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Matrix-matched reference materials are necessary for accurate microbeam U-Pb dating and Hf isotopic determination.
This study introduces the RMJG rutile as a new potential reference material, which was separated from Palaeoproterozoic
pelitic granulites collected in Hebei Province, China. LA-ICP-MS measurements indicate the RMJG rutile has exiremely low
Th (< 0.003 + 0.01 pg g') and common Pb contents, but high Hf (102 + 34 pg g'), U (61 = 11 pg g'), and
radiogenic Pb (~ 20 png g'') contents. Moreover, the rutile yields relatively constant U-Pb ages and Hf isotopic data. The
LA-ICP-MS analyses suggest that this rutile has a concordant U-Pb age with a statistical mean 2°Pb/?38U and
207ph/233 ages of 1749.9 + 32.1 Ma and 1750.0 + 26.4 Ma, respectively (2s), which are statistically indistinguish-
able from its ID-TIMS ages (1750.6 + 8.4 and 1750.1 + 4.7 Ma). Precise determination of the '7¢Hf/'””Hf ratio by MC-
ICP-MS in solution mode (0.281652 + 0.000006) is in good agreement with the statistical mean of the LA-MC-ICP-MS
measurements (0.28166 + 0.00018). Therefore, the limited variations of RMJG U-Pb age and Hf isotopic composition
together with its extremely low common Pb and high Hf, U and Pb contents make it an ideal calibration and monitor
reference material for LA-ICP-MS measurements.
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Rutile (TIOy) is a wio|e|y distributed accessory mineral in
moderate- to high-pressure metamorphic rocks and in
sedimentary rocks. Rare magmatic rocks (e.g, anorthosites,
pegmatites and quartz veins) also contain this mineral. Rutile
attracts much attenfion from the Earth Science community
(Meinhold 2010, Triebold et al. 2012, Zack and Kooijman
2017) due to its: (a) significant U content, low common Pb
content and resistance to weathering, which makes rutile an
important geochronometer (Mezger et al. 1991, Luvizotto
et al. 2009, Kooijman et al. 2010, Li et al. 2011, Zack et al.
2011, Xia et al 2013, Axelsson et al. 2018); (b) temper-
ature-sensitive Zr content, which allows rutile to be used as @
geothermometer in metamorphic rocks (Zack et al. 2004a,
Watson et al. 2006, Zack and Luvizottow 2006, Tomkins
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et al. 2007, Zheng et al 2011, Ewing et al 2013, Pape
et al 2016); () CrNb-Zr contents, which provide an
indication of the source lithology (Zack et al. 2004b, Stendal
et al. 2006, Meinhold et al. 2008, Triebold et al. 2012); and
(d) moderate Hf content (~ 50 ug g™') that allows Hf
isotopic measurement of rutile by LAMCICP-MS to frace
heferogeneous sources (Ewing et al. 2011, 2014, Li et al.
2015a).

Irespective of the analytical technique, matrix-matched
reference materials are required for accurate microbeam U-
Pb age and Hf isotopic measurements. At present, reported
rutile reference materials include R10, R19 (Luvizotto et al.
2009, Zack et al. 2011), Sugluk-4 and PCA-5207 (Bracciali
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et al 2013) and R632 (Axelsson et al 2018). The Hf
contents (38-51 pg g™'; Li et al. 2015a) of these rutiles are
not high enough to serve as reference materials for
microbeam Hf isotopic determination. As such, the applica-
tion of microbeam rutile U-Pb dating and Hf isotopic studies
is limited by the lack of suitable reference materials. In this
study, we report microbeam U-Pb age and Hf isotopic data
for RMJG rutile crystals, which are hosted in Palaeoprotero-
Zoic pe|itic grcmu|ifes from Hebei Province, China. Our data
suggest that the RMIG rutile can be used as a new
reference material for microbeam determination of U-Pb

ages and Hf isotopes in rutile.

