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Titanite is a common accessory mineral that preferentially incorporates considerable amounts of U and light rare earth
elements in its structure, making it a versatile mineral for in situ U-Pb dating and Sm-Nd isotopic measurement. Here, we
present in situ U-Pb ages and Sm-Nd isotope measurement results for four well-known titanite reference materials (Khan,
BLR-1, OLT1 and MKED1) and eight fitanite crystals that could be considered potential reference material candidates
(Ontario, YQ-82, T3, T4, TLS-36, NW-IOA, Pakistan and C253), with ages ranging from ~ 20 Ma to ~ 1840 Ma. Results
indicate that BLR-1, OLT1, Ontario, MKED1 and T3 fitanite have relatively homogeneous Sm-Nd isotopes and low
common Pb and thus can serve as primary reference materials for U-Pb and Sm-Nd microanalysis. YQ-82 and T4 titanite
can be used as secondary reference materials for in situ U-Pb analysis because of their low common Pb. However, intenal
structures and mineral inclusions in YQ-82 will require careful selection of suitable target domains. Pakistan titanite is
almost concordant with an age of 21 Ma and can be used as a reference material when dating Cenozoic fitanite

samples.
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Titanite (sphene), Ca(TiAlFe**)SIOL(O,0HF), is a com-
mon accessory mineral in a wide variety of felsic and
intermediate igneous, low- to high-grade metamorphic,
sedimentary and hydrothermal ore deposit-related rocks
(Frost et al. 2000, Kohn 2017). Titanite usually incorporates
variable amounts of U (10-1000 pug g™') and Th (10—
1000 ug g'), but exhibits a lower incidence of radiation
damage relative to zircon which typically has 5-10 times
higher abundances of parent isotopes (Tillon and Grunen-
felder 1968). Titanite remains closed to complete Pb loss at
temperatures as high as 660-750 °C (Cherniak 1993, Scott
and S-Onge 1995, Spencer et al 2013), making it an
attractive mineral for U-Pb dating. Although zircon is the most
accessible and common choice for dating crystallisation due
to its physical and chemical resistance during post-crystal-
lisation thermal and chemical geological processes, titanites
reactive mefamorphism  and

are relatively during
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hydrothermal events, and therefore, a titanite date reflects
the latest process that disturbed the U-Pb system. Titanite U-Pb
geochronology has been used predominantly to study
igneous, metamorphic and hydrothermal processes (Tucker
et al 1987, Corfu 1996, Li et al 2010, Rasmussen et al 2013,
Xu et al. 201 5a). U-Pb fitanite ages are especially useful when
combined with zircon ages (or other geochronometers with
different closure temperatures for Pb) to define temperature—
time histories (Schaltegger et al 2009, Chew et al 2014).
Furthermore, titanite always contains an enrichment of the light
rare earth elements (LREE) Sm and Nd in ifs lattice (Tiepolo et al
2002, Prowatke and Klemme 2005, Xie et al 2010). Due to
the high closure temperature of Nd (850-950 °C) in titanite,
the original Nd isotopic composition can be preserved, even
during high-femperature thermal events (Chernick 1995).
Linking in situ titanite U-Pb dating with Sm-Nd isotopic data
can provide a valuable insight into the origin and evolution of
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magma, fluids and metamorphic processes (Amelin 2009,
Gregory et al 2009, Cao et al 2015).

The U-Pb age and Sm-Nd composition can be obtained
using conventional isotope dilution thermal ionisation mass
spectrometry (ID-TIMS), which is regarded as the benchmark
technique for U-Pb and Sm-Nd isotopic analysis. However,
bulk analysis of single crystals can obscure micro-geological
information since chemical and isotopic zonation is common
in natural fitanite (g, < 100 um inherited cores and
metamorphic zonation; Jiang et al. 2016, Marsh and Smye
2017). In situ U-Pb analytical techniques such as secondary
ion mass spectrometry (SIMS; Heaman 2009, Bonamici et al.
2015) and laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS; Willigers et al. 2002, Simonetti et al.
2006, Baneriee et al. 2007, Bumn et al. 2017) can be
applied to titanite to capture heterogeneities within single
grains. LAICP-MS U-Th-Pb dating is widely adopted because
ofits good spatial resolution (20-50 pm), adequate precision
(typically < 3% on individual 2°°Pb/?*8U and 2°®Pb/?*Th
measurement), rapid analysis (in the order of several minutes)
and low cost compared with other microanalytical techniques
(e.g. SIMS; Storey et al 2006, Fu et al 2016). Meanwhile,
in situ Sm-Nd isotopic analysis by multi-collector (MC) ICP-MS
has also been recently proved feasible for fitanite as well as
other LREE-enriched accessory minerals (Foster and Vance
2006, McFarlane and McCulloch 2007, Yang et al. 2008,
Gregory et al 2009, Fisher et al. 2011). Both SIMS and
LA-(MC)-ICP-MS are relative methods, and a matrix-matched
mineral reference material is required for calibration during
measurement sessions. Employing matrix-matched calibration
can significonﬂy minimise the laser-induced matrix effects,
resulting in more precise and accurate U-Pb ages and Sm-Nd

measurement results (Xie et al 2018 and references therein).

Although there are numerous well-characterised zircon,
monazite, apatite and rutile reference materials for U-Pb, Hf,
Nd and/or Srisotopic analysis (\Wu et al. 2006, Fisher et al.
2011, lizuka et al. 2011, Liv et al. 2012, Yang et al. 2014,
Li et al. 2015), there are relatively few established fitanite
reference materials (e.g, Khan, BLR-1, OLT1 for U-Pb dating
and MKED1 for U-Pb and Sm-Nd isotope microanalysis),
and with the advent of high-throughput in situ analytical
methods, demand for titanite geochronology reference
materials is outstripping supply. Moreover, the growing
application of in situ titanite Sm-Nd isotope measurement by
LAMQO)-ICP-MS has created a need for a range of
homogeneous Sm-Nd reference materials. Few publications
report Sm-Nd isotopic data for the available fitanite
reference materials. Recenﬂy, Spano”er etal (2016)
reported the first Sm-Nd isotope data for fitanite MKED]
(ID-TIMS and LA-MCICP-MS. More recently, Xu et al

(2015b, 2018) also reported Sm-Nd isotope data for Khan,
BLR-1 and OLT1 using LAMCHCP-MS with no results by the
solution method. Some workers have demonstrated that
using a matrix-matched reference material is essential for
precise and accurate '*/Sm/'**Nd measurement (lizuka
et al 2011, Liv et al. 2012, Yang et al 2014); however, the
approach to correction for isotopic fractionation varies. Fisher
et al (2011) used LREE g|oss to calibrate '*Sm/'*“Nd,
similar to the method conducted by Foster and Vance
(2006) who used the '*/Sm/'**Nd ratio of NIST SRM 610
determined by isotope dilution as the ‘extemal’ reference

VC]er.

Bearing this consideration in mind, we have undertaken a
comprehensive examination of the U-Pb age and Sm-Nd
isotopic composition of twelve natural titanite crystals, includ-
ing four well-characterised reference materials (Khan, BLR-1,
OLT1 and MKED1) and eight candidate reference materials
(Ontario, YQ-82, T3, T4, TLS-36, NW-IOA, Pakistan and
C253).The aimiis to find suitable titanite reference materials for
in situ Sm-Nd measurement and U-Pb age measurement so
that a suite of well-calibrated titanite materials can be made
available to the geochemical research community.

Analytical methods

Electron probe microanalysis

Backscattered electron (BSE) imaging of titanite was
undertaken using a Nova NanoSEM 450 field-emission
scanning electron microscope (FSEM) to characterise internall
structures and mineral inclusions. Quantitative maijor element
determination in titanite minerals was performed on a JEOL
JXA-8100 and CAMECA SXFive electron microprobe
housed at the Electron Microprobe and Scanning Electron
Microscope Laboratory, Institute of Geology and Geophysics
(IGG), Chinese Academy of Sciences (CAS), Beijing. The
operating conditions included beam currents of 2 x 108
and 3 x 10% A for the JEOL JXA-8100 and CAMECA
SXFive instruments, respectively, where both instruments used
an accelerating voltage of 15 kV and a beam size of 5 pm.
The peok counting time was 20 s for all elements and the
background counting time was 10 s on the high- and low-
energy background positions. Natural minerals, synthetic
oxides and glasses were used as reference materials. Results

of major element compositions are presented in Table 1.

In situ trace element measurement and U-Pb age
determination

An Agilent 75000 Q-ICP-MS instrument coupled to a
193 nm Arf excimer laser ablation system housed at
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IGG-CAS wass used to determine trace element compositions
and U-Pb ages. Geolas Pro and Analyte G2 excimer laser
ablation systems were used in this study, descriptions of
which can be found elsewhere (Sun et al 2012, Huang
et al. 2015).

Prior to ono|ysis, the pu|se/ono|ogue (P/A) factor of the
detector was calibrated using a standard tuning solution.
During laser ablation, the instfrument was optimised using the
NIST SRM 610 glass reference material. Helium was used as
the carrier gas and mixed with argon before entering the
ICP torch. The parameters of the two gases were optimised
fo obtain stable maximum signal intensity for 228U, while
suppressing oxide formation and limiting fractionation
between U and Th, which were monitored using the
ThO*/Th* (< 0.5%) and Th/U (to ca. 1) ratios. Detailed
parameter sefings are presented in Table 2. A fluence of
~5 ) em™, a spot size of 40 um and a repetiion rate of
8 Hz were employed for measurement. All LAICP-MS
measurements were carried out using time-resolved analysis
in fast, peak jumping mode. The dwell time for each isotope
was set at 6 ms for P, Rb, Sr, Ba, Nb, Ta, Zr, Hf and REEs;
10 ms for 222Th and 2%8U; 15 ms for 29*Pb, 2°Pb and
208ph; and 30 ms for 2°”Pb. Each spot analysis consisted of
an approximate 30 s background and a 60 s sample data
acquisition. A matrix-matched fitanite reference material
(MKED1) was used to correct 2%7Pb/2%°Ph, 29%pb/238,
2Pb/?2°U (*2°U = 238U/137.88) and **°Pb/***Th ratios.
Trace element mass fractions were calibrated using “*Ca as
the internal standard element (COO mass fractions were
measured previously by EPMA) using NIST SRM 610 as the
calibrating reference material. Isotopic and elemental frac-
tionation plus instrumental mass bias were calibrated using
Glitter 4.0 software (Griffin et al. 2008). For multiple groups
of reference materials, we selected the option for the
interpolation of a linear fit to ratios to perform drift corrections.
Signal sections of each analysis were selected indepen-
dently to obtain a very similar interval for reference materials
and unknowns. The relative standard deviation of reference
values for MKED1 fitanite was set at 2%. The U-Pb ages and
weighted mean ages were calculated using the ISOPLOT
3.0 software package (Ludwig 2003).

In situ Sm-Nd isotope determination

All in situ isotopic measurements in this study were
carried out at IGG-CAS, using a Thermo Scientific Neptune
MCHCP-MS coupled to a 193 nm excimer laser system.
Detailed instrument and measurement conditions are pre-
senfed in Table 2. Prior to analysis, the instrument was tuned
and optimised for maximum sensitivity using the JNdi-1

standard solution. The laser fluence was set to ~ 6 J cm™

with laser repefiion rate and beam diameter set to 8 Hz
and 60-120 pum, respectively, depending on the Nd mass
fraction of the samples. Each spot analysis consisted of ca.
30 s of baseline acquisition and 60 s of data acquisition
(Yang et al. 2008). Every ten sample analyses were followed
by two MKED1 (or BLR-1/OLT1/Ontario) analyses for
calibration.

