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SUPPLEMENTAL MATERIAL

Methods

In situ O-Hf-U-Pb isotopic analyses were undertaken on existing zircon separates for which U-Pb
ages have been published (n = 131; see Table S5 in supplementary material) (Kimbrough et al. 1994;
Muir et al. 1996, 1997, 1998; Ramezani and Tulloch 2009; Tulloch et al. 2009, 2011; Allibone et al.
2016a,b; Sagar et al. 2016; Turnbull et al. 2016; Buritica et al. 2019; Ringwood et al. submitted), or
from mineral separates made on new samples collected during this research (n = 38). Location
information for all samples analysed can be found Table S5 and in the online Petlab database (Strong

et al. 2016; http://pet.gns.cri.nz) or requested from the authors. Where new zircon separates were

obtained, zircon separation was undertaken at GNS Science using standard crushing, heavy liquid and
magnetic separation techniques. Together with the two zircon standard reference materials 91500
(Wiedenbeck et al. 2004) and TEMORA 2 (Black et al. 2004), zircon crystals were handpicked and
mounted in epoxy. All zircon grains were mounted within 8 mm of the centre of a 1-inch mount, and
extra care was taken to ensure a smooth, flat, low-relief polish (Kita et al. 2009). Zircon were imaged
by Scanning Electron Microscope (SEM) — cathodoluminescence (CL) at California State University
Northridge (CSUN) and Otago University, New Zealand to reveal internal complexity and aid in the
selection of analytical spot locations (Supplementary Fig. 1). All O-isotopic analyses were performed
first, followed by split-stream Lu-Hf-U-Pb analyses over the same analytical spot as the previous O-
isotope analysis. All samples analysed have well established U-Pb zircon crystallization ages from
published and unpublished data — U-Pb results for all Lu-Hf spots were used to ensure the domain of
zircon analysed was representative of the magmatic crystallization age, rather than an older inherited

domain, or a younger domain affected by Pb-loss or metamorphic recrystallization.

O-Isotope Analyses

All O-isotope analyses for this study were measured by secondary ion mass spectrometry (SIMS) at
the Institut fiir Geowissenschaften, Universitit Heidelberg, using a CAMECA IMS 1280-HR ion
microprobe. Data for all analyses (unknowns) are available in Supplementary Table S1. All zircon
mounts were gold coated prior to O-isotope analyses. A 2 nA, 20 keV Cs+ primary ion beam with a
raster size of 10 um (12 um during pre-sputtering) was used, resulting in an analytical spot size of ~

15 x 15 um, and depths of ~1 um. Negative secondary ions were accelerated to 10 keV. The


http://pet.gns.cri.nz/

secondary ion image was limited to 30 pm, the dynamic transfer optical system (DTOS) was activated
and sample charging was compensated with the normal incidence electron gun (NEG). °O and '*O
were detected simultaneously in two Faraday cups. The nominal mass resolving power for '°O and
180 was 2500. Including the time for beam centering the analyses started after a total pre-sputtering
time of ~80 s and each analysis comprised 20 cycles with 4 s integration time per cycle. The internal
uncertainty reported is the relative standard deviation of the mean value of the isotope ratios. The
baseline of the FC amplifiers was determined separately with an integration time of 200 s several
times per session. All 3'80 values are reported relative to Vienna Standard Mean Ocean Water
(VSMOW). For all but one sample the primary standard used was 91500 zircon (Wiedenbeck et al.
2004), with TEMORA 2 zircon (Black et al. 2004) as the secondary standard. The mean repeatability
of the 91500 calibrations was 0.09 %o (0.04 %0 — 0.16 %o, 1 std. dev [1sd]). The mean value of 267
TEMORA 2 analyses was 8'30 = +8.04 %o + 0.15 %o (1sd) equal to the published values of +8.2 + 0.1
%o within uncertainty (Black et al. 2004). For one sample, KIM-5 zircon (Peck et al. 2001) was used
as primary standard with a repeatability of 0.08 %o (1sd). For this sample, the result for TEMORA 2
was 880 = +8.19 %o = 0.15 %o (1sd). All data for the standards used for O-isotope analysis are
presented in Supplementary Table S3. Internal measurement uncertainties for individual analyses
were typically < 0.1 %o (1 standard error of the mean ratio), and within sample variation was typically

< 0.4 %o. Analyses were made concurrently over the course of 13 days.
Lu-Hf and U-Pb Analyses

