures 8h and 8i) appear slightly younger than the mus-
covite 40Ar/39Ar ages and also slightly younger that the Rb‐Sr based biotite age but are statistically indistin-
guishable from them within limits of uncertainty. Similar to sample SCMY2, biotite Rb‐Sr and K‐Ar isotope
systems of both muscovite and biotite closed during an episode of rapid cooling in the early Pleistocene.
4.3.3. Waikukupa River
Sample WAI is a garnet‐bearing micaschist containing a remarkably coarse‐grained muscovite + feldspar
subassemblage (with muscovite crystals up to 1 cm in diameter) in a fine‐grained matrix of feldspar, quartz,
biotite, apatite, and minor carbonate. The texture of this rock, particularly the bimodal grain‐size distribu-
tion of feldspar and muscovite, reflects its content of strongly deformed metapegmatite veins, as described
for this site by Norris and Cooper (2003). In this rock, light‐colored, coarse‐grained, muscovite‐bearing
quartzofeldspathic layers represent deformed pegmatites of granitic composition that experienced
amphibolite‐facies ductile shearing. In such rocks, the textural relic assemblage may provide age informa-
tion on primary melt crystallization (cf. Eberlei et al., 2015; Glodny et al., 1998). We therefore analyzed mul-
tiple muscovite fractions, including two large, seemingly undeformed muscovite porphyroclasts and one
augen‐type feldspar crystal, apatite, and biotite for Rb‐Sr signatures.

Minerals from the primary, pegmatitic subassemblage (two different white‐mica porphyroclasts + augen
feldspar) provide an isochron age of 60.45 ± 0.69 Ma (Figure 7e) (Table S4). Given the high retentivity of peg-
matitic white mica “books” for Rb‐Sr even at temperatures >600 °C (Glodny et al., 1998), this age is inter-
preted as dating crystallization of the pegmatitic assemblage from a melt. Rb concentrations in muscovite
(<258 ppm) and 87Rb/86Sr ratios (<13.5) are much lower than values characteristic for evolved granitic
rare‐element pegmatites (cf. Küster, 1995). We therefore hypothesize that the pegmatite was formed by pri-
mary anatectic minimum melts during a high‐T migmatite stage at about 60 Ma.

Fine‐grained white‐mica grain‐size fractions show a pronounced positive correlation between grain size and
apparent ages (Figure 7e). Larger grain‐size fractions potentially are mixtures between partially relic “peg-
matitic”muscovite and fully recrystallized, deformation‐related muscovite. Assuming that the finest musco-
vite fraction is least affected by partial inheritance, the apparent age of 9.94 ± 0.52 Ma for apatite and the
muscovite grain‐size fraction of 160–90 μm can be regarded as a maximum age for the end of (Miocene)
ductile deformation.

Biotite forms part of the deformation‐related subassemblage and thus was present in the rock already when
ductile deformation largely ceased inMiocene times. Yet the apparent Rb‐Sr age for the biotite is reset to 1.56
± 0.05 Ma (calculated using biotite and apatite data; Figure 7e). As for other samples, we interpret this age as
dating a stage of greenschist‐facies cooling.

4.4. Summary of Geochronologic Data

Before discussing the orogen‐scale implications of our new data, we summarize the geochronologic data.
The first recorded event is a stage of primary melt crystallization at about 60 Ma (sample WAI). Vry et al.
(2004) also reported a Rb‐Sr plagioclase‐hornblende‐whole rock isochron age of 86.2 ± 2.3 Ma from the same
locality (their sample 4). This age is supported by a Rb‐Sr garnet‐whole rock isochron age of 86.2 ± 11 Ma
from Moeraki River (Figure 1) (their sample 5).

Because muscovite codefines the mylonitic fabric in the studied Alpine Schist samples and mylonitic defor-
mation is known to easily reset Rb‐Sr signatures of muscovitic white mica, we infer that the last phase of the
ductile mylonitic fabric developed at peak amphibolite‐facies metamorphic conditions (~560–570 °C and
~0.9–1.1 GPa). The most robust age is recorded in sample GC5 at 13.1 ± 1.2 Ma, calculated from a fairly
unambiguous regression line, and validated by the absence of a correlation between grain size and apparent
age for different muscovite grain‐size fractions. Overall, most Rb‐Sr muscovite ages are not well defined and
overlap at about 14–10 Ma with a weighted mean age of 10.74 ± 0.57 Ma (Figure 9). A weighted mean age of
10.74 ± 0.57 Ma is within uncertainty similar to the 40Ar/39Ar illite/mica upper‐intercept age of 11.46 ± 0.47
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Ma reported in Ring et al. (2017). The 10.74 ± 0.57 Ma is arithmetically
correct, but we consider a spread of ages between 14 and 10 Ma geologi-
cally more reasonable.

