Vol.

s w2 [%

p.117-134

P

GEOSTA

N

NDARDS and

"o GEOANALYTICAL
RESEARCH

Penglai Zircon Megacrysts: A Potential New Working
Reference Material for Microbeam Determination of Hf=O
Isotopes and U-Pb Age

Xian-Hua Li (1,2)*, Weng-Guo Long (2), Qiu-Li Li (1), Yu Liu (1), Yong-Fei Zheng (3),
Yue-Heng Yang (1), Kevin R. Chamberlain (4), De-Fang Wan (5), Cun-Hua Guo (1),

Xuan-Ce Wang (1) and Hua Tao (5)

(1) State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100027,

China

(2) Key Laboratory of Isotope Geochronology and Geochemistry, Guangzhou Insfitute of Geochemistry, Chinese Academy of Sciences,

Guangzhou 510640, China

(3) CAS Key Laboratory of Crust-Mantle Materials and Environments, School of Earth and Space Sciences, University of Science and

Technology of China, Hefei 230026, China

(4) Department of Geology and Geophysics, University of Wyoming, Laramie, WY 82071, USA
(5) Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing 100037, China

* Corresponding author. e-mail: lixh@gig.ac.cn

We introduce a potential new working reference
material = natural zircon megacrysts from an Early
Pliocene alkaline basalt (from Penglai, northern
Hainan Island, southern China) - for the microbeam
determination of O and Hf isotopes, and U-Pb age
dating. The Penglai zircon megacrysts were found to
be fairly homogeneous in Hf and O isotopes based
on large numbers of measurements by LA-multiple
collector (MC)-ICP-MS and SIMS, respectively.
Precise determinations of O isotopes by isotope
ratio mass spectrometry (IRMS) and Hf isotopes by
solution MC-ICP-MS were in good agreement with
the statistical mean of microbeam measurements.
The mean 5'80 value of 5.31 = 0.10%0 (2s) by
IRMS and the mean '7°Hf/'77Hf value of
0.282906 + 0.0000010 (2s) by solution MC-ICP-
MS are the best reference values for the Penglai
zircons. SIMS and isotope dilution-TIMS
measurements yielded consistent 2°°Pb/238U ages
within analytical uncertainties, and the preferred
206p}, /238 gge was found to be 4.4 = 0.1 Ma
(95% confidence interval). The young age and
variably high common Pb content make the Penglai
zircons unsuitable as a primary U-Pb age reference
material for calibration of unknown samples by
microbeam analysis; however, they can be used as
a secondary working reference material for quality
control of U-Pb age determination for young
(particularly < 10 Ma) zircon samples.

© 2010 The Authors. Journal compilation © 2010 International Association of Geoanalysts

Nous proposons un nouveau matériel de référence
potentiel — des mégacristaux de zircon naturel
provenant d’un basalte alcalin du début du pliocéne
(région de Penglai, nord de I'lle de Hainan, Chine
méridionale) destiné a I'analyse microfaisceaux des
isotopes de 'O et de I'Hf, et la datation U-Pb. Les
mégacristaux de zircon de Penglai se sont révélés,
apreés un grand nombre de mesures par LA-MC-ICP-
MS et SIMS, assez homogénes en terme d'isotopes
de I'O et de I'Hf. Les déterminations précises des
isotopes de 'O par IRMS et des isotopes de I'Hf par
MC-ICP-MS solution sont en bon accord avec la
moyenne statistique des analyses microfaisceaux. La
valeur moyenne 6'80 de 5.31 + 0.10%o (2s) par
IRMS et la valeur moyenne '7°Hf/'77Hf de
0.282906 + 0.0000010 (2s) par solution MC-ICP-
MS sont les meilleures valeurs de référence pour les
zircons de Penglai. Les mesures SIMS ainsi que celles
par dilution isotopique-TIMS donnent, compte tenu
des incertitudes analytiques, des dges 2°°Pb/?38U
conformes, et 'age préféré 2°°Pb/?38U est estimé a
4.4 = 0.10 Ma (intervalle de confiance de 95%).
Leur jeune age et leurs teneurs variables et élevées
en Pb commun font que les zircons de Penglai ne
sont pas utilisables comme matériel de référence
primaire pour l'étalonnage d’échantillons inconnus
dont les dges U-Pb doivent étre déterminés par
analyses microfaisceaux; Toutefois, ils peuvent étre
utilisés comme matériel de référence secondaire
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pour le contréle qualité de la détermination de I'dge
U-Pb des zircons jeunes (en particulier pour ceux
¢ 10 Ma).

Mots-clés : zircons de référence, Penglai, ages U~Pb, iso-
topes de I'Hf. isotopes de 'O, SIMS, LA-MC-ICP-MS.

Zircon is a common U-rich accessory mineral occurring
in a wide range of rocks. Zircon is an excellent mineral for
in sitt U-Pb dating and O—Hf isotopic studies using mod-
emn techniques such as SIMS and LAICP-MS, but matrix
effects are major limitations of these analytical methods.
Therefore, the availability of well-characterised natural zir-
con reference materials is fundamental for accurate micro-
beam measurements. Ideal zircon reference materials
would be homogeneous in both U-Pb age and O-Hf iso-
topic compositions, as well as being available in quantity
to the scientific community. Although there are several well-
characterised, natural zircon reference materials, such as
SL13, 91500 and Temora, which have been used widely
for microbeam analyses of U-Pb age and to lesser extent
Hi-O isotopes (eg, Wiedenbeck etal 1995, 2004,
Compston 1999, Hom et al 2000, Black et al 2004,
Goolaerts et al. 2004, BlichertToft 2008, Ickert et ol
2008), these are limited in quantity or come from relatively
inaccessible rock outcrops, to meet the demand of an
increasing number of LAICP-MS facilities. We report here
new U-Pb age and O-Hf isotopic results for the Penglai
zircon megacrysts, hosted in Early Pliocene alkaline basalts
from Hainan Island (China). Our data suggest that the
Penglai zircons can be used as a new reference material
for microbeam determination of O and Hf isotopes, as well
as a quality control reference material for microbeam
U-Pb age determinations of young (particularly < 10 Ma)

unknown somp|es.

Geological background and sample
description

The Penglai zircons occur as megacrysts in the Early
Pliocene alkaline basalts from northem Hainan Island of
South  China. These alkaline basalts were previously
dated ot 44-36 Ma by K-Ar and Ar-Ar techniques
(Ge etal 1989, Zhu and Wang 1989, Ho etal
2000). As well as the zircon megacryss, frace quantities
of sapphire crystals occur sporadically in these alkaline
basalts.

Qiu et al (2005) carried out comprehensive in situ
determinations of Lu=Hf isotopes (196 analyses on eight
samples) and trace elements on the Penglai zircon mega-
crysts. They found that these mantle zircon megacrysts are
characterised by relatively high U contents (mostly
»30 ug g') and Th/U rafios (- 0.4), similar fo the zircons
found in the MARID-type xenoliths within kimberlites formed
during mantle metasomatism  (Konzett et al  2000).
Although the measured '7°Hi/'"7Hf values varied from
0282817 + 0000038 (1s) to 0.282991 + 0.000034
(1s), 189 of 196 measurements fell within a relatively small
range from 0282851 = 0000030 to 0282967 =
0.000034 (1s). All the measured values formed a Gauss-
ian distribution, with a grand mean of 0282916 =
0.000056 (2s), suggesting that the Penglai zircon mega-
crysts may be homogeneous in Hf isotopes.