To obtain accurate '*/Sm/"*Nd and '*3Nd/"**Nd
isotopic ratios using LAMC-ICP-MS, the contribution of the
isobaric interference of '“Sm on the '**Nd signal must be
carefully corrected (Foster and Vance 2006, McFarlane and
McCulloch 2007, Fisher et al 2011, Yang et al 2008,
2009). In natural titanite, Sm/Nd generally ranges from 0.15
to 0.5, s0 '**Sm can contribute ~ 2-6% to the measured
"4Nd signal. The Sm and Nd isotopic abundances of
147Sm/“9Sm = 1.08680, '**Sm/'*?Sm = 022332 and
1Nd/TNd = 07219 (ONions ef ol 1977, Dubois
et al 1992, Isnard et al. 2005) were adopted in this study.
The measured '*Sm/'““Sm was used to calculate a Sm
fractionation factor using the exponential law. The measured
147Sm infensity was used fo estimate the Sm interference on
mass 144 by employing the natural '”Sm/'*4Sm ratio of
4866559 (Isnard et al. 2005). Then, the interference-
corrected '*°Nd/'**Nd ratio was used to calculate the
Nd fractionation factor. Fino”y, the "*3Nd/'**Nd and
145Nd/"“Nd ratios were normalised using the exponential
law. True '#7Sm/"*“Nd ratio can also be calculated using
the exponential law after correcting for the isobaric interfer-
ence of '*“Sm on "**Nd. The '*’Sm/'**Nd ratio was then
calibrated against the '*/Sm/!**Nd ratio in o fitanite
reference material, cmo|yseo| during the same session (Yong
et al. 2013, 2014, lin et al. 2016). The raw data were
exported offine and the whole data reduction was
performed using a Microsoft Excel macro written in VBA
(Visual Basic for Applications).

Solution Sm-Nd isotope measurement

Al titanite chemical preparation was undertaken on
class 100 workbenches inside a class 1000 clean labora-
tory. Individual titanite crystal chips were washed in an
ultrasonic bath in 2% HNO5 for 15 min and then washed
with Milli-Q water (182 MQ cm at 25 °C; Millipore,
Bedford, MA, USA) for several times. Each crysfo| was then
dried. About 20-30 mg of titanite crystals was weighed into
a 7 ml round-bottomed Savillex™ Teflon/PFA screw-top
capsule. Each dliquot was spiked with o weighed
149Sm-1%9Nd-enriched tracer and then digested by con-
centrated HCIO4 and HF of 0.1 ml and T ml, respectively.
The bulk rare earth elements were separated from other

matrix elements using a standard cation exchange resin
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TE L (AG50W-X12, 2 ml, 200400 mesh). Samarium (Sm) and
c X
g %' _% Nd purification was achieved using a commercial Ln Spec
2 20 . . . . .
TS E resin column. The detailed sample digestion and separation
5 %é protocol employed is described elsewhere (Yang et al
= v
g3t 2010, 2011).
T E Q2
—_ S c §
O - O F
b= Tgs Sm and Nd mass fractions and "3Nd/"**Nd isotopic
N 3 9O n . . R
s =t 8 ratios were measured on a Thermo Fisher Scientific Neptune
5 885 ¢ ‘ .
s 2923 2 MCHCP-MS at IGG-CAS. The operational settings and cup
L 5 0 € . . . . .
ERE 53 £ configurations are summarised in Table 2. The JNdi-1 Nd
B =8 6 = b . . .
S289E7 5 standard solufion was used fo evaluate the infermediate
P™HTEM 2 o .. . . .
83588 § measurement precision and bias of the Sm-Nd isofopic
SoN*3ST & . . A
355353 » measurement results. For Sm isotopic determination, the Alfa-
— oo 39 X . .
580 2% § g3 Sm standard solution was used as a calibrator for mass bias
©Swvugy S5 T3 ion of 1475/ 149 ' led
I oZ 5,82 0 B correction o Sm/"*7Sm ratios. Detailed mass spectrom-
313 5352 ¥ . . .
F33£58 o% etry and offline data reduction followed that given by Yang
j_r 0 = —= © o
3% g0 5 2% et al (2011). Procedural blanks were < 50 pg for Sm and
ZJ3 _Eos 0@ g .
¢ ;zc =0 gb & 8 Nd. Therefore, the blank contribution was considered
I S L oo .. . .
ST.ZSF8 22, negligible and required no correction on the measured
N OO B 27T 5 . . R
595 25328 3 isotopic ratios.
IS 1 D§5sS £2873
<5
T I T T et Y
< Q . . .
§3§52¢ €903 The Sm and Nd mass fractions and Nd isotopic data of the
—_ hi — - = .E = - . . ) .
el pe2c.25¢8 replicate titanite crystals are presented in Table 4. In order to
CES 5825358
ST ©°8% 5 g > monitor analytical procedures, replicate analyses of certified
-3 5 0 9 = 4
g = <8 _% § 8 é ° reference materials BCR-2 and AGV-2 from the United States
Yo o ] 0 . . . .
SE365FECE 2 Geological Survey were conducted using the identical

analytical procedure described above. During the period of
data acquisiion, BCR-2 and AGV-2 gave 0.512640
+ 0000009 (25, n = 3) and 0.512785 + 0000011 (25, n
= 2) for "*Nd/'**Nd and 0.1376 + 00017 (25 n = 3)
and 0.1089 + 00001 (2s,n = 2) for '*’Sm/'**Nd, respec-
tively, identical within error to the recommended values (Weis
et al. 2006, Chu et al. 2009, Yang et al 2010, 2011).

Results

In this study, twelve fitanites from different areas were
investigated, with ages ranging from ca. 1840 to 20 Ma.
Typical backscattered electron (BSE) images are presented
in Figure 1. Major and trace element compositions of
fitanites are given in Tables 1 and 3, respectively, and
chondrite-normalised REE patterns are shown in Figure 2.
Sm and Nd mass fractions and '**Nd/'**Nd isotopic
ratios of titanite crystals acquired via solution methods are
listed in Table 4. The in situ U-Pb and Sm-Nd data for the
measured fitanites are summarised in Tables 5 and 6,
respectively. More detailed information of major and trace
elements and U-Pb and Sm-Nd isotope data can be
found in the online supporting information (Tables S1-54).

For most fitanites, Th-Pb ages are problematic for

Typical instrument parameters for U-Pb dating of titanite by LA-ICP-MS and Sm-Nd isotopic measurement by LA-MC-ICP-MS

Reference material information (Nd isotope)

Table 2 (continued).
Data processing

Data processing package used
Common Pb correction
Uncertainty level

accurate dating because of the generally lower Th/U ratios
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Figure 1. Representative BSE images for typical titanite crystals investigated in this study. Most Khan titanite crystals

are relatively uniform, but some display numerous mineral inclusions. BLR-1 and MKED1 titanites are typically

homogeneous in BSE images; however, calcite inclusions are visible in some grains; Ontario titanites are

homogeneous in BSE images but contain mm-scale fluorite inclusions; most YQ-82 crystals contain abundant

mineral inclusions; T3, T4, Pakistan and €253 titanites have homogeneous compositions; TLS-36 and NW-1I0A

titanites display some internal structures. Blue solid and yellow dashed circles indicate the locations of U-Pb and Sm-

Nd laser spots, respectively. Anh = anhydrite; Bi = biotite; Cc = calcite; F = fluorite; and Tin = titanite. [Colour figure

can be viewed at wileyonlinelibrary.com]

(Th/U < 1) and higher f0g (common 2°®Pb in proportion to
total 2°8Pb) compared with 0 (common 2°°Pb in propor-
fion fo total ?%Pb), as shown in Figure 3a, b. Here, for
titanites with common Pb, age calculations used a weighted
mean of the ?%Pb-corrected ages and the Tera-Wasser-
burg (TW) concordia intercept age anchored through
common Pb, based on the model of Stacey and Kramers
(1975). For fitanites with litle common Pb, 2°’Pb/
235(J_206pl, /238 concordia diagrams are presented in
this paper (Figure 4). The stable T4Nd/T4Nd  after
isobaric interference correction can be used to evaluate
both accuracy and  reproducibility. Here, values of
145Nd/"**Nd  obtained via the laser ablation method
were slightly higher than (mean values from 0.348424 to
0.348441; Table 6), but within measurement uncertainty
of the reference value of 0.348415 acquired by TIMS
(Wosserburg et al 1981).

Khan

The Khan titanite was collected from o pegmatite
sample exposed in the Khan copper mine, Namibig,

south-west Africa. Previous work indicates that this fitanite
has some geochemical variability and displays consider-
able variation in 2°”Pb/?%°Pb ages (Heaman 2009). The
U-Pb age of fitanite crystals from the Khan pegmatite was
investigated first by Kinny et al. (1994) using ID-TIMS.
Their U-Pb results from six analyses yielded a weighted
mean 2%7Pb/?%°Pb age of 518 + 2 Ma (2s). Heaman
(2009) recommended a weighted mean 2%7Pb/?%°Ph
age of 522.3 + 2 Ma (25, n = 9, MSWD = 1.0) for nine
fractions using TIMS (three aliquots were spiked after
dissolution) as the best estimate for the crysfa”iscﬁion age
for Khan titanite, whereas the weighied mean 20°Pb/238
age of 510.1 £ 49 Ma (2s, n = 10, MSWD = 1.07) was
slightly younger and less precise. Chew et al. (2014)
provided a U-Pb TW concordia intercept age of
5209 £ 39 Ma (2s, n =14, MSWD = 4.2) using @
Thermo Scientific iICAP-Qc (Q-ICP-MS) coupled to a

193 nm laser system.

The Khan titanite sample used in this study was provided by
Larry M. Heaman. Maijor and trace element compositions are
reporfed inTables 1 and 3.The mean Fe/Al a.pfu. ratiois 0.37
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Figure 2. Chondrite-normalised REE patterns for titanites utilised in this study. (a) Khan, (b) BLR-1, (c) OLTI, (d)
Ontario, (e) MKED1, (f) YQ-82, (g) T3, (h) T4, (i) TLS-36, (j) NW-IOA, (k) Pakistan and (l) C253. Chondrite-normalised

data are from Boynton (1984). [Colour figure can be viewed at wileyonlinelibrary.com]

and plots in the mefamorphic field of Kowalllis et al (1997). The
Khan fitanite has high Y (~ 3404 ug g'),Nb(~ 4563 ng g™),
Ta (~765ugg"), Nd (~3252pugg') ond Sm
(~ 636 ug g') mass fractions. The chondrite-normalised REE
pattem is fractionated (mean La/luy = 528 + 092) with
strong Eu onomoly(meon Eu/Eu* = 041 + 002; Figure 2a).

