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ABSTRACT: Zircon U-Pb and Hf-O isotope compositions preserve valuable records of the formation and evolution of
geological processes. To obtain accurate and precise zircon geochronology and Hf-O isotope ratios using in situ techniques, matrix-
matched reference materials are essential. In this study, we introduce a new potential zircon reference material, the Perilla megacryst,
which has homogeneous U-Pb ages and Hf-O isotopic compositions, as demonstrated by multiple analytical techniques. The
chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS) method presents a weighted mean
206pb/2381 age of 42.40 + 0.06 Ma (20, n = 8). Further examination of the heterogeneity of U-Pb ages of the Perilla zircon megacryst
was conducted by secondary ion mass spectrometry (SIMS) and laser ablation (multiple collector) inductively coupled plasma mass
spectrometry (LA-MC-ICP-MS) among six laboratories. We obtained mean 2°°Pb/?*¥U ages of 42.6 = 0.3 Ma (20, n = 23) using
SIMS (SHRIMP), 42.6 + 0.3 Ma (26, n =20) using SIMS (CAMECA), 42.2 + 0.3 Ma (20, n = 14) using LA-MC-ICP-MS, and 42.6

+0.1 Ma (20,n=207) using LA-Q-ICP-MS, respectively. The Hf isotopic = CI
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compositions of Perilla were evaluated using LA-MC-ICP-MS, yielding a
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uniform mean 7°Hf/"77Hf ratio of 0.282565 + 0.000040 (2SD, n = 149)
among four laboratories. Oxygen isotope analysis using laser fluorination
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geochronology and Hf-O isotopic measurements.
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INTRODUCTION

Zircon (ZrSiO4) is a common accessory mineral found in
sedimentary, metamorphic, and igneous rocks, and it plays a
critical role in the Earth sciences" 2. This tetragonal orthosilicate
mineral allows the substitution of its Zr** and Si*' cations with
various elements, including U, Th, Hf, Ti, and rare earth elements
(REE)**. Advances in microbeam analysis techniques made zircon
widely used in geochronology and thermochronometry
applications, including U-Th-Pb geochronology®, U-Th-He
thermochronometry?, Ti-in-zircon thermometry®, and studies of
magma source and continental evolution via REE content and Si,
O, Zr and Hf isotopes’. However, accurately determining trace
element and isotope compositions in zircon is essential for
effectively addressing geological questions. While trace element
contents in zircon can be accurately determined using a single
external standard (e.g. NIST610 glass) combined with a single
internal standard element (°'Zr or 2°Si) calibration method’, in situ
U-Th-Pb dating and Zr-Hf-O isotope analysis cannot be achieved
through simple external calibration using NIST610. This
limitation arises from matrix effects due to differences in major
and trace element compositions between zircon and silicate glass.

The most straightforward and effective solution to monitor
matrix effects and instrument drift is to use zircon standards with
known isotopic compositions as external reference materials.
Numerous zircon standards have been characterized for U-Pb
dating, including SL138%, 91500%'°, GJ-1"", TEMORA'2, M257'3,
76266, Peixe'®, SL'6, 0G-1'7, R33'8, FCT'®, KV01%, Qinghu?',
AusZ2?, Plesovice?®, M127%, BB, GZ7%°, GZ8?°, Penglai’’,
Mud Tank?® 2%, GHR13%, LKZ-13!, SA01%, SA02%, Jilin*, and
Tanz®. However, only four standards, including 915003,
TEMORA, lJilin, and Penglai, are suitable for Hf-O isotope
calibration. Furthermore, Penglai, the only one among these four
standards with a Cenozoic age (4.4 = 0.1 Ma), poses challenges
for accurately evaluating Cenozoic zircon age data.

While FCT (28.196-28.638 Ma)'®, AUS_z2 (38.896 + 0.012
Ma)?2, and GHR1 (48.106 + 0.023 Ma)* also have Cenozoic ages,
only GHR1 is suitable for Hf isotope analysis, limiting the other
two standards to geochronological analysis. Moreover, these three
zircon grains are typically small, which may lead to intergrain
heterogeneity. Critically, due to the alleviation of matrix effects
from differential accumulation of zircon decay damage®’,
employing older standards to correct younger zircons could lead
to an age discrepancy. To address these issues, developing new
Cenozoic zircon reference materials suitable for both U-Pb dating
and Hf-O isotope analysis is crucial. This study investigates the U-
Pb ages and Hf-O isotopic results for the Perilla zircon megacryst
using chemical abrasion isotope dilution thermal ionization mass
spectrometry (CA-ID-TIMS), secondary ion mass spectrometry
(SIMS) and laser ablation (multiple collector or quadrupole)
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Fig. 1 Photograph of Perilla zircon megacryst (a) and cathodoluminescence
(CL) images of representative Perilla zircon fragments (b).

inductively coupled plasma mass spectrometry (LA-MC/Q-ICP-
MS) from multiple laboratories. Our results demonstrate that the
Perilla zircon megacryst represents the only known Cenozoic
megacrystic zircon that exhibits homogeneous U-Pb age and
concordant Hf-O isotopic compositions. Due to its Cenozoic age,
which results in limited 2°’Pb production, it particularly suitable as
a secondary reference material for microbeam analysis.

