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Abstract
Zircon U-Pb, and garnet Sm-Nd and Lu-Hf dates provide important constraints on local and oro-

genic scale processes in lower-crustal rocks. However, in high-temperature metamorphic rocks these 
isotopic systems typically yield significant ranges reflecting both igneous and metamorphic processes. 
Therefore, linking dates to specific aspects of rock history can be problematic. In Fiordland, New 
Zealand, granulite-facies orthogneiss is cut by leucosomes that are bordered by garnet clinopyroxene 
reaction zones (garnet reaction zones). In both host orthogneiss and garnet reaction zones, zircon are 
typically anhedral with U-Pb dates ranging from 118.30 ± 0.13 to 115.70 ± 0.18 Ma (CA-ID-TIMS) 
and 121.4 ± 2.0 to 109.8 ± 1.8 Ma (SHRIMP-RG). Zircon dates in host and garnet reaction zone do not 
define distinct populations. In addition, the dates cannot be readily grouped based on external morphol-
ogy or internal CL zoning. Zircon trace-element concentrations indicate two distinct crystallization 
trends, clearly seen in Th and U. Garnet occurs in selvages to the leucosome veins and in the adjacent 
garnet reaction zones. In selvages and host orthogneiss, garnet is generally 0.5 to 1 cm diameter and 
euhedral and is 0.1 to 0.5 cm diameter and subhedral in garnet reaction zones. Garnet Sm-Nd and Lu-Hf 
dates range from ca. 115 to 101 Ma (including uncertainties) and correlate with grain size. We interpret 
the CA-ID-TIMS zircon dates to record the age of magma emplacement and the SHRIMP-RG dates 
to record a range from igneous crystallization to metamorphic dissolution and reprecipitation and/or 
local Pb loss. Zircon compositional trends within the garnet reaction zone and host are compatible 
with locally isolated melt and/or separate intrusive magma batches for the two samples described here. 
Dates for the largest, ~1 cm, garnet of ~113 Ma record growth during metamorphism, while the smaller 
grains with younger dates reflect high-temperature intracrystalline diffusion and isotopic closure during 
cooling. The comprehensive geochronological data set for a single location in the Malaspina Pluton 
illustrates a complex and protracted geologic history common in granulite facies rocks, estimates 
lower crustal cooling rates of ~20 °C/m.y., and underlines the importance of multiple chronometers 
and careful textural characterization for assigning meaningful ages to lower-crustal rocks. Numerous 
data sets from single locations, like the one described here, are needed to evaluate the spatial extent 
and variation of cooling rates for Fiordland and other lower crustal exposures.

Keywords: Zircon U-Pb, garnet Sm-Nd, migmatite, lower crust, rates of intrusion, duration of 
metamorphism

Introduction and geologic setting
Zircon and garnet isotopic dates are widely used for under-

standing local and orogenic scale processes in magmatic arcs, 
lower-crustal rocks, and high-grade metamorphic terrains. For 
example, ages and associated trace-element compositions in 
zircon are critical components of studies that address magma 
sources, mixing, and assimilation (e.g., Hammerli et al. 2018). 
Garnet stability is important for characterizing arc roots because 
it exerts controls on partial melting processes, the composition 

of intermediate- to high-silica magmas found in magmatic arcs 
(e.g., Lee et al. 2006; Ducea et al. 2015), and the density of lower 
crust and mantle lithosphere (e.g., Kay and Mahlburg Kay 1993). 
Garnet ages provide a means of understanding processes in mag-
matic arc roots because they can be directly linked to pressure and 
temperature estimates for constructing quantitative P-T-t paths 
and calculating rates of tectonic processes (e.g., Stowell et al. 
2001, 2007; Lapen et al. 2003; Gatewood et al. 2015). In granulite 
facies metamorphic rocks, the zircon U-Pb, and garnet Sm-Nd 
and Lu-Hf ages generally yield significant differences that may 
reflect igneous, peak metamorphic, and post-peak metamorphic 
processes (e.g., Mezger et al. 1992; Hoskin and Schaltegger 2003; 
Harley et al. 2007; Baxter and Scherer 2013; Smit et al. 2013, 
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2014; Baxter et al. 2017). For example, Yakymchuk and Brown 
(2014) used phase equilibria modeling to infer that partially 
melted granulite may contain multiple generations of zircon, 
some of which may predate metamorphism and others, which 
grew during decreasing temperature after the metamorphic peak. 
The age ranges from each chronometer may be a challenge to 
interpret, but if interpretation is possible, the results can provide 
quantitative ages for numerous points in a rock’s history. This, 
in turn, provides the data for calculating heating and cooling 
rates in the lower crust.

Fiordland is an ideal location for studying lower crustal 
processes because it is comprised of a mid- to lower-crustal 
section of a continental magmatic arc that was active along the 
Gondwana margin from the late Paleozoic (Tulloch et al. 2009; 
Turnbull et al. 2016) to the Cretaceous (Mattinson et al. 1986; 
Klepeis et al. 2003; Tulloch and Kimbrough 2003). Fiordland 
is dominated by paired belts of older mid-crustal plutons on the 
east (outboard; predominantly Darran suite) and younger lower 
crustal plutons on the west (inboard; Tulloch and Kimbrough 
2003). The western magmatic belt in northern and central 
Fiordland is dominated by Cretaceous plutons of the Western 
Fiordland Orthogneiss (WFO). These diorite to monzodiorite 
plutons intruded between 128 and 114 Ma based on zircon U-Pb 
geochronology using sensitive high-resolution ion microprobe 
(SHRIMP) and laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS) analysis (e.g., Hollis et al. 2004; 
Milan et al. 2016; Schwartz et al. 2017; Decker et al. 2017) and 
123 to 117 Ma based on TIMS zircon geochronology (Mattinson 
et al. 1986; Tulloch and Kimbrough 2003). The Malaspina Pluton 
is the southernmost of the three largest WFO plutons (Fig. 1) 
and laser ablation U-Pb zircon ages range from 114 to 117 Ma 
(e.g., Hollis et al. 2004; Stowell et al. 2014; Milan et al. 2016). 
Large parts of the WFO, including much of the Malaspina Pluton, 
were metamorphosed to garnet granulite conditions ca. 112 Ma 
based on garnet Sm-Nd geochronology (Stowell et al. 2014, 
2017). Granulite metamorphism occurred at 12 to 13.5  kbar 
and temperatures in excess of 850  °C (Oliver 1977, 1980; 
Bradshaw 1989; Daczko and Halpin 2009; Stowell et al. 2014) 
after eclogite metamorphism in the Breaksea area (Stowell et 
al. 2017). Granulite metamorphism locally produced garnet and 
clinopyroxene mineral assemblages that are commonly associ-
ated with leucocratic partial melts. In the WFO, post granulite 
composite cooling rates of ~50 °C/m.y. (Flowers et al. 2005) and 
8–14 °C/m.y. (Schwartz et al. 2016) have been estimated from 
U-Pb ages and metamorphic temperatures obtained by combining 
data from multiple sample locations.

The mid- to lower- crust of magmatic arcs may have numer-
ous textural occurrences of garnet and some of these are com-
monly in plutonic rocks (e.g., Stevenson et al. 2005; Hacker et 
al. 2008; Jagoutz 2010). In plutonic rocks, metamorphic garnet 
± clinopyroxene may replace igneous minerals adjacent to cross-
cutting and pervasive leucosomes, forming what we refer to here 
as garnet reaction zones. These garnet reaction zones are wide-
spread in migmatite throughout northern and central Fiordland 
(e.g., Blattner 1976; Oliver 1977; Clarke et al. 2005; Daczko et al. 
2016). The eastern Malaspina Pluton in central Fiordland is partly 
recrystallized to garnet granulite (Oliver 1980; Turnbull et al. 
2010) and lies structurally below the Doubtful Sound shear zone 

(Fig. 1) (Oliver and Coggon 1979; Gibson and Ireland 1995). This 
shear zone separates the pluton from dominantly metasedimen-
tary rocks of the overlying Deep Cove Gneiss, and it has been 
interpreted as an extensional fault by Gibson et al. (1988). The 
garnet reaction zones in the Malaspina Pluton are centimeters to 
meters in width and contain dominantly metamorphic mineral 
assemblages, with largely igneous mineral assemblages and 
textures outside the garnet reaction zones. The Malaspina Pluton 
exposed along Crooked Arm (Fig. 1) includes extensive areas 
of LS tectonites dominated by garnet reaction zones that are 
cut by 5 to 20 cm wide leucosomes. Locally, leucosome veins 
have distinct borders of coarse porphyroblasts referred to here 
as selvages. In the Crooked Arm area these are generally garnet 
selvages (Fig. 2). Garnet occurrences are classified according 
to Stowell et al. (2014): Type 1 garnet occurs in discrete garnet 
reaction zones, Type 2 garnet forms planar to sub-planar arrays 
as selvages to trondhjemite veins, and Type 3 garnet are porphy-
roblasts in diffuse leucosomes. Most or all porphyroblastic and 
selvage garnet must have grown during partial melting based on 
crystallized melt inclusions and textures (Stowell et al. 2014). 
Garnet in the garnet reaction zones is directly related to melts 
and/or fluids and has also been interpreted to have grown dur-
ing partial melting of the host gneiss (Oliver 1977; Stowell et 
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Figure 1. Simplified geological map of northern and central Fiordland 
showing the Western Fiordland Orthogneiss and adjacent rocks, New 
Zealand. The migmatitic granulite sample 09NZ22 is shown on Crooked 
Arm. Map inset shows Fiordland along the southwest edge of the South 
Island New Zealand. Fiordland geology is modified from Allibone et al. 
(2009) and Turnbull et al. (2010). Worsley = Worsley Pluton; E McKerr 
= Eastern McKerr Intrusives; W McKerr = Western McKerr Intrusives; 
Misty = Misty Pluton; Malaspina = Malaspina Pluton; Breaksea = Breaksea 
Orthogneiss; DSSZ = Doubtful Sound shear zone. Pluton ages are zircon 
U-Pb results reported in Schwartz et al. (2017). 
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al. 2014); however, other researchers have inferred that garnet 
growth in the garnet reaction zones resulted from dehydration 
of the host rock by externally derived trondhjemite magma (e.g., 
Clarke et al. 2005).