The Penglai zircon megacrysts are highly abundant
(visible to the naked eye) with nearly unlimited quantities
on the weathered surfaces of basalts near the Penglai
Town (19°30’55”N, 110°32°12”F), from where we col-
lected ca. 800 g of zircon grains. These megacrysts are
mostly several to over 10 mm long, translucent and mar-
oon in colour (Figure Ta, b). Most Penglai zircon mega-
crysfs are homogeneous, with only weak, broad zoning in
cathodoluminescence (CL) images (Figure Tc—e). A few zir-
con shards displayed strong zoning in CL images; however,
certain grains disp|oyeo| dark domains (Figure 19 that indi-
cate high abundances of trace elements [U, Th and rare
earth element (REE)].

Analytical methods

SIMS U-Pb zircon dating

Zircon shards, together with the 91500 and Temora-2
zircon reference materials, were placed in epoxy mounts
which were then polished fo section the crystals in half. Al
zircons were documented with transmitted and reflected
light micrographs as well as CL images fo reveal their

118 © 2010 The Authors. Journal compilation © 2010 International Association of Geoanalysts
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Figure 1. (a) Photographs of the
Penglai zircon megacrysts. (b) Rep-
resentative photomicrograph of
Penglai zircon shards analysed by
ID-TIMS (zA f4). The grid beneath
the grains has 100 um fibres with
150 um openings; (c) representa-
tive CL image of Penglai zircon
megacrysts; (d-f) representative CL

images of Penglai zircon shards.

internal structures, and the mounts were vacuum-coated

with high-purity gold.

Measurements of U, Th and Pb were conducted using
the Chinese Academy of Sciences Cameca IMS-1280 ion
microprobe (CASIMS) at the Insfitute of Geology and
Geophysics (Beijing). The analytical procedures were similar
to those described by Li et al (2009). The O™ primary ion
beam was accelerated at -13 kV, with an intensity of ca.
10 nA The ellipsoidal spot was about 20 pm x 30 pm in
size. Positive secondary ions were extracted with a 10 kV
potential. Oxygen flooding was used to increase the O pres-
sure fo ca. 5 x 10 Torr in the sample chamber, enhancing
Pb* sensitivity fo a value of > 25 cps nA™" per ug g’

In the secondary ion beam optics, a 60 eV energy
window was used, fogether with a mass resolution of ca.
5400 to separate Pb* pecks from isobaric inferferences.

The field aperture was set to 7000 um, and the transfer
optic magnification was adjusted to 200. Rectangular
lenses were activated in the secondary ion optics to
increase the fransmission at high mass resolution. A single
electron multiplier was used in ion-counfing mode to
measure secondary ion beam intensities by peak jumping.
U-Th=Pb ratios were determined relative to the 1065 Ma
91500 zircon reference material with Th and U concen-
frations of ca. 29 and 81 ug g, respectively (Wieden-
beck et al 1995). Analyses of the 91500 zircon were
interspersed with unknown grains. Because the Penglai
zircons are very young (ca. 4.4 Ma) with very low radio-
genic Pb, we list the measured (common Pb-uncorrected)
isofopic ratios as well as the 2°’Pb-corrected 2*8U/?%°Pb
ages in Table 1. Uncertainties on individual analyses are
reported at the 1s level mean ages for pooled
200p,/238 results are quoted at the 95% confidence

interval.
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ID-TIMS U-Pb dating

Two large (0.16 g each) Penglai zircon crystals were
hand crushed, and only clear internal shards were selected
for dissolution and analysis (e.g, Figure 1b). Three shards
were annealed at 850 °C for 48 hr and dissolved in two
steps following the chemical abrasion method of Mattinson
(2005). The first dissolution step used HF and HNO3 in a
180 °C oven for 12 hr. The |iquic| was discarded, and the
remaining grains were rinsed and cleaned in HCl and
HNO3. A mixed 205p}, 233 J-235J trgcer solution (ET535)
was added to the micro-bombs for isotope dilution (D)
determination of Pb and U, and final dissolution used HF
and HNO;3 at 240 °C. The three chemically abraded
shards were dissolved alongside four shards that had not
been annealed. Total dissolution required 17 d in the oven
using a Parr digestion cell.

Lead and U were chemically purified on ion exchange
columns using the HCl method modified from Krogh

Table 1.
SIMS U-Pb isotopic data

(1973). Due to the large sample sizes (2-4 mg zircon per
shard), the ionic load exceeded the capacity of the 100 pl
ion exchange columns, and visible cakes were present in
the Pb elutions after evaporation. Therefore, the Pb elutions
were run Through the columns twice. One shard (zE 1)
required three passes. The multiple passes through ion
exchange columns increased the total procedural Pb
blank. Based on stable, long-term average blanks for the
|oborc1tory (co. 3.5 pg) and the measured blank from this
round, total procedural Pb blank was estimated at 5 Pg for
two passes. The smallest somp|e was 45 pg Pb (zA 5 CA),
but most were 100 pg or more, so that the blank contribu-
tion was adequately swamped by that of the sample. There
was a significant amount of common Pb in these analyses
(8-22 pg including the blank) even though the concentra-
fions of initial Pb were quite low (0.002 ug g™'). Fortunately,
the Pb isotopic compositions of the Pb blank at the Univer-
sity of Wyoming laboratory (18719 = 097, 15662 +
057, 38226 = 1.42 for *%°Pb/?**Pb, **’Pb/***Pb and
208p},,/204ph,, respectively) and whole rock measurements