EXPERIMENTAL

Sample description and preparation. The Perilla zircon
megacryst was originated from Pakistan and purchased from a
jeweler. Weighing approximately 23 grams, it measures 2.5 cm in
length, 1.5 cm in width, and 1.1 cm in height (Fig. 1a). Different
portions of the zircon were crushed into fragments, which were
subsequently distributed to various laboratories for analysis. Some
fragments were mounted in epoxy for in situ analysis, while others
were crushed into powder for ID-TIMS U-Pb dating and laser
fluorination oxygen isotope analysis. To observe the detailed
internal structures of the zircon fragments, cathodoluminescence
(CL) images (Fig. 1b) were acquired at the State Key Laboratory
of Lithospheric and Environmental Coevolution, University of
Science and Technology of China (USTC), Hefei, China. Most of
these images display homogeneous CL intensities, with a few
exhibiting weak internal zonation. In addition, a few fragments
were embedded in epoxy with Temora-1, M127 and Plesovice for
SIMS U-Pb age analysis, and with Penglai, Qinghu and UWZ13®
for SIMS oxygen isotope analysis.
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U-Pb geochronology

ID-TIMS U-Pb dating (TJCGS). ID-TIMS U-Pb dating was
conducted using the chemical abrasion approach at the Tianjin
Center, China Geological Survey (TJCGS). Eight Perilla zircon
fragments, free of cracks and inclusions, were selected. Since the
205Pb diluent is not easy to obtain, 2®Pb was used in this
experiment to replace 2Pb with 2%Pb-2>U diluent, which was
prepared and applied to the U-Pb dating analysis. Unlike the 2%°Pb-
25U diluent, 28Pb-?*U cannot be added to the sample prior to
dissolution. After the sample has been dissolved, the sample
solution is divided into two aliquots, and to only one the diluent
was added. This is due to the fact that 2°5Pb does not exist in nature;
adding 2%5Pb diluent will not affect the 2°4Pb, 2°Pb, 2°7Pb and 2%*Pb
signals, and a single solution can be used. However, the addition
of 2%Pb diluent directly affects the sample >**Pb signal, so it is
necessary to divide the solution into two parts: one can measure
the signal before adding diluent (without diluent), and the other
can measure the signal after adding diluent (with diluent). The
fragments were crushed and placed in a high-pressure vessel,
treated with concentrated HF, sealed, and heated at 205°C for 72
hours, checked by microscopic observation to ensure complete
dissolution. The process was repeated the fragments complete
dissoluted. The evaporated solution was re-dissolved in 6 mol/L
HCI and then divided into two aliquots: approximately 2/3 for Pb
isotope ratio analysis and approximately 1/3 for U and Pb
elemental analysis, with ~100 pL of 2%Pb-2*U mixed spike
added*“0. A 6 mol/L HCl solution was used to elute Pb, while a
0.1 mol/L HNO;3 solution was used to elute U using AG1 X8 ion
exchange resin. The purified solution was prepared for TIMS
measurement after drying on (thenium) filaments at a low current
(~2A).

U-Pb isotopic analysis was performed using a Thermo Fisher
Triton mass spectrometer equipped with nine Faraday cups and
four ion counters. Except for 2*Pb, which was measured by an
electron multiplier, the other Pb isotopes were measured at H1 cup
(%%Pb), H2 cup (>*Pb), and H3 cup (**®Pb) with a current of 2500—
3000 mA. U isotope ratios were subsequently measured at center
cup C (33U0») and H2 cup (>8U0O:) with a current of 2800-3300
mA. Before measurement, standards SRM982 and U500 were
used to optimize instrument parameters, centralize peaks of Pb and
U isotopes, check the mass calibration curve and yield, and ensure
the measured isotopic ratios of SRM982 and U500 were consistent
with their reference values. Raw data were processed using the
PBDAT* and Isoplot R*? software. Common Pb was monitored
by the 2™Pb signal and corrected according to the blank and initial
Pb composition from the Stacey—Kramers model®. The whole
procedural blank in this experiment was approximately 30 pg for
Pb and 12 pg for U. The results are listed in Table S1.

