
   
    

REVISION 1 1 

Stable and Transient Isotopic Trends in the Crustal Evolution of 2 

Zealandia Cordillera 3 

 4 

Joshua J. Schwartz
1
, Solishia Andico

1
, Rose Turnbull

2
, Keith A. Klepeis

3
, Andy 5 

Tulloch
2
, Kouki Kitajima

4
, and John W. Valley

4
 6 

 7 
1 Department of Geology, California State University Northridge, CA, 91330, USA 8 
2 GNS Science, Private Bag 1930, Dunedin, NZ 9 
3 Department of Geology, The University of Vermont, VT, 05405, USA  10 
4WiscSIMS, Dept. of Geoscience, University of Wisconsin, Madison, WI 53706, USA 11 

* corresponding author: email: joshua.schwartz@csun.edu; tel. (818) 677-5813 12 

 13 

ABSTRACT (352/800 words) 14 

We present >500 zircon δ18O and Lu-Hf isotope analyses on previously dated zircons to 15 

explore the interplay between spatial and temporal magmatic signals in Zealandia 16 

Cordillera. Our data cover ~8,500 km2 of middle and lower crust in the Median Batholith 17 

(Fiordland segment of Zealandia Cordillera) where Mesozoic arc magmatism along the 18 

paleo-Pacific margin of Gondwana was focused along an ~100 km-wide, arc-parallel 19 

zone. Our data reveal three spatially distinct isotope domains which we term the eastern, 20 

central and western isotope domains. These domains parallel the Mesozoic arc-axis and 21 

their boundaries are defined by major crustal-scale faults that were reactivated as ductile 22 

shear zones during the Early Cretaceous. The western isotope domain has homogenous, 23 

mantle-like δ18O (Zrn) values of 5.8 ± 0.3‰ (2SD) and initial εHf (Zrn) values of +4.2 ± 24 
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1.0 (2SD). The eastern isotope domain is defined by isotopically low and homogenous 25 

δ18O (Zrn) values of 3.9 ± 0.2‰ and initial εHf values of +7.8 ± 0.6. The central isotope 26 

domain is characterized by transitional isotope values that display a strong E-W gradient 27 

with δ18O (Zrn) values rising from 4.6‰ to 5.9‰ and initial εHf values decreasing from 28 

+5.5 to +3.7. We find that the isotope architecture of the Median Batholith was in place 29 

before initiation of Mesozoic arc magmatism and pre-dates Early Cretaceous 30 

contractional deformation and transpression. Our data show that Mesozoic pluton 31 

chemistry was controlled in part by long-lived, spatially distinct isotope domains that 32 

extend from the crust through to the upper mantle. Isotope differences between these 33 

domains are the result of the crustal architecture (an underthrusted low-δ18O source 34 

terrane) and a transient event beginning at ca. 129 Ma that primarily involved a depleted-35 

mantle component contaminated by recycled trench sediments (10-20%). When data 36 

showing the temporal and spatial patterns of magmatism are integrated, we observe a 37 

pattern of decreasing crustal recycling of the low-δ18O source over time, which ultimately 38 

culminated in a mantle-controlled flare-up. Our data demonstrate that spatial and 39 

temporal signals are intimately linked and when evaluated together they provide 40 

important insights into crustal architecture and the role of both stable and transient arc 41 

magmatic trends in Cordilleran batholiths. 42 

 43 
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Introduction 46 

The crustal architecture of continental margins plays an important role in influencing the 47 

location of Cordilleran-arc magmatism and the geochemical and isotope evolution of arc 48 

magmas from their source to emplacement (e.g., Ducea et al., 2015a). Geochemical and isotope 49 

data from arc magmas are often used as important features in evaluating source regions and 50 

differentiation processes that ultimately lead to the generation of continental crust through time 51 

(Rudnick, 1995; Taylor and McLennan, 1995; Ducea and Barton, 2007; Scholl and von Huene, 52 

2007; Hawkesworth et al., 2010; Voice et al., 2011; Ducea et al., 2017). However, the record of 53 

pre-existing crustal sources and their relationship to terrane and intra-terrane faults is commonly 54 

highly disrupted by a variety of factors including voluminous magmatic intrusions, polyphase 55 

metamorphism, and various phases of brittle and ductile faulting. The end result is that surficial 56 

exposures of long-lived Cordilleran arcs preserve an incomplete record of crustal sources and the 57 

pre-batholithic architecture of the arc which were once key factors in its temporal and spatial 58 

magmatic evolution.  59 

One of the problems in understanding isotope variations in arc magmas is that isotope 60 

signals can be influenced by a number of competing factors, including spatially controlled 61 

features such as the crustal and upper mantle architecture and composition of the arc (Armstrong, 62 

1988; Ducea and Barton, 2007), versus various transient tectonic and non-tectonic processes that 63 

can introduce new sources. The latter may include processes such as delamination and arc root 64 

foundering (Kay et al., 1994; Ducea, 2002; Ducea et al., 2013), fore-arc underplating (Chapman 65 

et al., 2013), subduction erosion (Kay et al., 2005), retro-arc underthrusting of continental crust 66 

(DeCelles et al., 2009; DeCelles and Graham, 2015), relamination of subducted sediment 67 

(Hacker et al., 2011), and/or slab tears and slab windows (Thorkelson, 1996; Dickenson, 1997). 68 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7626.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



4 
 

Understanding which of these mechanisms controls geochemical and isotope changes in arc 69 

magma chemistry is critical in evaluating continental crustal growth processes, including 70 

triggering mechanisms for voluminous arc magmatic surges (Paterson and Ducea, 2015; Ducea 71 

et al., 2015b; de Silva et al., 2015). 72 

The Mesozoic Median Batholith of Fiordland New Zealand is a prime location to explore 73 

the interplay between spatial- and temporal-isotope signals because it comprises ~10,000 km2 of 74 

lower, middle and shallow arc crust built on the southeast margin of Gondwana from the 75 

Devonian to Early Cretaceous (Fig. 1A-F) (Landis and Coombs, 1967; Mortimer et al., 1999a; 76 

Tulloch and Kimbrough, 2003). The importance of the Median Batholith in understanding 77 

Cordilleran-arc magmatic processes is underscored by competing models for the Early 78 

Cretaceous surge of high-Sr/Y magmatism. In one model, Muir et al. (1995) and Milan et al. 79 

(2017) used bulk-rock and zircon radiogenic isotope data (Sr-Nd-Hf) to argue for increasing 80 

contributions of ancient (radiogenic) continental crustal sources during the continentward 81 

advance of the arc. In contrast, Decker et al. (2017) used both stable and radiogenic zircon 82 

isotope data (O and Lu-Hf) from the lower crust of the Median Batholith to propose a mantle 83 

(rather than crustal) trigger for the Early Cretaceous flare-up stage. In neither study were spatial 84 

isotope trends investigated nor was the role of the pre-existing crustal architecture considered. 85 

Consequently, an outstanding question is whether geochemical and isotope shifts observed in 86 

magmatic chemistry in the Mesozoic portion of the Median Batholith reflect temporally transient 87 

arc processes (c.f., increased coupling, underthrusting of continental crust, and changes to the 88 

lower plate), or temporally stable processes influenced by long-lived pre-batholithic crustal 89 

and/or upper lithospheric mantle architecture of the Cordilleran arc system. In the Median 90 

Batholith, this problem is compounded by the fact that there is little consensus about the pre-91 
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batholithic crustal architecture, the nature and location of isotope boundaries, nor the timing of 92 

terrane juxtaposition prior to voluminous arc-magmatic activity in the Early Cretaceous 93 

(Kimbrough et al., 1994; Adams et al., 1998; Muir et al., 1998; Mortimer et al., 1999a; Scott et 94 

al., 2009; McCoy-West et al., 2014). 95 

Zircon isotope studies in plutonic rocks can improve our understanding of the crustal 96 

architecture and spatial isotope trends prior to batholith emplacement because they can reveal 97 

differences in source regions from which melts were derived (e.g., Valley, 2003; Lackey et al., 98 

2005; Lackey et al., 2008; Cecil et al., 2011; Lackey et al., 2012). For example, oxygen isotopes 99 

are particularly sensitive indicators of melt-rock interaction and differentiate low-temperature 100 

hydrothermally altered sources, such as marine sediments (180 >>6‰), from high-temperature 101 

hydrothermally altered sources or those altered at high paleo-latitude or -altitude conditions 102 

(18O <<6‰). Similarly, hafnium isotopes differentiate depleted mantle-derived melts (and/or 103 

reworked mantle-derived protoliths: εHf = +16 to +18) from older crustal sources (initial εHf << 104 

+16). Moreover, variations in zircon isotope values within samples also provide information 105 

about whether isotope signatures were acquired from deep-crustal source regions versus during 106 

ascent or at the depth of emplacement. Isotope signatures acquired in the deep crust or upper 107 

mantle often display homogenous values with low intrasample standard deviations reflecting 108 

efficient isotope homogenization in high-temperature melt-rich systems, whereas large 109 

intrasample variations can be caused by assimilation of crustal sources during ascent, remelting 110 

of sedimentary protoliths, or emplacement in melt-poor, crystal mushes (e.g., Valley et al., 1998; 111 

Kemp et al., 2007; Miller et al., 2007; Bindeman, 2008). In this study, we use a series ~60-km 112 

long, arc-perpendicular zircon isotope transects from Jurassic to Early Cretaceous plutons to 113 

investigate the isotope characteristics of the Median Batholith with the goal of understanding the 114 
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pre-batholithic crustal architecture and evaluating temporal and spatial isotope variations in 115 

Cordilleran crust construction in the Zealandia Cordillera (Fig. 1). 116 

 117 

Geologic Background 118 

Regional Geology of the Median Batholith 119 

Currently exposed Pre-Late Cretaceous Zealandia is divided into two lithologic 120 

provinces: the Eastern Province and the Western Province (Fig. 1A-B, F). The Eastern Province 121 

consists of dominantly Permian to Early Cretaceous accreted terranes composed of sedimentary 122 

and metasedimentary terranes (Murihiku, Caples, Torlesse, Waipapa Terranes, and Haast Schist), 123 

an ophiolite belt (Dun Mountain/Maitai Terrane), and an intraoceanic island arc terrane (Brook 124 

Street Terrane) (Landis and Coombs, 1967; Frost and Coombs, 1989; Bradshaw, 1993; Mortimer 125 

et al., 1999a; Tulloch et al., 1999a; Mortimer, 2004; Campbell et al., 2020). 126 

The Western Province is comprised of Early Paleozoic Gondwana-like affinity 127 

metasedimentary and metavolcanic rocks comprising Buller and Takaka terranes that were 128 

accreted to the Gondwana margin in the Early Paleozoic (Cooper and Tulloch, 1992, Jongens, 129 