Sample/ u Th Th/U | 2°¢Pb/2%4Pb | f06% | 238U/ | + 1s | 2°7Pb/ | = 1s [207-corr | = 1s
spotno. | (ngg') | (ngg™) measured 206pp, | (%) 206p|, (%) |age (Ma)
Penglai@1 81 68 0.84 63 277 1222 4.8 0.155 10.57 4.54 0.26
Peng|c1i@2 83 61 073 46 403 1272 6.3 0.100 19.31 472 0.33
Penglai@3 77 55 071 80 233 1329 6.4 0.174 18.79 406 0.34
Peng|c1i@4 55 33 0.59 79 237 1419 72 0.192 16.40 3.69 0.34
Penglai@5 57 33 0.59 41 45.1 1575 7.5 0.181 17.43 3.38 0.32
Penglai@6 54 31 0.58 41 45.6 1498 7.3 0.200 21.48 345 0.36
Penglai@7 44 26 0.59 554 34 1135 9.7 0.143 19.60 497 0.53
Peng|c1i@ 8 40 22 0.55 105 17.8 1277 9.6 0.302 16.04 3.39 0.50
Penglai@9 42 24 0.56 60 31.3 1324 112 0.196 18.45 393 0.51
Penglai@ 10 68 49 0.73 25 752 1591 6.9 0114 21.74 3.68 0.29
Penglai@11 72 51 0.70 58 325 1488 7.1 0.112 18.38 395 0.31
Peng|c1i@ 12 14 5 0.37 33 57.2 935 120 0.371 21.26 4.02 0.92
Penglai@13 14 5 0.38 35 53.8 1074 119 0.305 2537 401 0.80
Peng|c1i@ 14 1297 242 0.19 8977 0.2 1440 2.1 0.057 5.89 440 0.10
Penglai@15 821 324 0.39 1393 1.3 1486 25 0.055 7.21 427 0.11
Penglai@16 35 18 0.53 35 542 1320 8.7 0.251 18.61 3.59 0.46
Penglai@17 38 20 0.51 59 319 1259 8.1 0.173 19.95 428 0.43
Peng|c1i@ 18 37 19 0.52 97 19.3 1294 8.8 0217 19.28 3.89 046
Penglai@19 56 28 0.50 38 498 1070 7.1 0217 16.02 472 0.46
Penglai@QO 58 29 0.50 30 63.1 1170 7.5 0.191 24.62 4.51 0.49
Penglai@21 54 27 0.50 45 419 1089 9.2 0.227 16.46 4.58 0.54
Penglai@22 30 16 0.52 75 250 904 9.2 0.392 16.62 4.00 0.81
Penglai@23 1144 741 0.65 356 53 1436 37 0.068 7.71 4.40 0.17
Peng|ai@24 502 747 1.49 102 184 1398 3.3 0.084 9.54 443 0.16
Penglai@25 139 125 0.90 60 312 1304 5.6 0.189 12.89 407 0.30
Penglai@26 264 240 091 223 79 1438 32 0.089 9.39 424 0.15
Penglai@27 257 240 093 166 10.5 1421 4.3 0.099 1693 423 0.21
Penglai@28 33 18 0.54 71 24.5 1089 7.3 0.276 19.99 418 0.56
Peng|c1i@29 43 24 0.57 33 530 1334 7.1 0.267 1425 347 0.38
Penglai@30 88 59 0.67 49 354 1289 6.4 0.149 15.10 434 0.32
Penglai@31 24 11 047 19 90.9 966 9.6 0.291 16.04 4.58 0.65

238Y,/206ph and 2%7Pb/2%%Pb values are not corrected for common lead. f,06% is the fraction of 2°°Pb that is common Pb in percent.
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of the sample host basalts (18656 = 0.121, 15594 =
0082, 38851 = 0226 averages of twenty samples; Tu
etal 1991) were very similar, so the choice of how the
total common Pb was split between blank and sample
had a negligible effect on the calculated radiogenic Pb
isotopic values. Uranium only required one pass through
columns and the blank was estimated as 0.2 pg based on
long-term monitoring. Lead and U isotopic determinations
were performed on a Micromass Sector 54 thermal ionisa-
tion mass spectrometer at the University of Wyoming using
silica gel for Pb runs and graphite on a separate rhenium
filament to run U as a metal. lead was defermined in
either stafic multi-collector mode with 2°Pb in a Daly-pho-
tomultiplier amplifier and all other masses in Faraday
collectors, or in single collector-Daly multiplier mode. In two
cases, both modes were used for Pb (zE f2 and zE 3),
which yielded indistinguishable results. Mass discrimination
was determined fo be 0.060 + 0.06% amu™ for Pb runs
in static mode, and 0.185 = 0.06% amu' for Pb in single
Daly mode based on replicate analyses of NIST SRM 981.
Uranium mass discrimination was defermined within each
run using the measured 2%3U/?*°U value. All measured
values were well-determined, with the lowest signals well
above baseline levels. The results are listed in Table 2.
Concordia  co-ordinates, infercepts and  uncertainties
were calculated using the PbMacDat and  ISOPLOT
programmes, based on Ludwig (1988, 1991, 2003).

SIMS oxygen isotope measurement

Zircon oxygen isotopes were measured using CASIMS,
with analytical procedures that were similar to those
reported by Li et al (2010). The Cs* primary ion beam
was accelerated at 10 kV, with an intensity of ca. 2 nA
(Gaussian mode with a primary beam aperture of
200 pm to reduce aberrations) and rastered over a
10 pm area. The spot size was about 20 um in diameter.
The normal incidence electron flood gun was used to com-
pensate for sample charging. Negative secondary ions
were extracted with a -10 kV potential. Oxygen isotopes
were measured using multi-collection mode. The mass reso-
lution used to measure oxygen isotopes was ca. 2500. The
nuclear magnetic resonance probe was used for magnetic
field control with stability better than 3 ppm over 16 hr on
mass 17. Measured '80/'®O ratios were normalised
using Vienna Standard Mean Ocean Water compositions
(VSMOW; '80/'°O = 00020052), and then corrected
for the instrumental mass fractionation factor (IMF) as fol-
lows:

(5'°0),, — <<‘80/‘6O>M

~ f W [®)
0.0020052 ]>X]OOOM’°)’ M)

IMF = (S]SO)M(reference) - (6]8O)VSIV\OW’ (2)

5]805c1mp\e = (5]80)/\/\ — IMF. (3)

In this way, the results are reported in the conven-
fional 3'80 notation with reference to VSMOW in per
mil. With highly stable relative gain between two Faraday
cup (FC) amplifiers, the reproducibility of the 91500
zircon reference samples was better than 0.26%o (1s),
and the infernal precision of a single analysis was gener-
ally between 0.1%0 and 0.3%o (2 SE), for "80/'°0O ratios.
The IMF was corrected using the 91500 zircon as a ref-
erence sample with a 8'80 value of 9.9%0 (Wiedenbeck
et al. 2004).

SIMS oxygen isofopic deferminations were carried out
in three sessions. The first session was performed as individ-
val measurements on ninety-one Penglai zircon shards on
the same mount used for the SIMS U-Pb defermination to
examine inter-grain variability. Afrer U=Pb dating, the sam-
ple mount was re-ground and re-polished to ensure that
any oxygen implanted in the zircon surface from the Oy
beam used for the U-Pb determination was removed. Dur-
ing the course of the first analytical session, the Temora-2
zircon reference material was also measured as an
unknown fogether with the Penglai zircon. Ten measure-
ments of Temora-2 yielded a weighted mean for §'80 of
8.14 + 0.20%0 (2s), which is consistent within error of the
reported value of 8.20%o (Black et al. 2004). A second ses-
sion consisted of 113 individual measurements on 113 zir-
con shards. These two sessions were designed to identify
any inter-grain variation in O isotopes. A third session was
carried out undertaking profile analyses on nine mega-
crysts that crossed multiple CL domains to identify any intra-
grain variations. All of the SIMS oxygen isotopic data are
listed in Table S1, and @ summary of these determinations

are presented in Table 3.

