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CLOSURE TEMPERATURES OF ACCESSORY MINERALS

The range of Pb diffusivity in accessory minerals provides the opportunity to
reconstruct detailed thermal histories using the U-Pb isotopic system. Closure
temperature (Tc) is a function of diffusivity, cooling rate, and effective diffusion radius
(Dodson, 1973), and can be constrained by experimental and field-based empirical
studies. The estimates below are ranges for typical diffusion radii (25-100 pm) and
cooling rates (1-100 °C/m.y.). Zircon and monazite with high Tc > 1000 °C (Cherniak
and Watson, 2001; Cherniak et al., 2004) are widely used to determine the timing of
intrusive and metamorphic events. Titanite is increasingly recognized as a useful
geochronometer because it is reactive mineral that readily grows during metamorphism
(Frost et al., 2000; Aleinikoff et al., 2002), with closure temperature of 600-650 °C
constrained by both experimental and field-based studies (e.g. Cherniak; 1993; Verts et
al., 1996). In contrast with these minerals that commonly grow below their closure
temperatures, the U-Pb systematics of apatite and rutile are typically dominated by
volume diffusion (e.g. Mezger 1989; Chamberlain and Bowring, 2000). Experimental
and field studies of apatite provide consistent closure temperature constraints of 450-500
°C (e.g. Cherniak et al. 1991; Krogstad and Walker, 1994; Chamberlain and Bowring,
2000). Field estimates for closure temperature in rutile are 400-450 °C (Mezger, 1989),
with somewhat higher experimental determinations (Cherniak, 2000).

ANALYTICAL METHODS

Mineral separation was carried out using standard crushing, water table, magnetic,
and heavy-liquid techniques, with subsequent hand-picking of single and multigrain
fractions. Titanite, apatite, and rutile grains were ultrasonically washed in high-purity
water or ethanol and rinsed in acetone, followed by a second washing in high-purity
water and rinsing with double-distilled acetone. Selected rutile fractions were abraded
without pyrite and washed briefly with dilute HNOs. Sample spiking with a mixture of
203pp B3Y-U was followed by dissolution in 29M HF (titanite, rutile) or 12/ HCI
(apatite), conversion to 6/ HCI, and chemical separation of U and Pb using HBr-HC1
anion-exchange chemistry. Pb and U analyses were carried out on the Massachusetts
Institute of Technology VG Sector 54 mass spectrometer. Pb isotopic ratios were
measured by peak jumping using an axial ion-counting Daly detector or dynamically with
Faraday cups and the Daly detector. U was measured as an oxide in static mode on three
Faraday cups. Details regarding isotopic ratio corrections are provided in Table DR1'.

The incorporation of significant common Pb of uncertain isotopic composition
into apatite and rutile during crystallization, resulting in low ratios of radiogenic Pb to
common Pb, is a particularly acute problem for U-Pb age determination in young, less
radiogenic samples. Initial common Pb compositions of apatite and rutile were corrected
by using the Pb isotopic composition of leached coexisting feldspar (Table DR2").
Titanite data were corrected by using the isotopic composition of feldspars in a Western
Fiordland Orthogneiss granulite (F03-61). Feldspar Pb isotopic determination was
accomplished by handpicking 1-3 mg plagioclase fractions, sequentially leaching
separates with 7 HNOs, 6M HCl, and 1M HF, separating Pb using HBr anion-exchange



chemistry, and statically analyzing Pb in four Faraday cups. Ultimately, the **°Pb/***U
dates calculated using the initial common Pb composition of coexisting leached feldspars
differed little from those calculated using the standard method of correcting with the
Stacey-Kramers (1975) model for terrestrial Pb evolution. The maximum effect was on
an apatite fraction characterized by the lowest radiogenic Pb to common Pb ratio of the
dataset (sample F03-1, analysis al, Pb*/Pbc = 0.1). The date calculated using coexisting
leached feldspars for the initial common Pb composition was 3.7 m.y. younger than the
date calculated using the Stacey-Kramers model. In contrast, the effect on the rutile dates
(sample F03-61) was < 0.15 m.y.
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Figure DR1. U-Pb concordia diagrams showing (A) F03-72 titanite, (B) F03-76 titanite,
and (C) P69120 titanite.
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Table DR1. U-Pb isotopic data for titanite, apatite, and rutile
Composition Isotopic Ratios Dates (Ma)

Wt U Pb Th° Pb* Pbc" “*Pb° “Ph’ Py’ “Pb “Ph’ “Pb"  “Pb"  “Pb"  corr.
Fr # (ug) (ppm) (ppm) U Pbc (pg) 2*Pb *Pb PU O %errt U %err* Pb %ert PU U ®Ph coef
F03-55: Calesilicate gneiss, Doubtful Sound (B43, 2040221E, 5523713N) (P69539Y - yellow, flat, metamorphic titanite®
t1 4 70 4633 11.1 1.5 222 339 1089.6 0483 0.01755 (.08) 0.11703 (.11) 0.04838 (.07) 1121 1124 1176 0.761