The U, Th, Pb and Th/U results for the Khan titanite
obtained by laser ablation are relatively uniform:
754 + 56, 595 + 83, 70 + 6 and 079 + 006 pg g,
respectively. The measured fo, (%) values are generally
low and vary between 0.3 and 2.7% with a mean of
0.90 + 1.28%, reflecting only a small amount of common
Pb. The U-Pb results are presented in Table 5 and plotted
on a TW diagram, yielding a lower intercept age of
521 = 3 Ma using an initial Pb composition of 0.87
calculated using the two-stage model of Stacey and
Kramers (1975) (Figure 4a). The 2%Pb-corrected weighted
mean 2%°Pb/?*%U age is 521 + 3 Ma (25, n = 21). Our
U-Pb results from analysis by laser ablation show that
Khan has consistent  2%8U/2%%Ph ratios but  relatively
variable ?%Pb/?%°Pb ratios, reflecting the slightly variable

amount of common Pb present in this fitanite.

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

The Khan titanite shows slight variations in '4”Sm/'#4Nd
and limited variation in '**Nd/'*“Nd, ranging from 0.1149
to 0.1278 and from 0.511581 to 0.511694, respectively. All
the data points are located along the ca. 518 Ma reference
isochron (Figure 5a) and yield a mean eng(f of -14.3 £ 0.8
(2s, n =89; Table 6). Xu etal (2015b) reported a
"SNd/"Nd  value of 0511635 + 0000028 (25,
n = 60) using a Neptune Plus MCICP-MS and Geolas
193 nm excimer laser. More recently, the same group
reported  '¥Sm/"*Nd and "**Nd/'"**Nd  values of
0.1217 £0.0002 (25, n = 77) and 0.511632 + 0.000030
(2s,n=77; Xu et al. 2018).

BLR-1

This fitanite is commonly used as a U-Pb reference material
for SIMS and LAICP-MS analyses (Bonamici et al. 2015). Itis a
mefamorphic megacryst collected from Bear Lake Diggings
near Tory Hill, Ontario, Canada (Mazdab 2009). Six individual
BLR-1 fragments were dated by ID-TIMS (three were abraded
for 3 h in an alumina-ceramic vertical abrader to form smooth
ellipsoids, and three were unabraded), and five fragments
yielded a weighted mean 2°°Pb/?*8U age of 1047.1 +
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Table 4.
Sm and Nd mass fractions and '#7Sm/'**Nd and '*3Nd/'**Nd isotopic ratios of titanites and international
certified reference materials measured by ID-MC-ICP-MS in this study

Titanite Sm(ng g') | Nd (ng g') ["*7Sm/"**Nd|"*3Nd/'**Nd 2SE T43Nd/ ' *4Nd endlf)
()
BIR-1 (~ 1047 Ma)
1.01 439 1381 0.1921 0512815 0.000004 0.511495 407
1.02 439 1381 0.1921 0512813 0.000015 0.511493 4.04
1.03 439 1381 0.1922 0512816 0.000009 0511496 409
Ontario (~ 1053 Ma)
1 491 1534 0.1936 0512829 0000007 0511491 415
2 477 1501 0.1923 0.512835 0.000010 0.511506 4.45
3 502 1577 0.1925 0512830 0000009 0.511500 432
4 501 1571 0.1926 0.512837 0.000010 0.511506 4.44
Mean 493 1546 0.1928 0512833 0511501 434
2s 23 71 0.0011 0.000008 0.000014 0.28
T3 (~ 1130 Ma)
1 1805 5578 0.1957 0512608 0000010 0511157 043
2 1923 5957 0.1952 0.512605 0.000008 0.511157 -043
3 1902 5867 0.1960 0512614 0.000007 0511160 037
4 1905 5868 0.1962 0512618 0.000007 0511163 -0.32
Mean 1884 5817 0.1958 0512611 0511159 039
2s 106 331 00009 0000012 0.000006 011
T4 (~ 1130 Ma)
1 | 96 628 00924 0511846 0.000008 0511161 036
TLS-36 (~ 135 Ma)
1 517 3024 0.1033 0512263 0000010 0512172 571
2 520 3043 0.1033 0512271 0.000009 0512180 555
3 501 2906 0.1042 0512273 0000009 0512181 -5.52
4 487 2917 0.1009 0512273 0.000007 0512184 547
Mean 506 2973 0.1029 0512270 0512179 556
2s 31 142 00029 0000010 0000011 021
NW-IOA (~ 130 Ma)
1 316 1738 0.1100 0512143 0000009 0.512049 822
Pakistan (~ 21 Ma)
1 159 541 0.1777 0512164 0.000012 0.512141 -9.20
2 207 699 0.1790 0512153 0.000007 0512130 941
3 154 526 0.1764 0.512136 0.000007 0512113 975
4 161 551 0.1765 0512142 0000007 0512119 962
Mean 170 579 01774 0.512149 0.512126 -9.49
2s 49 160 00025 0000025 0000025 0.48
C253 (~ 20 Ma)
1 212 703 0.1824 0.512146 0.000011 0.512122 -9.56
2 210 692 0.1832 0512135 0.000009 0512111 978
3 196 642 0.1845 0.512133 0.000012 0.512109 -9.81
4 196 644 0.1839 0512138 0.000008 0512114 972
Mean 203 670 0.1835 0512138 0512114 972
2s 17 64 00018 0000011 0000012 023

04 Ma (25, MSWD = 0.56). The sixth (unabraded) fragment, 2007). In addition, Sun et al. (2012) reported ?°”Pb-comrected
with a slightly hackly texture on the surface, exhibited a younger weighted mean 2%Pb/?*8U ages of 1046 + 5 Ma (25,
age, indicating that it was originally adjacent to o fracture and n =24) and 1046 £ 6 Ma (25 n = 24) using single spot
had a minor amount of Pb loss near the surface (Aleinikoff et al. and line rasfer scan analyses, respectively.

364 © 2019 The Authors. Geostandards and Geoanalytical Research © 2019 International Association of Geoanalysts



Table 4 (continued).

=Ty

GEOSTANDARDS and

‘-~ GEOANALYTICAL
RESEARCH

CRMs Sm (ng g’") Nd (ng g") 1476m/144Nd 143Nd/T4*Nd
This study | Ref. value | This study | Ref. value | This study | Ref. value | This study | 2SE | Ref. value

BCR-2

1 6.37 654 b 28.09 28.60 ° 0.1370 0.1383° | 0512635 | 0000007 | 0512637 ©
2 6.40 651°¢ 28.19 2843 © 0.1373 01385 | 0512643 | 0000006 | 0512641 P
3 6.50 28.36 0.1386 0512642 | 0000008 | 0512637 ¢
Mean 6.42 28.21 01376 0512640

2s 0.14 027 00017 0.000009

AGV-2

1 5.47 550" 30.34 3047 ° 0.1089 01092° | 0512781 | 0000013 | 0512791 ©
2 543 544 ¢ 30.16 3025 ¢ 0.1089 01098 | 0512788 | 0000019 | 0512811 P
Mean 5.45 3025 0.1089 0512785 0512789 ¢
2s 005 025 0.0001 0.000011

Reference values for CRMs are from @ Weis et al. (2006), ® Chu et al. (2009) and © Yang et al. (2011).

The studied BLR-1 titanite crystal was offered by John
N. Aleinikoff. The crystal is dark brown to black in colour.
BSE images were taken of a number of fragments from
this titanite and most are relatively uniform and  lack
mineral inclusions (Figure 1b). The homogeneous nature of
the crystal is supported by the narrow range in major and
trace element compositions (Tables 1 and 3). BIR-1 has
high Y (3652 + 96 ng g'), Zr (830 =36 pg g'), Nb
(3797 +120 ug g') and LREE mass fractions. The
chondrite-normalised REE pattern is flat for the MREE
(except for Eu). The Eu anomaly (Eu/Eu*) is 0.53 + 001,
showing what has been described as a ‘seagull’ pattern
(Figure 2b), similar to that reported by Aleinikoff et al
(2007).

The mean U, Th and Pb mass fractions for BLR-1 are
334 +20, 219 + 15 and 67 + 3 ug g, respectively. The
mean Th/U rafio is 065 + 001. The U-Pb results are plotted
on a TW diagram, yielding a lower intercept age of 1048 =7
Ma (2s, n = 20; Figure 4b) and a 2 Pb-corrected Weighted
mean 2%°Pb/?#U age of 1048 + 7 Ma (25, n = 20).

The Sm and Nd mass fractions of 439 and 1381 g g™,
respectively, were given by the solution method (Table 4).
Laser ablation analysis of BIR-1 yielded mean '*/Sm/'**Nd
values of 0.1939 + 00045 and a "**Nd/'**Nd ratio of
0.512829 + 0000047 (n = 175, 2s) (Table 6), somewhat
higher than, but still in agreement (within uncertainty) with
the solution values of '*/Sm/'*Nd of 01921 and
"*Nd/'"*Nd rafio of 0.512815 + 0000004 (n = 1, 2SE;
Figure 6a, b). More recently, Xu etal (2018) reported
"7Sm/MNd - and Nd/"Nd - values o
0.1982 + 00048 (25, n = 45) and 0512818 + 0000082
(2s, n = 45) using LA-MC-ICP-MS.

OLT1

Titanite OLT1, sampled at Otter Lake, Quebec, within the
Grenville Province of the Canadian Shield, is a dark reddish
brown single crystal from a large metasomatic calcite skarn at
the Yates uranium prospect, where the rocks are rich in augite,
scapolite and titanite. It has a concordant ID-TIMS age of
1014.8 £ 20 Ma (25, n = 6, MSWD = 1.8; Kennedy ef al.
2010). Detailed SEM, Raman, EBSD, EPMA-WDS and SIMS U-
Th-Pb dating showed the potential of OLT1 as a reference
material for in situ U-Pb dating, with only limited U-Pb age
heterogeneity (Kennedy et al 2010). Sun et al (2012)
reported a ?%Pb-corrected weighted mean 2%°Pb/?*8U
ages of 1015 £ 5 Ma (25, n = 24) and 1017 + 6 Ma (2s,
n= 24) using sing|e spot and line raster scan modes,
respectively, using BLR-1 as the calibrating reference material.
Xu etal (2015b) reported @ 18Nd/"*Nd value  of
0512270 + 0000024 (25, n = 64) using a Neptune Plus
MCHCP-MS and Geolas 193 nm excimer laser. '/ Sm/'4Nd
and "*3Nd/"*“Nd values of 0.1313 + 00019 (25, n = 107)
and 0512270 + 0000026 (2s, n = 107), respectively, were
also reported by the same group (Xu et al 2018).

The studied OLT1 material was provided by Allen K
Kennedy. It has high Y (1230 + 48 ug g'), Zr @11 =
30 ug g Nb (5690 + 84 pg g'), Nd (2404 + 48 pg g™)
and Sm (~ 498 + 17 ug g™') mass fractions (Table 3). The
chondrite-normalised REE pattems for all analyses are identical
with LREE/HREE fractionation (La/Lun = 584 + 029), and
slightly negative europium anomalies (Eu/Eu* = 0.84 + 002;
Figure 2c).