Isotope ratio mass spectrometry (IRMS)
oxygen isotope measurement

Laser fluorination technique: Oxygen was extracted
from ca. 2 mg of the Penglai zircon megacrysts by the laser
fluorination method (Sharp 1990, Rumble et al 1997),
and then directly analysed on a Finnigan Delta XP mass
spectrometer at the CAS Key Laboratory of Crust-Mantle
Materials and Environments, the University of Science and
Technology of China, Hefei. A 25W CO; laser
(h = 10.6 um) and BrFs reagent were employed to extract
O, for a direct measurement of '80/'°0O ratios on the
mass spectrometer (Zheng et al 2002). Garnet UWG-2

© 2010 The Authors. Journal compilation © 2010 International Association of Geoanalysts 121
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Table 3.
Summary of oxygen isotope data for Penglai
zircons

3'%0 (%) | 1s | Anal.
numbers

SIMS

Penglai-1@1-91 (individual analysis) 526 022 91
Penglai-Q@ 1-113 (individual cmo|ysis) 531 0.17 113
Grain 5-1 (intra-grain profile analysis) 532 0.24 38
Grain 5-2 (infra-grain profile analysis) 525 027 15
Grain 5-3 (intra-grain profile analysis) 524 021 17
Grain 5-4 (infra-grain profile analysis) 521 023 10
Grain 5-5 (intra-grain profile analysis) 5.40 021 46
Grain 5-6 (infrcn-grain profi|e dncnlysis) 541 0.20 18
Grain 5-7 (intra-grain profile analysis) 536 0.18 22
Grain 5-8 (infra-grain profile analysis) 521 0.26 36
Grain 5-9 (intra-grain profile analysis) 513 0.17 23
Laser fluorination 531 0.06 24
Traditioal Brfs 5.31 0.07 3

with a 8'80 value of 58%0 (Valley et al. 1995) was used
as the external reference material, and gamet 04BXLO7
with a 880 value of 37%o0 (Gong et al. 2007) was used
as an in-house reference sample. Replicate analyses of
these reference samples typically showed a daily standard
deviation of about = 0.1%0 (1) for 3'80. Raw data were
corrected to the 91500 zircon RM with a §'80 value of
9.9%o (Wiedenbeck et al 2004).

Traditional BrFs technique: Oxygen isotope determi-
nations were also performed in this study using the tradi-
tional Brfs technique (Clayton and Mayeda 1963) at the
Institute of Mineral Resources, Chinese Academy of Geo-
logical Sciences in Beijing. Oxygen was liberated from ca.
10 mg of the Penglai zircon megacrysts by reaction with
BrFs in nickel reaction vessels at 600 °C. The oxygen was
purified and reduced to CO, using a vacuum extraction
line similar to that described by Clayton and Mayeda
(1963). The oxygen yield was determined by comparing
the starting weight of mineral with the number of micromo-
les of gas produced. A Finnigan MAT-253 mass spectrom-
eter was used to analyse the CO, with a working
reference sample calibrated against the international refer-
ence material NBS 28 that gives §'80 = 9.6%o. The exter-
nal precision of the §'®0 measurement was = 0.1%o
based on repeated analyses of reference samples. The
IRMS  zircon oxygen isotopic data are presented in
Table S2.

MC-ICP-MS Hf isotope measurement
Hafnium isotopic determination was carried out on @

Neptune, multi-collector, ICP-MS equipped with a Geolas-
193 laser ablation system at the Institute of Geology and

Geophysics (Beijing). The analytical conditions involved an
ablation pit of 63 um diameter, an ablation time of 26 s,
a repetition rate of 10 Hz and a laser beam energy den-
sity of 10 J em™. The detailed analytical procedures were
similar to those described by Wu et al. (20006).

A total of 1286 measurements of Lu—Hf isotopes were
carried out in five sessions by LAMC-ICP-MS. In the first ses-
sion, fifty-three measurements were made randomly on the
eight zircon shards that had been previously analysed for
U-Pb and O isotopes. An additional 343, 305 and 358
measurements were conducted randomly on  thirty-four,
thiy-two and  thirty-four zircon megacrysts in the second,
third and fourth sessions, respectively. In the fifth session,
226 measurements were made on nine zircon megacrysts
that had been measured for oxygen isotopes as profile
analyses, with laser spots being positioned near the spots
used for SIMS defermination of oxygen. Measured
76Hf/177Hf ratios were normalised to '7?HE/!7Hf =
0.7325. No further external adjustments were applied to
the unknowns because our defermined '7°Ht/'”7Hf ratios
for the 91500 zircon (0.282302 = 0.000020, 2s), as well
as the Temora-2 zircon (0.282677 = 0000018, 2s) in ses-
sion 1, were in good agreement with the reported values
(e.g, Goolaerts et al. 2004, Wu et al. 2006, Blichert-Toft
2008).

Fifty-six Hf isotope measurements were also carried out
by solution MC-ICP-MS by digestion of eleven crystals. The
procedures for the separation of Hf from Zr and REE were
similar to those reported by Goolaerts et al. (2004). The
complete Lu=Hf isotopic data set is presented in Table S3,
and a summary of these analyses is presented in Table 4.

Results

SIMS U-Pb age

Thirty-one analyses of thity-one zircon shards were
obtained during a single analytical session. Most analyses
showed low Th concentrations that ranged from 5 to
68 ug g' and for U, from 14 to 88 ug g, with a few
exceptions that yielded high Th (125-747 pg g') and U
(139-1297 Hg g’]). Th/U ratios were mostly between 0.4
and 0.9, apart from spots 14 and 24, which gave values
of 0.19 and 1.49, respectively.

Common Pb was variably high for the majority of
analyses, with e values (the proportion of common
205P in total measured 2%°Pb) between 184% and
90.9%. Five of thiy-one analyses (spots 7, 14, 15, 23,
24 and 26) had relatively low common Pb, with 0,
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Table 4.

Summary of Hf isotope data for Penglai zircons

Sample no. 176Yb/177HE 1s 17614/ 771t 1s V761tV 77 1t 1s Anal.
numbers

LA-MC-ICP-MS method

Session 1
Grain 1-1 00116 0.0003 0.000317 0.000010 0.282912 0.000007 20
Grain 1-2 0.0125 0.0008 0.000353 0.000028 0.282904 0.000009 5
Grain 1-3 00111 0.0002 0.000298 0.000002 0.282909 0.000014 5
Grain 1-4 0.0090 0.0009 0.000281 0.000029 0.282896 0.000007 5
Grain 1-5 0.0085 0.0040 0.000265 0.000118 0.282905 0.000007 5
Grain 1-6 0.0090 0.0038 0.000252 0.000106 0.282883 0.000006 4
Grain 1-7 0.0122 0.0002 0.000385 0.000007 0.282906 0.000014 4
Grain 1-8 00114 0.0001 0.000375 0.000003 0.282912 0.000013 5