SIMS U-Pb dating. SHRIMP U-Pb dating (IGGCAS). Zircon U-
Pb dating on 23 spots was conducted using ASI/DTDC SHRIMP
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II at the Beijing SHRIMP Center, Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing.
The detailed procedures and conditions were similar to Wan et al.
(2023)*, and only a brief description is provided here. A 2.5-3 min
burning was performed before each spot analysis, and five scans
were made through the mass stations for each spot. The intensity
of the O% ion beam and the spot size were approximately 25 pm
and 3.5 nA, respectively. Reference zircons M127'3 were used for
calibrating 2°°Pb’?38U ratios and element abundance. Common
lead was corrected by measuring 2°*Pb abundances and common
Pb composition®. Data processing was carried out using the
SQUID and Isoplot programs*. The corrected data are listed in
Table S2.

CAMECA IMS 1300-HR U-Pb dating (ZJU). Zircon U-Pb dating
and the homogeneity test were also implemented using CAMECA
IMS 1300-HR? at the Research Center for Earth and Planetary
Material Sciences, School of Earth Sciences, Zhejiang University,
Hangzhou. The Oz primary ion beam with the intensity of ~5 nA
was accelerated by a voltage of -13 kV. Through the 200 um
primary beam mass filter and 750 pum last primary aperture, the
beam was focused on zircons in aperture illumination mode,
forming a sputter spot size of ~20x20 pm. To enhance the yield
rate of Pb", oxygen flooding was also used and changed the
vacuum of the sample chamber to 2.5x10° mbar. After the
secondary positive ions were extracted with a potential of 10 kV,
they were transferred at a mass resolution of 5600 (10% peak
height) using a 50 eV energy window. The field aperture, entrance
slit, and exit slit were set to 4000 pm, 50 pum, and 173 um,
respectively. The U-Th-Pb ratios of zircons were calculated using
the linear function between  In(?**Pb/*®U'®Q) and
In(*38U'60/238U'%0) established from the standard zircon 91500.
Four or five analyses on our zircons were interspersed by one
analysis on 91500, Plésovice and Qinghu zircons to monitor the
drift of matrix effect during the analytical session. The data are
shown in Table S3.

LA-MC-ICP-MS U-Pb dating (TJCGS). Zircon U-Pb dating
for 14 spots using LA-MC-ICP-MS was conducted at the Tianjin
Center, China Geological Survey (TJCGS). A Thermo Fisher
Scientific Neptune instrument connected to an ESI UP193-FX
ArF excimer laser was employed. A laser wavelength of 193 nm
with a pulse width of 5 ns was used during analysis, with He as a
carrier gas. The spot beam diameter, laser energy density, and
frequency were 30 pm, 5 J/cm?, and 8 Hz, respectively. The data
acquisition time was 22 s, and the blank time was 6 s. Uranium
and lead isotopic fractionation were corrected using GJ-1-1/61A
standard zircon as the external age standard!"> 2, while 91500 and
Plesovice standard zircons were used to monitor data quality. The
collected data were processed using the ICPMS Data Cal
procedure’ and Isoplot R*. Zircon Pb, U, and Th concentrations
were calibrated using the SRM610 glass standard for external
standardization. The calibrated results are listed in Table S4.
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LA-Q-ICP-MS U-Pb dating. LA-ICP-MS U-Pb dating (Beijing
Createch). U-Pb dating for 40 spots were analyzed using LA-Q-
ICP-MS at Beijing Createch Testing Technology Co., Ltd., with
the results included in Table S5. Detailed operating conditions for
the laser ablation system, the Q-ICP-MS instrument, and data
reduction can be found in Hou et al. (2009)*7. A RESOlution 193
nm laser ablation system connected to an Analytik Jena PQMS
Elite ICP-MS instrument was used. Helium was used as a carrier
gas, mixed with argon gas via a T-connector before entering the
ICP. Each analysis included approximately 15-20 s (gas blank)
background acquisition and 45 s data acquisition. The laser
ablation energy density, spot size, and repetition rate were 5.0
J/em?, 24 um, and 6 Hz, respectively. Off-line raw data selection,
integration of background and analyte signals, time-drift
correction, and quantitative calibration for U-Pb dating were
performed using LADR 1.1.07 software®®. Zircon standard 91500
was used to correct time-dependent drift of U-Th-Pb isotopic
ratios using a linear interpolation (with time) for every 5-10
analyses. Uncertainty of preferred values for the external standard
GJ-1-1/61 A was propagated to the final results of the samples and
the PleSovice zircon was dated as a secondary standard. Concordia
diagrams and weighted mean calculations were performed using
Isoplot R,