The OLT1 U-Pb dating results are presented in Table 5
and on a TW concordia diagram in Figure 4c. The U, Th and
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Table 6.
Sm-Nd isotopic data of titanite using LA-MC-ICP-MS in this study
Titanite n [147sm/144 2RSD (%) ['*3Nd/"**Ndl,, T43Nd/ 144 ["45Nd/144 ena(f) (£ 25) | ‘External’ RM

Ndl,, (= 2s) (& 2s) Nd(#) (= 2s) Ndl,, (= 2s)
Khan (~ 518 Ma)
2016.09.05 20 0.1186 (68) 57 0511627 (43) 0511225 (38) | 0.348426 (26) 2146 (07) MKED1
2017.02.24 9 0.1178 (28) 24 0511645 (38) 0511246 (46) | 0.348431 (45) 1142 (09) MKED1
201805.12 20 0.1181 (31) 26 0.511644 (30) 0511243 (32) | 0.348443 (28) -142 (0.6) Ontario
201805.13 20 0.1191 (29) 24 0511645 (33) 0511241 (33) | 0.348436 (26) 1143 (07) BLR-1
2018.05.14 20 0.1199 (63) 52 0.511642 (41) 0511238 (39) | 0.348434 (30) -142(07) Onfario
Mean 89 0.1188 (50) 42 0511642 (41) 0511238 (39) | 0.348427 (33) -143 (0.8)
BLR-1 (~ 1047 Ma)
2010.12.30 20 0.1961 (28) 14 0512837 (35) 0511489 (33) | 0.348433 (18) 397 (064) | Ontario
2016.09.05 40 0.1932 (37) 19 0.512821 (50) 0511493 (42) | 0.348421 (21) 405(0.82) | MKED1
201609.13 22 0.1937 (16) 038 0512804 (29) 0511473 (26) | 0.348421 (27) 392 (077) |oum
2017.02.25 9 0.1939 (68) 35 0512825 (37) 0511492 (37) | 0.348421 (31) 392 (077) | MKED1
2017.0304 28 0.1947 (44) 22 0.512823 (31) 0511485 (42) | 0.348411 (34) 3.88(0.81) | Ontario
201805.12 31 0.1927 (58) 30 0512841 (33) 0511517 (48) | 0.348429 (28) 452 (094) | Ontario
2018.05.14 25 0.1943 (29) 1.5 0.512848 (43) 0511513 (38) | 0.348437 (29) 443 (074) | Ontario
Mean 175 0.1939 (45) 23 0.512829 (47) 0511496 (49) | 0.348424 (31) 410 (0.96)
OLT1 (~ 1015 Ma)
2010.12.30 31 0.1234 (11) 09 0512201 (29) 0511380 (27) | 0.348429 (18) 1.01 (0.53) | Ontario
2016.09.06 40 0.1240 (12) 1.0 0512206 (30) 0511380 (28) | 0.348425 (18) 1.02 (0.55) | MKEDI1
2016.09.07 10 0.1243 (10) 038 0512205 (23) 0511378 (24) | 0.348425 (20) 097 (0.47) | Ontario
201609.13 21 0.1231(11) 09 0512207 (33) 0511387 (36) | 0.348421 (26) 1.16 (069) | BLR-1
2017.02.25 10 0.1253 (20) 16 0.512210 (38) 0511375 (43) | 0.348424 (34) 092 (0.84) | MKED1
2017.03.04 21 0.1243 (12) 1.0 0512212 (37) 0511384 (31) | 0.348413 (29) 1.09 (0.60) | Ontario
201805.12 15 0.1232 (35) 28 0512224 (37) 0511403 (44) | 0.348438 (29) 1.47 (0.86) | Ontario
201805.13 36 0.1232 (17) 1.4 0.512237 (36) 0511417 (35) | 0.348440 (19) 174(068) |BIR-1
Mean 184 0.1237 (20) 1.6 0512214 (41) 0511390 (44) | 0.348428 (28) 121 (0.86)
Ontario (~ 1053 Ma)
2010.12.30 31 0.1937 (10) 05 0512812 (27) 0511473 (26) | 0.348432 (23) 380 (0.51) |oLTI
2017.09.05 20 0.1908 (27) 1.4 0512808 (39) 0511489 (34) | 0.348427 (23) 412 (0.66) | MKEDI1
2017.09.06 20 0.1901 (13) 07 0512806 (35) 0511492 (33) | 0.348419 (21) 419 (064) | MKED1
2017.09.07 10 0.1900 (10) 05 0.512802 (39) 0.511488 (37) | 0.348420 (42) 411(072) | MKED1
2017.09.23 9 0.1914 (15) 038 0512821 (37) 0511498 (36) | 0.348384 (60) 429 (070) | OLM
2017.03.04 21 0.1923 (25) 13 0512812 (31) 0511483 (30) | 0.348419 (41) 400 (058) |oLm
201805.13 34 0.1913 (25) 13 0512832 (34) 0511509 (33) | 0.348433 (23) 452 (0.64) | BLR-1
Mean 145 0.1916 (32) 1.7 0512815 (41) 0.511490 (40) | 0.348424 (39) 4.15(0.79)
MKEDT (~ 1521 Ma)
2016.09.05 25 0.1255 (28) 22 0511636 (58) 0510353 (57) | 0.348430 (17) -624(1.11) | Ontario
2016.09.06 4 0.1288 (17) 1.3 0511625 (32) 0.510338 (23) | 0.348430 (22) -6.53 (0.45) | Ontario
201805.12 20 0.1289 (23) 1.8 0511651 (20) 0510363 (29) | 0.348440 (28) -6.05(0.57) | Ontario
2018.05.14 15 0.1286 (30) 24 0.511644 (28) 0510358 (42) | 0.348434 (18) -6.14(0.83) | Onfario
Mean 64 0.1286 (27) 2.1 0511642 (43) 0510356 (45) | 0.348434 (23) -6.17 (0.89)
YQ-82 (~ 1838 Ma)
2016.09.06 15 0.2647 (655) 25 0513270 (778) 0510070 (69) | 0.348433 (35) -373(1.36) | MKED1
2018.05.13 13 0.2452 (1149) 47 0.513020 (1380) | 0.510055 (81) | 0.348445 (30) -402 (1.58) | BIR-1
Mean 28 02556 (921) 36 0513154 (1106) | 0510063 (75) | 0.348438 (34) -3.86 (1.47)
T3 (~ 1130 Ma)
201805.12 9 0.1967 (18) 09 0512620 (34) 0511161 (30) | 0.348444 (37) -0.35(0.59) | Ontario
201805.13 9 0.1978 (20) 1.0 0512644 (22) 0511177 (21) | 0.348439 (22) 004 (041) | BIR-1
201805.14 19 0.1988 (21) 1.1 0512642 (29) 0510906 (35) | 0.348441 (29) 027 (0.68) | Ontario
Mean 37 0.1980 (26) 13 0512637 (35) 0511169 (31) | 0.348441 (29) 020 (0.61)
T4 (~ 1130 Ma)
2018.05.12 30 00965 (321) 33 0.511884 (225) 0511168 (63) | 0.348425 (28) -022(1.24) | Onfario
201805.13 30 0.1021 (371) 36 0511934 (276) 0511177 (55) | 0.348432 (32) -004(1.07) | BLR-1
201805.14 15 0.0921 (235) 26 0511867 (151) 0511183 (63) | 0.348431 (47) 008 (1.24) | Ontario
Mean 75 0.0979 (333) 34 0.511901 (239) 0511174 (60) | 0.348429 (34) -009 (1.18)

Pb mass fractions are relatively uniform: 329 = 13,355 + 14 of foe (%) (123 £041) and relatively high fog (%)
and 70 + 3 1g g'], respec’rive|y. OLT1 has a uniform Th/U (8.7 + 7.3). Thus, the OLT1 U-Pb age is more useful than its
ratio of 1.08 + 0.02 and contains a relatively low proportion Th-Pb age. All twenty-one ages are clustered near the

© 2019 The Authors. Geostandards and Geoanalytical Research © 2019 International Association of Geoanalysts 367
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Table 6 (continued).

Sm-Nd isotopic data of titanite using LA-MC-ICP-MS in this study

Titanite n [147Sm/144 2RSD (%) ['3Nd/"*4Ndl,, T43Nd/ 144 [T45Nd/144 end(f) (£ 25) | ‘External’ RM
Ndl,,, (= 2s) Nd(1) (= 2s) Ndl,,, (= 2s)

TLS-36 (~ 135 Ma)

2016.09.06 20 0.1034 (105) 10 0512241 (54) 0512150 (53) | 0.348425 (24) -6.13(1.03) | MKED1

201805.12 20 0.1011 (126) 12 0512273 (36) 0512183 (36) | 0.348440 (19) -548 (0.71) | Ontario

201805.13 20 0.1031 (127) 12 0.512273 (61) 0512182 (59) | 0.348432 (32) -550(1.14) | BIR-1

201805.14 20 0.1051 (133) 13 0512275 (63) 0512182 (63) | 0.348437 (36) -551(1.23) | Ontario

Mean 80 0.1032 (124) 12 0512265 (60) 0512174 (60) | 0.348434 (30) -5.66 (1.17)

NW-IOA (~ 130 Ma)

2016.09.06 20 0.1074 (57) 53 0512122 (34) 0512031 (34) | 0.348419 (28) -8.59 (0.66) | MKED1

201805.12 20 0.1082 (78) 72 0512150 (50) 0512058 (47) | 0.348433 (26) -806 (0.91) | Ontario

201805.13 20 0.1095 (93) 8.5 0512161 (41) 0512067 (43) | 0.348438 (28) 787 (0.84) | BIR-1

201805.14 20 0.1108 (105) 9.5 0512156 (61) 0512062 (59) | 0.348441 (38) 798 (1.15) | Ontario

Mean 80 0.1090 (88) 8.1 0512147 (56) 0512054 (54) | 0.348433 (34) -8.12 (1.05)

Pakistan (~ 21 Ma)

2016.09.06 20 0.1765 (105) 59 0512123 (73) 0512100 (72) | 0.348429 (34) 999 (1.41) | MKED1

201805.12 20 0.1721 (80) 47 0512138 (53) 0512116 (53) | 0.348425 (38) -9.68 (1.03) | Ontario

201805.13 20 0.1754 (110) 63 0512134 (83) 0512111 (83) | 0.348422 (36) 978 (1.61) | BIR-1

2018.05.14 20 0.1783 (97) 5.4 0.512152 (53) 0512128 (53) | 0.348438 (29) -9.44 (1.04) | Ontario

Mean 80 0.1756 (107) 6.1 0512137 (69) 0512114 (68) | 0.348429 (36) 972 (1.33)

€253 (~ 20 Ma)

2017.02.25 12 0.1789 (35) 20 0512148 (97) 0512125 (97) | 0.348436 (104) | -9.51 (1.89) | BLR-1

201805.12 20 0.1850 (115) 62 0512139 (60) 0512115 (60) | 0.348427 (26) -970(1.18) | Ontario

201805.13 20 0.1891 (83) 4.4 0512148 (57) 0512124 (57) | 0.348432 (37) 9.53(1.12) | BLR-1

2018.05.14 12 0.1878 (78) 42 0512153 (77) 0512129 (78) | 0.348448 (35) -9.43 (1.51) | Ontario

Mean 64 0.1857 (113) 6.1 0512146 (70) 0512122 (70) | 0.348434 (54) -9.56 (1.36)

. <f) B (‘A‘%Nd/‘“Ndsomp‘e)—(“‘7Sm/M4Nd5mp\g)x(e“—T)
Nd\T) = (‘43Nd/”4NchuR)*(“‘75m/”4NdCHuR)><(e"’4)
("3Nd/"*“Nd)chur = 0.512638 (Jacobsen and Wasserburg 1980).