All new Lu-Hf and U-Pb isotopic analyses (Supplementary Table S2) were simultaneously obtained
by laser ablation split stream over 12 days at the Geohistory Facility in the John de Laeter Centre,
Curtin University using protocols described in Spencer et al. (2017). Zircon crystals were ablated
using a Resonetics RESOlution M-50A incorporating a Compex 102 excimer laser, coupled to a Nu
Plasma II multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS) for Lu-Hf
isotope determination and an Agilent 7700 quadrupole inductively coupled plasma mass spectrometer
(Q-ICP-MS) for age (U-Pb) and trace element determination. Mounts were gently hand polished
before Hf-isotope analyses to ensure the O-isotope analytical spot was no longer visible. Each
analytical spot was placed directly over previous SIMS O-isotope analytical locations to ensure the
same chemical/age domain was analysed. Careful documentation of the CL images allowed for
accurate laser targeting. Following two cleaning pulses and a 40s period of background analysis,
samples were spot ablated for 40 s at a 10Hz repetition rate using a 50 um beam (for >90% of
analyses and a 32 um beam for the <10% of smaller grains or grains with internal complexity like
large inherited cores or thick metamorphic rims) and laser energy at the sample surface of 2.8-3.0 J

cm?. An additional 15 s of baseline was collected after ablation. The sample cell was flushed with



ultrahigh purity He (320 mL min™) and N> (1.2 mL min™) and high purity Ar was employed as the

plasma carrier gas, split to each mass spectrometer.

For Hf isotope analysis, all isotopes (‘8°Hf, '7°Hf, '78Hf, 7"Hf, 7°Hf, "*Lu, '"*Hf, '*Yb, "*Yb
and '"'Yb) were counted on the Faraday collector array. Time resolved data was baseline subtracted
and reduced using Iolite v3.71 (Paton et al. 2011; DRS after Woodhead et al., 2004), where '7°Yb and
176 u were removed from the 176 mass signal using '7°Yb/!*Yb = 0.7962 and '"°Lu/'"*Lu = 0.02655
with an exponential law mass bias correction assuming '?Yb/!*Yb = 1.35274 (from Chu et al. 2002).
The interference corrected "*Hf/!7’Hf was normalized to '"’Hf/'”’Hf = 0.7325 (from Patchett and
Tatsumoto 1980) for mass bias correction. An effective 7°Yb/!*Yb correction factor was determined
for each session by iteratively adjusting the '"Yb/!”*Yb ratio until standard corrected ratios on
secondary zircon reference materials with varying Yb content yielded values within the recommended
range. No correlation was apparent between the abundance of interfering isotopes (Yb or Lu) and
corrected '"*Hf/'7"Hf ratios. Zircons from the Mud Tank carbonatite locality (Woodhead and Hergt
2005) were analysed together with the samples in each session to monitor the accuracy of the results
with FC1, 91500 and Plesovice zircons included as secondary standards. All yielded weighted
averages within uncertainty of their accepted values (Mud Tank "*Hf/"""Hf = 0.282507 + 0.000004;
FCI1 "Hf/'"7"Hf = 0.282158 £ 0.000005; 91500 '"*Hf/'"Hf = 0.282294 £ 0.000004; PleSovice
T6HF/V"HE = 0.282472 + 0.000003) (Wiedenbeck et al. 2004; Slama et al. 2008). All data for primary
and secondary reference standards is presented in Supplementary Table S4). In addition, the corrected
180 f/"7"Hf ratio was calculated to monitor the accuracy of the mass bias correction and yielded an
average value of 1.886864 + 15 (MSWD = 0.59), which is within the range of values reported by
Thirlwall and Anczkiewicz (2004). For a representative analysis of the laser signal, see raw data for a
single analysis of the Mud Tanks reference zircon in Supplementary Table S6. All raw published and
unpublished Lu/Hf isotopic data for individual zircon grains from previous studies has been
recalculated for eng(¢r) and Tomy ages using the exact same parameters as the new data collected in this
study to ensure consistency throughout the datasets. CHUR parameters (7°Hf/!"""Hf = 0.282785,
76Lu/!THf = 0.033600) from Bouvier et al. (2008) and a A!"°Lu decay constant of 1.867 x 10! y*!
(Soderlund et al. 2004) were used to calculate euq(f) values and '"*Hf/'7"Hf ratios. Model ages (T(pm))
for zircons were calculated using individual spot 2°Pb/?*®U ages (obtained simultaneously from the
same volume of zircon used for Lu/Hf isotopic analysis; for some published analyses, the granitoid
206Pb/238U age was used as the spot 2°°Pb/>*¥U age was unavailable), initial '"*Hf/!""Hf ratios and a
Bulk Earth '7Lu/'""Hf ratio of 0.015 (Goodge and Vervoort 2006). Hf isotopic evolution of the
depleted mantle (DM) was determined using '"Lu/'""Hfpm = 0.038512 and '7Hf/'""Hfpm = 0.283225
(Vervoort and Blichert-Toft 1999). There are many assumptions and inherent uncertainties with
respect to the calculated zircon model ages (Tom)) presented (i.e., Faure and Mensing 2005);

however, given the broad range of model ages for zircon from the EID (c. 1300 — 500 Ma), any



uncertainties associated with model age calculations will not change the conclusion that the age of the
underlying source is directly related to mantle melting and hydrothermal alteration associated with