Geological background and sample
description

The peliic granulite hosting the RMIG rutile is part of the
Huai'an complex, which is located in the north-central part of
the North China Craton (Figure 1a). The Huai'an complex
comprises six lithological units from northwest to southeast,
including the Shuigoukou grey gneisses, HP mafic granulites,
the Khonddlite Series, Dongjiagou granitic gneiss and
Dapinggou garnet-bearing granite (Figure 1b; see Wu
et al. 2016 for detailed descriptions). The Shuigoukou grey
gneisses underwent multi-stage deformation and  high-
grade metamorphism; geochronological data indicate that
the Shuigoukou gneisses and the banded gneisses were
emplaced before 2.44-2.50 Ga. The metamorphic peak
conditions of the HP mafic granulites and Khondalite Series
rocks was suggested at 11-15 kbar, 750-880 °C. The

Khondalite  Series rocks were considered to be

metamorphosed at middle-pressure granulite facies. Both
types of granulite terranes have similar metamorphic ages
of about 1.95-1.80 Ga. The Dongjiagou granitic gneiss
and Dapinggou gamet-bearing granite were emplaced at
about 204 and 1.85 Ga, respectively. Detailed descrip-
tions of the field geology and petrography can be found in
Wu et al (2016, 2018, 2019). Zircon U-Pb daﬁng of the
Manijinggou pelitic granulite has yielded two disfinct age
populations of 1916 £ 30 and 1840 + 24 Ma, inter-
prefed to represent the time of high-pressure gronu|ife-
facies metamorphism and intermediate- to low-pressure

granulite-facies  metamorphism, respectively (Wu et ol

2019).

The sampled outcrop is ca. 50 km to the southeast of
Huaian County (114°28.5'E, 40°2299'N). The exact
sampling position is around the location of sample
MIG3 in Wu et al. (2016) (Figure S1). The pelitic granulite
hosting RMUG rutile is a coarse-grained gamet-sillimanite—
Kfeldspar gneiss, with a mineral assemblage of quartz,
garnet, Kfeldspar, sillimanite, biotite, kyanite, plagioclase,
muscovite and minor rutile, spinel, ilmenite, graphite, pyrite
and pyrrhotite. The pelitic granulite was crushed by High-
Voltage Pulse Fragmentor (SelFrag, Kerzers, Switzerland),
which minimised the destruction of mineral grains. Most
RMIG rutiles are euhedral, 200-300 pm in |ength,
translucent and brown-red to dark brown in colour with
length-to-width rafios of 1:2 to 1:3 (Figure 2a). Fractures
and small inclusions are visible in some rutile grains. No
zoning was observed in back-scattered electron images

(Figure 2b).
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Figure 1. (a) Simplified tectonic map of east China. (b) Regional geological map showing the sampling location of

the RMJG rutile, after Zhai et al. (2003).
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Figure 2. (a) Image of the RMJG rutile grains. (b) BSE image
of the RMG rutile grains. Both scale bars are 100 pm. [Colour

figure can be viewed at wileyonlinelibrary.com]

Analytical methods

High-resolution X-ray elemental mapping

High-resolution X-ray elemental mapping for Zr, Nb, Cr,
Hf and U was carried out using a JEOL JXA-8230 electron
microprobe at the Key Laboratory of Mineralogy and
Metallogeny (KLMM) in Guangzhou Insfitute of Geochem-
istry (GIG), Chinese Academy of Sciences (CAS). The electron
microprobe was operated at an accelerating voltage of
20 kV, a probe current of 300 nA and a beam size of 1 pm
(Xing et al. 2017). Hafnium Lo, Cr Kot and V Kow X-rays were
analysed using a LF crystal. Niobium Lo X-rays were
analysed using a PET crystal. Uranium Mo and Zr Lo X-
rays were analysed with a PETH crystal. The step size was
1 um, and the dwell time was set to 100 ms for each point.

LA-ICP-MS trace element determination

Trace element contents of the RMIG rutiles were
measured with a Thermo Fisher ELEMENT XR sector-field
ICP-MS, which was coupled to a RESOlution-M 50 laser
ablation system, at the State Key Laboratory of Isotope
Geochemistry (SKLIG), GIG-CAS. The laser was operated at
a beam size of 24 pm, repetition rate of 6 Hz and energy
density of 4 J cm™. Each analysis consisted of 20 s of gas
blank collection with the laser off and 30 s of sample signal

collection with the laser on. lon beam intensities on masses
4550 49 51 52, 667, 917, PN, 178Hf 18174 232Th
and 28U were measured in peak jumping mode. The torch
shield was switched off to reduce the oxide production
("°0?%8U/?%8U) to < 03% (Kimura and Chang 2012,
thng et al 2019). Trace element contents were deter-
mined by a multi-reference material calibration method, with
the USGS g|c|sses BCR-2G, BHVO-2G and Gs-1G used as
reference materials. Defails of data reduction procedures
employed are described in Zhong et al. (2019). Two MP-
DING reference g|osses (ATHO-G and ML3B-G) were used
as monitor reference materials. The results for the MPI-DING
glasses indicate that all the measured elemental contents
agree within 5-8% of their preferred values.