Muscovite 40Ar/39Ar ages are between ~2.1 and ~1.4 Ma (~500/450 °C)
and biotite 40Ar/39Ar ages are between ~1.1 and ~0.9 Ma (~350 °C).
There are also biotite Rb‐Sr ages between ~1.56 and ~1.39 Ma (samples
SCMY2, GC6, and WAI). The discrepancy between these Pleistocene ages
and the Miocene Rb‐Sr muscovite ages indicates that the K‐Ar muscovite
system in the samples was not synkinematically reset in the Pleistocene.
The nature of muscovite indicates synkinematic muscovite formation or
reworking so that the Miocene Rb‐Sr muscovite ages are best interpreted
as deformation and/or growth ages, whereas the Pleistocene age signals
are best interpreted as cooling ages (cf. Egli et al., 2016). It follows that
40Ar/39Ar white‐mica ages, as well as Rb‐Sr biotite and 40Ar/39Ar biotite
ages, are consistent with rapid cooling from ~500/450 to ~350 °C at largely
static conditions in our samples. To interpret the latter ages as cooling
ages, open‐system conditions and the presence of fluids are required to
facilitate efficient removal or redistribution of radiogenic Sr and Ar (cf.
Glodny et al., 2003; Smye et al., 2013). Indeed, there is evidence for
lower‐greenschist‐facies fluid activity in the rocks, like partial chloritiza-
tion of biotite and garnet or sericitization of plagioclase. Despite this late
fluid infiltration, some white mica 40Ar/39Ar K‐Ar signatures are still
recording the late stages of ductile deformation (metamorphic white mica

age of 11.46 ± 0.47Ma from fault gouge reported by Ring et al., 2017), a fact that may indicate a nonpervasive
nature of Pleistocene fluid percolation through the analyzed samples.

5. Discussion

Our results indicate that the end of mylonitic shearing at peak amphibolite‐facies metamorphic conditions
in the Alpine Schist occurred in the middle to late Miocene. The peakmetamorphic conditions show that the
crust had been thickened by that time and thus supported high topography. Additionally, consistently young
Pleistocene ages of 2–1 Ma indicate that Alpine Schist mylonite has experienced a two‐phase history since
14–10 Ma, with the young phase of rapid cooling recording the final “conveyor belt” ascent of the
hanging‐wall rocks of the Alpine fault (Figure 10a). The ~60 Ma age for pegmatite crystallization from sam-
ple WAI shows another high‐temperature event in the earliest Tertiary. This ~60 Ma age is younger than
most of the hitherto reported Late Cretaceous ages for this high‐temperature event.

5.1. Crustal Thickening in the Middle to Late Miocene

Vry et al. (2004) summarized the difficulties of successfully dating the growth of high‐temperature meta-
morphic minerals in the Alpine Schist, which include (1) the absence of magmatic rocks containing zircon
and the absence of monazite (Batt et al., 1999; Chamberlain et al., 1995; Mortimer & Cooper, 2004), (2) the
lack of sufficient U and radiogenic Pb for U‐Pb or Pb‐Pb dating of titanite (Mortimer & Cooper, 2004), and (3)
the small size, inclusion‐rich nature, and in many cases complex overgrowth history of most high‐grade
minerals including garnet. As mentioned above, nucleation enhancement and growth kinetics in fluid‐
saturated mylonitic rocks may overcome at least some of these impediments. This is demonstrated, for
instance, by the simple, chemical zoning pattern and internal structure of the synkinematic, one‐phase gar-
net crystals we selected to study (Figures 3e–3h). Furthermore, elsewhere, Rb‐Sr muscovite‐based multimin-
eral isochron dating proved to be a successful technique for dating amphibolite‐ and eclogite‐facies
metamorphic rocks that show no or only weak subsequent overprinting (Eberlei et al., 2015; Glodny et al.,
2005; Glodny et al., 2008; Reddy et al., 2003; Ring, Glodny, et al., 2018; Schulte et al., 2014).