1997; 2006) and intruded by Ordovician to Cretaceous plutons (Mortimer et al. 2004; Ramezani 130 

and Tulloch, 2009; Tulloch et al. 2009a) (Fig. 1A-B). While the boundary between the Eastern 131 

Province and Western Provinces is generally thought to lie between the Brook Street Terrane and 132 

the Takaka/Buller terranes, the region is overprinted by Cenozoic brittle faults and Mesozoic 133 

plutons of the Median Batholith (Fig. 1A-B). Thus, there is no consensus on the location of the 134 

boundary between the Eastern Province and Western Provinces nor the timing of its formation. 135 

We investigate the architecture of this boundary in this contribution because it forms the 136 

background for understanding spatial and temporal isotope trends in the Median Batholith. 137 
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Mortimer et al. (1999) recognized that the boundary between the Eastern and Western 138 

Provinces is essentially defined by variably deformed batholithic rocks and they coined the term 139 

‘Median Batholith’ to describe the region where batholithic rocks intrude both Western Province 140 

and Eastern Province terranes (Fig. 1). Tulloch and Kimbrough (2003) subsequently subdivided 141 

the Median Batholith into two overlapping plutonic belts (the inboard and outboard belts) which 142 

contain the Darran and the Separation Point Suites (Fig. 1). Recognition of correlative rocks in 143 

off-shore South Zealandia indicates that the Median Batholith extends along at least 2600km of 144 

the SE Gondwana margin (Tulloch et al. 2019). In the deeply exhumed 200km long segment of 145 

the Median Batholith in Fiordland, the inboard belt is dominated by the monzodioritic Western 146 

Fiordland Orthogneiss (WFO) phase of the Separation Point Suite (Oliver 1977; Mattinson et al 147 

1986; Bradshaw 1990). The WFO was emplaced in the lower crust and in part metamorphosed to 148 

granulite facies, in marked contrast to the upper/mid-crustal plutonic and rare volcanic rocks of 149 

the Darran Suite that dominate the outboard belt (Fig. 1; Table 1).  150 

The boundary between the inboard and outboard belts was defined by Allibone et al. 151 

(2009) by the distribution of metasedimentary rocks, whereby those of the inboard belt have 152 

Gondwana-affinities, and those in the outboard Median Batholith have no apparent association 153 

with cratonic Gondwana. In northern Fiordland, Marcotte et al. (2005) suggested that the 154 

Indecision Creek Shear Zone represented the boundary between the inboard and outboard 155 

Median Batholith, and Scott et al. (2009) suggested that this boundary continued to the south to 156 

the subvertical Grebe Shear Zone in Lake Manapouri in central Fiordland (Fig. 1A). Buriticá et 157 

al. (2019) extended the Grebe Shear Zone into South Fiord, Lake Te Anau and noted that 158 

deformation is partitioned into a diffuse network of high- and low-strain mylonitic shear zones 159 

whose core deformation zone is located within the Darran Suite. We use the location of the 160 
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Grebe and Indecision Creek Shear Zones as defined in these prior studies as the boundary 161 

between inboard and outboard plutons rocks in this study. 162 

In a re-evaluation of the inboard/outboard concept, Scott (2013) subdivided the Median 163 

Batholith by terranes whereby rocks east of the Grebe Shear Zone-Indecision Creek Shear Zone 164 

are considered part of the Drumduan Terrane, and rocks west of the Grebe Shear Zone-165 

Indecision Creek Shear Zone are considered part of the Takaka Terrane (Fig. 1A, F). These 166 

subdivisions are illustrated in Table 1 and in Fig. 1A along with the isotope domains that we 167 

introduce later. For the sake of simplicity, we continue to use the terms ‘inboard’ and ‘outboard’ 168 

Median Batholith to describe plutonic rocks relative to the Grebe Shear Zone-Indecision Creek 169 

Shear Zone because these terms are ingrained in the literature. 170 

 171 

Previous Isotope Studies of the Median Batholith 172 

The inboard Median Batholith consists of Mesozoic plutons including the Western 173 

Fiordland Orthogneiss, and parts of Separation Point Suite and Darran Suite (Fig. 1A) 174 

Kimbrough et al., 1994; Gibson and Ireland, 1996; Scott and Palin, 2008; Allibone et al., 2009a, 175 

2009b; Milan et al., 2016; Milan et al., 2017; Decker et al., 2017; Schwartz et al., 2017; Buriticá 176 

et al., 2019). Only the Western Fiordland Orthogneiss in the inboard Median Batholith has been 177 

investigated isotopically in detail. It has 18O (Zrn) values ranging from 5.2 to 6.3‰ and initial 178 

Hf (Zrn) values ranging from -2.0 to +11.2 (Bolhar et al., 2008; Milan et al., 2016; Decker et al., 179 

2017). Western Fiordland Orthogneiss plutonic rocks have bulk-rock initial 87Sr/86Sr values of 180 

0.70391 ± 4, and initial εNd values ranging from -0.4 to +2.7 (McCulloch et al., 1987). 181 

The outboard Median Batholith was defined by Tulloch and Kimbrough (2003) by the 182 

presence of Triassic to Cretaceous Darran Suite (235-132 Ma) and also includes some Separation 183 
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Point Suite rocks (125-122 Ma) (Kimbrough et al., 1994; Muir et al., 1998; Tulloch and 184 

Kimbrough, 2003; Bolhar et al., 2008; Scott and Palin, 2008; Allibone et al., 2009b; Scott et al., 185 

2009; Buriticá et al., 2019). There are no 18O (Zrn) data for the outboard Darran Suite; however, 186 

Scott et al., (2009) report initial Hf (Zrn) values of +5.9 to +10.0 from 2 samples, and 187 

McCulloch et al. (1987) report bulk-rock initial 87Sr/86Sr values from 0.70373 and 0.70387 and 188 

initial εNd values between +3.9 to +4.6. From the Separation Point Suite, Bolhar et al. (2008) 189 

report 3 samples that have 18O (Zrn) values of 3.1 to 4.4‰ and initial Hf (Zrn) values of +7.4 to 190 

+8.3. Muir et al. (1998) also report two bulk-rock initial 87Sr/86Sr values from the same samples 191 

which range from 0.70375-0.70377 and have initial Nd values of +3.2. 192 

 193 

Methods 194 

Bulk-rock geochemistry 195 

Bulk-rock samples were powdered in an alumina ceramic shatter-box. Powders were 196 

mixed with a 2:1 ratio of SpectroMelt A10 lithium tetra borate flux and melted at 1000°C for 197 

approximately 20 minutes to create glass beads at California State University, Northridge. Beads 198 

were repowdered, refused following the initial melting parameters, and polished to remove 199 

carbon from the flat bottom where analysis occurs. Following procedures outlined in Lackey et 200 

al. (2012), glass beads were analyzed at Pomona College for major (SiO2, TiO2, Al2O3, Fe2O3, 201 

MnO, MgO, CaO, Na2O, K2O, P2O5) and trace (Rb, Sr, Ba, Zr, Y, Nb, Cs, Sc, V, Cr, Ni, Cu, Zn, 202 

Ga, La, Ce, Pr, Nd, Hf, Pb, Th, U) elements by X-ray fluorescence (XRF). Beads were analyzed 203 

with a 3.0kW Panalytical Axios wavelength-dispersive XRF spectrometer with PX1, GE, LiF 204 

220, LiF 200, and PE analyzer crystals. Bulk-rock geochemistry values are shown in Figure 2 205 

and reported in Supplemental Table 1. 206 
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 207 

Zircon separation 208 

Zircons were extracted from rock samples at the CSUN rock lab following methods in 209 

Schwartz et al. (2017). Zircons without visible inclusions were hand-picked and placed onto 210 

double sided tape with zircon standards. The KIM-5 zircon standard (18O = 5.09 +- 0.06‰ 211 

VSMOW, Valley 2003) was mounted near the center of each mount for oxygen isotope analysis. 212 

Zircons were imaged in epoxy mounts using a Gatan MiniCL cathodoluminescence detector on a 213 

FEI Quanta 600 Scanning Electron Microscope at CSUN (Fig. 3). U-Pb zircon geochronology 214 

data were collected by Secondary Ion Mass Spectrometry at the Stanford-USGS Sensitive High 215 

Resolution Ion Microprobe – Reverse Geometry (SHRIMP-RG) facility. These age data are 216 

reported in Buriticá et al. (2019) and geochronology data are summarized in Table 2. 217 

 218 

Zircon Oxygen Isotopes 219 

 Zircon oxygen isotope analyses were conducted at the University of Wisconsin-Madison 220 

WiscSIMS lab using a CAMECA IMS 1280 ion microprobe, following procedures from Kita et 221 

al. (2009). CL and reflected light imaging were conducted on mounts after U-Pb analyses to 222 

select locations (from the same magmatic domain) for O analysis. Zircon mounts were polished 223 

with a 6, 3, and 1 m diamond lapping film to remove U-Pb spots collected prior to O-isotope 224 

analyses. Where zircons maintained a U-Pb pit, oxygen isotopes were collected in a different 225 

location within the same igneous domain to avoid contamination from the oxygen beam used 226 

during U-Pb analyses. Mounts were cleaned in ethanol and deionized water baths using an 227 

ultrasonic cleaner, dried in a vacuum oven, gold-coated, and stored in a de-gassing vacuum prior 228 

to secondary ion mass spectrometry (SIMS) analysis. A 10kV 133Cs+ primary beam was used for 229 
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analysis of ~10 m spots. Oxygen isotopes (18O-, 16O-) and 16O1H- were collected in three 230 

Faraday cups. For each session, four KIM-5 zircon standards (Valley et al., 2003) were measured 231 

before and after analyzing 8 – 15 unknowns. Standardization was conducted on a bracket by 232 

bracket basis using the 8 KIM-5 standard analyses. Individual spot analysis precision for KIM-5 233 

ranged from 0.09 – 0.25‰ (ave. = 0.17‰, 2SD) (Table 2). Values of 16O1H /16O are corrected for 234 

background measured on bracketing KIM-5 and referred to as OH/O hereafter (Wang et al. 235 

2014). After oxygen isotope analyses, mounts were imaged to verify igneous domains were 236 

analyzed at the University of California, Los Angeles using a Tescan Vega-3 XMU variable-237 

pressure (VP) Scanning Electron Microscope (SEM) at 20kV and working distance of 20 mm 238 

with a cathodoluminescence detector. Values of 18O are reported in permil notation relative to 239 

V-SMOW (Supplementary Table 2) and summarized in Table 2. Representative zircons and 240 

sample spots are shown in Figure 3. Zircon oxygen isotope ratios relative to distance from the 241 