LA-ICP-MS U-Pb dating (XCGS). U-Pb dating and trace element
analysis of 88 spots using LA-Q-ICP-MS were conducted
simultaneously at the Key Laboratory for the study of focused
Magmatism and Giant ore Deposits, MNR, Xi'an Center, China
Geological Survey (XCGS). Laser sampling and signal
acquisition were performed using a GeoLas Pro connected to an
Agilent 7700x ICP-MS instrument. Argon was used as the make-
up gas and mixed with the carrier gas (Helium) via a T-connector
before entering the ICP. Each analysis incorporated a background
acquisition of approximately 10 s (gas blank) followed by 40 s data
acquisition from the sample. The laser ablation energy density,
spot size, and repetition rate were 7.0 J/cm?, 32 um, and 5 Hz,
respectively. Off-line selection and integration of background and
analyte signals, time-drift correction and quantitative calibration
of trace element analyses and U-Pb dating were performed using
Iolite 4%. The details of the instrumental conditions and data
acquisition procedures, and principles were described by Li ef al.
(2023)%. Zircon reference 91500° was used as the external
standard for U-Pb dating, while zircon references materials GJ-1'!
and PleSovice® served as secondary quality monitors. Time-
dependent drift of U-Th-Pb isotopic ratios were corrected using
interpolation. Uncertainty of preferred values for the external
standard 91500 was propagated to the sample results. Concordia
diagrams and weighted mean calculations were made using
Isoplot R*2. Trace element compositions of zircons were calibrated
against glass reference materials NIST610, using Si as the internal
standard element. The age and trace element results can be found
in Table S6.
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LA-ICP-MS U-Pb dating (USTC). U-Pb dating and trace element
analysis of 79 spots using LA-Q-ICP-MS were carried out
simultaneously at the State Key Laboratory of Lithospheric and
Environmental Coevolution, USTC, Hefei, China. A RESOlution
S155 ablation system with a 193 nm excimer laser connected to a
Thermo Fisher ICAP Q ICP-MS was employed. Helium was used
as a carrier gas and was mixed with argon in the sample chamber
before entering the ICP-MS. 91500 standard zircons, together with
NIST 610, BHVO-2G, BCR-1G, and BIR-2G standard glasses
were analyzed to correct for isotopic fractionation and to calibrate
trace element contents. Each analysis incorporated a background
acquisition of approximately 18 s (gas blank) followed by 35 s data
acquisition from the sample. The laser ablation energy density,
spot size, and repetition rate were 5.0 J/cm?, 29 pm, and 6 Hz,
respectively. Zircon reference 91500° was used as an external
standard for U-Pb dating, and zircon references Tanz*> and Jilin**
served as secondary quality monitors. Time-dependent drift of U-
Th-Pb isotopic ratios were corrected using interpolation in the
Iolite 4 program® and the ages were calculated using Isoplot R
program*, Trace element compositions of zircons were calibrated
against glass reference materials NIST610 using Zr as internal
standard element. The resulting data are presented in Table S7.

The Q(MC)-ICP-MS analytical setup, running parameters,
treatment of uncertainties and data reduction process are
summarized in Supplementary table of “Metadata LA™ according
to the reported format of Horstwood et al. (2016)°!. Additionally,
the U-Pb ages of the standard zircons and their references have
also been listed in the Supplementary table of "Reference
materials.

Oxygen isotope measurement

Laser fluorination oxygen isotope analysis (USTC). The bulk
oxygen isotope ratios of 5 Perilla zircon fragments were
determined using the laser fluorination method by Finnigan Delta
XP mass spectrometry at State Key Laboratory of Lithospheric
Coevolution, USTC, Hefei, China.
Approximately 1.5 mg powder of Perilla zircon megacryst was
heated to melt with a25 W COz laser (A = 10.6 mm; MIR-10). The
released Oz gas via reaction with BFs was cryogenically purified
and analyzed by gas source mass spectrometry. The determined
180/1°0 ratios were normalized to VSMOW (Vienna Standard
Mean Ocean Water) and expressed using §'30 notation. Zircon

and Environmental

standard 91500 was used as the external reference material with a
8130 value 0f 10.0 = 0.1 %o in USTC?2. Standard garnet 04BXL07
was also analyzed with a §'80 value of 3.7 = 0.1%0°. The oxygen
isotope ratios are listed in Table S8.