Our muscovite‐based Rb‐Sr ages are the first to constrain the end of Neogene amphibolite‐facies mylonitic
shearing in the currently exposed Alpine Schist. Our P‐T data indicate that the mylonitization event took
place at 560–570 °C and 0.9–1.1 GPa (33–41 km depth), which is similar to peak P‐T of the Alpine Schist
of 580–620 °C and 1–1.15 GPa (37–45 km) ~100 km further north (Vry et al., 2004). These P‐T conditions

Figure 9. Summary of Rb‐Sr white‐mica‐based multimineral age data; 2M
illite 40Ar/39Ar age from Ring et al. (2017) with calculated weighted mean
age of all data for end of mylonitic shearing and “visually” estimated best fit
range of age data.
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attest to a thickened crust. A reasonable approximation of the crustal thickness at the Oligocene/Miocene
boundary is ~25 km (Walcott, 1998) as inferred from preorogenic crust in places like the Canterbury
Basin and shallow marine sedimentation at that time. Despite some Sr‐isotopic disequilibria, our data
provide a robust minimum age constraint on the timing of ~10–15 km of crustal thickening. The middle
to late Miocene crustal thickness was thus largely similar to today's thickness.

Ages of about 14–10 Ma for the end of ductile shearing are consistent with the inferred age of outermost gar-
net rims overgrowing the mylonite fabric (Vry et al., 2004), which should be of the order of 15 Ma (see above
for discussion of this age using exhumation rates of Kamp et al., 1989). The ages for the end of ductile fabric
development in Alpine Schist mylonite are distinctly older than hitherto envisaged and indicate that crustal
thickening in the Southern Alps started before ~14–10 Ma. Based on apatite fission track ages in the Bonar
Range in the footwall of the Alpine Fault, Ring and Bernet (2010) similarly proposed that transpressional
crustal thickening and associated rock uplift was underway by ~11 Ma. Palinspastic restorations in the foot-
wall (foreland) of the northern Alpine Fault demonstrate that reverse reactivation of preexisting steep faults,
which were mostly blind, started at ca. 22 Ma. Hiatuses and unconformities at 17–10 Ma reflect the propaga-
tion of high‐angle reverse basement faults to the surface since the middle Miocene (Ghisetti et al., 2016).
Regional hiatuses and unconformities at 17–10 Ma have also been documented by King et al. (1999). In

Figure 10. (a) Temperature‐time (T‐t) diagram derived from age dating in currently exposed Alpine Schist mylonite (zir-
con fission track and (U‐Th)/He ages and apatite fission track ages (all italics) from Ring et al., 20171) and all other data
from this study2; T‐t data indicate slow cooling between ~14–10 and ~2 Ma; solid blue line reflects time‐averaged
cooling rates of ~10 °C/Myr. Inset shows extended T‐t path including Late Cretaceous/early Tertiary data from Vry et al.
(2004) (Lu‐Hf on garnet), Scott et al. (2015) (U‐Pb onmonazite), Briggs et al. (2018) (Lu‐Hf on garnet), and this study (Rb‐Sr
age of 60 Ma from sample WAI). Stippled path virtually unconstrained showing cooling of Cretaceous high‐T rocks
until onset of dextral transpression in Southern Alps in early Miocene. (b) Interpretation of two‐stage T‐t history. Alpine
Schist mylonite formed approximately where décollement would hit Alpine Fault ramp (note that existence of décollement
at 14–10 Ma uncertain), black dots indicate estimated positions of mylonite based on exhumation rates (discussed
in text) and age of mylonitization of 14–10 Ma; isotherms according to Toy et al. (2010). Slow cooling from t1 and t2
between widely spaced isotherms. Note that position of mylonite at 14 Ma allows for initial movement subparallel to
isothermal structure, which may better explain T‐t path. BDT = brittle‐ductile transition zone.
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the middle Miocene, sufficient topography had developed to subside the lithosphere along the plate bound-
ary, generating a foreland basin west of the Alpine Fault (Sircombe & Kamp, 1998). 13C excess measure-
ments from middle Miocene lacustrine deposits in central Otago suggest this early topography may have
attained at least 1.5 km of relief (Horton et al., 2016). Increased topography may explain Miocene high‐
energy conglomerate deposition in the Maruia Basin (Cutten et al., 2006). Lu and Fulthorpe (2004) showed
increased sedimentation rates in the middle Miocene in the Canterbury basin to the east of the Southern
Alps. Collectively, all data indicate that crustal shortening in the Southern Alps and the formation of a thick
crustal root was underway by ~14–10 Ma and supported increased topography of a growing Southern Alps
since the middle Miocene.