The outcrops along Crooked Arm are ideal for evaluating the 
rate of cooling from garnet granulite metamorphic temperatures 
attained during the development of mylonite fabrics. We pres-
ent zircon U-Pb, garnet Sm-Nd, and garnet Lu-Hf ages, and 
trace-element mineral compositions for a single outcrop of the 
Malaspina Pluton (Figs. 1 and 2). Syn- and post-magmatic strain 

in much of the pluton (Klepeis et al. 2016), including rocks along 
Crooked Arm, and metamorphism ca. 4 m.y. after emplacement, 
produced hornblende pyroxene plagioclase orthogneiss with 
locally abundant garnet. Much of the orthogneiss is composi-
tionally layered at a 1 to 10 m scale (Fig. 2) with rocks ranging 
from hornblendite to diorite and monzodiorite. These thick layers 
are interpreted as igneous in origin. The central part of Crooked 
Arm is dominated by high-temperature L-S tectonites (Stowell 
et al. 2014). High-temperature metamorphism with local partial 
melting at ~920  °C and 14  kbar resulted in diffuse and vein 
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Figure 2. Photographs of the Malaspina Pluton along Crooked Arm, New Zealand. (a) Ductile folds in diorite gneiss and hornblende pyroxenite 
layers west of 09NZ22. These folds are tentatively interpreted as D3. (b) Garnet granulite with leucosome vein, which cuts the LS fabric in a wide 
garnet reaction zone and is bordered by a selvage of 10 to 12 mm euhedral garnet (09NZ22). Leucosome and garnet reaction zone (09NZ22A), 
and host (09NZ22B) samples discussed here include this vein, garnet selvage, and garnet reaction zone. Fabric correlations are with those from 
Klepeis et al. (2016). (c) Photomicrograph of host orthogneiss in sample 09NZ22b. Note well-developed foliation in this two pyroxene diorite. (d) 
Photograph of the garnet reaction zone in sample 09NZ22a. Type 2 garnet grains form a selvage along the leucosome vein in the upper right. Type 1 
garnet are intergrown with clinopyroxene in the lower left part of the photograph. Lines indicate the locations for the EPMA garnet compositions 
presented in Figure 8 and the arrowheads indicate the right-hand end of the zoning profiles. GRZ = garnet reaction zone. (Color online.)
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leucosomes that are dominantly trondhjemite in composition 
(Stowell et al. 2014).

In this contribution, we evaluate zircon and garnet chronom-
eters in granulite facies migmatitic metabasite from Fiordland. 
The interpretations are based in part on published pressure, 
temperature, and garnet Sm-Nd age data for metamorphism 
(Stowell et al. 2014). New data include additional garnet Sm-Nd 
ages, garnet Lu-Hf ages, new zircon U-Pb ages, and zircon and 
garnet trace element concentrations. The trace element concen-
trations and zoning in these minerals provide the context for 
interpreting the ages. The resulting history of pluton intrusion, 
high-temperature metamorphism, and partial melting is used to 
determine the timescales for metamorphism and rates of heating 
and cooling for a single outcrop along Crooked Arm.

Analytical methods
We compare geochronological data derived from the U-Pb isotopic system 

in zircon and the Lu-Hf and Sm-Nd isotopic systems in garnet. The zircon U-Pb 
isotopic data were obtained by secondary ion mass spectrometry (sensitive high-
resolution ion microprobe with reverse geometry or SHRIMP-RG) and by chemical 
abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS) on 
single zircon. The garnet isotopic data were obtained from solution multi-collector 
ICP-MS (Lu and Hf) and ID-TIMS (Sm and Nd).

Mineral compositional analysis
Quantitative major element mineral compositions and mineral zoning maps 

were obtained from individual point analyses and electron beam rastering, respec-
tively. X‑ray maps and quantitative point analyses were obtained on the JEOL 8600 
electron probe microanalyzer (EPMA) at the University of Alabama following 
methods described in Stowell et al. (2010). The Kα X‑ray maps were obtained 
using a Bruker energy-dispersive spectrometer and Esprit software. Quantitative 
point analyses were obtained using wavelength-dispersive spectrometers, CitZAF 
correction techniques, and Probe for EPMA software (Donovan 2010). Major 
element data for garnet and other phases was first qualitatively assessed with 
Kα X‑ray maps and then quantified as appropriate with point analyses and line 
scans. Inclusions and compromised analyses were filtered out of the quantitative 
data. Additional information about EPMA methods and analytical precision at the 
University of Alabama can be found in Stowell et al. (2010).

Quantitative spot analyses for trace elements in garnet were obtained by 
LA-ICP-MS. Large garnet trace-element maps were determined by Alan Koenig 
at the U.S. Geological Survey in Lakewood, Colorado. Analyses were obtained 
with the CETAC LSX-500 coupled to a Perkin Elmer ELAN DRC-e inductively 
coupled plasma mass spectrometer (ICP-MS). Instrument operating conditions: 
wavelength = 266 nm, energy = 9 mJ, spot size = 150 µm, pulse rate 10 s–1, 
carrier gas = 1.05 L/min Ar, calibration standard = USGS GSE-1g, and 30  s 
ablation time. Raw intensity data were converted to concentrations using the 
GeoPro offline data processing package. Calcium, determined by EPMA, was 
used as an internal standard. Trace-element analyses from small garnet grains 
were obtained at California State University Northridge. Analyses were obtained 
with a Teledyne-CETAC Analyte G2 Ar-F2 excimer LA system attached to a 
Thermo-Element 2 ICP-MS. Instrument operating conditions: wavelength = 
193 nm, energy = 9 mJ, spot size = 40 µm, pulse rate 10 s–1, carrier gas = 1.05 L/
min He, calibration standards = USGS BHVO-2g and GSC-1g, and 30 s ablation 
time. Raw intensity data were converted to concentrations using Iolite offline 
data processing package (Paton et al. 2011). Calcium, determined by EPMA, 
was used as an internal standard.

Quantitative spot analyses for trace elements in zircon (Ti, Fe, Y, La, Ce, 
Nd, Sm, Eu, Gd, Dy, Er, Yb, Hf, U, and Th) were obtained at the Stanford-USGS 
Micro-Analysis SHRIMP-RG facility. These data were obtained simultaneously 
from the same analytical volume used for zircon U-Pb isotopic analyses. Trace 
element zircon standard MAD-1 (Coble et al. 2018) was analyzed at the beginning 
of the analytical session. Operating conditions were the same as those described 
below for zircon isotope analysis. Raw intensity data were normalized to count 
rates for silica (measured as 28Si16O) and converted to concentrations using 
SQUID-2 data processing package (Ludwig 2009). A more detailed discussion of 
these methods, including the standards and analytical precision, are reported in 
Schwartz et al. (2017).

Zircon isotopic analysis
Approximately 5 kg of fresh rock was collected from two samples from the 

outcrop shown in Figure 2b for zircon geochronology. Heavy minerals were con-
centrated out of pulverized rock by sequential use of a Gemini Table, high-density 
liquid (methylene iodide), and a Frantz magnetic separator. Zircon grains were 
handpicked under a binocular microscope based on clarity and physical intactness.

Chemical abrasion isotope dilution thermal ionization mass spectrom-
etry (CA-ID-TIMS). Zircon analysis by thermal-ionization mass spectrometry 
followed the detailed procedures outlined in Ramezani et al. (2011) and involved 
pre-treatment by a chemical abrasion method modified after Mattinson (2005) to 
minimize the effects of radioactive decay induced crystal defects and associated 
Pb-loss. Zircons were heated in a furnace for 60 h at 900 °C. The annealed grains 
were loaded into FEP polytetrafluoroethylene microcapsules and leached in 29 M 
HF at 210 °C within a high-pressure vessel for 12 h. The partially dissolved zircon 
grains were then fluxed in 4 M HNO3 and 6 M HCl solutions successively on a 
hot plate and in an ultrasonic bath (1 h each) and rinsed in between with several 
volumes of ultrapure water. Rinsed zircons were then loaded individually into 
microcapsules with the EARTHTIME ET535 mixed 205Pb-233U-235U tracer solution 
(Condon et al. 2015; McLean et al. 2015) and 29 M HF to completely dissolve at 
210 °C for 48 h. Pb and U were chemically separated using an HCl-based anion-
exchange chemistry after Krogh (1973) and loaded together with a silica gel 
emitter solution on zone-refined and outgassed rhenium filaments. The Pb and U 
isotopic compositions were measured on a VG Sector 54 multi-collector thermal 
ionization mass spectrometer at the Massachusetts Institute of Technology Isotope 
Laboratory. Pb isotopes were measured by peak-hopping on a Daly photomultiplier 
ion-counting detector, whereas U isotopes were measured as oxides in a static 
mode using three Faraday collectors. Correction of isotopic ratios, calculation of 
dates and propagation of uncertainties were completed using the computer ap-
plications Tripoli and ET_Redux (Bowring et al. 2011; McLean et al. 2011). All 
single-crystal age interpretations are based on 206Pb/238U dates, which are reported 
at 95% confidence level.