SIMS oxygen isotope analysis (NJU and ZJU). The SIMS oxygen
isotope analysis of 58 and 67 spots was conducted using a
CAMECA IMS 1300-HR3 instrument at the State Key Laboratory
for Mineral Deposits Research, Nanjing University (NJU),
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Nanjing, and Research Center for Earth and Planetary Material
Sciences, School of Earth Sciences, Zhejiang University,
Hangzhou, China. A primary '**Cs+ ion beam (20 keV total
impact energy) was focused in Gaussian mode. The 5 pum raster
mode was used in the analytical process to reduce ablation depth,
and a normal-incidence electron gun was used for charge
compensation. The mass resolving power (MRP, M/AM),
measured at 50% peak width, was set at ~2500 to minimize
isobaric interferences. The '°0 and 3O signals were collected
simultaneously using two Faraday cups at positions L'2 (10'° )
and H'2 (10" Q), respectively. Typical count rates were ~ 2x10°
cps for 1°0~ and ~ 4.5x10 cps for '*0™, and the internal precision
for one spot analysis of oxygen isotope ('%0/'°O ratio) was
typically ~ 0.2%o (2SE). To evaluate the reliability of the SIMS
analytical method in this study, the oxygen isotope of Penglai?’,
Qinghu?' and UWZ138 zircon reference materials were analyzed
intermittently in the same experiments of the Perilla zircon §'%0
measurements. Detailed O isotopes data can be found in Tables S9
and S10.

Hf isotope measurement

Laser ablation MC-ICP-MS Hf isotope analysis (USTC). In
situ zircon Lu—Hf isotope analysis of 30 spots was conducted on a
Neptune Plus MC-ICP-MS system equipped with a RESOlution
S155 Laser system at State Key Laboratory of Lithospheric and
Environmental Coevolution, USTC, Hefei, China. The analysis
employed a 43 um beam diameter, a laser repetition rate of 8 Hz,
and an energy density of 3.5 J/cm?. A mix of helium (375 ml/min)
and argon (~0.9 L/min) gases was used as the carrier gas. Each
analysis included a 15 seconds background measurement and 35
seconds of data acquisition. Raw Lu—Hf isotope data were
corrected offline using the Iolite program, applying the isobaric
correction model proposed by Gu et al. (2019)**. Isobaric
interference of '"Lu on '7Hf was corrected by using the
176Lu/13Lu ratio of 0.02655% to calculate '"*Lu/!7"Hf ratios. Yb
reduction was carried out using the PYb value, which was
calculated by fitting BYb = k *BHf using the standard zircon
(Qinghu) during the analytical session. The BYb was used to
calculate the mass fractionation of Lu due to their similar
physicochemical properties. Zircon standards 91500, PengLai and
MUNZirc* were measured simultaneously as monitors. All
corrected Hf isotope data are listed in Table S11.

Laser ablation MC-ICP-MS Hf isotope analysis (XCGS). In
situ zircon Hf isotope analysis of 29 spots were conducted using a
GeoLas Pro laser ablation system coupled with a Neptune Plus
Multiple-Collector ICP-MS at the Key Laboratory for the Study
of Focused Magmatism and Giant Ore Deposits, MNR, in the
Xi'an Center of Geological Survey, China Geological Survey. A
stationary laser ablation spot with a beam diameter of 32 um was
employed for the analyses. The ablated aerosol was transported by
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helium, mixed with argon and a minor amount of N> (4 ml/min) in
a mixing chamber, and then introduced to the ICP-MS plasma.
The quality of Hf isotope data was monitored by frequently
analyzing reference zircons GJ-1-1/61A, 91500, Plesovice, and
MUNZirc. These reference zircons, with a wide range of
176Yb/!"Hf ratios (0.005-0.22), provided the best indication of the
accuracy of Yb and Lu interference corrections on 7®Hf. Lu and
Hf isotopes were calculated using in-house software Hfllow 3.5
(Patent No. ZL 2018 1 0087759.6), and the corrected results are
listed in Table S12. The details of instrumental conditions and data
acquisition procedures can be found in Gao et al. (2022)%7.

Laser ablation MC-ICP-MS Hf isotope analysis (HFUT).
Zircon in situ hafnium isotopic ratios of 44 spots were measured
by LA-MC-ICP-MS at the Isotope Laboratory, School of
Resources and Environmental Engineering, Hefei University of
Technology. A Teledyne Cetac Technologies Analyte HE Excite
laser-ablation system was combined with a ThermoFisher
Neptune Plus MC-ICP-MS for the experiments. A 193 nm ArF
excimer laser was focused on the zircon surface with a fluence of
~6.0 J/cm?. The ablation protocol employed a spot diameter of 40
um at an 8 Hz repetition rate for 30 s (equating to 240 pulses). A
mixture of helium (~0.9 L/min) and argon (~0.9 L/min) gases was
applied as the carrier gas to efficiently transport aerosol to the MC-
ICP-MS. Standard zircons (including Qinghu, PleSovice, Penglai,
91500, GJ-1-1/61A) were treated as quality controls during the
analytical process. All the data were reduced offline with
LAZrnHf-Calculator@HFUT using the newly proposed isobaric
correction model’*. Yb-Lu interference correction protocols are
similar to those of USTC. Analytical results of standard zircons
measured simultaneously are given in Table S13.