5.2. Rapid Cooling in Pleistocene

The next geochronologic record in Alpine Schist mylonite after the end of peakmetamorphic conditions and
mylonitic shearing at ~14–10 Ma are the 40Ar/39Ar white mica and biotite ages and the Rb‐Sr biotite‐based
ages of ~2.1 to ~0.9 Ma. We interpret the ~2.1 to ~0.9 Ma ages to reflect cooling from 500/450 °C through 350
°C (Figure 10a).

If our interpretation of these ages as cooling ages was accepted, it follows that temperatures were probably in
the stability field of garnet (greater than ~450 °C) but below the temperatures required to reset Rb‐Sr in mus-
covite (>600 °C) for the period between ~14–10 and ~2 Ma. The ~2.1 to ~0.9 Ma ages would indicate cooling
from 500/450 °C through 350 °C at time‐averaged rates exceeding 100 °C/Myr. Similar and even more rapid
cooling rates have already been proposed by Holm et al. (1989), Kamp et al. (1989), Batt et al. (2000), Little
et al. (2005), and Ring et al. (2017). The geothermal gradient is very high and the brittle‐ductile transition
shallow (≤10 km, Leitner et al., 2001). The presently exposed Alpine Schist was at the verge from
amphibolite‐ to greenschist‐facies conditions at about 2Ma (450–500 °C, depending on the envisaged closure
temperature for Ar diffusion in white mica) (Figure 10a). Due to the preservation of Miocene muscovite Rb‐
Sr ages, Pleistocene ductile deformation can be ruled out for our amphibolite‐facies mylonite samples.
However, because temperatures above 300–350 °C usually envisaged for the brittle‐ductile transition lasted
until ~1 Ma, ductile shearing is likely to have contributed to the exhumation of mylonitic rocks in the
Pleistocene. The shear fabrics preserved in ultramylonite, mylonite, and cataclasite indicate dextral‐reverse
slip (Little et al., 2002; Norris & Cooper, 2007; Toy et al., 2008) accordant with the known, present‐day slip
kinematics of the Alpine Fault. We envisage that the Pleistocene exhumation of the currently exposed mylo-
nite was mostly absorbed in the more fault‐proximal, localized ultramylonite zone within a few tens of
meters of the Alpine Fault and in the fault‐distal part of the Alpine mylonite zone where C′ shear bands
are pervasively developed. In the ultramylonite zone, garnet is more thoroughly chloritized (Figures 3a–
3d) than in our dated samples and (upper)greenschist‐facies deformation and subsequent cataclastic defor-
mation and fault gouge formation occurred. In other words, deformation associated with rapid cooling and
exhumation was partitioned into this narrow zone, especially the cataclasite/gouge zone immediately above
the Alpine Fault.

The white‐mica closure temperature for the K/Ar system was probably at depths of 10–12 km (if a ~40–50 °
C/km thermal gradient [see above] was used). This depth estimate results in minimum averaged exhuma-
tion rates of ~5–6 km/Myr since ~2 Ma. These exhumation rates are controlled by rapid erosion and similar
to rates reported by Kamp et al. (1989) for the period from ~1 Ma to the present. The rocks above the
décollement are moving rapidly westward with a translation component normal to the Alpine Fault of 6–
9 km/Myr (Beavan et al., 2002), which is similar to current erosion‐controlled exhumation rates on the west
side of the Southern Alps (Hovius et al., 1997; Simpson et al., 1994). Numerical models of the coupling
between orogen deformation and orographic precipitation predict that the horizontal displacement rates
match exhumation rates (Willett et al., 1993). Surface processes that erode mountain belts lead to large‐scale
removal of mass and cause the velocity field to adjust to replace eroded material by material from within,
requiring that deformation adjusts to replace removed material (Willett et al., 1993). Rapid erosion and asso-
ciated heat advection also control the “modern” high conductive thermal gradient (Batt et al., 2000; Craw,
1997; Holm et al., 1989; Ring et al., 2017). An age of ~2 Ma would be a minimum age for the establishment
of the midcrustal décollement and the “conveyor belt.” This is a minimum age as there may have been (now
eroded) Alpine Schist mylonite that had rapidly cooled and exhumed prior to ~2 Ma (see also below).