ID-TIMS U-Pb dating

ID-TIMS U-Pb dating of the RMJG rutiles was conducted
at the Tianjin Centre, China Geological Survey. Rutile crystals
were handpicked under a microscope to avoid grains with
inclusions or fractures. A chemical pre-freatment procedure
was carried out in an ultraclean laboratory. All acids used
were purified three times by sub-boiling distillation (Savillex
Corporation, Minnetonka, MN, USA), and ultrapure water
was produced from a Milll-Q system. Sample washing,
digestion and U-Pb purification procedures were based on
Tu et al (2016) and Zhou et al (2013). Approximately
14 mg of selected rutile grains were successively soaked in
ultrapure anhydrous alcohol, 7 mol "' HNO3 and 2 mol !
HCl for 3, 4 and 12 h, respectively, in order to remove any
surface confamination. The HNO3 and HCl leaching were
undertaken on a hot plate at 80 °C. The sample grains
were then divided info eight aliquots, and each was treated
as an independent sample. Rutile grains were then crushed
in a clean agate mortar and pestle to powders of ~ 200
mesh. Sample powders were successively soaked in ultra-
pure anhydrous alcohol, 7 mol ' HNO3 and 2 mol I
HCl for 3, 4 and 12 h, respectively, to negate the influence
of small fractures or inclusions. Approximately 1-2 mg
samples were weighed accurately and placed into acid-
cleaned 10 ml PTFE beakers. Subsequently, 2 ml of con-
centrated HCl was added to the rutile, which resulted in
complete digestion after 72 h in a temperature-controlled
oven at 195 °C. The digested sample solutions were
divided into two aliquots. One was used for Pb isotopic
ratio measurements (ccr. 70%), and the other was used for
measuring the U-Pb contents (ca. 30%) to which four drops
(ca. 30 mg) of a mixed 2?®Pb-?*°U spike was added. These
solution aliquots were weighed accurately and then evap-
orated to dryness on a hot plate at 125°C, and
subsequently dissolved in 1 ml of a solution that contained
two parts 2 mol I"' HCl and one part 1 mol "' HBr. lead
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and U were separated using AG1 x 8 anion exchange
resin. The purified Pb and U fractions were loaded with
HzPO,4 and silica gel onto degassed Re single filaments,
respectively, and then dried at low temperature. U-Pb
isotopic ratios were measured on a Triton TIMS (Thermo
Fisher, Bremen, Germany). Lead isotopic ratios were mea-
sured at a temperature of 1250-1400 °C, while U isotopic
ratios were measured at a temperature of 1350-1500 °C.
Total procedural blanks during this study were 50 and
18 pg for Pb and U, respectively. Instrumental mass bias was
corrected using the reference samples U500 and NBS 982.
The data were processed using PBDAT (Ludwig 1988) and
Isoplot (Ludwig 2005) software. Common Pb was monitored
using 2%*Pb, and corrections were made based on the blank
Pb isotopic composition and initial Pb isotopic composition
given by the model of Stacey and Kramers (1975).

LA-MC-ICP-MS, LA-SF-ICP-MS and LA-ICP-MS U-
Pb dating

Microanalysis of U-Pb dating of the RMIG rutiles was
conducted using LAAMCHCP-MS, LA-SF-ICP-MS and LA-ICP-
MS in SKUG and KIMM, GIG-CAS. The analytical proce-
dures for LAAMC-ICP-MS are similar o those described in Xia
et al (2013) and are summarized in Table S1. A RESOlution
M-50 (Resonetics, Nashua, NH, USA) 193 nm laser abla-
tion system was connected to a Neptune Plus (Thermo Fisher)
MCHCP-MS. 29%Hg, 2°4(Hg + Pb), 2%°Pb, 2%Pb, 2°8Pb,
232Th and 28U were simultaneously detected with seven
ion counters in static mode. The 2°?Hg signal was used to
correct for the isobaric interference of 2°*Hg on 2%“Pb during
ablation. Before each spot analysis, five laser shots were
used fo remove any contamination on the rutile surface. Each
spot analysis comprised 25 s of gas blank collection with the
laser off and 30 s of sample signal collection with the laser
on. The laser was operated at a beam size of 24 pum,
repefition rate of 5 Hz and energy density of 4 J cm™.
Common Pb was corrected by using the measured non-
radiogenic 2°*Pb with the Pb evolution model of Stacey and
Kramers (1975). All rutile grains analysed by LA-MC-ICP-MS
showed negligible 2%*Pb (?°°Pb/2%“Pb > 2000).