Grebe Shear Zone (GSZ) are plotted in Figures 4 and 5. 242 

 243 

Zircon Lu-Hf Isotopes 244 

 Hafnium isotope analyses were collected at the Arizona LaserChron Center using a Nu 245 

Plasma multicollector ICPMS on individual zircon grains. Prior to analysis, gold coating on 246 

mounts and in SIMS pits from previous oxygen-isotope analysis was removed by polishing with 247 

6, 3, and 1 m diamond lapping film.  Mounts were then immersed in a potassium iodine 248 

solution. When possible, Hf isotope analyses occurred on existing oxygen pits or similar igneous 249 

domains. Data were collected using a Nu Plasma HR ICP‐MS, coupled to a New Wave 193 nm 250 

ArF laser ablation system equipped with a Photon Machines Analyte G2 laser equipped with a 251 

LelEX cell. The ICP‐MS has 12 fixed Faraday detectors equipped with 3x1011 Ω resistors, 10 of 252 
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which are used to measure masses 171Yb through 180Hf. This resistor configuration is used to 253 

provide enhanced signal:noise for the low intensity ion beams generated by laser ablation. Hf‐254 

Yb‐Lu solutions were introduced in Ar carrier gas via a Nu DSN‐100 desolvating nebulizer with 255 

He carrier gas mixed with Ar make‐up gas. The instrument was tuned with a 10 ppb solution of 256 

standard JMC475 (Vervoort et al., 2004). Analyses consisted of one zircon of each standard Mud 257 

Tank, FC52, SL, 91500, Temora, Plesovice, and R33, followed by 10 unknowns (see 258 

Supplementary Figure 1 for standard data). For each analytical session, standards and 259 

unknowns were reduced together (Supplementary Table 3). A summary of isotope values is 260 

reported in Table 2. Representative zircons and sample spots are shown in Figure 3. Zircon 261 

initial Hf values relative to distance from the Grebe Shear Zone are plotted in Figures 4 and 5. 262 

 263 

Isotope Contour Plots 264 

 Isotope contour plots were created by importing latitude, longitude, and isotope values of 265 

each sample into SurferTM 11 using a minimum curvature gridding method. Oxygen and hafnium 266 

isotope contour plots of Fiordland were constructed with a latitude range of S 45°8’00.0” to E 267 

44°4’00.0” and longitude range of 166°4’00.0” to 168°2’00.0”, and plots were clipped to the 268 

shape of Fiordland using Adobe IllustratorTM (Fig. 6). The oxygen isotope contour plot has a 269 

contour interval of 0.3‰ to encompass the average 2SD precision (0.17‰) for the entire data set, 270 

and the hafnium isotope contour plot has a contour interval of 1.0 ε unit to encompass the 271 

average 2SD of 1.2 ε units. The oxygen contour plot of samples along Lake Te Anau and Lake 272 

Manapouri (locations shown in Fig. 1) are plotted with a contour interval of 0.4‰ in Figure 7A 273 

to encompass the average 2SD for these samples. 274 
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 275 

RESULTS 276 

Bulk-Rock Geochemistry 277 

The Western Fiordland Orthogneiss is dominantly monzodioritic in composition, 278 

metaluminous, alkali-calcic to calc-alkalic, and magnesian (red circles in Fig. 2A-D). It is also 279 

characterized by high-Sr/Y bulk-rock values (generally >40) and has moderate depletions in 280 

heavy rare earth elements in chondrite-normalized rare earth element plots (e.g., Decker et al., 281 

2017). The Western Fiordland Orthogneiss is part of the more widely distributed high-Sr/Y 282 

Separation Point Suite (129-110 Ma) that is characterized by a broad range in SiO2 ranging from 283 

54-76% (Kimbrough et al., 1994; Muir et al., 1995; Tulloch and Kimbrough, 2003; Buriticá et 284 

al., 2019). Other inboard Separation Point Suite plutons are classified as monzodiorite to granite, 285 

and are dominantly metaluminous to peraluminous, alkali-calcic to calc-alkalic, and magnesian 286 

when SiO2 wt.% is less than ~74 wt.% and ferroan when SiO2 wt.% is greater than ~74 wt.% 287 

(orange circles in Fig. 2A-D). Inboard Darran Suite samples analyzed in this study are Middle to 288 

Late Jurassic in age and display a broad range in SiO2 wt.% from 49 to 69 wt.% (Table 2; grey 289 

circles in Fig. 2A-D). Darran Suite rocks are classified as monzodiorite to granodiorite, 290 

metaluminous to peraluminous, alkali-calcic to calcic, and magnesian (Fig. 2A-D). In contrast to 291 

the inboard Separation Point Suite, rocks of the inboard Darran Suite have low Sr/Y values 292 

(generally <40; Tulloch and Kimbrough, 2003). 293 

Outboard Separation Point Suite plutons are also classified as high Sr/Y but are 294 

distinguished from inboard Separation Point Suite plutonic rocks by a much more restricted 295 

range in SiO2 (70-76 wt.%) particularly for the three large plutons shown in Fig. 1A. They are 296 

generally two-mica granites and are strongly peraluminous. They are also alkali-calcic to calc-297 
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alkalic, and magnesian (orange squares in Fig. 2A-D). Outboard Darran Suite plutonic rocks 298 

display broad range of SiO2 wt.% from 50% to 76 wt.%. They are also classified as gabbro to 299 

granite, and they are metaluminous to peraluminous, alkali-calcic to calc-alkalic, and dominantly 300 

magnesian with several ferroan outliers at high SiO2 values (grey squares in Fig. 2A-D). Like 301 

their inboard equivalent, outboard Darran Suite plutonic rocks are also low Sr/Y. 302 

 303 

Zircon Oxygen Isotopes 304 

Oxygen isotopes were analyzed from 34 samples collected along four ~60-km long, arc-305 

perpendicular transects across the Median Batholith (Fig. 1). Samples include 10 samples from 306 

Western Fiordland Orthogneiss, 18 samples from Separation Point Suite, and 6 samples from 307 

Darran Suite. Zircon isotope data from all four transects shown in Figures 4 and 5 include data 308 

from Decker et al. (2017) and display a strong isotope gradient with 18O (Zrn) values increasing 309 

from east to west. This gradient exists both within Darran Suite and Separation Point Suite 310 

plutons and across the Median Batholith (Fig. 6). Samples from Western Fiordland Orthogneiss 311 

located west of the George Sound Shear Zone have homogeneous, mantle-like values of 5.8 ± 312 

0.3‰ (n=24; Fig. 5A), a feature also observed by Decker et al. (2017). Inboard Separation Point 313 

Suite and Darran Suite plutons located east of the George Sound Shear Zone and west of the 314 

Grebe Shear Zone–Indecision Creek Shear Zone show decreasing 18O values from west to east 315 

with 18O (Zrn) values decreasing from 5.9 to 4.6‰ and we observe a pronounced decrease in 316 


18O (Zrn) values within ~10 km of the Grebe Shear Zone–Indecision Creek Shear Zone (Fig. 317 

5A). Outboard Separation Point Suite and Darran Suite samples located east of the Grebe Shear 318 

Zone–Indecision Creek Shear Zone also have homogeneous values with a combined average 319 

value of 3.9 ± 0.2‰ (n=7; Fig. 5A). In the discussion section, we refer to 18O (Zrn) as ‘mantle-320 
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like’ if they fall within the average high-temperature SIMS mantle zircon value (5.3± 0.8‰). In 321 

contrast, we refer to values as ‘low-18O’ if they fall below the lower limit of the average high-322 

temperature SIMS mantle zircon value of 4.5‰. 323 

The geographic distribution of zircon 18O values define three isotope domains: the 324 

Western Isotope Domain (WID) consisting of Western Fiordland Orthogneiss plutons with 18O 325 

(Zrn) values ranging from 5.3‰ to 6.1‰ (average = 5.8 ± 0.3‰); the Central Isotope Domain 326 

(CID) defined by inboard Separation Point Suite and Darran Suite plutons with 18O (Zrn) values 327 

increasing from 4.6‰ (east) to 5.9‰ (west); and the Eastern Isotope Domain (EID) defined by 328 

outboard Separation Point Suite and Darran Suite plutons with 18O (Zrn) values ranging from 329 

3.7‰ to 4.1‰ (average = 3.9 ± 0.2‰). The WID and EID are defined by 18O (Zrn) values with 330 

low internal 2SD, whereas the CID is characterized by increasing 18O (Zrn) values from east to 331 

west. Geographically, the EID roughly corresponds to the outboard Median Batholith and the 332 

Drumduan Terrane, whereas the CID and WID are located within the inboard Median Batholith 333 

and the Takaka Terrane (Table 1) (Allibone et al., 2009a; Scott et al., 2009; Scott, 2013). 334 

A characteristic feature of all zircons from a single hand sample is their isotope 335 

homogeneity, indicated by low intra-sample values of 1 standard deviations ranging from 0.12‰ 336 

to 0.44‰ (Table 2). For all zircons sampled from Darran Suite, Separation Point Suite, and 337 

Western Fiordland Orthogneiss, the average intra-sample 2SD uncertainty is 0.28‰. The average 338 

two standard deviation uncertainty for inboard and outboard plutonic suites from this study are as 339 

follows: 0.22‰ for Western Fiordland Orthogneiss, 0.17‰ for inboard Separation Point Suite, 340 

0.20‰ for outboard Separation Point Suite, 0.13‰ for inboard Darran Suite plutons, and 0.12‰ 341 

for outboard Darran Suite plutons. Individual zircon oxygen standard deviation values can be 342 

found in Supplemental Table 3.  343 
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 344 

Zircon Lu-Hf Isotopes 345 

Zircon hafnium isotopes were analyzed for 19 samples and compiled with data from 346 

Decker et al. (2017) (Figs. 4 and 5). New analyses include two samples from Western Fiordland 347 

Orthogneiss, 13 samples from the Separation Point Suite, and 4 samples from the Darran Suite. 348 

Zircon initial εHf data also display an isotope gradient increasing from west to east on both an 349 

intrapluton and regional scale (Figs. 4-6). Western Fiordland Orthogneiss plutons (WID) have 350 

nearly homogenous values of +4.2 ± 1.0 (2SD), inboard Separation Point Suite and Darran Suite 351 

plutons have an increasing west-east initial εHf gradient of +4.0 to +5.5 (CID), and outboard 352 

Separation Point Suite and Darran Suite plutons have homogenous initial εHf values of +7.8 ± 0.6 353 

(EID) (Fig. 5B). Similar to 18O (Zrn) data above, zircon Hf isotope data also show a strong 354 

inflection within 10 km of the Grebe Shear Zone–Indecision Creek Shear Zone (Fig. 5B). 355 