Laser ablation MC-ICP-MS Hf isotope analysis (OUC). The
hafnium isotopic ratios of 46 zircon spots were analyzed using the
LA-MC-ICP-MS method at the Key Lab of Submarine
Geosciences and Prospecting Techniques, Ocean University of
China. The experiments utilized an Elemental Scientific Lasers
(ESL) NWR 193 HE Laser Ablation system in combination with
a Thermo Fisher Neptune Plus MC-ICP-MS. A 193 nm ArF
excimer laser, with a fluence of approximately 4.5 J/cm?, was
focused on the zircon surface. The ablation protocol employed a
spot diameter of 40 pm at a repetition rate of 8 Hz for 30 seconds,
resulting in 240 pulses. A carrier gas mixture of helium (~0.8
L/min) and argon (~1.0 L/min) was applied to efficiently transport
the aerosol to the MC-ICP-MS. Standard zircons (including
Qinghu, MUNZirc, Penglai, and 91500) served as quality controls
during the analytical process. All data were processed offline using
the LAZmHf-Calculator@HFUT> and Yb-Lu interference
correction protocols are similar to those of USTC. Analytical
results of standard zircons measured simultaneously are given in
Table S14.
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Fig. 2 CA-ID-TIMS U-Pb dating results of the eight fragments of Perilla zircon megacrysts. (a) Concordia plot; (b) weight mean **Pb/**U age. The
uncertainty of the Wetherill concordia age represents the analytical uncertainty plus the decay constant uncertainties. The width of the grey band on the plot
represents the confidence interval for the weighted mean plot. Data-point error ellipses and bars are 26.

RESULTS AND DISCUSSION

U-Pb dating. U-Pb isotopic dating of eight fragments from the
Perilla zircon megacryst, conducted at TICGS using Chemical
Abrasion Isotope Dilution Thermal Ionization Mass Spectrometry
(CA-ID-TIMS), yielded a concordia age of 42.40 + 0.06 Ma (20,
n = 8, MSWD = 0.15), where the error of the weighted mean
206pb/238U age represents both analytical and tracer uncertainties
(Fig. 2). Nevertheless, the zircon has relatively heterogeneous U
and Pb compositions, ranging from 187.7 to 684.4 ppm for U and
from 2.8 to 6.4 ppm for Pb. To further evaluate the potential of
Perilla zircon as a reference material for ion microprobe analysis,
Secondary Ion Mass Spectrometry (SHRIMP) was employed at
IGGCAS. SHRIMP analyses produced a concordia 2Pb/>38U age
0f42.6 £ 0.3 Ma (20, n = 23, MSWD = (.8), which is consistent
with the dating results 0f 42.6 £ 0.3 Ma (26,n =20, MSWD =(.8)
by SIMS (CAMECA) as illustrated in Figs 3a and 3b. In both
setups, the monitor zircon standard M127 and PleSovice yielded
concordia 2°Pb/?38U ages of 526.7 +£2.1 Ma (20, n = 14, MSWD
=0.6) and 341.0 £ 2.1 Ma (26, n = 10, MSWD = 0.3) consistent
with recommended values (Table S15). Additionally, 14 spot
analyses of Perilla zircon conducted at TICAS using LA-MC-
ICP-MS yielded concordia ages ranging from 39.7 + 1.1 Ma to
43.7 + 0.9 Ma, with an overall mean 2%Pb/?38U age 0of 42.2 + 0.3
Ma (20, n = 14, MSWD = 2.5) (Fig. 3c). The two ellipses with
markedly larger uncertainties in Figure 3¢ are likely due to their
lower U contents (56—58 ppm) compared to the other points (60—
282 ppm). The collective 2°°Pb/?38U ages from SHRIMP, SIMS
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Fig. 3 Concordia plot of fragments of Perilla zircon megacrysts obtained
by (a) SHRIMP from the Beijing SHRIMP Center, Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing; (b) by
SIMS (CAMECA) from the Research Center for Earth and Planetary
Material Sciences, School of Earth Sciences, Zhejiang University,
Hangzhou and (c) by LA-MC-ICP-MS from Tianjin Center, China
Geological Survey (TJCGS), Tianjin. (d) Histogram of 2**Pb/?*U ages for
all SIMS and LA-MC-ICP-MS analyses. Data-point error ellipses are 2c.

(CAMRCA) and LA-MC-ICP-MS are consistent with the CA-ID-
TIMS results within the bounds of analytical precision (Fig. 3d).
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Fig. 5 Chondrite-normalized REE patterns of Perilla zircon fragments at
USTC and XCGS.