SHRIMP-RG. Spot analyses for uranium and lead isotope ratios were obtained 
at the Stanford-USGS Micro-Analysis SHRIMP-RG facility. Epoxy mounts were 
gold coated to prevent charging during analysis. Spots were chosen using reflected 
light and CL images (Fig. 3) based on zonation patterns. Rims and distinct cores 
were chosen to compare ages. The Temora-2 standard was analyzed after every 
3–4 unknown analyses. The Temora-2 analyses during the analytical session were 
reproducible with a 0.25% distribution about the mean. The O2

– primary ion beam 
generated analysis pits ~30 μm in diameter and ~2 μm deep, and sputtered secondary 
ions were mass analyzed in five cycles through the mass table (28Si16O to 238U16O) 
for each sample. Fractionation of Pb relative to Th and U was corrected using the 
fractionation observed during the analysis of the standard zircon. Common Pb was 
estimated from the excess 207Pb counts in the measured 207Pb/206Pb ratio for each 
analysis, assuming a Pb isotopic composition from Stacey and Kramers (1975) 
models for average crustal Pb. Raw data were reduced using SQUID-2 software 
(Ludwig 2009), and all age calculations and Concordia diagrams were made using 
IsoplotR (Vermeesch 2018). Analyses with common Pb corrections of >5% were 
discarded from further consideration. Zircon dates are reported using the common-
Pb corrected 206Pb/238U age. Individual spot ages and ages discussed in the text are 
presented with 2σ uncertainties.

Garnet isotopic analyses
Samarium and neodymium isotopes. Methods for Sm-Nd garnet geochronol-

ogy are modified from those in Stowell et al. (2010, 2014). A full description of the 
methods is available online (https://radis.as.ua.edu/radis-and-isopet-procedures/). 
Garnet and clinopyroxene were separated from the garnet reaction zone by crushing 
a section of rock containing only <2 mm garnet grains and then handpicking. These 
grains were crushed using a carbide steel mortar and pestle and then manually picked 
under a binocular microscope to avoid mineral inclusions. Additional inclusions 
were removed by leaching garnet with HF and HClO4 acids (e.g., Gatewood et al. 
2015). Whole rock and matrix were prepared from ~1 cm cubes of cut rock and the 
matrix was separated by crushing and removing all garnet from one of the cubes. 
All samples were then fully dissolved with HF and nitric acids in SAVILLEX 
PFA vials on a hot plate. Sample aliquots were spiked with mixed Sm and Nd 
Spike B from the University of North Carolina at Chapel Hill. REE fractions were 
separated and concentrated from samples using disposable polyprep BioRad ion 
chromatography columns. Samarium and Nd splits were separated from the REE 
fractions using methylactic acid (MLA) and custom-designed 23 cm silica glass 
columns. Samarium isotopes were measured as metal and Nd isotopes measured 
as oxide using the VG Sector 54 Thermal Ionization Mass Spectrometer (TIMS) 
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in the Radiogenic Isotope Laboratory (RadIs) at the University of Alabama. Neo-
dymium isotope ratios were normalized to 146Nd/144Nd = 0.7219 and then used with 
Sm isotope values to compute final isotope ratios and elemental concentrations by 
isotope dilution. The JNdi Nd standard was run as an oxide periodically during data 
collection, and the results were 143Nd/144Nd = 0.512117 ± 0.000013 as compared to 
143Nd/144Nd = 0.512115 ± 0.000007 reported by Tanaka et al. (2000); therefore, no 
additional Nd isotope normalization was required. The Sm-Nd isochrons were re-
gressed using the decay constant of 6.540 × 10−12 y−1 for λ147Sm (Lugmair and Marti 
1978; Begemann and others 2001). Sm-Nd isochrons were calculated and plotted 
with IsoplotR (Vermeesch 2018). The Sm-Nd age for ~1 cm garnet in Stowell et 
al. (2014), originally calculated using Isoplot (Ludwig 2012) was recalculated for 
this study using IsoplotR, resulting in a 0.3 Ma age increase.

Lutetium and hafnium isotopes. Garnet separates and two whole-rock pow-
ders—one digested in a hydrothermal vessel and one digested on a hot plate—were 
analyzed for Lu-Hf geochronology. The Lu and Hf isotope ratios were determined 
on a Thermo-Scientific Neptune MC–ICP-MS in the Radiogenic Isotope and Geo-
chronology Laboratory at Washington State University. The detailed procedures 
for sample digestion, spiking, isotope analyses, and data reduction are described in 
Vervoort et al. (2004) and Cheng et al. (2008). Hafnium isotopic compositions were 
corrected for mass fractionation with an exponential law using 179Hf/177Hf = 0.7325 
and normalized, over the course of this work, relative to 176Hf/177Hf = 0.282160 
for the JMC475 Hf standard. External uncertainties applied to measured data 
for the purpose of data regressions and age calculations are 0.5% for 176Lu/177Hf, 
and a combination of 2σ in-run error and a blanket 0.005% uncertainty added in 
quadrature for 176Hf/177Hf. The Lu–Hf isochrons were regressed using the decay 
constant of 1.867 × 10−11 y−1 for λ176Lu (Scherer et al. 2001; Söderlund et al. 2004). 
Lu and Hf isochrons were calculated and plotted with IsoplotR (Vermeesch 2018).

Results
Sampling for this study focused on the host pluton contain-

ing orthopyroxene, clinopyroxene, hornblende, and plagioclase; 
a garnet reaction zone containing clinopyroxene, garnet, and 
plagioclase; and garnet selvages along cross-cutting trondhjemite 
veins. Approximately 1 cm garnets in the vein selvages (Type 2) 
are arranged in a planar fashion that typically comprises a nar-
row array on both sides of the trondhjemite leucosomes (Fig. 2). 
Smaller, 0.05 to 0.2 cm garnets are restricted to the garnet reaction 

zones (Type 1) and form monomineralic lenses and intergrowths 
with clinopyroxene. Garnet in the selvages contains numerous 
rutile inclusions, some of which are crystallographically aligned, 
and lesser abundances of clinopyroxene, apatite, titanite, ilmenite, 
zircon, spinel, and plagioclase inclusions. Rare polyphase inclu-
sions of albite, potassium feldspar, and quartz in garnet are inter-
preted as trapped melts. In this interpretation, these granitic melts 
approximate the initial melt composition prior to crystallization, 
fractionation, and melt movement along the vein.

Zircon morphology and cathodoluminescence
Zircon is abundant in the host monzodiorite gneiss and in garnet 

reaction zones adjacent to trondhjemite veins. Zircons in the host 
rock are 100 to 300 μm, rounded, anhedral, and embayed grains 
that are characterized by sector, patchy, and locally faint oscilla-
tory zoning (Figs. 3 and 4). Host zircon grains lack identifiable 
outer zones (i.e., rims) that can be readily analyzed with a laser or 
ion beam. Zircons in the garnet reaction zone are 100 to 300 μm 
and vary from subhedral prismatic to anhedral with numerous 
embayments (Figs. 3 and 4). The CL images show patchy zoning, 
luminescent rims (Fig. 3), and a lack of coherent oscillatory or 
sector zoning. A few garnet reaction zone zircons have identifiable 
outer zones from later growth (Fig. 3). These narrow rims were 
targeted with the SHRIMP-RG ion beam.

Zircon U-Pb CA-ID-TIMS ages. Five zircon grains from the 
garnet reaction zone and five zircon grains from the host pluton 
were analyzed by CA-ID-TIMS (Table 1; Fig. 4). The analyses 
from both samples display (geologic) scatter in excess of analytical 
uncertainty and do not define single age populations.

Zircon from the host orthogneiss (09NZ22b) range in 206Pb/238U 
age from 118.30 ± 0.13 to 116.70 ± 0.12 Ma. The garnet reaction 
zone zircon (09NZ22a) range in 206Pb/238U age from 117.65 ± 0.25 
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Figure 3. Cathodoluminescence images of zircon from migmatite in 09NZ22, Crooked Arm New Zealand. (a) Zircon from orthogneiss host, 
09NZ22b. (b) Zircon from garnet reaction zone adjacent to trondhjemite vein, 09NZ22a. Circles indicate position of SHRIMP-RG U-Pb analyses, 
top number is grain and analysis number, and bottom number is age and 2σ uncertainty in Ma. (Color online.)
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to 115.70 ± 0.18 Ma. The ca. 118.3 to 116.7 Ma ages reported here 
overlap within uncertainty with the calculated weighted mean 
206Pb/238U date of the younger zircon populations (117.5 ± 1.0 Ma) 
for the Malaspina Pluton at First Arm based on SHRIMP-RG U-Pb 
geochronology (Schwartz et al. 2017), and are consistent with an 
ID-TIMS age (multigrain zircon) of 116.6 ± 1.2 Ma from Wet 
Jacket Arm (Fig. 1) (Mattinson et al. 1986; Tulloch and Kimbrough 
2003). See Online Materials1 Table OM1 for more information. 

Zircon U-Pb SHRIMP-RG ages. Fifteen zircon grains 
from the garnet reaction zone sample 09NZ22a and 14 zircon 
grains from the host rock sample 09NZ22b were analyzed using 
the SHRIMP-RG (Table 2). Individual 206Pb/238U ages for these 
samples range from 121.4 ± 2.0 to 109.8 ± 1.8 Ma. CL images do 
not indicate distinctive zircon cores; however, narrow rims were 
identified on a few garnet reaction zones grains (Fig. 3). Three 
zircon rims targeted via CL images (Fig. 3) yielded 206Pb/238U 
ages of 112.3 ± 2.4 (GRZ-4.2), 117.4 ± 2.6 and 121.4 ± 2.0 Ma 
(GRZ-6.1): together these three ages are indistinguishable from the 
overall age population. However, a single pair of garnet reaction 
zone analyses (Fig. 3, analyses 4.1 and 4.2) yield a statistically 
significant and logical age progressive core (118.3 ± 2.7) and rim 
(112.3 ± 2.4) ages. Young rims were either absent from the host 

orthogneiss zircon or too narrow for the ion beam spot size to be 
analyzed (Fig. 3). However, the range of ages for these host zircons 
(109.8 to 120.6) is indistinguishable from the range of ages (109.8 
to 121.4) for garnet reaction zone zircon.