10.1029/2019TC005577Tectonics

RING ET AL. 4352



5.3. Interpretation of Temperature‐Time History

The T‐t path for the exhumed Alpine Schist mylonite shows slow cooling of about 10 °C/km from ~14 to 10
Ma until ~2 Ma (Figure 10a). A pre‐2 Ma exhumation rate is less well constrained but would be of the order
of 2 to <4 km/Myr (exhumation from 33–41 km at 14–10Ma to 10–12 km at about 2 Ma) and again similar to
the rates of Kamp et al. (1989) between ~5.5 and 1 Ma. Batt et al. (2004) and Lang et al. (2018) argue for slow
Miocene exhumation rates during the interval between ~20 and ~8 Ma. The combination of crustal thicken-
ing and slow exhumation supports the argument made above that the Southern Alps was growing during
the Miocene.

The differences in exhumation and cooling rates indicate a change at ~2 Ma. However, the change at ~2 Ma
is only valid for the currently exposed Alpine Schist mylonite. Older, eroded mylonite could have potentially
seen the same change before 2Ma. The occurrence of Alpine Schist detritus in sediments in theWaiho‐1 drill
core suggests that conditions similar to the present‐day ones were already established prior to 4 Ma
(Sutherland, 1996) and as early as 8–7 Ma (Batt et al., 2004; Lang et al., 2018; Tippett & Kamp, 1993).
Therefore, we speculate that on the scale of the Southern Alps, the change depicted in the T‐t curve first
occurred by 8–7 Ma and that 8‐7 Ma marks the time when the modern “conveyor belt” formed.

The envisaged depth of the décollement is ~35 km, a depth largely based on P‐T estimates of exposed Alpine
Schist (Figure 10b). Such a proposition would be in line with the commonly held opinion that structures and
kinematics of Alpine Schist mylonite reflect Alpine Fault motion. This linkage and the Alpine Fault origin of
the Alpine Schist mylonite zone have been proposed by many workers (e.g., Norris & Cooper, 2003, 2007;
Sibson et al., 1981) on the basis of high finite shear strains in the Alpine mylonite zone and quartz lattice‐
preferred orientations in those rocks that record amphibolite‐facies conditions of ductile shearing. This
shear deformation, localized to within ~0.5–1.5 km of the Alpine Fault, was uniformly dextral‐reverse in
sense and featured a shearing vector that is indistinguishable from the modern slip direction on the
Alpine Fault (Little et al., 2015, 2016; Toy et al., 2008).

Using exhumation rates of 6 km/Myr from 2 Ma to the present and 3 km/Myr for the time between 14–10
and 2 Ma (see above) and translating those vertical rates into displacement rates along a 45°‐dipping
Alpine Fault results in total displacements of the Alpine Schist mylonite of ~40–55 km since its formation
(and is broadly in line with plate reconstructions of Furlong & Kamp, 2009, which require ~55–65 km of dis-
placement since 14–10Ma). These calculations place the position of the currently exposed Alpine Schist at 10
Ma near the point where the décollement hits the Alpine Fault ramp and at 14 Ma along the subhorizontal
midcrustal décollement (Figure 10b). Little et al. (2005) inferred that integrated exhumation rates in the
hanging wall of the Alpine fault have been slow enough in the Neogene that midcrustal rocks derived from
the base of the Alpine fault ramp have still not been exhumed along this structure, except in the most rapidly
exhuming, central part of the Southern Alps northwest of Aoraki (Mt Cook), which led them to infer <60 km
of dip‐slip on the fault outside of the that central region, and perhaps only slightly more than that within it.

Our new age data constraining the end of peak metamorphic mylonitic shearing to ~14–10 Ma demonstrate
that the currently exposed Alpine Schist mylonite cooled slowly for about 8–12 Myr (Figure 10a). Toy et al.
(2010) estimated a strongly nonlinear geothermal gradient of ~40 °C/km above the brittle‐ductile transition
zone and a distinctly lower gradient of ~10°/km below the brittle‐ductile transition zone. Gradient nonli-
nearity is due to the vertical advection of heat during rapid exhumation in the Alpine Fault hanging wall
(Kidder et al., 2018; Sutherland et al., 2017), and Koons (1987) numerically modeled such a stepped iso-
therm. We envisage that the Alpine Schist mylonite moved initially (between t1 and t2 in Figure 10b)
between the more widely spaced isotherms, therefore cooled slowly and also exhumed at a more moderate
rate of 2.5–3 km/Myr. At about 2 Ma, the mylonite started to move through the more condensed, near‐
surface isothermal structure and cooled distinctly more rapidly. At this time, the exhumation rate
also increased.