1000;

—1] x 10% % = 6.54 x 10-12~"

(Lugmair and Marti 1978); (**”Sm/"**Nd)cur = 0.1967, and

Th (ug g

T

. @ BLR-1

N AOLT1 ¢ Ontario

i | AMKED1 XYQ-82

. | oT3 oT4

' 1| +TLS36 <NW-IOA

. 1 \ & Pakistan @ C253

0.01 FETETTIT EETETEETTT BT B
0.01 0.1 1 10 100
o0 (%)

Figure 3. Plots of (a) U versus Th (ng g™') and (b) 206 versus fo0s of titanites investigated in this study. f,06 and fy0s

represent common 2°®Pb in proportion to total 2°°Pb and common 2°8Pb in proportion to total 2°8Pb, respectively.

Formulas of 506 and fy0g are available in Table 5. [Colour figure can be viewed at wileyonlinelibrary.com]

+ 6 Ma
(2s), consistent with the 2%Pb-corrected weighted mean
205ph/238J age of 1011 + 6 Ma (2s).

concordia, yielding a lower intercept age of 1011

Long-term Sm-Nd measurements (laser ablation) yielded
mean '4Sm/'*Nd and "**Nd/"#Nd ratios of 0.1237
£ 00020 ond 0512214 + 0000041 (h =184, 2s),

368

respeciively (Table 6, Figure éc, d). Notably, the '#”Sm/'*“Nd
values show only minor variation (RSD < 1%), indicating OLT1
is a pofential reference material for in situ 4 Sm/"*Nd
145N/ "N ratio of 0348428
184, 2s) is in close agreement with the

determination. The mean
+ 0000028 (n =
recommended value of 0.348415. Due to limited supply in this
study, OLT1 was not analysed by solution methods.

© 2019 The Authors. Geostandards and Geoanalytical Research © 2019 International Association of Geoanalysts
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Figure 4. Diagrams of U-Pb dating results for studied titanites. Results of (a) Khan, (b) BLR-1, (c) OLT1, (d) Ontario,
(h) T4, (i) TLS-36, (j) NW-IOA, (k) Pakistan and (I) C253 are displayed on Tera-Wasserburg diagram, and the
weighted mean 2°6Pb/238U ages are after 2°7Pb correction. Results of (¢) MKED1, (f) YQ-82 and (g) T3 are displayed
on concordia diagram, and the weighted mean 2°7Pb/2°¢Pb ages are calculated based on their 2°7Pb/2%¢Pb

apparent ages. [Colour figure can be viewed at wileyonlinelibrary.com]

Ontario 1056 = 5 Ma (25, n = 28) after ?“Pb correction, using
BLR-1 as the calibrating reference material. This result was

This titanite is a dark brown single crystal sampled from further confirmed by an ID-TMS 2%°Pb/?*®U age of
the Renfrew district of Ontario, Canada. The crystal size in this 10533 + 3.1 Ma (& 95% Cl, n = &; Spencer et al 2013).
study was about 25 x 1.5 cm. A detailed LAICP-MS This group also obtained a 2%%Pb/?38U-2Ph/20%Ph
analysis of Ontario fitanite was conducted by Sun et al isochron age of 1048.7 + 2.6 Ma using a Photon Machines
(2012), yielding a weighted mean 2°°Pb/?%8U age of 193 nm ArF excimer laser coupled to a Nu Instruments
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Plasma high-resolution MC-ICP-MS. Horstwood et al. (2016)
recalculated the age uncertainty based on these TIMS data
using an improved uncertainty propagation protocol, iden-
tifying random and systematic components, which yielded a

200p}, /238 age of 1053.5 + 59 Ma.

The fragments of the Ontario fitanite are typically
homogeneous in BSE images, but mineral inclusions have
been discovered, including mm-scale fluorite and magnetite
at the pm scale (Figure 1d). The maijor and trace element
compositions are shown in Tables 1 and 3. The Fe/Al a.pfu.
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somewhat

ratio is 0.68 and falls in the metamorphic field of Kowallis
et al (1997). The Ontario titanite contains abundant Y
(3270 £ 173 ug g’'), Zr (821 + 56 pg g'), Nb (3992
+221 ug g”') and REEs. The chondrite-normalised REE

fractionated  (mean Lo/

Lun = 1.41 + 0.08) with a relatively pronounced Eu anom-

interaction.

aly (Eu/Eu* = 0.53 + 0.01), similar to BLR-1 (Figure 2d). A
significant M-type lanthanide tetrad effect is observed in
Ontario fitanite. Tetrad REE patterns are generally devel-
oped in fitanites that have experienced hydrothermal
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Figure 6. Measured '#7Sm/'**Nd and '*3Nd/'**Nd ratios of BLR-1 (a, b), OLT1 (c, d), Ontario (e, f) and T3 (g, h)

titanites using LA-MC-ICP-MS. Error bars are 2SE (2 standard in-run errors); the mean values are shown as coloured
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The U, Th and Pb mass fractions are 267 + 25,
179 £ 19 and 55 + 6 pg g, respectively. It has a uniform
Th/U ratio of 0.67 + 003 and contains a relatively low
proportion of fos (%) (177 +0.31) and but high and
scattered fog (%) (22 + 23) (Table 5). Most of the U-Pb
data are clustered near the concordia, yielding consistent
lower infercept and weighted mean 2°°Pb/?%8U ages of

1047 + 6 Ma and 1047 + 6 Ma (25, n = 21), respec-

tively (Figure 4d), within error.

1479m/144Nd values range from 0.1875 to 0.1959,
with "3Nd/"*Nd ranging from 0512762 to 0.512863
(Figure 5d) from laser ablation analysis. The '*”Sm/'*Nd

and
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0512833 £ 0000008 (n =4, 29), respectively, were
determined by isotope dilufion MCICP-MS with Sm and
Nd mass fractions of 493 + 23 and 1546 + 71 pg g™,
respectively (Table 4). Our long-term data set of in situ
"3Nd/"Nd  values for the Onfario ftitanite yields
147Sm/"Nd  and  '"**Nd/'*Nd  mean values of
0.1916 = 00032 and 0512815 + 0000041 (n = 145,
2s), consistent with the reference value determined using
solution methods (Figure 6e, ). The '**Nd/'**Nd ratio has
a mean value of 0.348424 + 0000039 (2s, n = 145),
consistent with the recommended value. This itanite appears
to be a very promising reference material for in situ Sm-Nd

isofopic measurement.
MKED1

The MKED1 specimen used in this study was previously
investigated by Spandler et al. (2016). It was derived from a
euhedral crystal associated with calcite, extracted from a vein
in skarn rocks in a diamond drill core recovered from ca. 80 m
below the surface at the Elaine Dorothy prospect of the Mount
Isa Inlier in Queensland, Australia. MKED1 is almost com-
pletely free of mineral inclusions and has a high degree of
elemental and isotopic homogeneity (Figure 1e). It contains
very low levels of common Pb and has homogeneous REE
mass fractions characterised by significant LREE/HREE frac-

tionation with a sfrong negative Eu anomaly. The MKED1
concordant 2%”Pb/2%¢Pb, 29”Pb/?3°U and 2°°Pb/?*U ages

are 152102 + 055 Ma, 151887 + 031 Ma and
1517.32 £ 032 Ma (n = 5), respectively, using ID-TIMS
methods. It is also remarkably uniform in '4Sm/"**Nd and
143Nd/*“Nd values. The TIMS measured '#/Sm/'#4Nd
ratio is 0.1270. The TIMS and LAIMC-ICP-MS '3Nd/"““Nd
data for MKEDT are 0.511630 + 0.000003 (2s,n = 3)and
0.511645 +0.000037 (2s, n = 61), respectively, which are
identical within error.

In our study, the chemical composition of the MKED]
chips was similar to that reported by Spandler et al (2016)
(Tables 1 and 3). The U, Th, Pb, Sm and Nd mass fractions
measured by LAICP-MS are 106 + 31,321 + 35,49 £ 12,
336 + 41 and 1559 + 258 pg g, respeciively. Here, we
used fitanite YQ-82 as external reference material to calibrate
MKED1, yielding a concordant age of 1517 = 5 Ma (2s,
n =19, MSWD = 0.072; Figure 4e). In situ Sm-Nd isotope
measurements  yielded o '¥Sm/'™Nd  ratio  of
0.1286 + 00027 (25, n = 64) and a "*Nd/"**Nd value
of 0511642 £ 0000043 (25, n = 64; Table 6, Figure 5e),
which agree well with both the solution and laser ablation
data in Spandler et al (2016). The mean '*°Nd/"*4Nd ratio
of 0.348434 + 0000023 (2s, n = 64) obtained in this work

is identical to the theoretical value of 0.348415 of Wasser-
burg et al (1981), within error.

YQ-82

This fitanite was collected from an alkaline dyke in
Zhongtiao Mountain, Shanxi Province, China. It has very low
to no initial common Pb compared with other fitanites. The
weighted mean 2%°Pb/?%8U age of the four grains is
1837.6 £ 1.0 Ma (MSWD = 1.3), measured by ID-TIMS
(Huyskens et al. 2016).

A number of fragments from YQ-82 fitanite were
investigated with BSE and most of them were shown to
contain abundant mineral inclusions, inc|Uo|ing quartz,
biotite, calcite, plagioclase, K-feldspar and zrcon (Fig-
vre 1f and Figure S1). The maijor and trace element
compositions are reported in Tables 1 and 3. The Fe/Al
apfu. ratio is ca. 0.46 and plots within the metamorphic
field near the metamorphic-igneous dividing line. This
titanite  has  relatively  high  and  variable Y
(2860 + 2877 ug g’'), and Nb (400 + 307 ug g'')
mass fractions. It is also heterogeneous in REE confent
and has a particularly variable HREE content with no
obvious Eu anomaly (Eu/Eu* = 0.95 + 0.50; Figure 21).
These variations could reflect the presence of mineral
inclusions.

The U-Pb results for sixty-three analyses from this fitanite
are presented in Table 5. Mass fractions of U
0+38 ugg'), Th(B6+25ugg') and Pb (22 + 13
ug g') show slight variations with a mean Th/U ratio of
067 £084 (25, n=63). It has a very low fop
(001 +0.32%) but relatively high and variable f0g
(12 + 20%). The data define a concordia line with an
upper intercept age of 1841 =8 Ma (25, n = 63; Fig-
ure 4). A weighted mean ?%Pb/Z°Pb age of
1840 = 11 Ma (2s, n = 63) was obtained, which is in
close agreement with the TIMS age of 1837.6 + 1.0 Ma
(Huyskens et al 2016).