2 4 30 6812 151 1.1 212 205 11403 0350 0.01760 (.07) 0.11735 (.10) 0.04836 (.07) 1125 1127 117.1 0.692
t4 1 8 5636 124 08 75 123 4420 0269 0.01750 (.19) 0.11608 (.35) 0.04811 (28) 111.8 111.5 104.8 0.587
t5 8 15 3699 82 07 56 185 3432 0235 001739 (.16) 0.11589 (40) 0.04834 (.35) 1111 1113 116.0 0491
6 1 8 2815 77 19 77 74 3640 0605 0.01764 (36) 0.11748 (49) 0.04831 (31) 112.7 1128 1144 0.775

t7 6 6 2872 66 1.1 62 58 3512 0342 001738 (48) 0.11609 (.59) 0.04845 (33) 1111 1115 121.5 0.832
F03-39C: Basement gneiss, Doubtful Sound (B43, 2041815E, 5521723N) (P69543) - brown, anhedral titanite

tt 6 54 1093 3.1 1.7 51 280 2568 0.537 0.01767 (.14) 0.11799 (27) 0.04844 (22) 1129 1133 1206 0.583
t3 10 28 1052 34 15 23 298 1292 0482 0.01754 (26) 0.11701 (.64) 0.04839 (.56) 112.1 1124 1184 0.494
4 3 30 776 24 20 45 134 2159 0.655 0.01775 (34) 0.11840 (.58) 0.04837 (44) 1134 113.6 1173 0.642
t5 12 18 2929 85 1.8 58 227 2805 0.592 0.01765 (.16) 0.11782 (.25) 0.04842 (19) 112.8 113.1 119.7 0.658
F03-61: Western Fiordland Orthogneiss granulite, Doubtful Sound (B43, 2041326E, 5519055N) (P69549) - dark red, tabular, euhedral rutile

rl 6 112 146 03 00 08 224 724 0.000 0.01152 (69) 0.07597 (1.31) 0.04782 (1.06) 73.9 744 902 0.586
4 3 255 127 03 00 09 349 81.8 0.000 0.01071 (35) 0.07113 (.89) 0.04816 (.79) 68.7 69.8 107.0 0.484
r5 4a 300 94 02 00 1.0 264 898 -0.001 0.01040 (41) 0.06797 (.75) 0.04741 (60) 66.7 668 698 0.609
6 6a 135 232 04 00 1.2 239 1045 -0.001 0.01026 (.81) 0.06718 (1.09) 0.04749 (69) 658 660 739 0.772
F03-72: Calcsilicate, east of Doubtful Sound (C43, 2055994E, 5507278N) (P69562) - yellowish-brown titanite

t1 1 95 942 101 25 33 2244 1455 0.854 0.04991 (06) 036624 (26) 0.05322 (25) 3106 313.1 3317 0407
2 3 54 1053 121 3.0 34 147.0 141.8 1.011 0.04992 (.07) 036644 (29) 0.05324 (27) 3111 314.6 3404 0418
t3 6 33 1184 132 35 6.1 617 2184 1.197 0.04945 (09) 036321 (.29) 0.05327 (.26) 314.0 3169 3382 0.443
t4 7 23 703 100 42 28 599 1023 1.434 0.04936 (.17) 0.36118 (.56) 0.05307 (.51) 314.0 317.0 339.0 0.450
F03-76: Biotite granite, east of Doubtful Sound (C43, 2063139E, 5505134N) (P69565) - dark brown titanite

tl 1 165 31.8 26 78 27 1148 751 2508 0.01937 (.13) 0.13080 (.68) 0.04897 (.64) 123.7 124.8 1463 0421
31 145 93 08 23 05 817 384 0769 0.0189 (33) 0.13003 (4.11) 0.05045 (4.05) 1194 1241 2159 0217
t4 8 60 127 14 51 06 542 354 1.662 0.01857 (.53) 0.12650 (2.52) 0.04942 (2.34) 118.6 1209 167.7 0425
t5 1 245 349 26 39 1.1 3038 529 1262 001904 (.16) 0.12921 (1.59) 0.04922 (1.50) 121.6 1234 1585 0.596
6 1 280 285 22 56 1.5 2540 567 1.810 0.01899 (.10) 0.12833 (.98) 0.04901 (93) 121.3 1226 1483 0.550




Table DR1. (continued)

Composition Isotopic Ratios Dates (Ma)