The garnet reaction zone SHRIMP-RG zircon ages are over-
dispersed, and the weighted mean age of 117.1 ± 2.0 Ma has an 
MSWD of 15.5 (no ages rejected), indicating that these ages do 
not consist of a single meaningful population. Rejection of the 
six youngest ages, which form a stair-step array to lower ages, 
results in a weighted mean age of 119.8 ± 1.2 Ma (Fig. 5) with 
an MSWD of 2.3. Similarly, the host SHRIMP-RG zircon ages 
are over-dispersed and the weighted mean age of 116.0 ± 2.0 Ma 
has an MSWD of 9.2 (no ages rejected). Rejection of the two 
youngest ages results in a weighted mean age of 117.9 ± 0.9 Ma 
(Fig. 5) with an MSWD of 1.3. This 117.9 Ma age determined 
for the host (09NZ22b) from Crooked Arm is indistinguishable 
from the weighted mean for the garnet reaction zone zircon. The 
young zircon ages, rejected from the weighted means for the 
host and garnet reaction zone overlap with garnet Sm-Nd ages 
for this sample and others from the Malaspina Pluton (Stowell 
et al. 2014), and metamorphic zircon and titanite in the region 
(Schwartz et al. 2016).

Garnet ages
New Sm and Nd isotope data for 0.5 to 2 mm diameter gar-

net grains, clinopyroxene, matrix, and whole-rock from Type 1 
garnet reaction zone garnet (09NZ22) define a 5-point isochron 
with an age of 103.6 ± 2.2 Ma (Table 3; Fig. 6). An additional 
single garnet aliquot combined with the clinopyroxene, whole 
rock, and matrix results in a 4-point isochron age of 112.1 ± 2.4 
Ma indistinguishable from the published age of 112.8  ±  2.2 
Ma (Stowell et al. 2014) and the recalculated age of 113.1 Ma 
(Table 3) for ~1 cm garnet in this sample.

One core and six rims from the ~11 mm Type 2 garnet grains 
and two whole-rock aliquots were analyzed for garnet Lu-Hf 
geochronology (Table 3). The whole rock aliquots have notably 
dissimilar 176Hf/177Hf values, one of which falls well below the 
isochron for the remaining garnet and rock (Fig. 6). The whole 
rock aliquot dissolved in a PFA vial has a dramatically lower 
176Lu/177Hf ratio of 0.015739 compared to the aliquot dissolved 
in a hydrothermal vessel with 176Lu/177Hf = 0.016119. We exclude 
the aliquot dissolved in PFA (WR S1 – PFA) because it may not 
have completely dissolved and inclusion of these isotope ratios 
produce an age ca. 124 Ma, which is significantly older than 
U-Pb zircon ages for this sample and the pluton emplacement 
age determined from multiple samples (Schwartz et al. 2017). 
The remaining eight aliquots result in an age of 111.2 ± 1.2 Ma 
(MSWD = 0.98). The whole-rock isotopic compositions may 
have been modified by partial melting and/or biased by igneous 
zircon that was not in equilibrium with garnet. Excluding both 
whole-rock isotope values resulted in an age of 114.8 ± 3.5 Ma 
(MSWD = 0.25) for the seven garnet aliquots. Both of these 
younger ages overlap within the uncertainty of the ~1 cm garnet 
Sm-Nd results [Table 4 and Stowell et al. (2014)].

Major and trace element compositions of zircon and garnet
Trace-element concentrations were obtained for the 29 zircon 

spots that were analyzed simultaneously with U and Pb isotopes 
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Figure 4. U-Pb CA-ID-TIMS ages determined for chemically 
annealed zircon from 09NZ22 migmatite, Crooked Arm New Zealand. 
(a) Concordia plot showing the error-weighted ellipses for zircon from 
host (dashed lines) and garnet reaction zone (solid lines). (b) Comparison 
of the 238U-206Pb zircon ages for the same data shown in (a). Note the 
significant overlap between host and GRZ zircon ages and the single 
outlier at 115.70 Ma. (c) Photograph of host zircon grains analyzed by 
CA-ID-TIMS. (d) Photograph of garnet reaction zone zircon grains 
analyzed by CA-ID-TIMS. (Color online.)

file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\61
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\48
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\77
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\70
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\62
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\70
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\61
file:///\\chenas03\smartedit\Normalization\IN\INPROCESS\70


STOWELL ET AL.: TIMESCALES AND RATES OF INTRUSIVE AND METAMORPHIC PROCESSES, NEW ZEALAND1122

American Mineralogist, vol. 107, 2022

using the SHRIMP-RG (Fig. 7). The major and trace element 
zoning in Type 1 and 2 garnet were characterized with lines of 
wavelength dispersive point analyses (Fig. 8). In addition, new 
laser ablation inductively coupled mass spectrometer (LA-ICP-
MS) trace element data are presented for small garnet grains and 
a subset of analyses reported in Stowell et al. (2014) for ~1 cm 

garnet grains are presented here.
Zircon from the host and garnet reaction zone is distinguished 

by contrasting trace-element concentrations and magma evolu-
tion trends (Figs. 7a–7h). For example, host zircons have both 
higher average and a more extended range in Hf concentrations 
(Figs. 7a–7f) than the garnet reaction zone zircon. We observe 

Table 1.	 U-Pb isotopic data for CA-ID-TIMS zircon analyses from the Malaspina Pluton, Crooked Arm, New Zealand
	 Ratios	 Ages (Ma)
Sample	 Pb(c)	 Pb*/	 U	 Th/	 206Pb/	 208Pb/	 206Pb/		  207Pb/		  207Pb/		  206Pb/		  207Pb/		  207Pb/		  corr.
Fractions	 (pg)	 Pb(c)	 (pg)	 U	 204Pb	 206Pb	 238U	 err	 235U	 err	 206Pb	 err	 238U	 err	 235U	 err	 206Pb	 err	 coef.
(a)	 (b)	 (b)	 (c)	  	 (d)	 (e)	 (f )	 (2σ%)	 (f )	 (2σ%)	 (f )	 (2σ%)	  	 (2σ)	  	 (2σ)	  	 (2σ)	  

Sample 09NZ22B: Host orthogneiss
z5 	 0.54	 23.5	 604	 0.84	 1302.5	 0.268	 0.018520	 (.11)	 0.12344	 (1.03)	 0.04836	 (.99)	 118.30	 0.13	 118.2	 1.2	 116	 23	 0.40
z4 	 0.53	 21.3	 557	 0.76	 1203.6	 0.241	 0.018409	 (.10)	 0.12339	 (1.05)	 0.04863	 (1.02)	 117.59	 0.11	 118.1	 1.2	 129	 24	 0.35
z3 	 0.54	 9.1	 233	 0.89	 510.9	 0.284	 0.018408	 (.23)	 0.12308	 (2.83)	 0.04852	 (2.76)	 117.59	 0.26	 117.9	 3.2	 123	 65	 0.38
z1 	 0.80	 5.5	 197	 1.19	 296.6	 0.379	 0.018269	 (.37)	 0.12220	 (4.67)	 0.04853	 (4.54)	 116.71	 0.43	 117.1	 5.2	 124	 107	 0.38
z2 	 0.63	 21.6	 613	 1.16	 1113.8	 0.368	 0.018267	 (.11)	 0.12246	 (1.20)	 0.04864	 (1.17)	 116.70	 0.12	 117.3	 1.3	 130	 27	 0.33

Sample 09NZ22A: Garnet reaction zone
z2 	 0.54	 8.8	 234	 0.75	 510.2	 0.240	 0.018417	 (.21)	 0.12334	 (2.57)	 0.04859	 (2.51)	 117.65	 0.25	 118.1	 2.9	 127	 59	 0.33
z1 	 0.59	 2.8	 84	 0.66	 178.4	 0.211	 0.018394	 (.62)	 0.12405	 (7.76)	 0.04894	 (7.56)	 117.50	 0.72	 118.7	 8.7	 144	 177	 0.36
z3 	 1.19	 11.8	 724	 0.58	 703.9	 0.183	 0.018286	 (.16)	 0.12237	 (1.91)	 0.04856	 (1.85)	 116.81	 0.18	 117.2	 2.1	 125	 44	 0.37
z4 	 0.55	 12.9	 369	 0.58	 769.9	 0.184	 0.018245	 (.14)	 0.12220	 (1.65)	 0.04860	 (1.61)	 116.55	 0.16	 117.1	 1.8	 127	 38	 0.33
z5 	 1.64	 11.2	 949	 0.60	 664.8	 0.191	 0.018111	 (.16)	 0.12254	 (1.90)	 0.04910	 (1.85)	 115.70	 0.18	 117.4	 2.1	 151	 43	 0.34 
Notes: (a) Thermally annealed and pre-treated single zircon. (b) Total common-Pb in analyses. Pb* is radiogenic Pb content. (c) Total sample U content. (d) Measured 
ratio corrected for spike and fractionation only. (e) Radiogenic Pb ratio. (f ) Corrected for fractionation, spike, and blank. Also corrected for initial Th/U disequilib-
rium using radiogenic 208Pb and Th/Umagma = 2.8. Mass fractionation correction of 0.25%/amu ± 0.04%/amu (atomic mass unit) was applied to single-collector Daly 
analyses. All common Pb assumed to be laboratory blank. Total procedural blank less than 0.1 pg for U. Blank isotopic composition: 206Pb/204Pb = 18.15 ± 0.47, 
207Pb/204Pb = 15.30 ± 0.30, 208Pb/204Pb = 37.11 ± 0.87. Corr. coef. = correlation coefficient. Ages calculated using the decay constants λ238 = 1.55125E-10 y−1 and λ235 
= 9.8485E-10 y−1 (Jaffey et al. 1971). 