LA-Q-ICP-MS analyses conducted across three laboratories
(Beijing Createch, XCGS, USTC) yielded consistent U-Pb age
results (Figs. 4a—4c). Due to the low common 2*Pb signal and
high 2%Pb/2%Pb ratios, common Pb correction was not applied
during data processing. The U-Pb geochronological data were
calibrated using the standard zircon 91500, with different zircon
references acting as quality monitors in the three laboratories. The
GJ standard zircon yielded concordia 2°°Pb/238U ages of 606.7 +
1.3 Ma(20,n=24, MSWD = 1.1) and 600.8 £ 1.2 Ma (26,n =88,
MSWD = 0.06) at Beijing Createch and XCGS, respectively,
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while the PleSovice standard yielded a weighted mean 2°°Pb/?33U
age of 339.8 £ 0.8 Ma (20, n =24, MSWD = 0.9). These results
are in good agreement with recommended values (Table S15). As
shown in Figs 4a and 4b, the Perilla zircon at these two laboratories
yielded consistent mean 2°°Pb/?38U ages 0f42.9 + 0.2 Ma (26, n =
40, MSWD = 1.0), and 42.4 + 0.1 Ma (26, n =88, MSWD = 0.8).
At USTC, Perilla yielded a weighted mean 20Pb/238U age of 42.4
+0.3 Ma (Fig. 4c, 26, n=79, MSWD = 1.2) accompanied by U-Pb
ages of the zircon standards Jilin (117.4 £ 1.2 Ma, 206, n = 56,
MSWD = 1.0) and Tanz (570.9 £ 1.2 Ma, 20, n = 65, MSWD =
3.4), both consistent with their recommended values (Table S15).
The collective in situ U-Pb ages by LA-Q-ICP-MS from all three
laboratories (Fig. 4d,42.6 +0.1 Ma, 26, n=217) align closely with
the CA-ID-TIMS results, underscoring the homogeneity of the U-
Pb isotopic system in the Perilla zircon megacryst at the
microbeam scale of approximately 20-30 pum.

Overall, the mean U-Pb ages of Perilla zircon obtained by six
laboratories are 42.6 = 0.1 Ma (MSWD = 1.1, dispersion = 0.36 +
13 Ma, n =264, 95% confidence interval, calculated by IsoplotR)
using different microanalytical methods, which are consistent with
the age results provided by CA-ID-TIMS. The consistency
indicates that the U-Pb ages of Perilla zircon are homogeneous at
a scale larger than 20 pm.

Chemical composition. In contrast to the homogeneous U-Pb
ages, the trace element compositions of the Perilla zircon
megacryst show relatively large variations between different
fragments. However, these fragments consistently display steep
chondrite-normalized rare earth element (REE) distribution
patterns (Fig. 5). Heavy REEs are enriched relative to light REEs
(Lan/Lun less than 0.0017), with small negative Eu and significant
positive Ce anomalies observed in the Perilla zircon fragments. At
XCGS, the determined U (75 £+ 5 ppm, 1SD), Th (29 + 2 ppm,
1SD), Ti (4.3 £ 0.7 ppm, 1SD), and Pb (6 + 2 ppm, 1SD) contents
are lower than those at USTC, which are 576 + 187 ppm (1SD),
513 + 289 ppm (1SD), 5.7 £ 2.2 ppm (1SD), and 6.0 + 0.7 ppm
(1SD), respectively. The heterogeneous U and Pb composition
distribution, as also determined by CA-ID-TIMS (Pb = 2.8-6.6
ppm, U =131.2-684.4 ppm), is likely due to compositional zoning
within the megacryst. The fragments analyzed at XCGS were
picked from the outer parts of the Perilla zircon megacrysts, while
those at USTC came from the inner parts. This compositional
zoning may also contribute to the systematically lower REE
contents observed in the XCGS fragments compared to those from
USTC.

Oxygen isotopes. The randomly selected five fragments of the
Perilla zircon megacryst were analyzed 3 times for each fragment
by laser fluorination at USTC, yielding a weighted average §'%0
value of 6.53 £0.34 %0 (2SD, n =5, MSWD = 6.5). The relatively
high MSWD may result from a lower §'%0 value of 6.17%o for the
first fragment (Fig. 6a), which may be due to incomplete
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Fig. 6 The oxygen isotopic composition of Perilla zircon fragments obtained with laser fluorination and the SIMS method. (a) Mean §'30 value obtained by
laser fluorination at USTC; (b) mean §'30 value obtained by SIMS at Nanjing University (NJU) and Zhejiang University (ZJU). Data-point error bars are 26.