5.4. Late Cretaceous/Paleogene High‐Temperature Metamorphism, Magmatism, and Cooling

We recorded pegmatite crystallization at about 60Ma (sampleWAI). This event may be consistent with a Rb‐
Sr plagioclase‐hornblende‐whole rock isochron age of 86.2 ± 2.3 Ma from the same locality (sample 4 of Vry
et al., 2004) and a Rb‐Sr garnet‐whole rock isochron age of 86.2 ± 11Ma fromMoeraki River (sample 5 of Vry
et al., 2004) (Figure 1 and inset in Figure 10a). Similar Late Cretaceous to Paleogene ages for metamorphism,
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dike intrusions, and cooling occur in both the Australian and the Pacific Plate concentrated along a thermo-
tectonic corridor close (within ~100 km) to the present Alpine Fault (Mortimer, 2018). Given the widely
accepted “conveyor belt” model for Neogene mountain building, Pacific Plate rocks are overriding the
Australian Plate for about 90 km, thereby narrowing their spatial distribution along the Alpine Fault.
Hence, the notion of a Late Cretaceous through Paleogene wider “Alpine Fault thermotectonic corridor”
might be an artifact of Neogene transpression. In addition to the Late Cretaceous/Paleogene ages for
high‐T metamorphism, there are also numerous Cretaceous/Paleogene low‐T thermochronologic ages
across the South Island (Ring, Mortimer, et al., 2018; Tippett & Kamp, 1993) and Stewart Island (Reiners
et al., 2004; Ring et al., 2015) (Table S6), which have hitherto hardly been considered in compilations for
Late Cretaceous/Paleogene ages (Briggs et al., 2018; Cooper & Palin, 2018; Mortimer, 2018). However, when
the lithosphere is deforming, there needs to be deformation compatibility, and ages for lower crustal high‐
grade metamorphism are linked in some way with low‐T thermochronologic ages in the upper crust.

The geochronologic data reflect a spread of Late Cretaceous through Paleogene ages for high‐T metamorph-
ism (various Sm‐Nd and Lu‐Hf garnet, U‐Pb monazite, and U‐Pb zircon, as well as Rb‐Sr mineral ages
between 98 and 50 Ma), cooling in the brittle crust (fission track, (U‐Th)/He, and possibly K‐Ar biotite ages
of 113–46 Ma), and shallow level dike intrusions at 98–68 Ma. Ages reflecting high‐T metamorphism occur
in the direct hanging wall of the Alpine Fault. The low‐T thermochronologic ages in the Pacific Plate occur
far away from the Alpine Fault. In contrast, Cretaceous fission track (Ring & Bernet, 2010) and K‐Ar biotite
(Rattenbury, 1987) cooling ages occur in close proximity of the Alpine Fault in the Australian Plate. These
contrasting patterns reflect the very different exhumation levels of the Neogene to Recent orogeny on either
side of the Alpine Fault.

In general, the garnet ages are older than the U‐Pb zircon ages. However, ages reflecting deep‐seated meta-
morphism show a similar and large spread as ages for cooling and dike intrusions in the brittle crust. As
such, all ages are interpreted to reflect protracted and/or repeated thermotectonic event(s) rather than vari-
ably reset ages resulting from a single “old” event at, say, 100–90 Ma. This statement is corroborated by the
fact that without severe recrystallization or dissolution/reprecipitation, it is nearly impossible to reset garnet
Lu/Hf, Sm/Nd, or U‐Pb zircon ages. Lu‐Hf dates represent garnet growth (rather than cooling) under preva-
lent crustal conditions (e.g., Scherer al., 2000), whereas Sm‐Nd ages of garnet are only affected by potential
partial diffusive resetting at granulite‐facies conditions (Smit et al., 2013) and will not be affected to any
major extent as long as compositional garnet growth zoning is preserved (Dutch & Hand, 2010). The U‐Pb
system of zircon is thermally stable even at temperatures above 900 °C (Lee et al., 1997).