Table 2.	 Zircon U-Pb isotope data, SHRIMP-RG from the Malaspina Pluton, Crooked Arm, New Zealand
	 Concentrations	 Atomic ratiosa	 Age (Ma)	 Weighted mean age
	 Ti	 U 	 232Th/	 206Pbb	 238U/	 % err	 207Pb/	 % err	 206Pb/	 % err	 T (°C)	 206Pb/	 err abs	 Age (Ma)
Zrn grain	 (ppm)	 (ppm)	  238U	 (ppm)	  206Pbc	 ± (1σ)	  206Pbd	 ± (1σ)	  238Ue	  ± (1σ)	 (Ti-Zrn)	  238Uf	 ± (2σ)	 ± (2σ)

GRZ
GRZ-2.1	 15	 165	 1.29	 2.4	 58.18	 0.80	 0.0490	 5.1	 0.01722	 1.42	 862	 109.8	 1.8
GRZ-5.1	 18	 142	 0.52	 2.1	 57.66	 0.83	 0.0465	 5.7	 0.01757	 1.30	 885	 111.1	 1.9
GRZ-4.2	 33	 120	 0.67	 1.8	 57.22	 0.91	 0.0442	 10.5	 0.01735	 1.60	 956	 112.3	 2.4
GRZ-3.1	 26	 226	 0.49	 3.5	 55.68	 0.73	 0.0477	 4.4	 0.01798	 1.00	 925	 114.8	 1.7
GRZ-9.1	 13	 261	 0.58	 4.1	 54.98	 0.70	 0.0479	 4.0	 0.01821	 0.87	 850	 116.3	 1.7
GRZ-7.1	 16	 158	 0.54	 2.5	 54.60	 0.81	 0.0534	 4.8	 0.01835	 1.15	 873	 116.3	 2.0
GRZ-1.1	 14	 185	 0.71	 2.9	 54.72	 0.77	 0.0450	 4.9	 0.01820	 1.04	 858	 117.2	 1.9	 119.8 ± 1.2	  9/15 pts.
GRZ-12.1	 24	 96	 0.88	 1.5	 54.53	 1.09	 0.0465	 6.8	 0.01807	 1.91	 918	 117.4	 2.6
GRZ-4.1	 16	 277	 0.56	 4.4	 54.16	 1.14	 0.0462	 3.9	 0.01852	 1.22	 870	 118.3	 2.7
GRZ-8.1	 23	 234	 0.48	 3.8	 53.32	 0.72	 0.0478	 4.1	 0.01882	 0.92	 910	 119.9	 1.8
GRZ-12.2	 27	 223	 0.46	 3.6	 53.07	 0.78	 0.0515	 4.1	 0.01873	 1.05	 929	 119.9	 1.9
GRZ-13.1	 30	 238	 0.47	 3.9	 52.97	 0.71	 0.0474	 4.1	 0.01894	 0.85	 946	 120.7	 1.8
GRZ-10.1	 16	 265	 0.56	 4.3	 53.00	 0.70	 0.0464	 3.9	 0.01885	 0.91	 870	 120.8	 1.7
GRZ-14.1	 27	 123	 0.52	 2.0	 52.83	 0.88	 0.0471	 5.7	 0.01904	 1.27	 931	 121.1	 2.2
GRZ-6.1	 32	 177	 0.49	 2.9	 52.50	 0.78	 0.0500	 4.5	 0.01907	 1.16	 953	 121.4	 2.0

Host
Host-10.1	 14	 278	 1.05	 4.1	 58.11	 0.71	 0.0492	 7.2	 0.01719	 0.88	 855	 109.8	 1.8
Host-12.1	 26	 278	 0.44	 4.2	 57.17	 0.69	 0.0491	 3.9	 0.01734	 0.95	 927	 111.7	 1.6
Host-5.1	 25	 156	 0.87	 2.4	 56.01	 1.51	 0.0487	 5.1	 0.01776	 1.91	 922	 114.0	 3.4	 117.9 ± 0.9	  12/14 pts.
Host-8.1	 15	 222	 0.90	 3.5	 54.83	 1.44	 0.0486	 4.3	 0.01835	 1.56	 860	 116.5	 3.3
Host-7.1	 36	 192	 0.81	 3.0	 54.68	 1.42	 0.0493	 4.5	 0.01817	 1.66	 968	 116.7	 3.3
Host-13.1	 36	 225	 0.47	 3.5	 54.49	 0.73	 0.0498	 4.2	 0.01833	 0.90	 968	 117.0	 1.8
Host-15.1	 13	 138	 0.79	 2.2	 54.45	 1.71	 0.0496	 5.3	 0.01826	 1.94	 845	 117.1	 4.0
Host-3.1	 42	 190	 0.93	 3.0	 54.15	 0.83	 0.0515	 8.8	 0.01833	 1.20	 988	 117.5	 2.3
Host-9.1	 18	 153	 0.88	 2.4	 54.14	 1.62	 0.0489	 5.1	 0.01838	 1.94	 882	 117.9	 3.8
Host-14.1	 35	 218	 0.46	 3.5	 54.08	 1.15	 0.0487	 4.2	 0.01838	 1.35	 963	 118.1	 2.7
Host-4.1	 16	 145	 0.89	 2.3	 54.05	 0.83	 0.0487	 5.3	 0.01847	 1.37	 869	 118.1	 2.1
Host-6.1	 30	 173	 0.92	 2.8	 53.69	 0.79	 0.0498	 4.8	 0.01854	 1.07	 942	 118.7	 1.9
Host-11.1	 35	 238	 0.47	 3.8	 53.99	 0.77	 0.0392	 4.6	 0.01862	 1.16	 964	 119.7	 1.9
Host-2.1	 49	 147	 0.85	 2.4	 52.75	 1.42	 0.0516	 5.0	 0.01866	 1.77	 1009	 120.6	 3.4
a Errors are percentages reported at 1σ level.
b Radiogenic 206Pb.
c Fraction of total 206Pb that is common 206Pb.
d Uncorrected ratios.
e 207Pb corrected ratios using age-appropriate Pb isotopic composition of Stacey and Kramers (1975).
f 207Pb corrected age. Spot analyses in italic were used to calculate the weighted average for the young age population.
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no apparent correlation between Hf (ppm) and SHRIMP-RG age, though large errors on 
individual spots (3–4  m.y., 2σ) preclude the use of SHRIMP-RG data for interpreting 
fine-scale details of magma evolution (inset Fig. 7a). Garnet reaction zone zircons also 
have lower overall middle and heavy REE concentrations compared to host zircons and 
show little to no increase in REE concentrations with increasing Hf (ppm) and magma dif-
ferentiation (Figs. 7a–7c). In contrast, host zircons show a strong increase in middle and 
heavy REE concentrations during differentiation (Figs. 7a, 7b, 7c, and 7g). Neither garnet 
reaction zone nor host zircon shows a strong depletion in HREEs in chondrite-normalized 
REE abundance plots (Fig. 7h).

All zircon grains have positive Ce anomalies and small negative Eu anomalies; however, 
host and garnet reaction zone zircon show distinct magmatic trends in Ce/Ce* and Eu/
Eu*. The contrasting initial Ce/Ce* values shown in Figure 7d suggest different feldspar 
fractionation or initial magmatic oxidation states (Trail 2012). In addition, garnet reaction 
zone zircons have less pronounced Eu/Eu*, a measure of the magnitude of the Eu anomaly, 
compared to host zircons (Fig. 7e). The latter is consistent with the more extended range 
in Hf (ppm). Zircon in the garnet reaction zone and host also show increasing Th/U with 
differentiation, but the trends are distinct (Figs. 7f and 7g). Initial Th/U values converge 
at Th/U = 0.4, and then show contrasting trends. Thus, although the cross-cutting relations 
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and garnet ages indicate that the garnet reaction zone and veins 
are younger, the unique trace element characteristics and trends 
observed in the garnet reaction zone zircon indicate that they 
are not logically interpreted as late products of a crystallization 
trend in a single simple magma, and the two samples cannot 
be related by simple partial melting or fractionation processes.

The Ti content of zircon (SHRIMP-RG) from host and garnet 
reaction zone in 09NZ22 ranges from 13 to 49 ppm. These Ti 

contents are used to estimate zircon growth temperatures using 
the thermometer of Ferry and Watson (2007), assuming activities 
of 0.8 for Si and 0.7 for Ti, and the pressure correction described 
in Ferriss et al. (2008). These activities are reasonable for the 
host rock because it does not contain quartz and rutile, and 
these values result in calculated temperatures that match those 
estimated for amphibole crystallization in the Malaspina Pluton 
(Carty et al. 2021). However, quartz occurs as small inclusions 
within Type 2 selvage garnet in the garnet reaction zone and is 
predicted to be stable near the solidus (Stowell et al. 2014). The 
activity of Ti was likely to have been less than that of saturation 
based on the general lack of rutile in the matrix of host and garnet 
reaction zone samples. However, rutile inclusions in garnet and 
the prediction of rutile stability in pseudosections (Stowell et al. 
2014) indicate that Ti activity was higher, at least during the latter 
part of metamorphism. Although some zircon may have grown 
and/or equilibrated during metamorphism, most zircon ages and 
chemical compositions are compatible with growth during the 
initial crystallization of the pluton, so we utilize the activities 
compatible with initial igneous crystallization. Uncertainties in 
the Ti-in-zircon temperatures are likely to be ca. 60 °C as given 
by Ferry and Watson (2007) because the activities of SiO2 and 
TiO2 are reasonably well constrained for the Malaspina Pluton 
samples. The Ti in zircon temperature estimates range from 
980 °C down to 822 °C (Table 2); however, the lowest T estimates 
cannot be clearly correlated with zircon rims that have obvious 
CL overgrowths. This range in temperature extends from above 
to slightly below those predicted from garnet compositions 
(Stowell et al. 2014). Temperatures calculated from Ti-in-zircon 
were plotted with the corresponding U-Pb ages for each grain 
(Fig. 9). Results show two scattered trends toward lower tem-
perature estimates with younger ages.