Titanite YQ-82 shows significant variability in '/Sm/'4“Nd
and "Nd/"*Nd both infer- and infra-grain, but has
relatively  uniform initial  Nd isotopic  composition.  The
147Sm/"4Nd values for YQ-82 titanite range from 0.1380
to 03306, with '**Nd/'**Nd ranging from 0511692 to
0514043. All data scatter around a 1840 Ma reference
isochron (Figure 5f). The gng(f) based on an age of 1838 Ma
is -386 + 147 (25, n = 28), and the mean '*°Nd/"*Nd of
0348438 + 0000034 (2s, n =28) is identical to the
canonical value of 0.348415, within error.
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T3

These coarse-grained fitanite samples were collected from
the Naresto Quary, Arendal, southern Norway. The Arendall
region is in the central part of Bamble lithotectonic domain,
which is one of the classic transition zones from amphibolite-
facies to granulite-facies regional metamorphism in a Protero-
zoic orogenic belt. Ages related fo peak amphibolite- to
granulite-facies metamorphism in the Arendal area range from
1140 to 1080 Ma, representing the first stage of the
Sveconorwegian orogeny in response to continental collision
(Nijland et al 2014). Titanite from a carbonate vein near
Arendal yielded a concordia age of 11035 + 2.5 Ma (2s,
n = 5), while an additional sample yielded an older fitanite
date (1137 + 2 Ma; 25, n = 1) using ID-TIMS (Cosca et al
1998). Monazite from a gamet-silimanite-quartz—biofite
metapelite north of Arendal has a ?“Pb/?*°U age of
1145+ 3 Ma (25 n =
approximate age of peak metamorphism (Cosca et al. 1998).

1), which is interpreted as the

T3 fitanite appears to be homogeneous in BSE images
(Figure lg), and LAICP-MS analyses indicate that it is very
homogeneous in trace element abundances with particu-
larly high REE mass fractions; Y (18648 + 1069 ug g™') and
Nb (2271 + 351 pg g'') mass fractions are comparable to
many other titanites. The chondrite-normalised REE plots
show a ‘seagull’ pattem (La/Lup = 1.26 + 0.04) with o
negative Eu anomaly (Eu/Eu* = 0.19 + 0.00; Figure 2g).

The U-Pb results for twenty-one fragments are presented
in Table 5 and on a TW concordia diagram in Figure 3g.
The U (296 = 17 ug g™'), Th (281 £ 13 ug g™') and Pb
(63 + 3 png g™') mass fractions are relatively homogeneous
with a Th/U ratio of 0.95 + 0.07. It has very low levels of
common Pb (foe = -002 + 0.28%). The data define a
concordia age of 1138 = 6 Ma (25, n = 21). A weighted
mean °’Pb/?%Pb age of 1125+ 14 Ma (25, n = 21)
was obtained (Figure 49).

Solution MCHCP-MS analysis of four separate chips of
T3 gave very similar Sm-Nd isotopic compositions (Table 4).
Measured '*Sm/'*“Nd and '**Nd/'*“Nd ratios are ca.
0.1958 and 0512611, respectively, which gives a mean
end(d value of -0.39 + 0.11 (2s) with Sm and Nd mass
fractions of 1884 + 106 and 5817 + 331 ng g™, respec-
tively (Table 4). To test isotopic homogeneity at the sub-mm
scale, we undertook thirty-seven in situ measurements by
LA-MCHICP-MS on thirty separate chips of T3. Results are
presented in Figures 5g and 6g, h. The in situ laser ablation
data gave slightly higher '#”Sm/'**Nd and '*Nd/'““Nd
ratios  of 01980 + 00026 (25, n=37) and
0512637 + 0000035 (2s, n = 37), respectively, yielding

a mean eng() value of -020 + 0.61 (2s, n = 37), which
agrees with the values obtained by isotope dilution methods
within uncertainty. Overall, no significant isotopic variation is
observed between or within chips.

T4

T4 was collected from the Sjcen Quany, Kragere,
southern Norway. Grains of the material are 2-3 mm in
diameter, dark brown to black in colour and unzoned in BSE
images (Figure Th). The Kragere area is located in the north
of Bamble Sector. Zircon, monazite and titanite U-Pb ages in
coastal samples from the Bamble domain place the
beginning of high-grade mefamorphism at around
1140 Ma (Cosca et al 1998, Engvik et al 2016). Titanites
from a pegmatite and a calcsilicate near Kragere have
ages of 1104-1107 Ma (Cosca et al. 1998). Dolomite
marbles in the Kragere area have age-corrected gnq values
ranging from +0.7 to -1.5 (Dahlgren et al. 1992).

Trace element compositions are reported in Table 3. T4
has abundant and variable Y (866 + 1007 ile} g']) but
(183+121 pgg') and Nb
(289 + 181 ite g']) mass fractions compared with other

relatively  low  Zr
titanites. The total REE mass fractions show some variation
and yield consistent chondrite-normalised REE patterns with
highly fractionated LREE, relatively flat HREE patterns (Fig-
ure 2h) and slightly positive Eu anomalies (1.15 + 0.39).

The U, Th and Pb mass fractions are 110 + 127,
62 + 61 and 23 + 25 pg g, respectively. The measured
fa06 values are generally low and vary from -0.2 to 0.9%
(mean = 025 + 0.54%), reﬂecﬁng a minor component of
common Pb in the T4 titanite (Table 5 and Table S3). U-Pb
data obtained by LAICP-MS returned a lower infercept age
of 1132 £ 7 Ma (25, n = 20). After °’Pb correction, the
data yielded o weighted mean 2°°Pb/?%8U age of
1131 £ 8 Ma (25, n = 20; Figure 4h).

The '#/Sm/'*Nd ratios of T4 titanite are quite variable
(00785-0.1496) and accompanied by a ~ 550 ppm
increase in '**Nd/'*Nd. The '*Sm/'*Nd and
13Nd/"*Nd values positively correlate (Figure 5h) and
scatter around the reference line (1130 Ma). This variation
was observed within a single grain and between grains. A
mean initial '“*Nd/"““Nd value of 0.511174 = 0.000060
(2s, n =75) was calculated at the reference age of
1130 Ma (Table 6). One fragment was studied using ID-
MCHCP-MS, and vyielded '/Sm/'“Nd of 00924 and
initial '“3Nd/'*“Nd ratio of 0511161 + 0000008 (2s).
The calculated eng(f) value based on an age of 1130 Ma is
-0.36.
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Table 7.
Compilation of Sm and Nd mass fractions and Sm-Nd isotopic data of titanite in this study
Titanite Sm(ng g') [ Nd (ng g") | ['*7Sm/"4* | 2 RSD (%) ["3Nd/'44 ("*3Nd/'* | enalB) (£ 25) Method References
(+ 2s) (+ 2s) Ndl,., (= 2s) Ndl,., (% 2s) Nd), (+ 2s)
Khan (~ 518 Ma)
01188 (50) 42 0511642 (41) | 0511238 (39) | -143(08) [LA-MCICP-MS | This study
0511635 (28) LAMCICP-MS | Xu ef al. (2015b)
01217 (02) 02 0511632 (30) | 0511219(29) | -147 (06) |LAMCICP-MS | Xu et al. (2018)
0.1218 (02) 02 0511648 (19) | 0511235 (18) | -144(04) | LAf)-MCICP-MS | Xu et al. (2018)
BLR-1 (~ 1047 Ma)
439 1381 01921 0512815 (04) | 0511495 407 Sol-MCICP-MS | This study
01939 (45) 23 0512829 (47) | 0511496 (49) | 410 (096) |LAMCICP-MS | This study
0.1982 (48) 2.4 0512818 (82) 0511456 (49) | 332(1.73) | LAMCICP-MS | Xu et al (2018)
01966 (54) 27 0512812 (110) | 0511461 (73) | 442 (227) | LAf-MCICP-MS | Xu et al. (2018)
OLTI (~ 1015 Ma)
01237 (20) 16 0512214 (41) | 0511390 (44) | 120 (086) | LAMCICP-MS [ This study
0512270 (24) LAMCICP-MS | Xu ef al. (2015b)
01313 (19) 1.4 0512270 (26) | 0511396 (13) | 132(057) |LAMCICP-MS | Xu et al. (2018)
01307 (24) 18 0512272 (32) | 0511402 (16) | 144 (070) | LAs-MCICP-MS | Xu et al. (2018)
Ontario (~ 1053 Ma)
493 (23) | 1546(71) [o01928(11) 05 0512833 (08) | 0511501 (14) | 434 (0:28) | Sol-MCACP-MS | This study
01916 (32) 17 0512815 (41) | 0511490 (40) | 4.15(079) | LAMCICP-MS | This study
MKED1 (~ 1521 Ma)
345(34) | 1641 (158) | 01270 (08) 06 0511630 (07) | 0510360 -609 (021) | TiMS Spandler ef al.
(2016)
01286 (27) 21 0511642 (43) | 0510356 (45) | -6.17 (089) | LAMCICP-MS | This study
YQ-82 (~ 1838 Ma)
| [ 02556 (921) ] 36 0513154 (1106) | 0510063 (75) | -386 (1.47) | LAMCICP-MS | This study
T3 (~ 1130 Ma)
1884 (106) | 5817 (331) | 0.1958 (09) 05 0512611 (12) | 0511159 (06) | -039 (0.11) [ Sol-MC-ICP-MS
01980 (26) 13 0512637 (35) | 0511169 (31) | -020 (061) | LAMCICP-MS | This study
T4 (~ 1130 Ma)
96 628 00924 0511846 (08) | 0511161 -036 Sol-MCICP-MS | This study
00979 (333) 34 0511901 (239) | 0511174 (60) | -009 (1.18) | LAMCICP-MS | This study
T1S-36 (~ 135 Ma)
506 (31) | 2973 (142) | 01033 (01) 28 0512270 (10) | 0512179 (11) | -556 (021) [ Sol-MCICP-MS | This study
0.1032 (124) 12 0512265 (60) | 0512174 (60) | -566 (1.17) | LAMCICP-MS | This study
NW-IOA (~ 130 Ma)
316 1738 01029 (29) 0512143 (09) | 0512049 -822 Sol-MC-ICP-MS [ This study
0.1090 (88) 8.1 0512147 (56) | 0512054 (54) | -8.12(1.05) | LAMCICP-MS | This study
Pakistan (~ 21 Ma)
170 (49) 579 (160) | 01774 (25) 1.4 0512149 (25) | 0512126 (25) | -9.49 (0.48) [ Sol-MCICP-MS | This study
01756 (107) 6.1 0512137 (69) | 0512114(68) | -972 (1.33) | LAMCICP-MS | This study
€253 (~ 20 Ma)
203 (17) 670 (64) | 01835 (18) 10 0512138 (11) | 0512114 (12) | 972 (023) | Sol-MCICP-MS | This study
01857 (113) 6.1 0512146 (70) | 0512122 (70) | -9.56 (1.36) | LAMCHCP-MS | This study

TLS-36

TLS-36 fitanite used in this study was previously studied
by Li et al (2010) and derived from the Tong|ushon Cu-Fe-
Au skamn ore-related Yangxin quartz diorite intrusion. Previ-
ous SIMS zircon U-Pb dating indicated that the Yangxin
quarz diorite was emplaced ot 1385 + 2.5 Ma (25,
n = 14) and titanite from the same host rocks yie|o|eo| a
weighted mean 2°°Pb/?*%U age of 1360 + 1.5 Ma (2s,
n=12) using LA-ICP-MS (Li et al 2010).