Protracted metamorphism in the lower crust might be supported by the Rb‐Sr ages reported by Vry et al.
(2004) and in this study from the same locality at Waikukupa River. The Vry et al. (2004) Rb‐Sr
plagioclase‐hornblende‐whole rock isochron age of 86.2 ± 2.3 Ma is from a garnet‐bearing mafic rock,
whereas our distinctly younger age is from a metapegmatite. These two rock types would behave differently
during metamorphism. One way to explain the ~25 Myr age difference between metapegmatite and metaba-
site ages would be that the metabasite age reflects an earlier high‐T metamorphic stage than crystallization
of partial melts reflected by our 60.5 ± 0.7 Ma age. Partial melting and pegmatite intrusions in the metapelite
at ~60 Ma may have resulted from decompression as is commonly reported from extensional provinces
(Harris & Massey, 1994; Kruckenberg et al., 2008; Ring, Glodny, et al., 2018). This interpretation would
imply a rather protracted period of about 25 Myr for high‐T conditions before the rocks were exhumed (inset
in Figure 10a).

Apatite fission track dating has identified a Late Cretaceous thermal event at about 80–72 Ma in the Paparoa
metamorphic core complex in the Australian Plate (Schulte et al., 2014) that was associated with NE‐SW
horizontal extension (in present coordinates). Similar Late Cretaceous apatite fission track ages occur in sev-
eral other places in the South Island (Batt et al., 2004; Kamp, 1997; Lang et al., 2018). Ring, Mortimer, et al.
(2018) reported zircon fission track ages of 79 to 46 Ma from the footwall of a normal fault in the Otago
Schist. These ages show a systematic and robust age trend indicating NE‐SW extension, which probably reac-
tivated a mid‐Cretaceous normal fault. Bishop (1992) compiled nearly 400 orientations of Late Cretaceous
lamprophyre dikes, revealing a prominent maximum strike at 120°, compatible with NE‐SW horizontal
extension (see Mortimer, 2018). The interpretation of these, admittedly sparse, upper‐crustal thermotectonic
data is that Zealandia was affected by a protracted NE‐SW‐directed extensional event in the Late Cretaceous.
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The Cretaceous low‐T ages from Stewart Island have been interpreted to reflect footwall cooling of a normal
fault system resulting from NE‐SW extension (Kula et al., 2009; Ring et al., 2015). The high‐temperature
thermochronologic ages would then reflect the deep‐crustal response to extension recorded by the low‐T
ages in the upper crust.

The opening of the Tasman Sea to the northwest of New Zealand was a protracted event starting before 110
Ma (Schulte et al., 2014) and culminated in mid‐ocean ridge formation at ~83 Ma (Gaina et al., 1998). The
direction of extension was NE‐SW (Schulte et al., 2014; Tulloch & Kimbrough, 1989). The separation of
New Zealand from Antarctica started later by ~100 Ma (Uruski & Ilg, 2006) and the Pacific‐Antarctica
spreading ridge formed by ~76 Ma (Gaina et al., 1998), and the extension direction was NE‐SW (Kula
et al., 2009; Ring et al., 2015). We suggest that the various extension directions reported above are related
to these two extension events to the northwest and southeast of the South Island. The large age range
reflected by the ages for metamorphism, magmatism, and cooling might be related to these protracted rifting
events and suggests that large parts of the lower crust in the South Island were not caught up by extensional
structures and remained at depths.

6. Conclusions

We dated, for the first time, the end of amphibolite‐facies deformation in Alpine Schist mylonite
exposed directly above the Alpine Fault. Our Rb‐Sr ages cluster between 14 and 10 Ma with a weighted
mean age of 10.74 ± 0.57 Ma. The ages indicate that crustal thickening and the formation of a thick
crustal root were underway in the middle to late Miocene. P‐T data show that the crust was >35–40
km thick at that time. The geothermal gradient in the middle Miocene was not greater than about
10–15 °C/km in the ductile crust. A subsequent geochronologically recorded imprint in our Alpine
Schist mylonite samples occurred at 2–1 Ma and is interpreted to date cooling from 500/450 °C through
350 °C at time‐averaged cooling rates exceeding 100 °C/Myr. Temperature‐time relations indicate a dis-
tinct two‐stage history of the currently exposed Alpine Schist with initial slow cooling and moderate
exhumation rates of 2‐4 km/Myr followed by noticeably more rapid cooling since ~2 Ma and also more
rapid exhumation at rates of ca. 5–6 km/Myr. We interpret the two‐phase cooling history by movement
of the mylonite through a strongly nonlinear thermal structure.
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