Session 2
Grain 2-1 0.0138 0.0015 0.000360 0.000038 0.282908 0.000010 10
Grain 2-2 0.0285 0.0078 0.000732 0.000187 0.282910 0.000013 10
Grain 2-3 00117 0.0034 0.000309 0.000086 0.282914 0.000015 9
Grain 2-4 0.0133 0.0018 0.000365 0.000047 0.282917 0.000016 9
Grain 2-5 0.0047 0.0006 0.000128 0.000015 0.282927 0.000013 10
Grain 2-6 0.0149 0.0051 0.000405 0.000140 0.282922 0.000009 10
Grain 2-7 0.0142 0.0064 0.000371 0.000166 0.282905 0.000015 10
Grain 2-8 0.0121 0.0027 0.000302 0.000064 0.282904 0.000012 10
Grain 2-9 0.0256 0.0165 0.000607 0.000361 0.282921 0.000012 13
Grain 2-10 0.0184 00115 0.000474 0.000269 0.282913 0.000017 12
Grain 2-11 0.0129 0.0080 0.000330 0.000194 0.282917 0.000019 10
Grain 2-12 0.0156 0.0033 0.000389 0.000078 0.282908 0.000017 10
Grain 2-13 0.0206 0.0097 0.000512 0.000229 0.282920 0.000013 9
Grain 2-14 0.0181 0.0044 0.000453 0.000102 0.282912 0.000012 11
Grain 2-15 0.0118 0.0062 0.000293 0.000150 0.282909 0.000013 11
Grain 2-16 0.0162 0.0086 0.000417 0.000224 0.282912 0.000011 9
Grain 2-17 0.0171 0.0052 0.000429 0.000130 0.282897 0.000013 10
Grain 2-18 0.0088 0.0034 0.000234 0.000080 0.282897 0.000020 9
Grain 2-19 00113 0.0010 0.000326 0.000024 0.282914 0.000016 10
Grain 2-20 0.0065 0.0034 0.000190 0.000098 0.282908 0.000013 10
Grain 2-21 00112 0.0014 0.000315 0.000037 0.282908 0.000017 10
Grain 2-22 0.0090 0.0032 0.000251 0.000088 0.282909 0.000008 10
Grain 2-23 0.0228 0.0058 0.000603 0.000147 0.282908 0.000012 10
Grain 2-24 0.0175 0.0068 0.000490 0.000178 0.282913 0.000013 11
Grain 2-25 0.0064 0.0014 0.000178 0.000038 0.282909 0.000013 10
Grain 2-26 0.0184 0.0050 0.000505 0.000133 0.282915 0.000013 10
Grain 2-27 0.0165 0.0073 0.000468 0.000204 0.282898 0.000013 10
Grain 2-28 0.0120 0.0052 0.000363 0.000155 0.282906 0.000010 10
Grain 2-29 0.0139 0.0060 0.000414 0.000171 0.282904 0.000012 10
Grain 2-30 0.0099 0.0024 0.000310 0.000074 0.282899 0.000013 10
Grain 2-31 0.0211 0.0030 0.000576 0.000076 0.282902 0.000020 10
Grain 2-32 0.0162 0.0072 0.000406 0.000163 0.282914 0.000018 10
Grain 2-33 00119 0.0053 0.000306 0.000132 0.282896 0.000012 10
Grain 2-34 0.0089 0.0017 0.000221 0.000041 0.282904 0.000014 10

Session 3
Grain 3-1 0.0387 0.0022 0.000863 0.000043 0.282925 0.000009 9
Grain 3-2 0.0095 0.0011 0.000216 0.000025 0.282897 0.000011 11
Grain 3-3 0.0291 0.0105 0.000628 0.000208 0.282897 0.000014 10
Grain 3-4 00114 0.0030 0.000257 0.000065 0.282907 0.000021 10
Grain 3-5 0.0199 0.0041 0.000450 0.000090 0.282897 0.000014 10
Grain 3-6 00176 0.0038 0.000398 0.000086 0.282903 0.000020 10
Grain 3-7 00174 0.0091 0.000383 0.000195 0.282909 0.000021 10
Grain 3-8 0.0154 0.0036 0.000330 0.000063 0.282886 0.000014 10
Grain 3-9 00118 0.0015 0.000282 0.000036 0.282902 0.000019 10
Grain 3-10 0.0202 00187 0.000445 0.000372 0.282915 0.000020 9
Grain 3-11 0.0163 0.0007 0.000388 0.000016 0.282901 0.000016 10
Grain 3-12 0.0162 0.0014 0.000361 0.000031 0.282905 0.000014 9
Grain 3-13 0.0090 0.0020 0.000200 0.000040 0.282903 0.000015 10
Grain 3-14 0.0123 0.0039 0.000270 0.000085 0.282900 0.000017 9
Grain 3-15 0.0130 0.0091 0.000278 0.000192 0.282911 0.000018 10
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Table 4 (continued).
Sample no. 176Yh/177HE 1s 17614/ 771t 1s 1761t/ 77 HE 1s Anal.
numbers
Grain 3-16 0.0224 0.0104 0.000467 0.000202 0.282910 0.000022 10
Grain 3-17 00117 0.0007 0.000255 0.000009 0.282881 0.000014 9
Grain 3-18 0.0135 0.0000 0.000293 0.000000 0.282883 0.000012 10
Grain 3-19 0.0081 0.0021 0.000229 0.000057 0.282895 0.000007 6
Grain 3-20 0.0092 0.0057 0.000271 0.000162 0.282917 0.000010 10
Grain 3-21 0.0108 0.0049 0.000342 0.000152 0.282914 0.000010 10
Grain 3-22 0.0145 0.0087 0.000448 0.000252 0.282913 0.000009 9
Grain 3-23 0.0155 0.0047 0.000458 0.000137 0.282910 0.000010 9
Grain 3-24 0.0136 0.0043 0.000418 0.000126 0.282917 0.000018 9
Grain 3-25 0.0132 0.0058 0.000392 0.000162 0.282904 0.000016 9
Grain 3-26 0.0123 0.0029 0.000371 0.000086 0.282910 0.000013 10
Grain 3-27 0.0136 0.0039 0.000387 0.000098 0.282907 0.000012 10
Grain 3-28 0.0125 0.0050 0.000364 0.000143 0.282902 0.000013 10
Grain 3-29 0.0093 0.0013 0.000271 0.000030 0.282909 0.000015 10
Grain 3-30 00117 0.0037 0.000340 0.000109 0.282912 0.000018 10
Grain 3-31 0.0103 0.0033 0.000313 0.000093 0.282918 0.000015 9
Grain 3-32 0.0066 0.0025 0.000216 0.000072 0.282897 0.000010 9
Session 4
Grain 4-1 0.0243 0.0043 0.000619 0.000110 0.282915 0.000017 10
Grain 4-2 0.0202 0.0084 0.000506 0.000209 0.282915 0.000012 10
Grain 4-3 0.0144 0.0039 0.000380 0.000100 0.282901 0.000010 10
Crain 4-4 0.0229 0.0053 0.000603 0.000132 0.282897 0.000015 11
Grain 4-5 00111 0.0011 0.000298 0.000030 0.282902 0.000009 10
Grain 4-6 00119 0.0018 0.000308 0.000037 0.282904 0.000011 10
Grain 4-7 0.0286 0.0085 0.000755 0.000219 0.282911 0.000022 10
Crain 4-8 0.0155 0.0090 0.000418 0.000226 0.282896 0.000021 10
Grain 4-9 0.0082 0.0021 0.000222 0.000054 0.282889 0.000011 10
Grain 4-10 0.0215 0.0063 0.000585 0.000171 0.282884 0.000013 12
Grain 4-11 0.0156 0.0065 0.000406 0.000167 0.282914 0.000014 19
Grain 4-12 0.0072 0.0022 0.000187 0.000054 0.282900 0.000026 9
Grain 4-13 0.0149 0.0043 0.000403 0.000113 0.282914 0.000020 19
Grain 4-14 00113 0.0029 0.000315 0.000071 0.282912 0.000020 10
Grain 4-15 0.0092 0.0038 0.000260 0.000110 0.282899 0.000017 10
Grain 4-16 00110 0.0039 0.000301 0.000099 0282902 0.000018 10
Grain 4-17 0.0141 0.0055 0.000391 0.000136 0.282907 0.000020 11
Grain 4-18 0.0129 0.0045 0.000368 0.000114 0.282910 0.000013 10
Grain 4-19 0.0267 0.0027 0.000739 0.000072 0.282902 0.000015 11
Grain 4-20 0.0052 0.0014 0.000149 0.000039 0.282908 0.000016 10
Grain 4-21 0.0194 0.0098 0.000557 0.000274 0.282911 0.000016 9
Grain 4-22 0.0240 0.0055 0.000630 0.000137 0.282906 0.000011 10
Grain 4-23 0.0124 0.0039 0.000361 0.000113 0.282913 0.000021 11
Crain 4-24 0.0125 0.0049 0.000366 0.000140 0.282904 0.000021 9
Grain 4-25 0.0056 0.0010 0.000157 0.000032 0282901 0.000014 10
Grain 4-26 0.0238 0.0066 0.000710 0.000182 0.282918 0.000019 10
Crain 4-27 0.0094 0.0012 0.000289 0.000039 0.282907 0.000014 9
Grain 4-28 0.0071 0.0004 0.000218 0.000012 0.282912 0.000017 9
Grain 4-29 0.0121 0.0098 0.000371 0.000304 0.282909 0.000019 9
Grain 4-30 00111 0.0050 0.000335 0.000147 0.282905 0.000012 10
Grain 4-31 0.0064 0.0005 0.000191 0.000018 0.282909 0.000024 10
Grain 4-32 0.0128 0.0006 0.000346 0.000014 0.282904 0.000013 10
Grain 4-33 00110 0.0032 0.000327 0.000093 0.282904 0.000016 10
Crain 4-34 0.0318 0.0048 0.000897 0.000129 0.282901 0.000017 10
Session 5
Grain 5-1 0.0089 0.0029 0.000286 0.000096 0.282914 0.000016 39
Grain 5-2 0.0093 0.0048 0.000300 0.000149 0.282905 0.000018 15
Grain 5-3 0.0106 0.0023 0.000336 0.000069 0.282897 0.000018 17
Grain 5-4 0.0082 0.0012 0.000270 0.000041 0.282907 0.000015 10
Grain 5-5 0.0075 0.0040 0.000233 0.000121 0.282899 0.000018 46
Grain 5-6 0.0199 0.0077 0.000601 0.000223 0.282910 0.000018 18
Grain 5-7 0.0108 0.0014 0.000359 0.000040 0.282901 0.000015 22
Grain 5-8 0.0169 00117 0.000529 0.000350 0.282909 0.000017 36
Grain 5-9 0.0125 0.0095 0.000392 0.000289 0.282917 0.000015 23
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Figure 2. Tera-Wasserburg plot of SIMS analyses for