Isotope homogeneity is also prevalent in all samples across the Median Batholith, defined 356 

by low intra-sample standard deviations ranging from 0.5 (17NZ124A) to 2.5  units (17NZ140) 357 

(Table 2). The average 2SD precision for all zircons from inboard and outboard Darran Suite, 358 

Separation Point Suite, and Western Fiordland Orthogneiss is 1.2  units. From each plutonic 359 

suite, the average 2SD is as follows: 1.2 for Western Fiordland Orthogneiss, 1.2 for inboard 360 

Separation Point Suite, 1.2 for outboard Separation Point Suite, 1.6 for inboard Darran Suite, and 361 

1.6 for outboard Darran Suite. Individual zircon standard deviation values can be found in 362 

Supplemental Table 3. 363 

 364 

Discussion 365 

Crustal and Isotope Architecture of the Median Batholith 366 
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Understanding the crustal and mantle structure of a Cordilleran margin is the first step in 367 

evaluating spatial and temporal isotope trends through time because the underlying crust/upper 368 

mantle plays a key role in influencing magma chemistry. In the case of the Median Batholith, 369 

much of the pre-Mesozoic architecture has been intruded by large Triassic to Cretaceous plutons, 370 

and this makes reconstructing the crustal architecture challenging. Ambiguities in the geology of 371 

this region have led to various attempts to understand this complex region and this has produced 372 

complex and oftentimes confusing terminology (Table 1). Our zircon O- and Hf-isotope data 373 

shed light on this problem by revealing the presence of three distinct arc-parallel isotope domains 374 

(EID, CID, WID). This information allows us to resolve a long-standing debate about the crustal 375 

structure of the Median Batholith including the relationship between the Eastern and Western 376 

provinces and the significance of shear zones as long-lived zones of lithospheric weakness and 377 

reactivation (Klepeis et al., 2019a,b). 378 

A key finding in our data is that zircons in both the EID and WID have uniform O- and 379 

Hf- isotope values; however, zircons in the CID are characterized by transitional isotope values 380 

that lie between EID and WID end member values (Fig. 5A-B). This is particularly the case for 381 


18O (Zrn) which appears to be a sensitive indicator of isotope differences within the Median 382 

Batholith (Fig. 5A). The transitional isotope domain (CID) lies within the inboard Median 383 

Batholith and the Takaka Terrane (Scott et al., 2009; Scott, 2013), and shares characteristics of 384 

both the EID and WID sources. In central Fiordland, the CID is a 20-km wide, arc-parallel zone 385 

of transpressional deformation that includes a number of highly elongate, syn-deformational 386 

Cretaceous plutons (e.g., Puteketeke, Refrigerator Orthogneiss, West Arm Leucogranite) and a 387 

series of mylonitic shear zones that were active during the Early Cretaceous flare-up (Scott et al., 388 

2009; Buriticá et al., 2019; McGinn et al., 2020). The CID has not been previously recognized as 389 
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a unique geochemical component of the Median Batholith; however, our data indicate that it is 390 

distinct from other parts of the batholith to the east and west as it displays transitional features 391 

and is bounded by major ductile shear zones on each side. The CID is also distinguished by the 392 

presence of a strong low-18O signal which is strongest in the east and progressively decreases to 393 

the west where it becomes non-existent in the WID (Fig. 6A). This observation implies that the 394 

source of the low-18O signature is located predominantly to the east (trenchward) and towards 395 

the boundary with accreted terranes of the Eastern Province. We propose that the low-18O 396 

signal and the transitional isotope signature of the CID and EID can be explained in part by 397 

partial melting/assimilation of a west-dipping, low-18O terrane that underlies the Median 398 

Batholith. The inflection of the isotope gradient near the Grebe-Indecision Creek Shear Zone 399 

suggests that the low-18O terrane is a steeply dipping and possibly listric feature consistent with 400 

an underthrusted relationship to the Gondwana margin. This suggestion is supported by 401 

multichannel seismic images which display a thin, lower-crustal terrane that extends from the 402 

Eastern Province and continues below the Median Batholith (Davey, 2005). 403 

Although previous workers have recognized that the Mesozoic Median Batholith has 404 

undergone a complex history of polymetamorphism and collisional/transpressional deformation, 405 

the precise timing of these events remains unclear particularly in the context of juxtaposition of 406 

the Eastern and Western province and the origin of the low-18O source in Fiordland. Models for 407 

the juxtaposition of the Eastern and Western provinces generally fall into two tectonic scenarios: 408 

1) Late Jurassic to Early Cretaceous collision involving the Western Province and a fringing-arc 409 

Eastern Province terrane such as the outboard Median Batholith (McCulloch et al., 1987; 410 

Kimbrough et al., 1994; Muir et al., 1995; Adams et al., 1998; Mortimer et al., 1999a; Scott et 411 

al., 2009, 2011; Scott, 2013), and/or 2) Permian collision of the Brook Street Terrane with the 412 
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Western Province (Mortimer et al., 1999; McCoy-West et al., 2014). Examination of spatial-413 

isotope data with 206Pb/238U zircon ages from Darran Suite samples in the Lake Manapouri area 414 

demonstrates that the prominent east-west isotope gradient in the CID/EID was in place by at 415 

least 160 Ma (Fig. 7A-B). In addition, xenoliths of unknown age in Triassic plutonic rocks in 416 

northern Fiordland also record low-18O bulk-rock values below 4‰ and as low as -12.4‰. The 417 

low-18O xenoliths are contained within host rocks that have much higher values (typically ~4-418 

7.5‰) suggesting that they were not simply altered along with the surrounding rocks, but instead 419 

record the presence of a low-18O source at depth. Collectively, these data indicate that the low-420 


18O source in Fiordland predates the Jurassic (Blattner and Williams, 1991). Thus, we conclude 421 

that the development of the spatial-isotope gradient in Fiordland cannot be attributed to Late 422 

Jurassic or Early Cretaceous contraction and must have been produced by an earlier 423 

event/process. Our data do not permit us to directly determine the timing of amalgamation 424 

between the Eastern and Western provinces; however, a Permian amalgamation event as 425 

proposed by McCoy-West et al. (2014) is consistent with our data. 426 

 The three arc-parallel isotope domains in the Median Batholith are also bounded by 427 

major Cretaceous ductile transpressional shear zones, and this observation suggests that they are 428 

in some way related to the development and/or modification of the isotope domains in Fiordland 429 

(Figs. 1 and 6). Previous studies have documented that these shear zones are long-lived 430 

lithospheric-scale features that were periodically reactivated during various tectonic events from 431 

the Cretaceous to the Miocene (Marcotte et al., 2005; Scott et al., 2009; Buriticá et al., 2019; 432 

Klepeis et al., 2019a,b). In particular, the Grebe–Indecision Creek Shear Zone system has been 433 

postulated to be a paleo-suture zone between the Eastern and Western provinces (Marcotte et al., 434 

2005; Scott et al., 2009). The following features support this interpretation (see also Scott, 2013): 435 
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(1) the Grebe–Indecision Creek Shear Zone system delineates the easternmost distribution of the 436 

Takaka Terrane (and thus the Western Province) and marks a strong change in 18O and Hf (Zrn) 437 

isotope values between the EID and the WID/CID, (Fig. 1), (2) Late Cambrian and mid-438 

Paleozoic plutons are primarily located west of the Grebe–Indecision Creek Shear Zone system 439 

(Scott et al., 2009), and (3) the Grebe Shear Zone–Indecision Creek Shear Zone system extends 440 

along the entire length of the Fiordland region and parallels the Mesozoic paleo-arc axis 441 

(Marcotte et al., 2005; Scott et al., 2009).  442 

The Early Cretaceous George Sound Shear Zone delineates the WID-CID boundary and 443 

also represents a deep-seated, arc-parallel, crustal-scale boundary. Isotopically, Hf (Zrn) values 444 

do not show a significant change across the WID-CID boundary; however, 18O (Zrn) values do 445 

show a decrease from WID values and we also observe significant 18O (Zrn) variability in this 446 

zone (Fig. 5A). Geologically, the WID-CID boundary also coincides with an elongate string of 447 

Carboniferous plutons that form an arc-parallel lineament which predates Early Cretaceous 448 

magmatism and the formation of the George Sound Shear Zone (see Heterogenous Paleozoic 449 

plutonic complexes: Fig. 1). These plutons signify that the region now defined by the George 450 

Sound Shear Zone was a zone of focused magmatism in the Carboniferous (Klepeis et al. 451 

2019b). Moreover, Carboniferous L-tectonites in the area indicate the existence of an older 452 

inherited shear zone, which spatially coincides with the Early Cretaceous George Sound Shear 453 

Zone (Lindquist, 2020). In Northern Fiordland, Early Cretaceous, lower-crustal plutons 454 

extending to ca. 50 km paleodepth are also centered on this structural lineament (Klepeis et al., 455 

2004; Allibone et al., 2009), indicating that magmas leaked up along a deep-crustal structure 456 

during the Early Cretaceous flare-up. The same structural feature extends along strike southward 457 

and upward in the crust in central Fiordland where it coincides with voluminous mid-crustal 458 
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plutons of the inboard Separation Point Suite (Blatchford et al., 2020). Finally, this lineament has 459 

been reactivated several times in the past: as the George Sound Shear Zone in the Early 460 

Cretaceous, and most recently by Miocene thrust faults (Klepeis et al., 2019a,b). Collectively, 461 

these features suggest that the WID-CID boundary is a deep-seated and long-lived structural 462 

feature which was periodically reactivated for over 300 Myr. 463 

Although our data show that Early Cretaceous transpression was not responsible for the 464 

formation of the spatial-isotope gradient in Fiordland, it did have an effect on the present-day 465 

spatial isotope pattern. Because transpression involves simultaneous horizontal shortening, 466 

lateral translation and, possibly, vertical extrusion, the net result is an apparent steepening of the 467 

isotope gradient and greater isotope variability in regions affected by transpression (Harland, 468 

1971; Sanderson and Marchini, 1984; Fossen et al., 1994; Dewey et al., 1998). The effects of 469 

transpression are observed primarily at the boundary between the CID and EID, and to a lesser 470 

extent at the WID-CID boundary, where shortening and vertical extrusion functioned to shorten 471 

the isotope gradient and produce a deflection of the isotope trend where transpression/extrusion 472 

was localized (Fig. 5). A classic example of similar shortening of isotope ratios is observed in 473 

the Western Idaho Shear Zone, where the 87Sr/86Sr isotope gradient across the Idaho batholith 474 

was steepened by syn-magmatic transpressional movement (Giorgis et al., 2005). 475 