Wt U Pb Ih" Pb* Pbc"™ Zpb° 2Py  Fph Py’ “PY’ “Pb"  FPh"  Ph'  corr.
Fr # ( g)b (ppm) (ppm) U Pbc  (pg) 204pp,  206pp 285 % err® 13 % err® 206p}, % err® 23815 2515 206p, coef.
OU49124: Mafic granulite, Milford Sound (D40, 2097450E, 5592000N) - dark brown, irregular titanite
tt 1 145 792 60 24 06 5384 442 0.751 0.01877 (10) 0.12362 (1.39) 0.04776 (1.34) 119.9 1183 87.5 0.602
2 1 145 665 39 12 07 3400 527 0379 001881 (09) 0.12781 (.92) 0.04927 (.88) 120.1 1221 1609 0.560
3 1 70 653 39 1.6 07 161.6 525 0.531 001874 (.14) 0.12699 (1.21) 0.04915 (1.15) 119.7 1214 155.0 0.501
4 1 70 492 42 23 05 1970 395 0.768 0.01865 (.18) 0.12831 (1.93) 0.04990 (1.83) 1191 1226 1904 0.589
P69120: Calcsilicate gneiss, Caswell Sound (B41, 2048747E, 5560266N) - light brown titanite
tl 1 13466 20 1.1 L1 128 775 0352 0.02024 (1.00) 0.13622 (1.38) 0.04882 (.90) 1292 129.7 139.1 0.756
2 1 17490 40 05 12 315 913 0.175 0.04293 (34) 031062 (.64) 0.05247 (51) 271.0 2747 3060 0.596
t3 2 23 292 20 12 09 247 661 0404 0.02732 (60) 0.19210 (1.07) 0.05100 (.84) 173.8 1784 240.7 0.623
t4 2 23 333 23 02 07 314 658 0.120 0.03024 (48) 021797 (1.32) 0.05229 (1.17)  192.0 2002 2979 0477
F03-1A: Darran Complex diorite, east of Milford Sound (D40, 2114889E, 5591239N) (P69478)
al 13 115 62 22 28 0.1 2268 228 0996 0.02033 (45) 0.15018 (6.94) 0.05357 (6.58) 129.8 142.1 3529 0.820
a2 11 125 98 23 25 02 2547 246 0934 001949 (33) 0.15113 (4.75) 0.05625 (4.48) 124.4 1429 4624 0810
a3 13 75 82 21 27 02 1351 245 0925 0.02001 (43) 0.14520 (5.46) 0.05262 (5.16) 127.7 137.7 312.5 0.699
a4 13 46 159 38 28 02 1537 247 0914 0.02002 (42) 0.14001 (5.83) 0.05073 (5.52) 127.8 133.1 2285 0.755
a5 14 50 81 21 27 02 905 244 1.000 0.02021 (.63) 0.15618 (7.51) 0.05604 (7.11) 129.0 1474 4542 0.658

* Number of grains in fraction, a indicates the fraction was abraded

® Sample weights were estimated to within 40% using measured grain dimensions and a nominal density of 3.5 g/cm’ for titanite, 3.2 g/cm’ for apatite,

and 4.2 g/cm’ for rutile.

° Th contents calculated from radiogenic “*Pb and the “’Pb/**Pb date of the sample, assuming concordance between U-Th-Pb systems.

“ Pb* and Pbc represent radiogenic Pb and common Pb respectively.

* Measured ratio corrected for fractionation and spike contribution; Pb fractionation was 0.12 £0.04%/a.m.u. for Faraday detector or 0.2 + 0.04%/a.m.u.

for Daly detector analysis, based on daily analysis of NBS-981.

" Measured ratios corrected for fractionation, spike, blank, and initial common Pb; nominal U blank = 0.1 pg + 50% (2s); nominal Pb blank = 2.0 pg = 50%
for titanite, apatite and rutile (2s) or where lower, the total common Pb of the analysis +10% (2s); measured laboratory Pb composition:
“°Pb/**Pb = 19.10, “’Pb/***Pb = 15.72,"*Pb/**'Pb = 38.65 + 0.01 (2s); initial Pb composition from leached feldspars.

® Numbers in parentheses are the % errors reported at the 2s confidence interval, propagated using the algorithms of Ludwig (1980).

" Isotopic ages calculated using the decay constants of Jaffey et al. (1971): I(**U) = 9.8485x10"* yr" and 1(**U) = 1.55125x10™° yr’'; error in “’Pb/**Pb

date reported at the 2s confidence interval. Dates in bold are the best age estimates.
"UTM coordinates for each sample given in New Zealand map grid reference

’For samples with a second sample number, a similar, but not identical, sample from the same outcrop is available through the NZ PETLAB database.

“Description of analyzed grains




Table DR2. Pb isotopic composition of
leached feldspar separates
sample’ wt(mg) “Pb" *Pb  “Pb
204Pb 204Pb 204Pb

F03-61: WFO
Fspl 230  18.669 15.604 38.508
Fsp2 140  18.666 15.608 38.496
F03-1A: Darran Complex
Fspl .70 18.662 15.624 38455
Fsp2 1.60  18.622 15621 38.404

* Least radiogenic leach from each feldspar fraction
® Standard error on analyses is less than 0.033.

Pb fractionation is 0.12 +0.04%/a.m.u. for Faraday
detector based on daily analysis of NBS-981.