Microbeam U-Pb dafing by LASFICP-MS was per-
formed with the same laser ablation system (RESOlution-M
50) and mass spectrometer (ELEMENT XR ICP-MS) used for
trace element determination at SKUG-GIG. The laser was
operated at a beam size of 33 um, repetition rate of 5 Hz
and energy density of 4 J cm™. Each analysis consisted of
30 s of gas blank collection with the laser off and 30 s of
sample signal collection with the laser on. Signals on masses

QOQHg, 204(Hg + Pb), QOépb, 207Pb, 208Pb, 232Th and 238U
were detected in peak jumping mode with the torch shield

off. The mass window and sampling peak number for all the
masses were set to 10% and 60, respectively. ?9Hg was
used to calculate the interference of ?%“Hg on 2%Pb. The
resultant 2O4Pb signc1| was used to correct for common Pb,
although all rutile grains measured by LASFICP-MS
contained negligible 2°“Pb (*°°Pb/2%“Pb > 2000).

Microbeam U-Pb dating by LAICP-MS was conducted
with a RESOlution S-155 (Resonetics) 193 nm laser ablation
system connected to an Agilent 7900 (Japan) quadrupole
ICP-MS. Each spot analysis incorporated ~ 30 s of back-
ground acquisiion with the laser off and 40 s of sample
data acquisition with the laser on. Dwell times were 5 ms for
29%Pb, 2°”Pb and **U and 25 ms for ***Th and ***Pb. The
laser was operated at a beam size of 32 pm, repetition rate
of 5 Hz and energy density of 5 J cm™. Common lead was
corrected for by assuming the 2°®Pb signal intensity was non-
radiogenic, given that rutiles have sufficiently low Th contents
(Zack et al 2011). The LAMC-ICP-MS, LA-SFICP-MS and
LAICP-MS methods all used the rutile reference materials
R10 (1090 £ 5 Ma; Luvizotto et al. 2009) as the calibration
material and R19 (489.5 + 0.9 Ma; Zack et al 2011) as
the second reference material to evaluate the analytical
precision and accuracy. Al U-Pb ages were calculated
with the Isoplot 3.22 program (Ludwig 2005). Errors on
single spot analyses are expressed as =+ 2s. Forty-four
analyses of R19 by LAMCHICP-MS, thiry-four analyses by
LASSFICP-MS and  thiry-eight analyses by LAICP-MS
yielded mean 206p}, /238 ages of 487.8 = 50 Ma (29),
4863 + 59 Ma (2s) and 4880 + 6.8 Ma (2s), respec-
tively, which agree well with its recommended value within

analytical error.
Hf isotopic determinations

All Hf isotope determinations of RMIG rutiles were
conducted on a Neptune Plus MCICP-MS, the same
instrument as used for U-Pb dating, at SKUG-GIG-CAS.

Solution MC-ICP-MS analysis

Rutile grains without cracks and inclusions were selected
for analysis. The selected grains were crushed in an agate
mortar fo powders of ~ 200 mesh. Four duplicate rutile
powders (each of ca. 5 mg) were digested in concentrated HF
and HNO3 (1:1 by volume) at 190 °C for 5 days. After
evaporation, the samples were re-dissolved in 2 mol "' HCI
and then evaporated again. The samples were then re-
dissolved in 5 ml of 6 mol "' HCl for chemical separation on
Ln resin. Most matrix and rare earth elements (REE) were eluted
with 6 mol I'" HCl. Titanium was eluted with 4 mol I
HCl + 0.5% HyO,. Hafnium was eluted with 2 mol I HF
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and then evaporated. Prior to MCICP-MS measurement, Hf
was dissolved in 1.5 ml of 29 HNO3. Nine Faraday collectors
were used to measure '7'Yb, 73Yb, 4(Yb + Hi), 7Ly,
Vé(Yb + Lu + Hf), ]77Hf, ]78Hf, 794f and "8Hf simultane-
ously in static mode. The integration time was sef to ~ 4 s.
Instrumental mass bias was corrected based on the measured
7944/177Hf ratio and its natural ratfio (0.7325; Blichert-Toft
etal 1997), using an exponentio| law. During the Hf isotopic
measurements, six analyses of JIMC14374 yielded a mean
1764£/177Hf value of 0282191 + 0.000005 (2s), consistent
with the recommended value (0.282189 + 0.000019) of
Wu et al. (2006).