The geologic relationships we observe in the Median Batholith are shown in a block 476 

model in Figure 8 which illustrates present-day relationships between plutons, shear zones and 477 

their spatial-isotope geochemistry. The diagram highlights the three isotope domains that are 478 

bounded by lithospheric-scale structural features, namely the George Sound Shear Zone and the 479 

Grebe-Indecision Creek Shear Zone system. As described above, our data support the assertion 480 

presented in Marcotte et al. (2005) and Scott (2013) that the Grebe-Indecision Creek Shear Zone 481 
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system represents a fundamental lithospheric-scale fault zone that separates the Eastern and 482 

Western provinces and accreted terranes of the Eastern Province from the ancient Gondwana 483 

margin. In our interpretation, Median Batholith plutons in the EID intruded Eastern Province 484 

crust which is only exposed at the surface as isolated metasedimentary rocks (Scott, 2013). Thus, 485 

we postulate that the EID is underlain by a previously unrecognized, mafic low-18O terrane 486 

which now extends beneath the EID and CID and thins to the west (continentward). 487 

 488 

Temporal Isotope Trends in Mesozoic Magmatism  489 

The spatial isotope zonation that we observe forms the backdrop for understanding 490 

temporal variation in arc magmatism and continental crust production in the Median Batholith. 491 

Zircon age data confirm earlier observations by Tulloch and Kimbrough (2003) that Mesozoic 492 

arc construction involved two distinct magmatic trends which include: i) a prolonged, >100 Myr 493 

period of Late Triassic to Early Cretaceous, low-Sr/Y, Darran Suite magmatism which was 494 

spatially focused within a ~20 km-wide zone centered on and west of the Grebe Shear Zone–495 

Indecision Creek Shear Zone in Fiordland (blue band in Fig. 9), and ii) a brief flare-up event, 496 

~20 Myr in duration, consisting of high-Sr/Y magmatism (Separation Point Suite, including 497 

Western Fiordland Orthogneiss) that occurred in association with abrupt widening and 498 

continentward migration of the Early Cretaceous arc axis (green band in Fig. 9). The focusing of 499 

Darran Suite magmatism in the Grebe Shear Zone–Indecision Creek Shear Zone and the 500 

CID/EID boundary for >100 Myr further substantiates the notion that this zone is a major 501 

lithospheric zone of weakness that formed prior to Mesozoic magmatic activity. Moreover, the 502 

location of Darran Suite magmatism at the CID/EID boundary is also not random, but instead 503 

reflects magmatic exploitation of a deep-seated, lithospheric scale fault system. This focusing of 504 
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magmatism along an arc-parallel, lithospheric scale shear zone is also observed along the George 505 

Sound Shear Zone in Fiordland and in other Cordilleran arc systems such as the Western Idaho 506 

Shear Zone (Giorgis et al., 2005) and the southern Sierra Nevada Batholith (e.g., Saleeby et al., 507 

2008). 508 

In contrast to the largely static nature of the Darran Suite, the Separation Point Suite 509 

(including the Western Fiordland Orthogneiss) is characterized by sweeping migration of high-510 

Sr/Y magmas across all three isotope domains from 129-110 Ma (Fig. 9). Buriticá et al. (2019) 511 

noted that during this time, the width of the Mesozoic arc reached at least 70 km in Fiordland 512 

which is twice the average width of modern arcs (Ducea et al., 2015b; 2017). This is a minimum 513 

value since the western margin of the Median Batholith is truncated by the Alpine Fault, and 514 

Cretaceous and Miocene contraction has shortened the region after magmatic emplacement. This 515 

transition from largely spatially fixed magmatism at the EID/CID boundary for >100 Myr to 516 

abrupt continentward arc migration across the EID to the WID signifies an important change in 517 

arc dynamics, which we explore later. 518 

Figure 10 shows temporal isotope variations in the Median Batholith and illustrates 519 

several important isotope trends in our data. Temporal variations in O-isotopes show that the 520 

migration of the arc axis through time resulted in variable crustal recycling of the low-18O 521 

source, and this recycling decreased dramatically during Separation Point Suite magmatism (Fig. 522 

10A). During the Early Cretaceous flare-up, zircon O-isotope data overlap the high-temperature  523 

mantle field as measured by SIMS (Valley, 2003) and we see no evidence to support significant 524 

involvement of high-18O sources like those that characterize supracrustal rocks in the region 525 

(see Decker et al., 2017 and modeling results below). 526 
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In the CID and EID, some zircons lie well below the high-temperature mantle field, and 527 

such low-18O zircons are rare in arc-related environments. Most zircons formed in arcs typically 528 

have 18O values between 5 and 10‰ consistent with mantle influences and/or interaction with 529 

rocks altered under low-temperature conditions (~250°C) (Valley, 2003; Cavosie et al., 2011). In 530 

contrast, low-18O zircons (<5‰) are typically restricted to extensional or rift-related 531 

environments where rock-water interactions occur at temperatures exceeding 300°C (Bindeman 532 

and Valley, 2001; Zheng et al., 2004; Blum et al., 2016). In our study, low-18O zircons also 533 

occur over a broad region and their distribution parallels both the Mesozoic arc axis and the 534 

paleo-Pacific Gondwana margin (Fig. 6). Unlike low-18O zircons formed in rift-related 535 

environments, Median Batholith zircons formed in a continental arc setting where the arc axis 536 

was either stable for long-periods of time (Darran Suite) or was advancing continentward 537 

(Separation Point Suite). We hypothesize that low-18O zircons in the Median Batholith formed 538 

by partial melting and recycling of a deeply buried, hydrothermally altered, low-18O terrane 539 

which predominately underlies the EID and decreases in abundance westward beneath the CID. 540 

The origin of this putative underthrust terrane remains unknown and requires additional study. 541 

Zircon Hf-isotope data provide further evidence into the nature of the crust beneath the 542 

Median Batholith and illustrate temporal changes in magma chemistry through time (Fig. 10B). 543 

Our data show that Darran Suite zircons have strongly positive initial Hf (Zrn) values (>+7), 544 

though these values are significantly less radiogenic than expected for direct partial melting of 545 

Cretaceous depleted mantle (~+15: Vervoort and Blichert-Toft, 1999) or average modern island-546 

arcs (~+13: Dhuime et al., 2011). Initial Hf (Zrn) values significantly decreased during 547 

Separation Point Suite magmatism, similar to observations of Milan et al. (2017). Our data also 548 

show that zircon O and Hf isotopes are decoupled for Separation Point Suite rocks, whereby low 549 
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positive Hf values correspond to mantle-like-18O values. This observation makes the 550 

Separation Point Suite flare-up distinct from those observed in other low-latitude Cordilleran 551 

arcs which are characterized by much higher 18O (Zrn) values and unradiogenic Hf isotope 552 

values (Fig. 8A-C) (Chapman et al., 2017). 553 

To investigate magma sources and quantify the amount of crustal recycling in the Median 554 

Batholith, we conducted a series of assimilation fractional crystallization (AFC) models (Fig. 555 

11). In modeling lower crustal rocks in the Western Fiordland Orthogneiss (Fig. 11A), we use 556 

average Cretaceous Pacific-Antarctic MORB compositions (Park et al., 2019), Eastern Province 557 

sedimentary rocks (Blattner and Reid, 1982; Adams et al., 2005), and Paleozoic I-type rocks 558 

(Turnbull et al., 2020). For Eastern Province sedimentary rocks, Hf values were calculated from 559 

average εNd values using the Vervoort et al. (1999) crustal Hf-Nd relationship. For plutonic rocks 560 

in the CID and EID, we use the range of WFO melt compositions from Figure 11A, and for the 561 

low-18O source we use average 18O bulk-rock values uncorrected for SiO2 from 29 samples of 562 

the Largs Terrane and related xenoliths in Northern Fiordland reported in Blattner and Williams 563 

(1991). The values we use for the low-18O source are 18O(WR) = -1.2‰, Hf = 10, and Hf 564 

concentration = 6 ppm. The average value of the low-18O source is quite low globally compared 565 

to other arc terranes, but these values are supported by the presence of low-18O values in Largs 566 

Terrane which extend to -12.4. Low-18O values also occur in the Western Fiordland 567 

Orthogneiss where Decker (2016) reported xenocrystic Paleozoic 18O zircon values as low as -568 

7.0‰. Thus, low-18O rocks extend beyond the footprint of the Largs Terrane in Northern 569 

Fiordland and document that very low-18O values are present in the region. 570 

For the WID, lower crustal zircons plot along the mantle array, and relative to Cretaceous 571 

Pacific-Antarctic MORB, they have lower Hf values than expected for direct partial melting of 572 
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a depleted mantle wedge (Fig. 11A). To explain these features, we consider two scenarios: 573 

assimilation and fractional crystallization of an amphibolitic, Paleozoic I-type arc root 574 

(McCulloch et al., 1987) and assimilation of Eastern Province sediments via melting of recycled 575 

trench sediments (Fig. 11A). For the first scenario, McCulloch et al. (1987) and Tulloch and 576 

Kimbrough (2003) proposed that WFO melts formed from partial melting of a mid- to late 577 

Paleozoic crustal protolith by underplating of basaltic melts. Paleozoic I-type rocks form part of 578 

the pre-batholithic architecture of Fiordland, and we model potential AFC processes in Figure 579 

11A using known compositions in the region (see yellow curve: Turnbull et al., 2016; Turnbull 580 

et al., 2020). Results of our AFC calculations indicate that WFO melts can be described by 10 to 581 

100% assimilation of Paleozoic I-type host rocks (average assimilant = ~40%). Direct partial 582 

melting of Paleozoic I-type rocks can also reproduce the WFO data, but WFO 18O (Zrn) values 583 

lower than the Paleozoic I-type rocks are difficult to attribute to remelting (or AFC) processes. 584 

While significant remelting and/or assimilation of Paleozoic I-type rocks does reproduce the 585 

WFO data, these models require extraordinarily high heat flow to induce widespread lower 586 

crustal melting. Field studies in the lower crust of Fiordland document little evidence for 587 

widespread intracrustal partial melting (Allibone et al., 2009b; Schwartz et al., 2016), and this 588 

observation is supported by a number of studies that have challenged the efficiency of 589 

intracrustal melting of amphibolites as a mechanism for voluminous melt production in the lower 590 

crust (Bergantz, 1992; Petford & Gallagher, 2001; Dufek & Bergantz, 2005; Annen et al., 2006; 591 

Solano et al., 2012; Walker et al., 2015). Given the outcrop area of the Separation Point Suite 592 