Fig. 7 Hafnium isotopic results of Perilla zircon fragments obtained by LA-
MC-ICP-MS at USTC, XCGS, Hefei University of Technology (HFUT),
Hefei and Ocean University of China (OUC), Qingdao. Data-point error
bars are 20.

fluorination during one of the three tests for the first fragments as
its higher standard error of 0.20 % than the other four fragments
less than 0.10 %. Despite this, no significant evidence of sample
heterogeneity was found within the 1.5-2.0 mg sampling range.
The oxygen isotope homogeneity of the Perilla zircon megacryst
at a smaller scale was subsequently examined using SIMS with an
ablation spot size of 20 x 20 um. As shown in Fig. 6b, the average
8130 value for the Perilla zircon fragments measured at the NJU
and ZJU was 6.51 = 0.28%o (2SD, n = 125, MSWD = 2.6), which
is consistent with the laser fluorination results from USTC.
Accordingly, the analyzed Penglai, Qinghu and UWZ1 zircon
reference standards yielded 3'30 values of 5.31+ 0.38 %o (2SD, n
=38), 5.48 +£0.20 %o (2SD, n =9),4.73 £ 0.31 %o (2SD, n = 34)
respectively. The generally consistent results from these two
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methods (except for one fragment by laser fluorination with
relatively low §'30 values than the other fragments) indicate that
the oxygen isotopic composition of Perilla zircon is relatively
homogeneous.

Hf isotopes. Hafnium isotopic compositions of Perilla zircon
fragments were measured using LA-MC-ICP-MS among four
different laboratories. The corrected '"Hf/'77Hf ratios for zircon
reference standards together from four laboratories were as
follows: GJ-1-1/61A (0.282002 + 0.000034, 2SD, n = 13), 91500
(0.282296 + 0.000029, 2SD, n = 14), Plesovice (0.282461 +
0.000033, 2SD, n = 4), Qinghu (0.282991 + 0.000033, 2SD, n =
15), Penglai (0.282903 + 0.000045, 2SD, n = 12), and MUNZirc
(0.282139 £ 0.000044, 2SE, n = 10). These values are consistent,
within error, with reference values'®?*%, confirming the
effectiveness of the correction methods used by these laboratories.

Thirty spots analyzed at USTC, yielded mean '"*Hf/!”Hf and
176Yb/17THT ratios of 0.282565 + 0.000018 (2SD, MSWD = 1.2)
and 0.000821 + 0.000078, respectively (Fig. 7). In addition,
twenty-nine spots from different fragments analyzed at XCGS
yielded mean 7Hf/'7Hf and 7°Yb/!77Hf ratios of 0.282561 +
0.000018 (2SD, MSWD = 0.54) and 0.000825 + 0.000015.
Similarly, 47 spots at OUC and 44 spots at HFUT yielded
consistent '7Hf/'7’Hf ratios of 0.282557 + 0.000045 (2SD,
MSWD = 4.0) and 0.282572 + 0.000045 (2SD, MSWD = 2.2),
along with low "°Yb/!’Hf ratios of 0.00157 + 0.00023 and
0.00484 £+ 0.00047, respectively (Fig.7 and Tables S11-S14).

The low '7Yb/!77Hf ratios from the four laboratories indicate
minimal interference of Yb on !°Hf, making the °Hf/'77Hf
isotope composition of Perilla zircon reliably determinable. The
relatively larger uncertainty between the last two and first two
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laboratories may result from the different cones used: Sample + H
cones were used in OUC and HFUT, while Jet + X cones were
used in USTC and XCGS. Nevertheless, the consistent '7°Hf/!7’Hf
ratio results among all four laboratories confirm the homogeneity
of the hafhium isotopic composition in the Perilla zircon.

CONCLUSION

The U-Pb geochronology and Hf-O isotopic compositions of the
Cenozoic Perilla zircon megacryst were analyzed using multiple
methods. Both bulk and in situ measurements of U-Pb age, as well
as Hf and O isotopic composition, indicate its isotopic
homogeneity at a scale of approximately 2050 um. The weighted
mean 2%Ph/238 age obtained by ID-TIMS is 42.40 £ 0.06 Ma (20,
including analytical and tracer uncertainties, n = 8), which is
consistent with the results from in situ analysis, suggesting this as
the best estimate for the Perilla zircon megacryst age. The
recommended 880 values are approximately 6.53 +0.34%o, as
determined by both laser fluorination and SIMS in situ analyses.
The T8Hf/A""Hf ratio obtained by LA-MC-ICP-MS is consistent at
0.282565 +0.000040 (2SD, n = 149, MSWD = 2.3), which can be
considered its recommended value. Aliquots of the Perilla zircon
megacryst, separated into batches, are available to interested
laboratories upon request by contacting the corresponding authors.
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