LA-MC-ICP-MS analysis

The same laser ablation system (RESOlution M-50) used
for UPb dating was utilised for microbeam Hf isotopic
determination. Each analysis comprised 25 s of gas blank
collection with the laser off and 40 s of sample signal
collection with the laser on. The laser was operated at a
beam size of 155 um, repetition rate of 8 Hz and energy
density of 4 J cm™. The collector array was the same as that
used for solution analysis. The integration time was set to
0.131 s. To improve the instrumental sensitivity, Jet sample
and X skimmer cones were used at the interface (HU et al.
2012, Zhang et al. 2014). With these instrumental settings,
the "8CHf signal intensity of the reference material rutile R10
(Hf ~ 40 ug g') was ca. 0.25 V. Corrections for isobaric
interferences and mass bias were similar to those described
in Ewing et al (2011) and Li et al. (2015a). The isobaric
interferences of '"4Yb and '7°Lu on '"°Hf were calculated
from the measured '”"3Yb and '”*Lu intensities and natural
ratios of '7¢Yb/'"3Yb (0.79381; Segal et al 2003) and
1761u/172Ly (0.02656; Wu et al. 2006). The very low Yb
content in rutile makes it difficult to defermine an accurate
mass bias factor for Yb using the measured '"3Yb/'"'Yb, as
is offen conducted in zircon Hf isofopic measurements.
Therefore, the mass bias factors for Yb and Lu were assumed
to be the same as that for Hf. The very low Yb and Lu
confents make '7°Hf/'"7Hf insensitive to the mass bias
factors for Yb and Lu (Li et al 2015a). Instrumental mass bias
for Hf was corrected based on the measured '77Hf/!77Hf
and its natural ratio (0.7325; Blichert-Toft et al 1997), using
an exponential law. Forty-five analyses of R10 yielded a
mean '7°Hf/!””Hf value of 0282169 + 0000211 (2s), in
agreement with the results reported by Luvizotto et ol
(2009) and Li et al (2015a) (0282178 + 0.000012 and
0.282157 + 0000204,
of the Penglai zircon reference material yielded a mean
1764/177Hf value of 0282915 + 0.000037 (2s), in agree-
ment with the recommended value (0.282906 + 0.000010)
reported by Li et al. (2010).

respectively).  Thity — analyses

Results and discussion

High-resolution X-ray elemental mapping

Forty-two RMIG rutile grains were tested for core-rim
chemical homogeneity by X-ray mapping. From core to rim,
each RMIG crystal showed nearly homogeneous V, Cr, Zr,
Nb, Hf and U contents (Figure 3). The mass fraction
occasionally varied between different rutile grains. For
example, one rutile shown in Figure 3d has an obviously
different Cr content from the other grains, and two rutiles
shown in Figure 3e have different Zr contents from the others.
Therefore, the RMIG rutile is not a suitable reference material
for trace element determination.

Trace element mass fractions

One hundred and seven trace element determinations
of the RMIG rutiles are summarised in Table S2. Each
analysis was performed on a different rutile grain. The most
homogeneous trace element in RMIG rutiles is U, which
showed a variation within £ 17%. Vanadium, Zn and Nb
displayed slightly larger variations (wo relative standard
deviations [2 RSD] = 23-26%) than U. The variations of Sc,
Cr and Hf were around 35% (2 RSD). More than 85% of the
measured rutile grains had > 80 pg g™ Hf and showed
much less variation (2 RSD = 129%). Thorium contents varied
from 001 ug g™ to below detection limits, and most crystals
have Th < 0002 ug g™'. Yiterbium and Lu contents were
also very low (< 003 and < 001 pg g™, respectively) and,
for most crystals, below detection limits. Compared with other
rutile reference materials (e.g, R10 and R19, Zack et al
2011; Sugluk-4 and PCA-S207, Bracciali et al 2013), the
RMIG rutile has higher Hf (~102 ugg') and U
(~ 60 pg g') contents. The total radiogenic Pb (*°“Pb
and 2%Pb) calculated based on the U contents (50.1—
804 pg g') and U-Pb age (1750 Ma), is 1624 ug g™
The Zr content varied from 702 to 3122 ug g™', with a
mean of 2537 + 1078 (2s) ug g”'. ZrHf and Nb-Ta
contents display broad positive correlations  (Figure 4).
According to the Zr-in-rutile geothermometer proposed by
Tomkins et al (2007), the RMIG rutiles formed at
857 + 69 °C, assuming a pressure of 10 kbar. The RMIG
rutiles have Zr/Hf, Nb/Ta and Nb/Cr ratios of 24.5 + 4.8,
240 + 87 and 031 + 0.14, respectively, consistent with
rutiles from metapelites according to the discrimination
diogrom presented in Triebold et al (2007).