(8200 km2) and an ~19 Myr duration of flare-up magmatism (129-110 Ma), we calculate an areal 593 

addition rate of ~600 km2/Myr and a magma addition rate of 11,700 km3/Myr assuming a 20 km 594 

plutonic root for the WFO (Klepeis et al., 2007; 2019b). These calculated rates are similar to 595 
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those for some of the largest flare-ups worldwide (Paterson and Ducea, 2015) and requires very 596 

high magma production rates. 597 

Collins et al. (2020) proposed an alternative mechanism for the generation of 598 

intermediate to felsic melts in Cordilleran arcs that side-steps thermodynamic issues of earlier 599 

models associated with melting of amphibolite by underplating. In their model, tonalitic to 600 

trondhjemitic melts are generated by fluid-fluxed partial melting of the lower crust, which is 601 

driven by the addition of external aqueous fluids derived from the crystallization of mantle-602 

derived hydrous melts. In their model, they show that the addition of ~4.5 wt. % H2O to a dioritic 603 

underplate results in ~30-40% melt production at temperatures of 750 to 900° C. Fluid-fluxed 604 

partial melting of the lower crust thus produces wet, low-temperature (<800 °C), intermediate to 605 

felsic melts like those observed in Cordilleran batholiths worldwide (Collins et al, 2020). As with 606 

direct partial melting described above, fluid-fluxed partial melting of Paleozoic I-type rocks 607 

would reproduce some of the WFO zircons; however, ~20% of the WFO zircons have 18O 608 

values below the reported range of Paleozoic I-type rocks. The effect of introducing external 609 

aqueous fluids on melt composition is dependent on fluid composition and temperature of rock-610 

fluid interaction. At high temperatures, fluid-rock interaction could have the effect of driving 611 


18O melt towards lower values, and if the only source is the Paleozoic I-type rocks, this process 612 

could reproduce the WFO zircon data. Contributions from associated high-18O metasedimentary 613 

rocks in the lower crust (e.g., Deep Cove Gneiss) would have the opposite effect and would drive 614 


18O melt values towards higher values compared to the Paleozoic I-type rocks. Thus, fluid-615 

fluxed partial melting of Paleozoic I-type rocks is permissible provided that high-18O 616 

metasedimentary rocks were not significantly involved.  617 
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Fluid-fluxed partial melting is also expected to produce low-temperature (<800 °C), 618 

intermediate to felsic melts; however, in the lower crust of Fiordland, WFO crystallization 619 

temperatures are higher than expected for hydrous melts predicted by the Collins et al. model 620 

(see path ‘C’ in their Fig. 2). In the case of the WFO, igneous amphibole crystallization 621 

temperatures range from 960 to 810 °C (Carty et al., 2019 in review) and igneous zircon give 622 

temperatures ranging from 950 to 750 °C for (Schwartz et al., 2017; Bhattacharya et al., 2018). 623 

These temperatures generally match those for fractionated andesites and dacites in the Deep 624 

Crustal Hot Zone model of Annen et al. (2006) (see path ‘B’ in Fig. 2 of Collins et al., 2020). 625 

They also agree with temperatures observed in crystallization experiments for the generation 626 

granodioritic compositions by fractional crystallization processes (Blatter et al., 2013; 627 

Nandedkhar et al., 2014; Ulmer et al. 2018). Thus, while 18O zircon data is equivocal, igneous 628 

thermometry appears to be most consistent with WFO generation by fractional crystallization 629 

from a high-temperature, mafic to intermediate melt. 630 

Another possibility is that the range in zircon 18O and Hf in the WFO reflects recycling 631 

of trench sediment into arc magmas (e.g., Plank and Langmuir, 1993; Plank, 2005). We model 632 

this process using an average depleted mantle melt (Antarctic-Pacific MORB) and an Eastern 633 

Province sediment (Torlesse sediment). Modeling results are shown by two dashed blue curves 634 

in Fig. 11A which demonstrate that WFO zircons are well described by ~10-20% assimilation of 635 

subducted supracrustal material. Modeling of Sr-Nd-Pb isotope data from the WFO yield similar 636 

results (Carty et al. in review), and these results are also consistent with the those of Decker et al. 637 

(2017) who modeled various sedimentary sources and concluded that WFO melts included up to 638 

15% recycled sediment. We conclude that incorporation of low degrees of trench sediment into 639 

arc melts beneath the Median Batholith can explain the stable and radiogenic isotope 640 
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characteristics of the WFO. Other processes (e.g., fluid-fluxed melting) may also have operated 641 

as secondary processes particularly in the generation of felsic dikes (Bhattacharya et al., 2018). 642 

Compared to the WFO, EID and CID zircons are displaced to lower 18O values 643 

reflecting interaction with a low-18O source (c.f., CID and EID zircons versus red ‘WFO’ field 644 

in Fig. 11B-C). Results from AFC models demonstrate that CID and EID zircons can be 645 

described by 0-20% and 10-30% and assimilation, respectively, of a low-18O source by a lower-646 

crustal melt as observed in the WID. Therefore, we propose that EID and CID zircons formed 647 

from crystallization of hybrid melts produced by mixing/assimilation of WFO-like melts with 648 

low-18O, hydrothermally altered mafic crust. This hybridization may have occurred in the lower 649 

crust in a MASH or hot zone (Hildreth and Moorbath, 1988; Annen et al., 2006) and/or during 650 

ascent through the crust in central and eastern Fiordland. Assimilation and/or mixing of 651 

hydrothermally altered mafic crust is consistent with bulk-rock chemistry of the Separation Point 652 

Suite rocks in the EID which have high-average bulk-rock SiO2 values (>70 wt.%), and trend 653 

toward peraluminous values. Separation Point Suite granitic rocks in the EID are also 654 

characterized by high-Sr/Y values (>90) and depletions in heavy rare earth elements, features 655 

which are consistent with involvement of garnet as a residual or fractionating phase in the lower 656 

crust (Muir et al., 1995). Direct partial melting of a less extreme, low-18O source (~3-4‰) is 657 

also possible, though strongly negative 18O whole-rock values (down to -12‰) are documented 658 

in Northern Fiordland (Blattner and Williams, 1991; Decker, 2016). 659 

The modeling results shown in Figure 11 imply two important features: 1) the low-18O 660 

source is strongest in the EID, diminishes in the CID, and is absent in the WID, and 2) a common 661 

‘WFO-like’ source (red zircons and red fields in Fig. 11) is present in all isotope domains and 662 

magmatic suites in the Mesozoic Median Batholith (i.e., both Darran and Separation Point suites) 663 
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irrespective of age or trace-element chemistry. This ‘WFO-like’ source is characterized by 664 

mantle-like 18O (Zrn) values and Hf values of ~+1 to +5 and is progressively contaminated in 665 

the CID and EID by a low-18O source. The observation of a ‘WFO-like’ signal in both Darran 666 

and Separation Point suites indicates the presence of a stable, and long-lived (>100 Myr), source 667 

component/process which we interpret as reflecting recycling of Eastern Province sediments in 668 

arc magmas beneath the Median Batholith. Below we explore implications for stable isotope 669 

domains and transient processes in the Median Batholith. 670 

 671 

Temporally Stable versus Transient Petrogenetic Processes 672 

In a global study of spatial isotope trends in Cordilleran arcs, Chapman et al. (2017) 673 

noted that some arcs are characterized by a temporal persistence of consistent radiogenic isotope 674 

signatures in a given geographic region. They suggested that this temporal persistence indicates a 675 

stable petrogenetic mechanism such as long-term contamination of the melt region and/or 676 

assimilation in a lower-crustal ‘MASH’ or Deep Crustal Hot Zone (Hildreth and Moorbath, 677 

1988; Annen et al., 2006). In other cases where isotope signatures change through time in the 678 

same geographic region, they suggested that temporally transient processes may have been active 679 

such as relamination, forearc erosion, slab tears, and continental underthrusting. They note that 680 

temporally transient processes are distinguished by discrete excursions in temporal isotope trends 681 

resulting in melts of contrasting isotope compositions within the same geographic region 682 

(Chapman et al., 2017). 683 

In the Median Batholith, we observe a combination of both stable and transient temporal 684 

isotope trends (Fig. 10A-B). Stable temporal isotope trends are best illustrated by 18O (Zrn) in 685 

the EID and in the CID. In these geographically controlled isotope domains, we observe that 686 
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from ca. 170 to 120 Ma, 18O (Zrn) values remained nearly unchanged for 40-50 Myr despite 687 

geochemical transitions from low-Sr/Y (Darran Suite) to high-Sr/Y (Separation Point Suite) (see 688 

‘EID and CID Isotope trend’ lines in Fig. 10A). The consistency of 18O (Zrn) values in the EID 689 

and CID through time can be explained by a stable petrogenetic mechanism like the one we 690 

model in Figure 11B-C whereby ‘WFO-like’ melts assimilated mafic, low-18O crust in 691 

relatively fixed proportions over at least 50 Myr. We note that this stable petrogeneic process 692 

involves two stages: 1) production of ‘WFO-like’ melts by recycling of trench sediments, and 2) 693 

remelting/assimilation of low-18O crust either during ascent or in a lower-crustal MASH/hot 694 

zone. Superimposed on this long-lived and stable petrogenetic process is the temporal transition 695 

from low-Sr/Y to high-Sr/Y values observed in both the EID and CID. The latter change in trace-696 

element chemistry is consistent with crustal thickening of the arc in this location at or before 129 697 

Ma and signifies the production of a garnet-bearing root (Muir et al., 1995). 698 

Radiogenic isotope data show more complexity and evidence for both temporally stable 699 

and punctuated petrogenetic processes. Evidence for temporally stable petrogenetic processes is 700 

again observed in the EID where initial Hf (Zrn) also remained consistently positive (Hf =+7 to 701 

+8) for ~40 Myr (see ‘EID isotope trend’ in Fig. 10B). In contrast, the CID displays evidence for 702 

temporal changes in isotope composition with initial Hf (Zrn) decreasing from +8 at ca. 165 Ma 703 

to +6 to +3 Ma at ca. 129-110 Ma. These features are also observed in a compilation of bulk-704 

rock Sr- and Nd- isotope data (Milan et al., 2017). While Hf (Zrn) values decrease through time, 705 


18O (Zrn) values increase from low-18O values to ‘mantle-like’ values during the terminal arc-706 

magmatic flare-up in Early Cretaceous (Fig. 10). Thus, the ‘mantle-like’ source became 707 

increasingly volumetrically significant during the terminal Separation Point Suite flare-up 708 

starting at ca 129 Ma (see inflection in blue and red trends in Figs. 10A and B), and the presence 709 
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of this strong mantle-like 18O (Zrn) signal distinguishes the Median Batholith from other 710 

Cordilleran batholiths which typically show an increase in continental crustal recycling during 711 

continentward arc migration (Chapman et al., 2017). These features support a temporally 712 

transient process in the Early Cretaceous such as the propagation of a slab tear or slab window 713 