Penglai zircon shards.

values ranging from 0.2% to 7.9%. Total Pb (not cor-
rected for common Pb) 2*8U/?%Pb and 2%7Pb/?%°Pb
ratios were |o|oﬁed on a Tero—Wosserburg p|of (Figure 2)
to avoid potential biases that could be introduced by cal-
culating radiogenic Pb concordia co-ordinates from such
common Pb-rich analyses. A free linear fit of all analyses
on this plot yielded a lower-intercept age of 4.34 =
0.13 Ma (95% confidence interval, mean square
Weighted deviation (MSWD) = 1.3) and an unreasonably
old upper-intercept age of 5200 = 330 Ma. Alternatively,
a forced linear fit through an assumed common
207p/20%Phy ratio of 0.8359 + 00084 estimated from
the zircon host basalt (Tu et al 1991) vielded a lower-
intercept age of 428 = 0.10 Ma (95% confidence infer-
val, MSWD = 1.3; Figure 2). Because of higher 2°’Pb
signal infensities compared with %P, the 2%’Pb-correc-
fion method was used to calculate 228U/?%°Pb dates.
The ?%Pb-corrected 2%8U/?%°Pb ages were relatively con-
stant, ranging from 3.38 = 0.32 to 497 = 0.53 Ma (1),
with a weighted mean (one outlier) of 426 = 0.10 Ma
(95% confidence interval, MSWD = 1.2). It is noteworthy
that spots 14, 15, 23 and 24 had high U concentrations
between 502 and 1297 ug g, and yielded the most
precise 228U/2%Pb ages of 440 = 010, 427 = 0.11,
440 = 017 and 443 =016 Ma (1s). The weighted
mean of these four analyses was 4.36 = 0.12 Ma (95%
confidence interval, MSWD = 0.34), which is in agree-
ment within error with both lower-intercept ages
(434 = 013 and 4.28 =+ 0.10 Ma).

To evaluate SIMS U-Pb data quality of the Penglai zir-
con calibrated against the 91500 zircon reference mate-
rial, Temora-2 was alternately analysed as an unknown

together with the Penglai zircon. Fifreen measurements of

U-Pb isofopes were obtained for Temora-2. Analytical
data are presented in Table S4. All the analyses were con-
cordant within analytical uncertainties, yielding a concordia
age (Ludwig 1998) of 417.0 = 3.2 Ma (Figure S1), which
is identical within error with the recommended value of
41678 = 0.33 Ma (Black et al. 2004). This result indicates
that the calibration of Pb/U fractionation for the Penglai zir-
con material should be equally accurate, and the potential
isobaric inferference on mass 204 (such as **“Hg and
WéHfQBSi) that will result in ‘overestimation of 2°*Pb’ was

negligible.
ID-TIMS U-Pb age

Uranium concentrations ranged from 27 to 48 ng g’
consistent with the majority of the SIMS analyses, sample
Pb from 0020 to 0042 ug g, and initial common Pb
from 0001 to 0007 ug g' (2.3-9.8% of sample 2°°Ph).
The lower variation and lower absolute amounts of com-
mon Pb revealed in the TIMS data compared with the
SIMS data set may reflect the fact that the TIMS analyses
were derived from internal shards of only two zircon mega-
crysts. There were no significant differences in U, Pb or com-
mon Pb concentrations between the total bulk dissolutions
and the second final step from those dissolved by the
CATIMS method (Mattinson 2005). The similarity in spread
of the concentrations of these two groups probably reflects
the fact that there were very few metamict domains in these
grains, based on the low U concentrations and young
ages.

The data clustered near the concordia line with sig-
nificant variations in 2°°Pb/238U and ?%Pb/?*°U dates
(Figure 3). The tofal range in 206ph, /238() dates  was
0.11 Myr (or 2.5%). This variation may not be detectible
by SIMS or LAICP-MS methods due to their lower analyt-
ical precisions. The spread in the 2%Pb/?*8U dates may
also reflect slight inheritance or problems with the ID
measurements. These samples were somewhat under
spiked, but there was no systematic relationship between
the measured ID values and the resuling 2°°Pb/?*8U
dates, so analytical difficulies seem unlikely. The lowest
ion signal in each ID ratio was kept well above the
baseline value in all cases (10-20 mV of 23°U and
30-100 mV 2%°Pb typically).