U-Pb dating

ID-TIMS:  Eight sub-samples of the RMIG rutile were
analysed by ID-TIMS, and all plot on the concordia line,

© 2019 The Authors. Geostandards and Geoanalytical Research © 2019 International Association of Geoanalysts 137
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Figure 3. X-ray elemental maps of typical RMJG rutile grains for (a) Hf, (b) U, (c) Nb, (d) Cr, (e) Zr and (f) V. [Colour

figure can be viewed at wileyonlinelibrary.coml]
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yieldng o weighted mean ?YPb/?®Pb  age of
17515 + 43 Ma, a ?®Pb/?*U age of 17506 + 84 Ma
anda?¥Pb/?3*Uage of 1750.1 + 47 Ma (Figure 5; Table 1).
Therefore, 17506 + 8.4 Ma is our best estimate for the age of
the RMIG rufile. The U content measured by ID-TIMS is
508 + 34.1 pg g, which is consistent with the LAICP-MS
analyses.
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U-Pb dating results for the RMJG rutile obtained by ID-TIMS
No.| Mass [ Pb u 206p},/ Radiogenic isotope ratio Ages (Ma)
(@) |(ng g7')|(ng g7")|2°%Pb © 5> 206 207 207 206 207
Pb/| 2s Pb/| 2s Pb/| 2s Pb/| 2s Pb/| 2s Pb/|2s
235, 238 206p}, 235 238 206p},

1 0.0015 137 46 945 | 46312 | 0.038 [ 0.3126 |0.0025| 0.1074 |0.00011| 17549 |13.6] 1753.5 [24.8( 17558 | 3.7
2 |0.00265 87 29 5412 | 46136 | 0.046 | 0.3122 [0.0028| 0.1072 [0.00038| 1751.7 |16.4| 1751.5 |27.9| 17524 |12.8
3 000174 10.1 34 2986 | 4.5882 | 0.024 | 03117 [0.0016| 0.1068 [0.00015| 1747.1 | 8.8| 1749.1 |153| 17455 | 5.1
4 1000147 149 50 1456 | 46021 |10.038 | 0.312 [0.0025| 0.107 [0.00013| 1749.6 [13.6( 17505 |24.8 17489 | 44
5 1000224 152 51 9568 | 4.6283 | 0.044 [ 0.3128 |0.0028 | 0.1073 |0.00028| 1754.4 | 157 | 17545 [27.9| 1754.1 | 9.5
6 10.00207 167 56 1546 | 4.6306 | 0.052 | 0.3124 [0.0035| 0.1075 [0.00010| 1754.8 [18.5| 1752.5 |34.0| 1757.5 | 3.3
7 1000114 254 85 10521 4593 1004203117 [0.0028| 0.1069 [0.00011| 1748.0 (152 1749.1 |27.8| 17472 | 37
8 10.00143 164 55 2198 | 4.5872 | 0.042 | 0.3115 |0.0028 | 0.1068 |0.00015( 1746.9 |152]| 1748.1 [27.8 17455 | 5.1

Uncertainties are 2s. 2°7Pb/?3°U ratios calculated using 238U/23%U = 137.818. Age calculations use the decay constants of Jaffey et al. (1971). No correction
for initial disequilibrium in 23°Th/238U was performed for 2°Pb/2%8U and 2°7Pb/2°%Pb ages. All grains were soaked in ultrapure anhydrous alcohol, 7 mol I'!
HNO3 and 2 mol I'" HCl for 3, 4 and 12 h, respectively. No air abrading was used. Total procedural blank was 50 pg for Pb and was corrected based on the

blank Pb isotopic composition (2°Pb/2%4Pb = 17.83, 2°7Pb/2%4Pb = 15.47, 2°%Pb/20Ph = 37.41).

@ Measured 2°Pb/2%%Pb corrected for fractionation and spike.