(Decker et al. 2017; Schwartz et al. 2017). In addition, the mantle signal is also associated with 714 

the widening of the arc axis to >70 km and the abrupt change from a geographically stable 715 

magmatic arc axis in the Jurassic to rapid continentward migration in the Early Cretaceous (Fig. 716 

9). Previous workers have also noted that after the Early Cretaceous arc flare-up, the arc 717 

experienced rapid post-emplacement uplift, extensional orogenic collapse, and widespread A-718 

type magmatism throughout Zealandia Cordillera (Tulloch and Kimbrough, 2003; Kula et al. 719 

2007; Tulloch et al., 2009b; Klepeis et al., 2016; Schwartz et al., 2016). Collectively, these 720 

features document a dynamic change in arc processes that are best explained by a temporally 721 

transient process that culminated in a cessation of arc magmatic activity. 722 

 723 

Implications 724 

Coupled zircon oxygen and hafnium isotope analyses provide a powerful tool to 725 

understand the crustal architecture of Cordilleran batholiths and to evaluate spatial and temporal 726 

arc magmatic trends. Our zircon Hf and O data show that the isotope architecture of the Median 727 

Batholith is partitioned into three isotope domains that reflect deep-seated and spatially 728 

controlled source regions that do not directly correlate with the surficial geology. Superimposed 729 

on these isotope domains, we confirm that Mesozoic magmatism involved two distinct spatio-730 

temporal trends including: a) a prolonged, >100 Myr period of Late Triassic to Early Cretaceous 731 

(Darren Suite), low-Sr/Y magmatism spatially focused within a ~20 km-wide zone centered on 732 
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and west of the Grebe Shear Zone–Indecision Creek Shear Zone, and b) a brief, ca. 20 Myr long 733 

flare-up event, consisting of high-Sr/Y magmatism (Separation Point Suite) that occurred in 734 

association with abrupt widening and continentward migration of the Early Cretaceous arc axis. 735 

Trends in stable and radiogenic zircon isotope values show evidence for both temporally stable 736 

and transient petrogenetic processes that led to the production of Mesozoic continental crust in 737 

the Median Batholith. Isotope modeling shows that arc magmatism involved significant 738 

production of new continental crust with 0-30% recycling of a low-18O source throughout the 739 

Median Batholith. The terminal Early Cretaceous arc flare-up primarily involved partial melting 740 

of a depleted mantle source contaminated with a recycled trench sediment component (10-20%). 741 

Isotope modeling shows that this signal was present in all Mesozoic magmas and reflects a long-742 

lived petrogenetic process. The Separation Point Suite flare-up from 129-110 Ma signified the 743 

end of arc magmatism and Mesozoic continental crust production in the Median Batholith. 744 
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Figure Captions 1090 

Figure 1. A. Simplified geologic map of Fiordland, New Zealand showing sample locations 1091 

(white dots). Shear zones referenced in this study are shown in yellow, and include George 1092 

Sound Shear Zone, Grebe Shear Zone, and Indecision Creek Shear Zone. These latter two faults 1093 

divide the inboard and outboard Median Batholith. Map is modified from Ramezani and Tulloch 1094 

(2009a). B. Inset map shows underlying basement terranes of present-day New Zealand. Dashed 1095 

lines are extrapolations of terrane contacts. Line a-a’ refers to cross-section in Fig. 1F. Figure 1096 

adapted from Coombs et al. (1976). C and D. Simplified geologic map of Lake Te Anau (C) and 1097 

Lake Manapouri area (D) and sample locations. F. Simplified reconstructed cross-section of 1098 

Zealandia Cordillera prior to termination of arc magmatism. Modified after Mortimer et al. 1099 

(2014). EP = Eastern Province; WP = Western Province; T. = Terrane; GSZ = Grebe Shear 1100 

Zone; ICSZ = Indecision Creek Shear Zone; GSSZ = George Sound Shear Zone; OB = Outboard 1101 

Median Batholith; IB = Inboard Median Batholith. 1102 

 1103 

Figure 2. Blue-rock geochemical plots of Darran Suite, Separation Point Suite (SPS), and 1104 

Western Fiordland Orthogneiss (WFO). The green field represents WFO samples from Decker et 1105 

al. (2017). A. Classification of plutonic rocks based on SiO2 and Na2O+K2O content, following 1106 

Delavari et al. (2014); B. Shand’s Index (Maniar and Piccoli, 1989); C. Modified alkali lime 1107 

index versus SiO2 (Frost et al., 2001); D. Fe-number versus SiO2 (Frost et al., 2001). 1108 

 1109 

Figure 3. Cathodoluminescence (CL) images of representative zircon and their analytical spots. 1110 

Zircons display oscillatory and sector zoning consistent with magmatic growth. U-Pb spots 1111 

(white circle), O spots (blue circle), and Hf spots (red circle) are shown where analysis occurred. 1112 
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For each sample, a white 100-micron bar is shown for scale. Data for all spots can be found in 1113 

Supplementary Tables 2-3. 1114 

 1115 

Figure 4. Individual transect isotope data. 18O and initial εHf zircon data from each arc-1116 

perpendicular transect are plotted against distance from the Grebe Shear Zone (GSZ)–Indecision 1117 

Creek Shear Zone (ICSZ) and extension thereof (ext.). The western yellow bar marks the George 1118 

Sound Shear Zone (GSSZ) and southern projection (proj.). Shear zone thicknesses are 1119 

demarcated by thickness of the yellow bars. Transect locations are outlined on Figure 1. WID = 1120 

Western Isotope Domain; CID = Central Isotope Domain; EID = Eastern Isotope Domain. 1121 

 1122 

Figure 5. Combined isotope data relative to the Grebe Shear Zone–Indecision Creek Shear Zone. 1123 

Yellow vertical bars show thicknesses of shear zone widths. A. 18O (Zrn) data vs. distance from 1124 

the Grebe Shear Zone (GSZ). B. Initial εHf (Zrn) data vs distance from the GSZ. WID = Western 1125 

Isotope Domain; CID = Central Isotope Domain; EID = Eastern Isotope Domain. 1126 

 1127 

Figure 6. Isotope Contour Plots for the Median Batholith. Sample locations are plotted as black 1128 

dots. Ductile shear zones, outlined in a dark grey field, separate the three isotope domains. The 1129 

George Sound Shear Zone and southern projection separate the WID and CID, and the Grebe 1130 

Shear Zone–Indecision Creek Shear Zone separate the CID from the EID. Sample transects from 1131 

Figure 1 are outlined in black lines with associated transect letters. Oxygen isotope values 1132 

increase from east to west (left), and hafnium isotope values increase from west to east (right). 1133 

GSSZ = George Sound Shear Zone; GSSZ Proj. = Southern projection of the George Sound 1134 
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Shear Zone; GSZ = Grebe Shear Zone; ICSZ = Indecision Creek Shear Zone; WID = Western 1135 

Isotope Domain; CID = Central Isotope Domain; EID = Eastern Isotope Domain. 1136 

 1137 

Figure 7. A. Zircon O-isotope contour plot in Lake Te Anau and Lake Manapouri showing pre-1138 

Cretaceous zircon sample locations and 206Pb/238U zircon ages. B. Zircon age vs. 18O (Zrn) for 1139 

pre-Cretaceous samples. Existence of the isotope gradient in pre-Cretaceous samples indicates 1140 

that the isotope in both the EID and CID gradient pre-dates Early Cretaceous transpression and 1141 

contraction in the region and was therefore not caused by an Early Cretaceous tectonic event. 1142 

 1143 

Figure 8. A. Block model of present-day locations of plutons from the Median Batholith and 1144 

crustal architecture of the Eastern and Western provinces at depth. The George Sound Shear 1145 

Zone separates the WID and CID, and demarcates the boundary of the underlying Eastern 1146 

Province terrane. The Grebe Shear Zone – Indecision Creek Shear Zone separates the CID and 1147 

EID, divides the inboard and outboard Median Batholith, and is the suture that separates the 1148 

Eastern and Western Provinces. Graphs of oxygen (B) and hafnium (C) isotope trends are plotted 1149 

against distance. WAL= West Arm Leucogranite, RO= Refrigerator Orthogneiss, 1150 

Ptk=Puteketeke Pluton, ICC=Indecision Creek Complex, NF=North Fork Pluton, SZ=shear 1151 

zone. 1152 

 1153 

Figure 9. A. Zircon age vs. distance from GSZ (km). Low-Sr/Y, Darran Suite magmatism was 1154 

focused within a 10-15 km zone relative to the Grebe Shear Zone–Indecision Creek Shear Zone 1155 

system for >100 Myr from ca. 240 to 130 Ma. Emplacement of high-Sr/Y, Separation Point Suite 1156 
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magmas is shown to have migrated continentward from 129-114 Ma at a rate of ~4-5 km/Myr. 1157 

Distance from the GSZ (km) is measured from location shown in Figure 1. 1158 

 1159 

Figure 10. A. Zircon oxygen-isotope values vs. zircon age (Ma). B. Zircon initial Hf values vs. 1160 

zircon age (Ma).  1161 

 1162 

Figure 11. Assimilation Fractional Crystallization (AFC) models for the WID (A), CID (B) and 1163 

EID (C). Data illustrate the generation of WFO-like melts from recycling of trench sediments 1164 

(A) and the assimilation of low-18O crust by WFO-like melts in the CID and EID (B and C).  1165 
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Table 1. Terminology and Subdivisions of the Median Ba

West

Geographic Western George
Subdivision Fiordland Sound
Batholith Inboard Shear
Subdivision Median Zone

Batholith
Terrane Takaka
Subdivision Terrane
Spatial Isotope Western
Domain (WID)
Defining Separation Point Suite
Plutons Western Fiordland Orthogneiss

Darran Suite
None recognized



atholith

East

Central Grebe- Eastern
Fiordland Indecision Fiordland
Inboard Creek Outboard
Median Shear Median

Batholith Zone Batholith
Takaka Drumduan
Terrane Terrane
Central Eastern
(CID) (EID)

Separation Point Suite Separation Point Suite
Puteketeke Pluton Takahe Granodiorite
Refrigerator Orthogneiss Titiroa Granodiorite
West Arm Leucogranite North Fiord Granite

Darran Suite Darran Suite
Hunter Intrusives Hunter Intrusives
Murchison Intrusives Murchison Intrusives



Table  2. Summary of zircon error-weighted average 206Pb/238U ages, O and Lu-Hf isotope data, Fiordland, New Zealand 