374

A number of fragments from this titanite were examined
with BSE and display some fractures (Figure 1i). Some
confain abundant mineral inclusions consisting of horn-
blende, Kfeldspar, apatite and quartz. The major and trace
element compositions are reported in Tables 1 and 3. The
Fe/Al apfu. ratio is 0.84 and plots in the igneous field. TLS-
36 fitanite contains high Y (1441 + 538 ng g'), Zr
(339 £ 123 ug g') and Nb (1612 + 678 ug g™'). The
REE mass fractions are relatively heterogeneous and the
chondrite-normalised REE pattern is highly fractionated
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(mean La/luy = 21.5 = 5.5) with no obvious Eu anomaly
(Eu/Eu* = 091 + 0.10; Figure 2i).

The U-Pb results are presented in Table 5 and on a TW
concordia diagram in Figure 4i. The U (51 + 18 ug g™'), Th
(418 £231 pg g') and Pb (42 + 17 pug g') mass frac-
tions are relatively uniform with a Th/U ratio of 808 + 2.1
(25). The common Pb mass fractions (f04) are high, ranging
from 13.3 to 26.8% with a mean value of 17.6 + 6.8% (2s),
which is similar to f0g with a mean value of 13.8 + 58%
(25, n = 23; Table 5 and Table S3). All data are clustered
near the concordia, yielding o lower intercept age of
136 £ 2 Ma (25, n =23), consistent with the 2%7Pb-
corrected  weighted  mean  ?%Pb/?*®U  age  of
135 £ 2 Ma (25, n = 23).

The Sm (506 +31 pgg') and Nd (2973 +
142 ug g') mass fractions are relatively high compared
with other fitanites (Table 4). The '*'Sm/'**Nd values
range from 00833 to 0.1192, with '“*Nd/'**Nd values
ranging from 0512199 to 0.512353. The data scatter
around the reference line of 135 Ma (Figure 5i), and the
calculated  eng() based on an age of 135 Ma is
-566 + 1.17 (25 n = 80), which agrees well with the ID-
MC-ICP-MS result of -556 + 021 (Table 7). The mean
15Nd/™Nd is 0348434 + 0000030 (25, n = 80),

consistent with the reference value within error (Table 6).
NW-IOA

This titanite, previously studied by Liu et al (2018),
was collected from diopside—anhydrite-altered rocks in
the hanging wall of the deep ore body (ca. 1500~
1600 m depth) in the Luohe Fe deposit, the largest
magnetite—apatite (MA)-type deposit in the Middle-Lower
Yangtze River \/o||ey Mefct”ogenic Belt (MLYB), located in
the western Lu-Zong volcanic basin in eastern China. The
fitanite is relatively fresh and occurs in clusters with
magnetite (|occ1||y as euhedral inc|usions), diopside,
epidote, apatite and anhydrite. Widespread  titanite
mineralisation is developed in both the footwall of
shallow ore bodies and the hanging wall of deep ore
bodies. Recent LAICP-MS titanite U-Pb dafing results
reported by Liu et al (2018) yielded o U-Pb intercept
age of 1295+05Ma and a 2%Pb-corrected
206ph/238 weighted mean age of 1297 + 0.8 Ma
(25, n =21, MSWD = 13).

BSE imaging shows that NW-IOA is not homogeneous,
and minor anhydrite was noted (Figure 1j). This fitanite has
abundant Y (736 + 406 png g') and Zr (351 + 593;
Table 3). It has a small range of REE mass fractions, and

P

GEOSTANDARDS and

W+ GEOANALYTICAL
RESEARCH

the chondrite-normalised REE pattem is highly fractionated
(mean La/Luy = 15.7 £ 20.5) with no obvious Eu o1nom<:1|y
(Eu/Eu* = 0.88 = 0.53; Figure 2j).

The U-Pb results from this work are presented in Table 5
and  Figure 4.  NW-IOA  contains  equivalent U
(254 + 198 ite g']) and Th (221 + 333 1g g']) mass
fractions, and a Pb mass fraction of 6.6 + 4.6 pg g™'. The
measured fo, was found to vary from 0.4 to 3.8%. Twenty
analyses were plotted on a TW diagram and vyielded a
lower intercept age of 130 + 1 Ma (25, MSWD = 1.6) and
a ?%Pb-corrected weighted mean 2%°Pb/?*®U age of
130 £ 1 Ma (25, MSWD = 1.5), in good agreement with
previous studies (Liu et al 2018).

Solution MC-ICP-MS analysis yielded '4/Sm/"**Nd of
0.1100 and '**Nd/"**Nd of 0.512143 + 0.000009 (2s)
with Sm and Nd mass fractions of 316 and 1738 ng g”',
respectively (Table 4). The '*/Sm/'*Nd values defermined
by laser ablafion on NW-IOA range from 0.1020 to
0.1268, with '**Nd/"Nd ranging from 0512104 to
0.512224 (Figure 5j). All data give a mean eng(f) value of
-8.12 + 1.05 (25, n = 80), within uncertainty of the -8.22
calculated from the solution analysis (Tables 4, 6 and 7). The
mean '**Nd/'*Nd ratio of 0.348433 + 0000034 (2s,
n = 80) is in close agreement with the reference value.
Pakistan

This euhedral, light green gem-quality fitanite
(25 cm x 1.5 cm x 1 cm) was obtained from a gem
collector. It is typically homogeneous in BSE images
(Figure 1k). Mean major and trace element compositions
(Tables S1 and S3) show that this titanite has an extremely
low Fe/Al apfu ratio of 0.09 and that it is enriched in Y
(645 + 189 ug g') and Nb (2110 = 1099 pg g™). It
has a slightly heterogeneous REE distribution, and REE
contents increase from La to Nd. The chondrite-normalised
REE pattern shows minor fractionation (mean La/
Lun = 1.39 + 0.50) with an obvious Eu onomo|y (Eu/
Eu* = 0.62 + 0.04; Figure 2k). The Sm and Nd mass
fractions are 170 = 49 and 579 + 160 pg g, respec-
tively, obtained by the solution method (Table 4).

The U-Pb results can be found in Table 5. The measured
U, Th and Pb mass fractions are 86 + 29, 257 + 59 and
049 £ 0.16 png g, respectively. The mean Th/U rafio is
307 + 1.1. The measured o, values are generally low
and vary between -12 and 3.8% with a mean of
1.1 £27% (25 n = 22). Twentytwo spot analyses were
plotted on the TW diagram and yielded a lower intercept
age of 215+ 04 Ma (2s). After ?“Pb correction, a
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weighted mean 2°°Pb/?%8U age of 21.4 + 0.4 Ma (2s,
MSWD = 2.1) was calculated (Figure 4k).

The Pakistan fitanite has variations in '*/Sm/"*“Nd and
3Nd/"*Nd, but has a uniform initial Nd isotopic compo-
siion. The in situ measurements yielded '%/Sm/'*“Nd
ranging from 0.1640 to 0.1921 and '**Nd/"**Nd from
0512028 to 0512207 (Figure 5k). A calculated mean
endl) of 972 + 1.33 based on an age of 20 Ma was
determined, which agrees with result obtained using solution
methods  (-9.49 + 048; Tables4, 6 and 7). The
145Nd/"Nd ratios defermined by laser ablation and
solution are identical within error and give a mean value of
0.348429 + 0000036 (25, n = 80).

C253

This fitanite is a large, light yellow-green crystal
(15 x 1 x 05 cm) from Xinjiang, China, provided by a
gem collector. It is typically homogeneous in BSE images
(Figure 11). Major element compositions are listed in Table 1,
yielding a Fe/Al apfu. ratio of 0.41 and a composition that
plots in the metamorphic field. Trace element mass fractions
presented in Table 3 demonstrate that this fitanite has
abundant Y (768 + 70 pg g™') and Nb (533 + 50 ug g™').
As shown in the chondrite-normalised REE patterns, C253 is
homogeneous in REE distribution, with contents increasing
from La to Sm. It shows a slight LREE/HREE fractionation
(1.37 + 0.6) with a negative Eu anomaly (071 + 0.02),
showing a ‘seagull’ pattern on chondrite-normalised plots,
with more enrichment in LREE (Figure 2l).

The U39 +2 ugg'), Th (214 + 10 ug g') and Pb
(031 + 009 1g g']) mass fractions and Th/U  ratio
(545 + 0.44) obtained from these fractions are relatively
uniform. Common Pb mass fraction in most analyses is low,
and foe is between -38 and 11.8% with a mean of
804 + 586% (Table 5 and Table S3). Twenty analyses
yielded a lower intercept age of 19.6 + 0.3 Ma (2s) on a
W diagram. The ?%Pb-corrected weighted mean
206p}, /238 age is 195+ 04 Ma (2s, n =20,
MSWD = 1.5) after 207Ph correction (Figure 4)).

The Sm (203 + 17 png g™') and Nd (670 + 64 pg g™)
mass fractions of C253 presented in Table 4 are lower than
those in other frequently used reference materials such as Khan,
BIR-1 and OLT1, creating a larger emor in measured
143Nd/"*Nd ratios. Thus, this C253 fitanite might not be
suitable as reference material for in situ Nd isotope measure-
ment. The '*’Sm/'*Nd ratios are relatively uniform, ranging
from 0.1757 1o 0.1949, whereas the '**Nd/'“*Nd ratios are
slightly scattered, ranging from 0.512059 to 0.512264 with @

mean of 0.512146 + 0000070 (25, n = 64; Figure 5l). The
endl) of 956 + 1.36 (25, n = 64), calculated based on an
age of 20 Ma, agrees with the reference value obtained
using solution methods (Tables 4, 6 and 7). The measured
145Nd/"*“Nd gave a mean value of 0348434 + 0000054
(25, n = 64), which is identical to the recommended value of
0348415 (Wasserburg et al 1981).

Discussion

Common Pb incorporation into fitanite

At the fime of writing, the mechanism of common Pb
incorporation info different types of fitanite crystals has not
been extensively explored (Olierook et al. 2018). In contrast
to zrcon, fitanite frequently accommodates significant
amounts of common Pb in ifs crystal lattice. Much of the
common Pb in titanite is trapped during mineral growth, and
thus, the composition of common Pb can vary significantly
depending on the local crystallisation environment (Kirkland
et al 2016, 2018).