LA-ICP-MS: The U-Pb ages of the RMIG rutile deter-
mined by LA{MC/SF)ICP-MS are listed in Table S3. Three
sessions of LAAMC-ICP-MS analyses comprising a total of
160 U-Pb age determinations on 155 rutiles, two sessions of
LA-SFICP-MS analyses comprising a total of ninety-six U-Pb
age determinations on ninety-four rutiles, and three sessions
of LAICP-MS analyses comprising a total of 135 U-Pb age
determinations on 133 rutiles were conducted in two
different laboratories over 5 months. The three sessions of
LAMCICP-MS  U-Pb isotopic ~ deferminations  yielded
weighted mean 2%°Pb/?%8U and ?%Pb/?*°U ages of
17498 + 22 Ma and 17498 £ 1.9, respectively (Fig-
ure 6a). The two sessions of LA-SFICP-MS U-Pb isotopic
determinations yielded weighted mean 2%Pb/?*®U and
207pp/23°y  ages  of 17492 +32Ma  and
1749.3 + 2.9 Ma, respectively (Figure 6b). The three ses-
sions of LAICP-MS U-Pb isotopic determinations yielded
weighted mean  2%°Pb/?®U  and  2%Pb/?3°U  of
17492 + 3.5 Ma and 1749.9 + 2.3 Ma, respectively (Fig-
ure 6¢). The U-Pb ages obtained from both laboratories are
identical within analytical uncertainties. All the 391 in situ
measurements (LAMCHCP-MS, LASFICP-MS and LA-ICP-
MS) define Gaussian distributions  for  2%Pb/?%°Pb,
200p/238y and  ?YPb/?*°U ages, with a mean
207p/20ph age of 1751.9 + 47.7 Ma (2s), 2°°Pb/?38U
age of 17499 + 321 Ma (2s) and ?“Pb/?**U age of
17500 + 26.4 Ma (2s) (Figure 7), which are statistically
indistinguishable from the ID-TIMS age. Previous studies
indicated that Pb volume diffusion behaviour in rutile is size-
dependent (e.g, Mezger et al. 1989, Cherniak 2000, Smye
et al 2018). To demonstrate whether RMIG rutiles had
experienced significant Pb volume diffusion, we measured
the width of all the RMJG rutile grains analysed with LA-ICP-

© 2019 The Authors. Geostandards and Geoanalytical Research © 2019 International Association of Geoanalysts

MS (Table S3). With the change of the width of rutile grains,
litle systematic variation of the measured 2%Pb/?**U age
was observed (Figure S2). In addition, three RMIG rutile
grains were selected to perform age profile measurement.
From core to rim, the measured 2°°Pb/?%%U ages were
relatively constant within analytical error (Figure S3). As such,
the RMJG rutiles define a homogeneous U-Pb age, even at
the scale of an individual crystal. The U-Pb age of RMIG
rutile (1750 Ma) is much less than the U-Pb of zircons
(> 1840 Ma) in the same host pe|i'ric gronuhfe. This is
because rutile has a much lower closure temperature
(~ 500 °C) than zircon (~ 900 °C) and the U-Pb system
of RMUG rutile was reset by later thermal events. Mafic dyke
swarms with an age range of 1730-1780 Ma occur in the
study area (Peng et al 2008, Peng 2015, Li et al. 2015b).
Therefore, it is likely that these dyke swarms were emplaced
info shallow crust and heated the rutiles. As the temperature
was higher than the closure temperature, the U-Pb system in
rufiles was reset. More work is needed to discuss the

geological meaning of the rutile U-Pb age.
Hf isotopic composition

Four sub-samples of the RMIG rutile were digested and
analysed for their Hf isofopic composition by MC-ICP-MS in
solution mode. Three duplicate analyses were conducted on
each sample solution. The measured '7¢Hf/'"7Hf of all
twelve analyses in solution mode yielded a mean value of
0281652 + 0.000007 (2s; Figure 8). The 238 analyses of
235 rutiles by LAMCICP-MS were conducted in five
different measurement sessions over 6 months. The mean
76Hf/"7’Hf values of the sessions are as follows:

028169 + 000019 (25, n= 40), 028160 + 000017
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Figure 6. Concordia plots of the RMJG rutile measured 1600 1650 1700 1750 1800 1850 1900
with (a) LA-MC-ICP-MS, (b) LA-SF-ICP-MS and (c) LA- Age (Ma)
ICP-MS. Laser conditions: beam size of 24 pm, repeti-

tion rate of 5 Hz, energy density of 4 J cm 2 for LA-MC-
o y Figure 7. Histograms of (a) 2°7Pb/2%4Pb, (b)

207pL /235y and (c) 2°6Pb/238U ages for all the laser

ablation U-Pb isotopic data.

ICP-MS; beam size of 33 pm, repetition rate of 5 Hz,
energy density of 4 J cm™2 for LA-SF-ICP-MS; beam size
of 32 um, repetition rate of 5 Hz, energy density of

5 J cm2 for LA- ICP-MS. All ellipses represent 2s.
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Figure 8. '7¢Hf/'77Hf ratios of the RMJG rutile mea-
sured by solution MC-ICP-MS. Twelve sets of analyses
gave a '7Hf/"77Hf value of 0.281652 + 0.000007
(2s). Error bars are 2SE.