Large, ~10 mm garnet from Crooked Arm display complex 
zoning in trace elements (Stowell et al. 2014). These Type 2 
garnet grains from the vein selvage have concentric oscillatory 
zoning in the heavy REE and little or no zoning in the light REE. 
The oscillations in heavy REE are superposed on broad decreases 
in concentrations from core to rim (Fig. 8). Samarium is weakly 
zoned with small-scale oscillations and a general decrease from 
core to rim. Chondrite-normalized REE patterns have steep posi-
tive slopes from La to Eu and near-horizontal HREE segments 
(Fig. 8). Similarly, to the zircon, there is no clear evidence for 
equilibrium between the ~10 mm garnet grains and zircon. Large 
garnets have low-amplitude oscillations in Hf concentrations. 
Small Type 1 garnet grains from the garnet reaction zone in 
09NZ22 have relatively simple zoning (Fig. 8). These grains have 
no systematic zoning in Nd, although a few spurious points near 
the rim of garnet suggest possible Nd variation or Nd-bearing 
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Figure 6. Sm-Nd and Lu-Hf isochron ages for garnet reaction zones 
in migmatite from Crooked Arm New Zealand. (a) Garnet and whole rock 
Sm and Nd isotope results. Note the ca. 8 m.y. difference between the 
age for a single aliquot at ca. 112 Ma (solid line) and the other aliquots 
at ca. 104 Ma (dashed line). The 112 Ma age is within uncertainty of the 
age for large garnet ca. 113 Ma in this sample (Stowell et al. 2014). (b) 
Garnet and whole rock Lu and Hf isotope results. Note the large difference 
between the isochron for seven garnet fractions ca. 115 Ma (solid line) 
and for seven garnet fractions with whole rock ca. 111 Ma (dashed).

Table 4.	 Sm-Nd closure temperature estimates for garnet from the Malaspina Pluton, Crooked Arm, New Zealand
Sample	 Cooling rate (C/m.y.)	 Garnet radius mm	 Diffusion parameters	 Closure T (°C)	 Diffusion parameters	 Closure T (°C)
09NZ22a (P82421)			   D(m2/s) Nda	 	 D(m2/s) Ndb	

	 –15	 0.5–1.0	 1.21E-20	 690–740	 3.00E-22	 865–915
	 –20	 0.5–1.0		  700–750		  870–920
	 –25	 0.5–1.0		  710–760		  875–930
	 –15	 6		  885		  1060
	 –20	 6		  900		  1070
 	 –25	 6	  	 910	  	 1080
a From Bloch et al. (2020).
b From Carlson (2012).
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inclusions. In contrast, Sm, Yb, and Lu show significant zoning 
with higher values in the cores of grains. Hafnium concentrations 
are just above detection limits and show broad decreases from 
core to rim (Fig. 8c).

Discussion
Zircon growth, Pb-loss, and re-equilibration

Prior studies have documented that zircon U-Pb ages and 
zircon trace-element compositions can track crystallization, 
differentiation, and incremental emplacement of magmas (e.g., 
Coleman et al. 2004; Samperton et al. 2015). Many of these 

examples use zircon U-Pb data to show that intermediate to 
silica-rich plutons comprise numerous intrusive pulses. In the 
case of the Malaspina Pluton, our CA-ID-TIMS zircon ages are 
interpreted to reflect igneous crystallization over ca. 2.6 m.y. 
and this range in age may in part reflect pulses of intrusion. 
The stair-step array of younger SHRIMP-RG zircon ages from 
116 to 110 Ma overlaps with the 113 Ma age of peak granulite 
metamorphism and partial melting from garnet ages (Fig. 10). 
We interpret these arrays of younger ages to reflect metamorphic 
zircon growth or recrystallization. Garnet and some of the zircon 
grain segments with younger ages may have grown simultane-
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Figure 8. Garnet compositions in migmatite sample 09NZ22 from 
Crooked Arm New Zealand. (a) Mole fractions of almandine (Alm), 
pyrope (Prp), spessartine (Sps), and grossular (Grs) in large (~1 cm) 
garnet from vein selvages in sample 09NZ22a. Small garnet in the 
selvages lack high-Sps cores and show limited zoning that mimics the 
outermost rims of large grains. (b) Sm and Mn concentrations in large, 
~10 mm diameter, selvage garnet. Data shown here were extracted from 
maps in Stowell et al. (2014) and were obtained by laser ablation ICP-
MS. Data “Thru Grt Center” are the from the middle row of a rectangular 
grid through the geometric center of the grain. “Grt Off Center” are from 
row of analytical pits adjacent to center line. (c) Sm, Nd, Yb, Lu, and Hf 
concentrations for the same large selvage garnet shown in a. Nd and Hf 
are unzoned or weakly zoned. Yb, Lu, and Hf have oscillatory zoning. 
Zirconium (not shown for clarity) shows near identical oscillations to Yb. 
Data are a subset of those shown in maps from Stowell et al. (2014) and 
were obtained by LA-ICP-MS. (d) Sm, Nd, Yb, Lu, and Hf concentrations 
in small, ~0.6 mm, GRZ garnet. Note the lack of systematic zoning in 
Nd and Hf, and weak zoning in Sm and Lu with higher concentrations 
in the core, and similar, but more pronounced zoning in Yb. Two σ 
uncertainties are only shown for Nd for the sake of clarity. However, 2σ 
uncertainties in Hf, Lu, Sm, and Yb are ~±0.1 ppm. Data were obtained 
by high-resolution Element 2 LA-ICP-MS. (e) Chondrite-normalized 
REE values for garnet, 09NZ22. The steep slope from La to Gd and low 
slope from Gd to Lu at values from 20 to >100 is compatible with HREE 
sequestration into another mineral (see text for discussion). Chondrite 
normalization values are from McDonough and Sun (1995).

(e) Chondrite-Normalized REE in Garnet 09NZ22
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ously. Chondrite-normalized REE plots show moderate positive 
slopes for HREE in zircon and flat slopes in garnet similar to 
those observed in these minerals from other migmatites (e.g., 
Rubatto 2002). These patterns support the growth of garnet with 
zircon present or synchronous with late zircon that is supported 
by their overlapping isotopic ages.

The zircons from host orthogneiss and garnet granulite reac-
tion zone have complex morphologies and CL responses, which 
illustrate distinct and contrasting textural characteristics (Fig. 
3). In addition, the two U-Pb data sets presented here for treated 
(CA-TIMS) and untreated (SHRIMP-RG) zircon have significant 
ranges in dates and trace-element concentrations. We utilize zircon 
ages and trace-element compositions to construct a model for mul-
tiple batchwise igneous intrusions and subsequent metamorphism. 
The ages and trace elements allow us to estimate a minimum 
duration for intrusion, cooling rates for the Malaspina Pluton, and 
the time between intrusion and garnet granulite metamorphism.

We consider three end-member alternatives to explain the 
observed zircon ages, lithologic variations, and textural rela-
tionships (Fig. 11). All three of these scenarios could include 
multiple zircon growth episodes and minor Pb-loss during garnet 
granulite metamorphism.

In the first scenario, the garnet reaction zones and veins 
formed during metamorphism and partial melting of homog-
enous Malaspina Pluton host. The garnet reaction zone was 
near identical in igneous mineralogy to the host rock and subse-
quently recrystallized into garnet + clinopyroxene + partial melt 
with local melt migration into the adjacent trondhjemite veins. 
These veins, which are low in potassium and include very little 
potassium feldspar, are modified partial-melt compositions and 
evolved due to fractional crystallization and movement of melt 
out of the local melt production zones. Initial zircon growth oc-
curred during crystallization of magma in the pluton between 118 
and 116 Ma. This was followed by possible narrow zircon rim 
growth (e.g., GRZ-4.2 at 112.3 ± 2.4), local zircon resorption, and 
possible Pb-loss from zircon during metamorphism and partial 
melting from 115 to 111 Ma. In this scenario, melts and fluids 
would be most likely to promote metamorphic zircon growth 
and modification within the garnet reaction zone. Younger zircon 
growth and re-equilibration partial resorption of pre-existing 
zircon would be spatially restricted depending on fluid and melt 
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Figure 9. Temperature and age estimates for zircon and garnet from 
09NZ22, Crooked Arm, New Zealand. (a) Temperature vs. age. Garnet 
data include Lu-Hf and Sm-Nd ages from ~12 mm grains and Sm-Nd ages 
for small grains (Table 3). The temperature estimates for garnet growth are 
based on P-T pseudosections in Stowell et al. (2014). A best-fit line from 
garnet growth to Sm and Nd closure in the small garnet grains indicates a 
cooling rate of ~20 °C/m.y. similar to the general trend of temperature vs. 
age estimates for zircon temperatures. (b) Closure temperature estimates 
for Nd diffusion in garnet. Ti-in-zircon temperatures (Table 2) were 
calculated with Si activities of 0.8 and Ti activities of 0.7. All Ti in zircon 
temperatures are corrected to P = 1.4 GPa using the dependence presented 
in Ferriss et al. (2008). Uncertainties for these Ti-in-zircon temperatures 
are likely to be >60 °C. Closure temperature estimates are based on the 
diffusion equations in Bloch et al. (2020), see Table 4.