Pluton Sample Number Age δ18O (Zrn) Mean ± 2SD δ18O (Zrn) Range (‰) n Zrn Initial εHf ± 2SD Zrn Initial εHf range n Reference
Breaksea Orthogneiss 13NZ33E 123.5 ± 1.4 5.30 ± 0.23 5.2 - 5.4 6 4.8 ± 3.5 6.5 - 2.7 20 2
Darran Leucogranite OU49127 135.8 ± 2.3 3.97 ± 0.32 3.7 - 4.0 9 8.4 ± 3.2 9.4 - 6.0 20 3
Devils Armchair Pluton 15NZ66 133.4 ± 2.1 4.63 ± 0.35 4.0 - 5.3 8 5.4 ± 3.3 8.5 - (-)4.9 19 3
Eastern McKerr Intrusives 15NZ12 128.3 ± 3.9 -5.83 ± 0.30 (-)7.4 - 0.4 8 2.6 ± 3.1 5.2 - (-)0.2 17 2,3
Eastern McKerr Intrusives 15NZ20 118.8 ± 2.8 5.77 ± 0.27 5.5 - 6.0 6 3.8 ± 3.1 5.7 - -2.0 20 2
Glade Suite OU49129 140.6 ± 1.5 4.06 ± 0.30 3.8 - 4.1 7 7.9 ± 3.1 10.0 - 5.9 20 3
Hunter Intrusives 17NZ46 351.5 ± 9.9 4.83 ± 0.27 5.0 - 4.7 7 n.d. n.d. n.d. 1
Hunter Intrusives 17NZ65A 156.0 ± 1.7 4.18 ± 0.12 4.2 - 4.1 7 9.6 ± 1.2 10.5 - 8.2 10 1
Hunter Intrusives 17NZ72A 143.4 ± 4.4 3.81 ± 0.44 4.2 - 3.6 5 7.5 ± 1.3 8.4 - 6.4 6 1
Hunter Intrusives 17NZ87 156.0 ± 1.7 4.80 ± 0.18 5.0 - 4.7 7 7.9 ± 1.7 9.0 - 6.7 12 1
Hunter Intrusives OU49100 169.0 ± 3.1 4.91 ± 0.22 4.1 - 5.2 12 7.9 ± 3.3 11.1 - 5.2 20 3
Hunter Intrusives OU49102 149.6 ± 1.6 4.36 ± 0.30 4.2 - 4.5 8 7.8 ± 3.3 10.1 - 3.7 20 3
Malaspina Pluton 12DC41C 115.9 ± 1.2 5.74 ± 0.19 5.6 - 5.9 8 n.d. n.d. n.d. 1
Malaspina Pluton 13NZ11 n.d. 5.80 ± 0.35 6.0 - 5.6 5 n.d. n.d. n.d. 1
Malaspina Pluton 13NZ14 n.d. 5.82 ± 0.17 5.7 - 5.9 6 n.d. n.d. n.d. 1
Malaspina Pluton 13NZ16B 118.0 ± 2.1 5.74 ± 0.27 5.5 - 5.9 7 4.2 ± 3.1 5.6 - 2.1 20 2
Malaspina Pluton 13NZ22 116.9 ± 1.6 5.67 ± 0.37 5.5 - 5.9 5 4.2 ± 3.4 6.2 - 3.0 17 2
Malaspina Pluton 13NZ34A 118.0 ± 1.8 5.74 ± 0.39 5.5 - 6.0 7 2.9 ± 3.3 4.6 - 1.2 20 2
Malaspina Pluton 13NZ40D1 116.4 ± 1.3 5.74 ± 0.37 5.4 - 5.9 9 3.6 ± 3.3 5.3 - 1.9 17 2
Malaspina Pluton 13NZ59 117.5 ± 1.0 5.75 ± 0.27 5.7 - 5.8 6 4.3 ± 3.1 6.5 - 1.9 20 2
Malaspina Pluton 14NZ82 n.d. 5.72 ± 0.17 5.9 - 5.7 6 n.d. n.d. n.d. 1
Misty Pluton 12NZ22A 114.7 ± 1.1 5.68 ± 0.17 5.5 - 5.8 7 4.7 ± 3.4 10.8 - 1.3 20 2
Misty Pluton 12NZ24 115.8 ± 2.1 5.75 ± 0.12 5.6 - 6.0 6 3.9 ± 3.3 6.0 - 2.9 20 2
Misty Pluton 12NZ33 114.5 ± 2.1 5.56 ± 0.23 5.4 - 5.6 8 4 ± 3.6 5.7 - 2.0 20 2
Misty Pluton 12NZ36B 119.7 ± 1.3 5.78 ± 0.20 5.5 - 5.9 5 3.9 ± 3.4 4.9 - 2.8 20 2
Misty Pluton 13NZ46 116.9 ± 1.2 5.87 ± 0.17 5.6 - 6.0 8 4.4 ± 3.1 11.2 - 2.6 20 2,4
Misty Pluton 13NZ52A 116.8 ± 1.6 6.05 ± 0.38 5.8 - 6.2 5 3.9 ± 2.9 5.4 - 2.5 20 2
Misty Pluton 13NZ55A 115.2 ± 1.9 5.87 ± 0.40 5.7 - 6.1 7 4.4 ± 2.9 7.7 - 2.1 20 2
Misty Pluton 13NZ58 115.3 ± 1.5 6.06 ± 0.27 5.7 - 6.2 7 4.3 ± 2.9 5.4 - 1.4 20 2
Misty Pluton P76640 117.89 ± 0.13 5.73 ± 0.19 5.9 - 5.6 8 n.d. n.d. n.d. 1
Misty Pluton P76705 n.d. 5.72 ± 0.22 5.9 - 5.6 6 4.4 ± 1.2 5.2 - 3.7 7 1
Misty Pluton P76709 ca. 116.4 5.89 ± 0.20 6.0 - 5.8 7 n.d. n.d. n.d. 1
Misty Pluton P77630 118.42 ± 0.06 5.30 ± 0.32 5.2 - 5.6 5 n.d. n.d. n.d. 1,4
Misty Pluton P77844 n.d. 4.76 ± 0.23 4.6 - 4.9 6 n.d. n.d. n.d. 1
Murchinson Intrusives 17NZ31A 133.5 ± 2.8 4.81 ± 0.44 5.0 - 4.4 5 n.d. n.d. n.d. 1
Murchinson Intrusives 17NZ40 170.0 ± 1.5 5.13 ± 0.24 5.0 - 5.3 10 7.9 ± 0.8 8.3 - 7.4 8 1
Nurse Suite OU49128 140.8 ± 1.6 3.80 ± 0.28 3.4 - 4.1 6 n.d. n.d. n.d. 3
Omaki Orthogneiss P75785 124.91 ± 0.17 4.75 ± 0.2 4.9 - 4.5 7 4.3 ± 0.6 4.7 - 3.9 7 1
Pembroke diorite 05NZ12P 134.2 ± 2.9 4.45 ± 0.28 4.2 - 4.5 8 8.2 ± 3.1 10.3 - 6.5 20 3
Pomona Island granite OU49120 163.1 ± 1.8 3.90 ± 0.19 3.6 - 4.1 10 11.2 ± 3.4 17.9 - 5.7 20 3
Puteketeke Pluton 17NZ100 122.6 ± 1.4 4.98 ± 0.28 5.2 - 4.8 8 4.3 ± 1.4 5.2 - 3.2 10 1
Puteketeke Pluton 17NZ104 n.d. 4.88 ± 0.30 5.1 - 4.7 6 5.23 ± 2.0 7.0 - 3.8 8 1
Puteketeke Pluton 17NZ98 122.0 ± 1.6 4.79 ± 0.23 5.0 - 4.7 6 4.4 ± 1.3 5.6 - 3.6 10 1
Puteketeke Pluton OU75705 120.8 ± 0.9 4.89 ± 0.30 5.1 - 4.7 10 4.5 ± 1.2 5.3 - 3.8 8 1
Puteketeke Pluton P73900 n.d. 4.67 ± 0.15 4.8 - 4.6 7 4.4 ± 0.7 4.9 - 3.9 9 1
Refrigerator Orthogneiss 17NZ12 128.8 ± 1.7 4.67 ± 0.22 4.8 - 4.5 6 5.5 ± 1.6 6.6 - 4.2 9 1
Refrigerator Orthogneiss 17NZ124A 127.4 ± 1.3 5.10 ± 0.26 5.2 - 4.9 7 3.7 ± 0.5 3.9 - 3.4 7 1
Refrigerator Orthogneiss 17NZ25A 129.2 ± 1.7 4.74 ± 0.25 4.6 - 4.9 6 5.9 ± 1.0 6.8 - 5.5 8 1
Refrigerator Orthogneiss  OU75782 120.7 ± 1.1 5.31 ± 0.12 5.4 - 5.2 6 n.d. n.d. n.d. 1
Resolution Orthogneiss 12NZ12B 115.1 ± 2.1 5.85 ± 0.25 5.3 - 6.1 7 4.0 ± 3.2 7.9 - 2.2 20 2
Takahe Granodiorite 17NZ78B 125.1 ± 1.7 3.86 ± 0.21 4.0 - 3.8 6 7.6 ± 0.8 8.4 - 7.2 8 1
Takahe Granodiorite 17NZ81 123.2 ± 1.8 3.74 ± 0.26 4.0 - 3.6 7 7.1 ± 1.7 8.3 - 5.9 9 1
Titiroa Pluton P69040 n.d. 3.83 ± 0.35 4.0 - 3.6 8 8.0 ± 0.8 8.5 - 7.5 8 1
West Arm Leucogranite 17NZ114 123.9 ± 1.5 5.39 ± 0.29 5.6 - 5.2 8 4.3 ± 0.6 4.7 - 3.8 7 1
West Arm Leucogranite 17NZ117 113.3 ± 1.6 5.88 ± 0.14 5.9 - 5.8 4 3.0 ± 8.4 8.8 - (-)0.8 4 1
West Arm Leucogranite 17NZ134 122.5 ± 1.8 5.26 ± 0.39 5.5 - 5.0 4 n.d. n.d. n.d. 1
West Arm Leucogranite 17NZ140 116.9 ± 1.8 5.68 ± 0.38 6.0 - 5.5 5 4.1 ± 2.5 5.5 - 0.1 11 1
Worsley Pluton 15NZ02 121.6 ± 1.9 5.46 ± 0.38 5.2 - 5.6 8 4.9 ± 3.3 6.9 - 3.5 20 2
Worsley Pluton 15NZ27 123.2 ± 1.9 5.95 ± 0.45 5.6 - 6.2 10 5.0 ± 3.1 6.1 - 2.6 20 2
Worsley Pluton OU49144 119.3 ± 1.8 4.57 ± 0.17 4.8 - 4.5 6 5.5 ± 1.3 6.1 - 4.6 7 1

1this study
2Decker et al. (2017)
3Decker (2016)
4Tulloch, personal communication (2019)
5Ringwood and Schwartz. Unpublished data
6Buritica et al. (2019)
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