Rodinia assembly (1300 — 900 Ma) and rifting (800 — 500 Ma).

For the Q-ICP-MS U-Pb analysis, the following isotopes were monitored: 2?Hg, 2%Pb, 2°°Pb, 2*’Pb,
208Pp (0.1 s dwell time on all Pb isotopes), 2**Th, and ***U (0.025 s dwell time on U and Th). The
primary dating reference materials used in this study were 91500 (1062.4+0.4 Ma; Wiedenbeck et al.
2004) and OG1 (3465.4+0.6; Stern et al. 2009) with PleSovice (337.13+0.37 Ma; Slama et al. 2008)
and GJ-1 (608.53+0.37; Jackson et al. 2004) analysed as secondary age standards. 2°°Pb/**®U ages and
207pb/206Ph calculated for zircon age standards, treated as unknowns, were found to be within 2% of
the accepted value. The time-resolved mass spectra were reduced using the U Pb_Geochronology4

data reduction scheme in Iolite 3.71 (Paton et al. 2011).
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SUPPLEMENTAL FILES

Supplementary Figure S1. Representative cathodoluminescence (CL) image of zircon from
sample P76172. O-isotope analysis was completed first using CL and transmitted light images of
zircon grains as a guide to spot location. U-Pb-Lu-Hf analyses were completed on top of the O-
isotope spot localities.

Supplementary Figure S2. Individual zircon analyses highlighting zircon fractionation indexes
for (A) 8'8Ozircon versus whole-rock SiO2 composition of the host granitoid, and (B) 8'%0zircon
versus Zr/Hf in zircon. No correlations are observed indicating that the variability observed in
zircon O- and Hf-isotope compositions are not controlled by fractional crystallization processes.
(C) simplified geological map outlining the extent, age and type (I, S, A) of Phanerozoic plutonic
rocks that intrude early Paleozoic sedimentary terranes in New Zealand.

Supplementary Figure S3. Average O- and Hf-isotopic compositions for each pluton for which
multiple zircon analyses were completed. The isotopic homogeneity of the eastern isotopic
domain relative to the western isotopic domain is apparent.

Supplementary Figure S4. Individual spot analyses for (A) eu(T) and (B) 8'30 zircon values
plotted against the U-Pb age obtained for each spot. All analyses were performed on the same

spot locality on the zircon grain.



Supplementary Table S1. O-isotope data for all individual zircon spot analyses from
Zealandia plutonic rocks.

Supplementary Table S2. Lu-Hf isotopic data and 2°Pb/?*8U age for all individual zircon spot
analyses from Zealandia plutonic rocks.

Supplementary Table S3. O-isotope data for all standard reference materials analyzed during
O-isotope SIMS analysis.

Supplementary Table S4. Lu-Hf isotopic data for all standard reference materials analyzed
during Hf-isotope LA-MC-ICPMS analysis.

Supplementary Table S5. Sample location information

Supplementary Table S6. Example of laser output for a single Mud Tank reference zircon,

analyzed on 24 May 2019.
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Supplementary Figure S1. Representative Cathodoluminescence (CL) image of zircon
from sample P76172. O-isotope analysis was completed first using CL and transmitted
light images of zircon grains as a guide to spot location. U-Pb-Lu-Hf analyses were
completed on top of the O-isotope spot localities.
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Supplementary Figure S2. Individual
zircon anaylses highlighting zircon
fractionation indexes for (A) 8°0,,..,
versus whole-rock SiO, composition of the
host granitoid, and (B) 80, versus
Zr/Hf in zircon. No correlations are
observed indicating that the variability
observed in zircon O- and Hf-isotopic
compositions are not controlled by
fractional crystallisation processes.

(C) Simplified geological map outlining
the extent, age and type (I, S, A) of
Phanerozoic granitoids that intrude early

Paleozoic sedimentary terranes in New Zealand.
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pluton for which multiple zircon analyses were completed. The isotopic
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