As shown in Figure 7, a large range of common Pb mass
fractions is observed in magmatic and hydrothermal sam-
ples, whereas common Pb in high-grade metamorphic
titanites is relatively low and uniform. Most magmatic fitanites
have initial U mass fractions of 10-1000 pg g™'. Plots of
total U mass fraction versus fhoe (%) reveal a broadly
negative correlation, where greater U is typically associated
with a lower common Pb component. For example, there is
strong negative correlation between U mass fraction and
fa0e (%) for titanites from potassic alkaline igneous rocks in
the Sanjiang area (south-western China; LC1605 and
BSZ1604) and a similar pattern is observed in titanite TLS-
36 and Qinghu (Figure 7a). However, YQ-82 deviates from
this pattern with very low common Pb mass fractions. High-
temperature metamorphic titanites in skarn and granulite-
facies metamorphic rocks have moderate-to-high (~ 100 to
~ 400 g g™') and uniform U mass fractions, combined with
a low foe (%) (zero to < 3%) (eg, BLR-1, OLT1, Ontario,
MKEDT, T3 and T4; Figure 7b). Titanites in pegmatite and
hydrothermal mineral deposits have more variable common
Pb mass fractions. For instance, Khan has high U
(~ 1000 pug g™') and low common Pb (< 4%), and 176
has low U (~ 20 pg g') and high common Pb (~ 100%;
Figure 7¢c and Table 5s). There is no association between
06 (%) and total REE content. Since U and REE substitute for
Ca?" in a sevenfold-co-ordinated site, incorporation of these
ions might happen at the same time. The implication is that a
negative correlation between U mass fraction and fos (%)
results from the radioactive producﬁon of Pb from U, rather
than a differential uptake of Pb during mineral crystallisation.
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Figure 7. The variation between U (ng g™') versus fa06 (%) (a—c) and total REE versus f06 (%) (d—f) in different

titanites. Data are attached in Table S5. [Colour figure can be viewed at wileyonlinelibrary.com]

Evaluation of potential in situ U-Pb titanite
reference materials

The U-Pb ages of the fitanites examined in this study
are summarised in Table 5. It has been demonstrated that
MKED1 is an excellent reference material for U-Pb dating
(Spandler et al. 2016), and therefore, it was used as a
calibrator in this study. Although Khan is a good reference
material for U-Pb dating, its 2°”Pb/?°°Pb ratio shows slight
variation (Kinny et al 1994, Heaman 2009). The U-Pb
system in BLR-1, OLT1 and Ontario is chemically and
isofopically uniform with weighted mean 2°°Pb/?38U ages
calculated after ?°’Pb  correction being consistent with
previously reported ID-TIMS ages. This confirms the robust-
ness of these ftitanites as U-Pb geochronological reference
materials (Aleinikoff et al. 2007, Kennedy et al. 2010, Sun
et al. 2012, Spencer et al. 2013, Horstwood et al. 2016).

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

YQ-82 titanite is relatively concordant, although some
analyses are somewhat reversely discordant, which might
result from the loss of U or migration of Pb. T3 and T4 are
largely free of inclusions and homogeneous at the level of
measurement precision required for U-Pb dating. NW-IOA
fitanite also displays some variation in 2%Pb/?°°Pb ratios
given numerous mineral inclusions, and this precludes it
from being a suitable U-Pb dating reference material even
though it contains lifle common Pb. TLS-36 fitanite has
relatively higher and variable common Pb, but the 2°Pb-
corrected weighted mean ?%°Pb/?*8U age obtained in
this work (135 + 2 Ma) is in agreement with previously
published [AICP-MS data within error (Li et al 2010).
C253 has relatively scattered 2%’ Pb/?%°Pb ratios, indicting
it is an unsuitable U-Pb dating reference material. Pakistan
is almost concordant with an age of 21 Ma and can be
used as a reference material for defermining U-Pb ages of
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Cenozoic fitanite samples, but it has a relatively low U
mass fraction and is too young to be a suitable primary
age reference material for the majority of titanite unknowns.

In summary, BLR-1, OLT1, Ontario, MKED1 and T3
fitanites are excellent reference materials for U-Pb dating.
Pakistan titanite can be employed as a reference material for
in situ dating young titanite samples. YQ-82 fitanite could be
a good potential reference material for in situ U-Pb analysis
because it has no common Pb; however, the intemal
structures and mineral inclusions in this titanite will require

careful selection of suitable target domains.

Matrix-matched strategy for in situ Sm-Nd
analysis of titanite

Precise and accurate '#Sm/'*4Nd measurements are
crifical for robust iniial "*3Nd/"**Nd ratios and eng(i)
values, especially for ancient geological samples. The
pofenticﬂ eng deviation from true values with time for O—
10% of '/Sm/'**Nd uncertainty, with a '*/Sm/"**Nd of
0.2, is shown in Figure 8. For a ~ 1000 Ma titanite, in order
to achieve initial "**Nd/'**Nd with an uncertainty of
< 05¢ '"Sm/"Nd must be measured with analytical
error at the < 2% level. Therefore, the principal technical
limitation is the accuracy of '*Sm/'**Nd measurements.

The impact of non-matrix matching on '*/Sm/"“*Nd
fractionation during laser ablation s still controversial. Liu
et al (2012) observed a significant difference (ca. 7%) in
the '*/Sm/'*Nd ratios of apatite and monazite, whereas
no '“Sm/'Nd fractionation was observed between
monazite and LREE glass. We have measured Bs,,, and
Bnd for fitanite reference materials over a 2 years period.
The Bsm and Bg values were directly obtained from the
fitanite  samples themselves during in situ analysis and
calculated by normalising '”Sm/'4?Sm and "“°Nd/"““Nd
ratios to 1.08680 (Dubois et al 1992) and 07219
(O'Nions et al 1977) by the exponential law (Equations 1

and 2).
|n( (1475, /1495, ] )
B — (1475, /1495, 0
e Mﬂ)
Mg
|n([[]46Nd//]44NjJ’e' )
1460y /144y,
Prag = @
|h( Nd )

MT44
MNd

The correlation between Bsy, and Prg for all measured
fitanites is presented in Figure 9. All analyses show highly

10F
i 2000 Ma
i 2000 M2
P
s /
w = 0.5 ENdr
c -
o 200 Ma
5] p
[ WMa
& rge =1
0.1
Titanite with
“7Sm/*“*Nd of 0.2
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Figure 8. Effects on £y4(0) of radiogenic in-growth
143Nd in titanites with variable crystallisation age and a
1476m/"**Nd ratio of 0.2. For samples older than
1000 Ma, to achieve precision of 0.5¢ for the determi-
nation of initial '**Nd/'**Nd, the measurement of
1478m/'**Nd is required to a precision of < 2%. [Colour

figure can be viewed at wileyonlinelibrary.com]

correlated  Bsy—Brng with a linear regression line  of
Bra = 0.997*Bs,, - 0.1986 (R? = 09964).  Other
researchers have monitored Bs., and Bng for different
reference materials, including apatite, fitanite, allanite, mon-
azite and LREE glass, and obtained a Bs—Pnd correlation
similar to the results in this work, indicating a long-term
stability of our method (Fisher et al. 2011, Liu et al 2012,
Yang et al 2013, Xu et al. 2018). In this work, a matrix-
matched natural titanite reference material was used during
laser ablation fo calibrate elemental fractionation and
instrumental drift, thereby minimising issues associated with
laser-induced fractionation on '4/Sm/'*Nd (Yang et al.
2014). As shown in Table 7, the '*Sm/'**Nd and
143Nd/"*“Nd values for MKED obtained by laser ablation
are consistent with the results measured by solution methods,
verifying the reliability of this approach.

Potential titanite reference materials for in sifu
Sm-Nd isotopic analysis

Ideal reference materials for in situ Sm-Nd isotopic
measurement by LAMCICP-MS should meet the following
requirements: (o)  display isotopic homogeneity  in
147Sm/"Nd and "**Nd/"**Nd ratios on the scale of the

laser spot employed; (b) possess uniform distributions of Sm
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and Nd, and a sufficiently high Nd mass fraction to allow Nd
to be measured precise|y; (c) lack infernal structures (e.g.,
cracks) and mineral inclusions; (d) possess  a known
arystallisation age to facilitate calculation of the initial Nd
isofopic signature; and (e) be sufficienﬂy abundant so that
material can be distributed to the scientific community
(Yang et al. 2009, 2014, Liu et al. 2012, Spandler et al.
2016, Xu et al. 2018).

Based on the in situ measurement of the Sm-Nd isofopic
composition of twelve natural titanites, most have significant
variations in "#’Sm/'*Nd ratios with RSD > 2% (Figure 10),
indicating they are not suitable as Sm-Nd isotope reference
materials. BLR-1, OLT1, MKED1, Ontario and T3 are potential
titanite reference materials since they have abundant Nd and
are relatively homogeneous in '#/Sm/'**Nd with a relative
standard deviation of less than 2% according to our data. As
shown in Figure 6, longferm in situ measurement of
'7Sm/"**Nd and "**Nd/'*Nd in BIR-1, OLT1, Ontario
and T3 is reproducible. The LAMCHCP-MS in situ analyses of
fitanites investigated in this study agree within uncertainty with
values obtained by the solution method (Figure 11).

Due tfo limited supply during this study, OLTT was not
analysed by the solution method; however, based on the
robustness of our in situ Sm-Nd analyses, the Sm-Nd isotopic
composition of OLT1 is reproducible and accurate. The ID-
MCHCP-MS result is the preferred reference value for BLR-1,
Ontario and T3 fitanites.
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The results of this work suggest that BLR-1, OLT1, Ontario
and T3 can be used as reference materials, and we
evaluate MKED1 as a good reference material for in situ Sm-
Nd isofopic measurement. The studied fitanites Ontario, T3
and Pakistan were also homogeneous in Pb isotopic
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Figure 11. Plots of eng(f) (solution) versus eng(f) (laser)
of titanites investigated in this study. [Colour figure can

be viewed at wileyonlinelibrary.coml

© 2019 The Authors. Geostandards and Geoanalytical Research © 2019 International Association of Geoanalysts 379


www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com

GEOST,

=S

ANDARDS and
. GEOANALYTICAL
RESEARCH

composition, which, together with their large crystal size (and
hence abundance of moferio|), makes them excellent
candidates for use as reference materials for in situ U-Pb
dafing, although TIMS analyses are needed to determine
their precise ages. We are willing to distribute Ontario, T3
and Pakistan reference materials upon request to other

laboratories.

Conclusions

Considering the increasing demand for fitanite reference
materials for in situ U-Pb and/or Sm-Nd isotopic analysis, this
work investigated in situ U-Pb ages and Sm-Nd isotope
measurement results of four well-known fitanite reference
materials (Khan, BLR-1, OLT1 and MKED1) and eight
potential candidate reference materials (Ontario, YQ-82,
T3, T4, TLS-36, NW-IOA, Pakistan and C253) using LA{(MC)-
ICP-MS and ID-MC-ICP-MS. For U-Pb dating, using MKED]1
fitanites as a calibration reference material, the U-Pb results
reproduce recommended values within uncertainty or yield
almost identical dates as those obtained on other accessory
minerals from the same location. The Sm-Nd isotopic
compositions of the natural titanite crystals are all consistent
with values defermined by solution methods, demonstrating
the reliability and robustness of the in situ Sm-Nd laser
ablation protocols described herein. We conclude that BLR-
1, OLT1, Ontario, MKED1 and T3 fitanites have re|oﬁve|y
homogeneous Sm-Nd isotope systematics and a repro-
ducible U-Pb isotopic composition and thus can serve as
ideal primary reference materials for calibration during in situ
Sm-Nd analysis and U-Pb dating. Other titanite crystals (YQ-
82, T4 and Pakistan) can serve as secondory reference
materials for U-Pb and Sm-Nd isotopic microanalysis.
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Supporting information

The following supporting information may be found in
the online version of this article:

Figure S1. Mineral inclusions in YQ-82 fitanite crystals
with BSE images.

Table S1. Electron probe microanalysis measurement

results for titanite materials.

Table S2. Trace element data by LAICP-MS.

Table S3. Titanite U-Pb isotopic data from LAICP-MS in
this study.

Table S4. Samarium and Nd measurement results for
titanite materials.

Table S5. Common Pb (f,06), U and total REE contents in
different titanites.

This material is available from: http://onlinelibrarywiley.c
om/doi/10.1111/ggr.12264/abstract (This link will take
you to the article abstract).
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