The variation in ?%Pb/?*°U dates and apparent dis-
cordance of the data could reflect slight inheritance, inac-
curate  measurements of the 2%°Pb/?%*Pb  and/or
206p},,/207Ply ratios, inappropriate Pb blank amount or iso-
fopic compositions, or an incorrect choice of initial 2%Pb/
204ply - compositions. Again, 2%Pb and 2°*Pb infensities
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0.00078

0.00074

0.00070

206pp/238Y

0.00066

0.00062
0.0039 0.0043 0.0047 0.0051

207pp/235

Figure 3. Conventional Wetherill concordia plot of
TIMS analyses from individual, interior shards of two

zircon crystals from the Penglai intrusion.

were kept well above baseline values during all of these
measurements: “%’Pb was typically 40-20 mV for static
Faraday runs, 100000 cps or more for single Daly runs,
204ply was 3000 cps or more in both modes, and any
potential interferences from organic molecules were moni-
tored and removed before acquiring data. The magnitudes
of the analytical inaccuracies necessary to explain the dis-
cordance were 6% for 2%°Pb/?%Pb measurements and
10% for 2°°Pb/?9*Pb. Biases of these magnitudes do not
seem redlistic. For two of the analyses, zE f2 and zE 13,
data were acquired in both single Daly and static multi-col-
lector mode and the reduced data from the paired sefs
were indistinguishable. The Pb blank at the University of
Wyoming laboratory was well-determined and stable. Both
the Pb isofopic composition and total procedural blank
amounts were measured with each dissolution batch. The
isotopic composition of the Pb blank at the University of
Wyoming was very similar to the whole rock Pb isotopic
values of Hainan basalts from the sample area (Tu et al
1991), so there was a negligible effect on the calculated
concordia co-ordinates based on how the measured com-
mon Pb was split between blank and initial Pb.

To evaluate whether the choice of initial Pb isotopic
compositions was controlling the apparent discordance,
blank-corrected total Pb values were plotted in a 3D
scheme (Ludwig 2003) with 2%4Pb,/?%Ph s the zaxis
on a Terd—stserburg |o|of (Figure 4). A linear fit on this
plot yielded an intercept date of 4.36 + 0.10 Ma (95%
confidence interval, MSWD = 5.5), and initial
20%ph/20ph = 22 = 11 and **7/Pb/*%'Pb = 17.3 = 6.5,
The intercept date from a 2D Tera-Wasserburg plot of
radiogenic Pb (corrected using Hainan basalt values for
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Figure 4. Tera—Wasserburg style 3D concordia plot
for Penglai zircon shards of TIMS data using blank-
corrected, total Pb values. The third axis is

204pL, /206ph, Calculated initial Pb isotopic composi-
tions from this linear fit are 22 = 11 for 2°6Pb/2%*Pb

and 17.3 =+ 6.5 for 2°7Pb/2%4pb.

common Pb isotopic compositions) was 4.41 + 0.22 Ma
(95% confidence interval, MSWD = 7.7), within error of
the total Pb 3D intercept date. The similarity of these
dates demonstrates that the choice of initial Pb isotopic
compositions did not skew the calculated intercept date
significantly.

The best estimates of the zircon U-Pb age come from
the 3D infercept date of 4.36 = 0.10 Ma (95% confidence
interval, MSWD =55) and the weighted mean
29Pb/?®U date of 4393 = 0041 (95% confidence
inferval, MSWD = 188), both of which were consistent
with the SIMS U-Pb age of 428 = 0.10 Ma (lower-inter-
cept age of all analyses) and 4.36 = 0.12 (average of four
high U determinations) within analytical error. The tentatively
preferred age is 4.4 = 0.1 Ma (95% confidence inferval).

SIMS oxygen isotope data

Ninety-one individual SIMS measurements of oxygen
isotopes were conducted on ninety-one zircon shards
(including thirty-one zircon shards that were dated by SIMS
U-Pb measurements) in the first session. Values of 5'80
ranged from 4.74%0 to 573%o, forming a Gaussian
distribution with a grond mean of 526 + 044%o (2s;
Figure 5a). The second session comprised 113 individual
measurements of 113 zircon shards. The measured §'%0
values were between 4.86%o0 and 5.74%o, forming a
Gaussian distribution with a grand mean of 531 =
0.35%o (2s; Figure 5b).
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Figure 5. Histogram of 5'20 values for Penglai zircon
shards determined by SIMS in session 1 (a) and session
2 (b) relative to the 91500 zircon reference material
with a 580 value of 9.9 (Wiedenbeck et al. 2004).

Profile analyses, comprising 225 oxygen isotope mea-
surements, were conducted on nine zircon megacrysts in
the second session. Figure 6a and d shows the CL images
of two representative Penglai megacrysts (Grain 5-1 and
Grain 5-9) for profile analyses, and the measured §'80
values are plotted against each transect in Figure 6b
and e. The measured §'80 values in Grains 5-1 and 5-9
showed no correlation with different CL domains, yielding
grand means of 532+ 047%c and 5.13 = 0.34%o,
respectively. Overall, all the 225 measured 'O values for
the nine megacrysts were between 4.75%o and 5.86%o,
forming a Gaussian distribution with a grand mean of
5.30 = 0.46%0 (2s; Figure 7a) comparable with the results
of the individual measurements for 204 shards in the first
and second sessions. The averages of intra-grain profiles
from each of the nine grains varied from 5.13 = 0.17%o
(1s) to 541 = 0.20%0 (1s; Table 3), yie|o|ing a mean of
528 + 0.19%0 (2s; Figure 7b). These results suggest a
rather small infra-grain variation of oxygen isotopes within

individual megacrysts.

Overct”, both the inter-grain individual and infra-grain
profile measurements were corroborative and indicate that
Penglai megacrysts are faidy homogeneous in oxygen iso-
topes. The grand mean of 3'80 value for all 316 SIMS
measurements was 529 = 0.46%o (2s), which is consistent
with the value of 5.3 + 0.6%o (2s) for normal mantle zir-
cons (e.g, Valley et al. 1998, Page et al. 2007).

IRMS oxygen isotope data

Twenty-four measurements of oxygen isotopes were
conducted on twelve zircon shards by the laser fluorination
technique. Values of 8'%0 ranged from 5.24%o to 5.38%o
(Table 3), forming a Gaussian distribution with a grand
mean of 531 =+ 0.12%0 (2s; Figure 8). Three measure-
ments by the conventional BrFs technique yielded a mean
value of 531 = 0.14%o (2s; Table 3) that is identical with
the results obtained by laser fluorination and SIMS within
analytical uncertainties. All IRMS analyses gave a mean
value of 8'80 of 531 = 0.10%o (2s), which is interpreted
as the best reference value for the Penglai zircons.

LA-MC-ICP-MS Hf isotope data

LA-MCICP-MS analyses comprising a total of 1286
Lu-Hf isotope measurements were undertaken in five ses-
sions. Because the measured '7°Yb/!”7Hf ratio values
were relatively high (- 0.001), independent mass bias fac-
tors for Hf and Yb in the isobaric interference correction
were used fo produce more reliable Hf isotopic data
(Woodhead et al 2004, lizuka and Hirata 2005, Wu
et al. 20006). Fifty-three Lu-Hf isotopic measurements were
made on eight zircon shards in session 1. The measured
176Hf/177Hf values ranged from 0282878 = 0.000014
(1s) to 0.282932 + 0000014 (1s), forming a Gaussian
distribution with a grand mean of 0.282906 + 0000024
(2s; Figure Qa).