Figure 10. Comparison of all age results for zircon and garnet in 
migmatite from 09NZ22, Crooked Arm New Zealand. The ten individual 
CA-TIMS zircon results are shown as solid circles, the older SHRIMP-RG 
zircon results are shown as a solid line indicating the range of weighted 
mean ages for GRZ and Host age populations, the younger SHRIMP-RG 
zircon age range is show as a dashed line. The shaded area from 119 to 
116.3 Ma shows the age range for 9 of the 10 zircon CA-TIMS ages, 
which overlap with the two older SHRIMP-RG age populations. This 
range is interpreted as the age of intrusion for the Malaspina Pluton in this 
part of Crooked Arm. The peak of metamorphism and garnet growth are 
taken as the overlap between Lu-Hf and Sm-Nd ages for large (~1 cm) 
grains. The thin dashed line at 104 Ma indicates the time for closure of 
small garnet grains to diffusion of Sm and Nd. The shaded gradient shows 
the interpreted age for garnet growth and the peak of garnet granulite 
metamorphism (115.4 to 111.3 Ma) down to closure of small garnet to 
Sm and Nd diffusion (ca. 104 Ma).
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availability. Early magmatic zircon trace-element compositions 
would be relatively uniform due to the initial homogeneous 
rock in what is now the host and garnet reaction zone. The two 
distinct Th-U trends (Fig. 7d) reflect the separate evolution of 
the host Malaspina Pluton and the partial melt, which migrated 
toward and into the vein. Th/U vs. Hf zircon groups (Fig. 7e) 
reflect crystallization of the primary Malaspina Pluton magma 
and later partial melting.

In the second scenario, the garnet reaction zone formed from 
externally derived melt that was injected into fractures forming 
veins within a relatively homogeneous host pluton. Some of 
this melt then percolated into the adjacent host, and this was 
accompanied by recrystallization of the host to make the garnet 
+ clinopyroxene + plagioclase-rich assemblage characteristic 
of the garnet reaction zone. As interpreted for the first scenario, 
zircon first grew during crystallization of the Malaspina Pluton 
between 118 and 116 Ma, followed by limited zircon growth (e.g., 
GRZ-4.2 at 112.3 ± 2.4 Ma) and modification during intrusion 
of the externally derived magma. Zircon in the garnet reaction 
zone would be a combination of relict grains (partly resorbed 
with possible Pb-loss) and new grains crystallizing from melt 
injection into the leucocratic veins and adjacent host forming the 
garnet reaction zone. Zircon trace-element compositions would 
be distinct with an initial pluton population and a secondary 
magma population related to magma in the vein. The two distinct 
Th/U trends (Fig. 7d) reflect the separate evolution of the host 
Malaspina Pluton and the younger melt injected into the vein. 
Th/U vs. Hf zircon groups (Fig. 7e) reflect crystallization of the 
primary Malaspina Pluton magma and later magma. Overlap 
between the compositional groups reflects physical mixing and 
overgrowths.

In the third scenario, the garnet reaction zones and veins 
formed during metamorphism of initially heterogeneous Mala-
spina Pluton. The garnet reaction zone had a distinct composition 
from the rock that was sampled as host. Although variations in 
the primary pluton mineralogy and composition are masked by 
LS deformation fabrics (Fig. 2b), igneous layering and/or dikes 
are common along Crooked Arm (Fig. 2a) and may have been 

present at the 09NZ22 sample location. Primary lithologic varia-
tion could be related to cryptic compositional layering, perhaps 
leading to significant variation in hydrous phases and solidus 
temperature. In this scenario, the garnet reaction zone formed 
from recrystallization and partial melting of a compositional 
domain in the pluton, which differed slightly from the host 
sample. Melting was more prevalent in the garnet reaction zone 
than in the host due to the initial bulk compositions. Similar to 
the first scenario, zircon grew during initial pluton crystallization 
between ca. 118 and 116 Ma and the two distinct Th-U trends 
(Fig. 7d) developed at this time. These trends reflect the differ-
ent rock compositions in the host and garnet reaction zone. The 
igneous zircon was later locally modified and overgrown (e.g., 
GRZ-4.2 at 112.3 ± 2.4) during partial melting between 115 and 
111 Ma. The youngest SHRIMP-RG ages reflect these processes, 
but the two distinct Th-U trends and Th/U vs. Hf zircon groups 
(Figs. 7d and 7e) reflect the separate evolution of two primary 
host Malaspina Pluton magmas.

In all of these three scenarios, the youngest melts in the garnet 
reaction zone would have reacted with minerals as melt fluxed 
through the solid matrix (e.g., Stuart et al. 2018). This reactive 
transport at temperatures in excess of 800 °C would likely lead 
to complete equilibration of some phases but not others. For 
example, zircon SHRIMP-RG age ranges and their trace-element 
concentrations and compositional trends (Fig. 7) are compatible 
with progressive changes occurring during growth in equilibrium 
with melts. The distinct clustering of zircon compositions with 
minor overlap between those in the host and garnet reaction zone 
best fit the third scenario. Therefore, we tentatively infer that the 
zircon data reflect two distinct igneous crystallization histories 
for the two samples from Crooked Arm and later partial modi-
fication during granulite facies metamorphism. However, the 
likelihood of significant compositional changes during reactive 
flux of melt through the garnet reaction zone remains a possible 
explanation for the observations.

The ages, compositions, and CL images for zircon pre-
sented here indicate the difficulty in using these observations 
for interpreting rock history. There are subtle differences in the 
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Figure 11. Illustrations showing the 3 scenarios proposed for melt sources during garnet granulite metamorphism. (a) Partial melting of 
homogeneous Malaspina Pluton. (b) Injection of externally sourced leucocratic melt into a vein. (c) Partial melting of a felsic layer within the 
heterogeneous Malaspina Pluton. All of these three scenarios produce leucocratic veins, garnet selvages, and garnet reaction zones. The leucocratic 
veins are ~5 cm wide. See text for details. Red lines enclose areas of partial melt and the black dashed circles indicate two of the samples discussed 
in the text as host (09NZ22b) and garnet reaction zone (09NZ22a). Cpx = clinopyroxene, Grt = garnet, Hbl = hornblende. (Color online.)
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morphology and CL images between zircon in the garnet reac-
tion zone vs. the host. Garnet reaction zone zircons are anhedral 
with numerous embayments, and the CL images indicate a lack 
of coherent oscillatory zoning. In contrast, the host zircons are 
mostly rounded in form and have both sector and oscillatory CL 
zoning. However, these differences do not correlate clearly with 
age. Much of the soccer ball zircon with diffuse oscillatory zon-
ing in the Malaspina Pluton has been interpreted as igneous (e.g., 
Stowell et al. 2014; Schwartz et al. 2017) and our data generally 
support this interpretation. The largely soccer ball zircons in the 
host have SHRIMP-RG ages that range from the oldest to the 
youngest values observed in the Malaspina Pluton along Crooked 
Arm. Our data indicate that these oscillatory zoned zircons may 
not have been closed to U and Pb because individual spot ages 
from areas with the same type of CL response have ages that 
vary by more than 5 m.y.

Trace-element concentrations and ratios in coexisting miner-
als are a powerful tool for evaluating equilibrium (e.g., Rubatto 
2002). In some cases, trace-element data for a single mineral pro-
vide important information about equilibrium of a mineral with 
phases not currently found in the sample (e.g., Wood et al. 2013; 
Rubatto et al. 2007). In addition, trivalent and quadrivalent ion 
ratios in zircon provide constraints on igneous fractionation and 
possible diffusion. Th/U ratios have been considered a tool for 
discriminating between igneous and metamorphic zircon (e.g., 
Rubatto 2002). Many metamorphic zircons have Th/U ratios 
<0.1 due to the very low availability of Th and or partitioning 
into other phases during metamorphism. This is at best imper-
fect because, as summarized by Harley et al. (2007), there are 
abundant examples of zircon that cannot be correctly classified 
with this discrimination ratio. However, Th/U ratios may reflect 
crystallization and evolution of a magma. In the migmatite from 
Crooked Arm, distinct trends in Th vs. U and Th/U vs. age (Fig. 
7) are compatible with differing and distinct primary magmas 
in these rocks. In the garnet reaction zone, partial melting and 
possible melt injection resulted in a more silica-rich composition 
than bulk Malaspina magmas, and we infer that these processes 
failed to erase the distinct zircon signatures.

Assuming that all of the CA-TIMS zircon ages reflect igne-
ous crystallization, then they indicate the minimum duration of 
Malaspina intrusion and crystallization. These zircon age ranges 
are from 118.4 to 116.6 Ma with a duration of 1.8 m.y., and 117.9 
to 115.5 Ma with a duration of 2.4 m.y. for the host and garnet 
reaction zone, respectively. Because the age ranges only overlap 
in part, the age range for both data sets is from 118.4 to 115.5 
Ma and the duration is 2.9 m.y. for the Malaspina Pluton along 
this part of Crooked Arm.

Garnet ages as a reflection of peak and post-peak 
metamorphism

Large garnets have low-amplitude major element zoning with 
bell-shaped gradients in mole fraction of spessartine (Sps) and 
pronounced variations in trace element concentrations (Fig. 8). 
The sharp concentration gradients in REE are defined by multiple 
analyses for each concentric band (Fig. 8) and are interpreted as 
growth zoning (Stowell et al. 2014). Sm, Nd, and Lu concentra-
tions vary by ~1.5 ppm, and Yb by >3 ppm. These major and 
trace element variations suggest that diffusion of major elements 

may have been significant but that there was little or no signifi-
cant diffusion of REE within the large garnet grains. Closure 
temperatures in garnet are useful for evaluating cooling histories 
(e.g., Dodson 1973; Ganguly et al. 1998; Ganguly and Tirone 
1999), and we adopt the simple closure temperature formulation 
of Dodson (1973) because the garnet reaction zone grains are 
interpreted to have been completely modified by diffusion, the 
surrounding melt can be approximated as a homogenous matrix, 
and finally for slow cooling and small grain sizes the closure 
temperature models converge (Ganguly et al. 1998; Ganguly 
and Tirone 1999). Closure temperatures for Nd diffusion were 
estimated using the slow diffusion formulation of Bloch et al. 
(2020), appropriate for high pressure, and compared to that of 
Carlson (2012). The results (Table 4) indicate that the largest 
grains with 5–6 mm radius would have closure temperatures of 
870 to 1090 °C with cooling rates of 15 to 25 °C/m.y. Therefore, 
regardless of formulation, the Sm-Nd ages for large garnet should 
approximate the timing of peak metamorphism. The Lu-Hf age 
of 115 Ma is tentatively preferred over ages calculated with sur-
rounding minerals because Lu-Hf ages should be biased toward 
core growth (e.g., Lapen 2003) and significant diffusion of Lu 
and Hf would require higher temperatures than Sm and Nd 
(e.g., Carlson 2012; Bloch et al. 2020), resulting in older Lu-Hf 
ages. Trace element zoning in garnets is compatible with little 
or diffusion of REE and Hf in large garnet (Fig. 8), and the two 
isotopic systems result in indistinguishable ages. However, the 
4 m.y. uncertainty for the garnet Lu-Hf age of 115 Ma is too large 
for a definitive interpretation of any age difference between the 
two isotopic systems.