(2s, n=32), 028167 £000017 (25, n= 56),
028164 + 000014 (25, n = 47) and 028165 + 000015
(2s n= 63) (Figure 9; Table S4). All 238 analyses define a
Gaussian distribution for '7°Hf/'"”Hf and yielded a mean
76Ht/V7Hf value of 028166 + 000018 (2s; Figure 10),
suggesting the rutles have a homogenous Hf isotopic

composition.
Summary of rutile reference materials

Recently, several natural rutiles have been proposed as
reference materials for microbeam U-Pb age determination
and the Hf isotopic homogeneity of some of these rutiles has
been tested (Table 2). The ages of these reference rutiles are
from the Neo-Archaean to late Cambrian (2642-490 Ma).
R10, R19 and JDX are centimetre-scale single crystals with

relatively homogeneous trace element mass  fractions,
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Figure 10. Histogram of '7¢Hf/'”7Hf ratios for the
RMJG rutile measured by LA-MC-ICP-MS.

whereas other rutiles are much smaller (around several
hundred micrometres) with relatively large variations of trace
elements. This means R10, R19 and JDX are potential trace
elemental reference materials. However, because they are
single crystals, the distribution of these three rutiles may be
limited. Compored with JDX and R19, except PCA-S207
with high common Pb, other rutiles with high U and
radiogenic Pb are more suitable for microbeam U-Pb
determination.

At this stage, only RMIG, R10, JDX and R19 have been
analysed for Hf isotope defermination by the solution MC-
ICP-MS method. Using LAMC-ICP-MS, Li et al (20150a)
measured Hf isotopes in PCA-S207 and Sugluk-4. All these
measured rutiles display homogeneous Hf isotopic ratios

0. 2821

0. 2820

ki

I76H.|:/I 77H.|:

0.2816 -(H)
0.2815 F

0.2814

set 1: set 2: N, setd: i setd: set 5:
0.2813 | 0:28169£0.00019 * 0.28160+0.00017 ~ 0.28167 £ 0.00017 *  0.28164 + 0.00014 0.28165 £ 0.00015
' (2s, n=40) (2s,n=32) (2s, n = 56) (2s, n =47) (2s, n=63)
0.2812

All data: ""8Hf/'"’"Hf = 0.28165 + 0.00017 (2s, n = 238), MSWD = 4.6

g M i

Figure 9. '7®Hf/'77Hf ratios of the RMJG rutile measured by LA-MC-ICP-MS. Two-hundred and eight analyses
yielded a mean '7¢Hf/'77Hf value of 0.28166 + 0.00018 (2s), identical with the value measured with solution MC-
ICP-MS within analytical error. Laser condition: beam size of 155 pm, repetition rate of 8 Hz and energy density of

4 J em2. Error bars are 1SE.
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when the analytical error is considered. Among these rutiles,
R19 has the lowest Hf mass fraction, whereas RMIG and
R632 have the highest. However, the homogeneity of Hf
isotopic ratio in R632 has not been tested. Therefore,
considering the Hf mass fraction, RMIG is now the most

suitable reference material for Hf isotopic microanalysis.

Conclusions

ID-TIMS, LA-MCHCP-MS, LASFICP-MS and LA-ICP-MS
analyses demonstrate that the RMIG rutile is homogeneous
with respect to its U-Pb age and Hf isotopic composition at the
~ 30 and ~ 150 um scale, respectively. The microbeam U-
Pb dating results are identical within analytical error to the ID-
TIMS age. Precise measurement of the '7°HE/'”"Hf value by
solution MCHCP-MS is identical to the mean LAMC-ICP-MS
measurement. The recommended U-Pb age and '7Hf/'77/Hf
value of the RMIG rutile are 17506 + 84 Ma and
0281652 + 0000007 (2s), respectively. The RMIG rutile is
available as a mineral separate in batches of about 5-
10 mg each from the authors.
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The following supporting information may be found in
the online version of this article:

Figure S1. (a) Sample locality for the RMIG rutile. (b)
Appearance of the Manjinggou pelitic granulite, which hosts
the RMIG rutile.

Figure S2. LAICP-MS 2%°Pb/?38U age of RMIG rutile
grains vs the width of the rutile grains.

Figure S3. Age profiles of three RMIG rutile crystals
measured by LAMC-ICP-MS.

Table S1. Instrumental settings for U-Pb datfing with LA-
ICP-MS.

Table S2. Trace elements measured by LA-SF-ICP-MS.
Table S3. LAICP-MS U-Pb data.

Table S4. Hf isotope measured by LAMCHCP-MS.
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