Sessions 2, 3 and 4 comprised 343, 305 and 358
random Lu-Hf isotopic measurements on 34, 32 and 34
zircon megacrysts, respectively. Overall, the 1006 mea-
sured '7HE/'77HE values ranged from 0282864 =
0.000022 (1s) to 0.282949 + 0000019 (1s; Table S3).
The measured '"°Ht/'””Hf values for both intra-grain and
inter-grain analyses of each sessions formed Gaussian dis-
tributions, with grand means of 0.282910 = 0.000030
(2s), 0282905 = 0000034 (2s) and 0.282906 =
0000036 (29) for sessions 2, 3 and 4, respectively
(Figure 9b~—d).

Session 5 yielded 225 Lu-Hf isotopic measurements
from nine zircon megacrysts along the profiles of previous
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Figure 6. Cathodoluminescence images and profile analyses of O—Hf isotope measurements transecting different
CL domains for two representative Penglai zircon megacrysts (Grain 5-1 and Grain 5-9). Small white dots within
the CL images indicate the analytical spots of Hf isotopes by LA-MC-ICP-MS. Corresponding analytical spots of
SIMS oxygen isotope measurements, which are too small to be shown, are near the spots of Hf isotopes.

The measured 3'20 values were calibrated relative to the 91500 zircon reference material with a 5'20 value

of 9.9 (Wiedenbeck et al. 2004).

measured

for isofopes.

measurements oxygen The
176Hf/177Hf values for two representative Penglai mega-
crysts, Grains 5-1 and 5-9, are plotted against each tran-
sect in Figure 6¢ and f No correlations were observed
between the measured '7°Hi/'"7Hf values in Grains 5-1

and 5-9 relative to different CL domains, and the two

© 2010 The Authors. Journal compilation © 2010 International Association of Geoanalysts

grains vyielded grand means of 0282914 = 0.000031
(2s) and 0.282917 = 0.000030 (2s), respectively. All 225
measured '7HI/'7Hf values from the nine megacrysts
rcmged from 0.282861 + 0.000017 (1s) to 0.282953 =
0.000013 (1s), and formed a Gaussian distribution with
grand mean of 0.282907 + 0.000036 (2s; Figure 9e).
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Figure 7. (a) Histogram of intra-grain 5'30 measure-
ments for the Penglai zircon megacrysts in session 3.
(b) Average of intra-grain 5'20 values for each
megacryst in session 3. Error bars are 2s. The mea-
sured 80 values were calibrated relative to the
91500 zircon reference material with an §'20 value
of 9.9 (Wiedenbeck et al. 2004).
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Figure 8. Histogram of 3'20 values for the Penglai
zircon shards determined by the laser fluorination
IRMS technique relative to the 91500 zircon reference
material with a 580 value of 9.9 (Wiedenbeck et al.
2004).

Results of all 1286 measurements on 117 zircon
megacrysts/shards also formed o Gaussian distribution
with a grand mean of 0282907 + 0000034 (25
Figure 9f. Averages of 117 intra-grain '7®Hf/"””Hf mea-
surements in sessions 1-5 varied from 0282881 =
0000014 (1s) to 0282927 + 0000013 (1s; (Table 4),
with a mean of 0282906 + 0000016 (2s; Figure 10).
This result, with improved precision, is indistinguishable
within uncertainty from the average value of 0282916 =
0.000056 (2s) reported by Qiu et al (2005). Therefore,
the Penglai zircon megacrysts are fairly homogeneous in
Hf isotopes and appear to lack any significant intra- and

inter-grain variations.
Solution MC-ICP-MS Hf isotope data

Eleven zircon megacrysts were dissolved for chemical
purification of Hf, and fifty-six solution MCICP-MS mea-
surements were conducted on the purified Hf dissolution.
The measured '"7°Hf/'7Hf values were between
0282892 + 0000012 and 0282919 + 0.000009 (2
SE). All "7Hf/V7Hf data formed a Gaussian distribution
with a grand mean of 0282906 + 0000024 (2s;
Figure 11a). The mean of '"°Hi/'7Hf values deter-
mined by solution MCICP-MS for eleven megacrysts
was 0282906 = 0000010 (2s; Figure 11b), which is
identical with the statistical mean of the laser ablation
results.

We tentatively conclude that the Penglai zircon mega-
crysts have reasonably homogeneous Hf isotopic composi-
tions, based on both the laser ablation and solution
measurements conducted in this study, as well as the previ-
ous data of Qiu etal (2005). The mean value of
"76Ht/'77Hf = 0282906 = 0000010 (25) of solution
MCHCP-MS measurements is the preferred reference value

for the Penglai zircons.

Conclusions

This study has demonstrated that the Penglai zircon
megacrysts are fairly homogeneous in Hf and O isotopic
composition. Variations in Hf and O isofopic compositions
as determined by LAMC-ICP-MS and SIMS, respectively,
did not exceed experimental uncertainties. Precise mea-
surements by solution MCAICP-MS for Hf isotopes and by
IRMS for O isotopes were very consistent with the stafistical
means of microbeam (LA-MCHICP-MS and SIMS) measure-
ments. Thereby, the Penglai zircon megacrysts can be used
as a suitable working reference material for Hf and O iso-
topes for the microbeam analysis of unknown zircon sam-
ples. A major advantage of the Penglai zircon megacrysts
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Figure 9. Histogram of '76Hf/'77Hf ratios determined by LA-MC-ICP-MS for Penglai zircon shards and/or

megacrysts in each analytical session 1-5 (a—e) and all five sessions (f).
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Figure 10. Average of intra-grain '7¢Hf/'77Hf mea-
surements for 117 zircon grains in sessions 1-5
determined by LA-MC-ICP-MS. Each datum point is the
mean of the measured '7°Hf/'77Hf values within

each zircon grain. Error bars are 2s.

is the easy access to the field locality and the almost unlim-
ited quantity of zircon that can be made available 1o the

international geoscience community.

Reference zircons with U-Pb ages younger than 5 Ma
are rare (see summary of Sléma et al 2008). The Peng|qi
zircons appear to be homogeneous in U-Pb age. The age
uncertainty is relatively large (2.5%) because the zircons
contain variably high levels of non-radiogenic Pb, and low
U and Pb concentrations relative to other zircon reference
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surements determined by solution MC-ICP-MS. Error
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materials of Palaeozoic and Precambrian ages. These
characteristics lead to low count rates and poor counting
statistics for microbeam analyses. Alternatively, there could
be a real, small variation in zircon age on the order of
0.1 Ma, in view of the ID-TIMS measurements, which
awaits further investigation.

Although the Penglai zircons may be too young and
contain variably high amounts of common Pb to be a suit-
able U-Pb age reference material for calibration of
unknown samples by microbeam analysis, the material can
be used as a secondary working reference material for
quality control of U-Pb age determination of young (partic-
ularly < 10 Ma) zircon samples.

There are currently 800 g of Penglai zircon megacrysts
available for distribution. These are stored in the SIMS lab-
oratory at the Institute of Geology and Geophysics, Chi-
nese Academy of Science in Beijing, and are available on
request from the lead author of this article.
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