Small garnet grains have little zoning in major elements, lack 
high-spessartine cores, and show pyrope and increased grossular 
close to the rims (Fig. 8a). These small-scale trends in major ele-
ment concentrations mimic those found in the outermost rims of 
the large grains. The trace element concentrations in small garnet 
show zigzag patterns anchored by single analyses (Fig. 8d). The 
cause of this variation, which exceeds analytical uncertainty, 
is unknown; however, it may result from inclusions. Ignoring 
these oscillations, Sm and Nd show little or no variation, and 
Yb, Hf, and Lu show low-amplitude variation with high-core and 
lower-rim concentrations. Based on the compositional zoning, 
the 103.6 Ma garnet Sm-Nd age for small garnet reaction zone 
grains could reflect late garnet growth or isotopic re-equilibration 
during cooling. We infer that these small grains exchanged REE 
with clinopyroxene and or apatite, both of which are intergrown 
with garnet in the garnet reaction zone. The Nd closure tempera-
tures for garnet based on Bloch et al. (2020) are 690, 700, and 
710 °C for 0.5 mm radius and cooling rates of –15, –20, and 
–25 °C/m.y., respectively (Table 4). The garnet textures (Fig. 2) 
are most compatible with synchronous growth of Type 1 and 2 
garnet during vein emplacement; therefore, we infer that Type 2 
garnet was significantly modified by diffusion and use the closure 
temperature to calculate cooling rates below.

Cooling rates determined from zircon and garnet
The most comprehensive high-precision, SHRIMP-RG zircon 

age results for the Malaspina Pluton (Schwartz et al. 2017; and 
herein) indicate that most of the magma intruded ca. 118–116 
Ma. Initial cooling occurred in the lower crust prior to significant 
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extension at ca. 108–106 Ma (Stowell et al. 2014; Schwartz et 
al. 2016; Klepeis et al. 2016). Garnet Sm-Nd ages from across 
the Misty and Malaspina plutons indicate that garnet granulite 
metamorphism of the plutons was at 111.7 ± 1.0 Ma, ca. 5 m.y. 
after intrusion (Stowell et al. 2014, 2017). Either the pluton cooled 
slowly and remained hot through garnet growth, or initial cool-
ing was followed by reheating to ~920 °C triggering local garnet 
growth. In the first scenario, a local trigger for partial melting and 
garnet growth is required. This could have been volatile flux with 
or without externally derived melt (Clarke et al. 2005). However, 
abundant Type 3 isolated garnet grains with leucosome halos, 
variably distributed in the Malaspina Pluton, indicate that local 
garnet growth was independent of external fluids and magma 
veins. Therefore, we infer that much or all garnet growth resulted 
from post-emplacement heating of the heterogeneous pluton.

Metamorphic temperature estimates, the age of large garnet, 
and the Nd closure temperatures for small garnet (Table 4) pro-
vide a means for calculating the cooling rate. Choosing a radius 
of 0.5 mm for small garnet, iterative calculation of the cooling 
rate and the garnet closure temperature results in best estimates 
of ~20 °C/m.y. and ~700 °C (Fig. 9). This cooling rate is similar 
to the approximate slope for the array of Ti in zircon temperatures 
and corresponding U-Pb ages (Fig. 9). The cooling rate estimated 
here is approximately half the ~50 °C/m.y. estimated from zircon 
and titanite ages in Flowers et al. (2005) and higher than estimates 
of 8–14 °C m.y. in Schwartz et al. (2016).

Implications
The identification of igneous and metamorphic zircon grains, 

overgrowths of metamorphic zircon on prior crystals, and zircon 
affected by Pb loss cannot always be made from CL images 
and crystal morphology in migmatitic granulite facies rocks. 
This observation is supported by several data sets: (1) the large 
range of ages for each zircon morphology and CL type; (2) the 
near-complete lack of clearly igneous prismatic grain shapes in 
both host and garnet reaction zone lithologies; (3) the significant 
population of zircon U-Pb ages that match ages for igneous 
crystallization determined for Malaspina Pluton samples with pri-
mary igneous textures; and (4) the 11–14 m.y. range (considering 
uncertainties) of concordant SHRIMP-RG U-Pb ages determined 
from targeted CL spots. Finally, the overlap of younger zircon 
U-Pb ages with Sm-Nd and Lu-Hf ages for metamorphic garnet 
growth cannot be readily correlated with internal CL textures in 
zircon grains or to possible Pb loss from zircon.

Assigning SHRIMP-RG U-Pb zircon ages to intrusion vs. 
later metamorphism and partial melting is difficult in our data 
set due to the large range in dates from >118 to <110 Ma. In ad-
dition, the two core rim pairs include one with normal and one 
with reverse age zoning. Therefore, we conclude that multiple 
isotope data sets from several samples are essential for unraveling 
the igneous and metamorphic history of migmatites.

Unraveling the history of this lower crustal migmatite is 
complicated by inferred premetamorphic igneous complexity. 
The range in CA-TIMS zircon ages and distinct groups in Sm, 
Yb, Ce, and Eu values vs. Hf (Figs. 7a and 7b) are compatible 
with more than one magma. This is supported by field evidence 
for incremental construction of the Malaspina Pluton by sheeted 
intrusion into a crystal mush zone (Klepeis et al. 2016). The 

zircon dates and compositions are compatible with two distinct 
magmas that crystallized between 118 and 116 Ma that underwent 
different fractional crystallization trends evident in the “host” and 
garnet reaction zone samples. Deformation, which produced the 
LS fabric has obscured textural evidence for the contact between 
these intrusions and some magma mixing is possible. In addition, 
the garnet reaction zone leucosome may include melt injected 
into the partially melted garnet reaction zone from the vein.

Intracrystalline diffusion of trace elements was insignificant 
in large garnet grains. The oscillatory and bell-shaped trace 
element zoning in garnet indicates that diffusion has played a 
limited role in garnet trace element distributions. In addition, 
calculated closure temperatures indicate that modification of 
REE by diffusion could not have affected the interiors of these 
crystals. We conclude that large euhedral garnet can preserve 
growth ages recorded by both Lu-Hf and Sm-Nd systems with 
uncertainties of ca. 2 m.y.

Zircon and garnet ages indicate a brief interval between pluton 
emplacement and garnet growth (Fig. 10). The CA-TIMS U-Pb 
zircon ages of 118.3–115.7 and garnet ages of ca. 113 Ma re-
quire 2.7 to 5.3 m.y. between pluton crystallization and granulite 
metamorphism. This temperature increase shortly after intrusion 
is compatible with a magmatic pulse. No magmas of this age are 
known in the Western Fiordland Orthogneiss and the granulite 
event is tentatively attributed to magmatic underplating.

Zircon SHRIMP-RG ages of ca. 121 and 115 Ma anchor 
the high-temperature ends of two Ti in zircon temperature–age 
clusters, which could represent distinct crystallization trends. 
Garnet Sm-Nd growth and cooling ages overlap with the younger 
of these clusters indicating a cooling rate of ~20 °C/m.y. from 
920 to about 700 °C after the peak of granulite metamorphism. 
Cooling rates for the lower crust of a continental magmatic arc 
are difficult to obtain due to limited exposure and geological 
complexity. Mid- to lower-crustal rocks of the Coast Mountains 
batholith in Canada cooled 2 to 11 °C/m.y. after granulite facies 
metamorphism at pressures of ~10 kbar (Hollister 1982; Rus-
more et al. 2005). The data for lower crustal rocks in the Coast 
Mountains and Fiordland are taken to indicate that the lower 
crust of continental magmatic arcs may cool at rates <25 °C/m.y.

The mid- to lower-crustal emplacement of the Malaspina 
Pluton and lack of supracrustal rocks with a metamorphic history 
shared with these rocks preclude the construction of a significant 
prograde path. However, the ~20 °C/m.y. cooling rate for a single 
location in the Malaspina Pluton provides a robust estimate for 
cooling from ~920 to 700  °C. Additional data are needed to 
evaluate the spatial extent and variation of cooling rates across 
the lower crustal rocks in Fiordland. This new cooling rate for 
the Crooked Arm outcrop is far slower than estimates for cool-
ing of granulite in the U.S.A. Adirondacks (Storm and Spear 
2005) or initial cooling of Dora Maira Massif in the Western 
Alps (Engi et al. 2017), but similar to estimates for cooling of 
ultrahigh-temperature granulite from the Saxon Granulite Massif 
in Germany (Romer and Rötzler 2001). Both of these examples 
are constructed from composite P-T-t paths and/or diffusion 
models, which include data input from multiple samples. Large 
data sets of comprehensive linked P-T-t data for individual out-
crops are needed to better understand tectonic histories in lower 
crustal rocks in Fiordland and elsewhere.
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