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In situ sequential U-Pb age and Sm—-Nd
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enriched minerals using single laser ablation multi-
collector inductively coupled plasma mass
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In the present work, we describe a sequential U-Pb and Sm—Nd systematics measurement from natural
LREE-enriched minerals using Neptune Plus MC-ICP-MS coupled with a 193 nm excimer laser in a single
shot. MC-ICP-MS is equipped with an optical zoom lens to bring ion beams into the collector
coincidently. The key features allow rapid switching between the U-Pb and Sm-Nd collector
configurations, which are applied to simultaneously measure the U-Pb age and Sm-Nd isotope of
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1. Introduction

U-Pb and Sm-Nd systematics have widespread applications in
geochemistry and cosmochemistry, both in geochronology and
in provenance/tracer studies. In the last decade, a notable
increase in the precision and accuracy of the U-Pb and Sm-Nd
systems has been achieved for some LREE-enriched accessory
minerals by LA-ICP-MS, especially the successful use of MC-ICP-
MS with LA. Compared to the single collector quadrupole or
magnetic sector-field ICP-MS (Q-ICP-MS or SF-ICP-MS), the
feature of a simultaneous static detection system offered by MC-
ICP-MS provides high quality analytical data as well as accuracy
and precision far superior to the one achieved by Q-ICP-MS or
SF-ICP-MS. The advantages comprise (1) high-efficiency detec-
tion and spatial resolution and (2) high resistance to spectral
skew and flicker noise from the plasma source or ablated
particles, which lead to the acquisition of lower internal and
external uncertainties in isotopic ratios.'* Owing to its superi-
ority, LA-MC-ICP-MS is now widely accepted as the most
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in geochemistry and cosmochemistry for microanalysis.

sensitive and versatile analytical tool for isotopic analysis in
geochronology and isotopic geochemistry (e.g., U-Pb, Lu-Hf
and/or Sm-Nd isotopic measurements) at high spatial resolu-
tion even though it shows less preponderance than SIMS when
measuring the U-Pb age.>”

Despite the above-described advantages, there are still
challenges posed by the U-Pb dating and Sm-Nd isotopic ratios
of accessory LREE-enriched minerals when studying complex
zonation minerals, small crystal domains and detrital/inherited
minerals by LA-MC-ICP-MS. In this case, geochemical infor-
mation (e.g., age, isotope ratio and trace element) is stored in
tiny crystal domains, and these various types of information
from a single ablation crater should be undoubtedly desirable
for research workers. Previously, the most commonly used
approach for obtaining spatially resolved information from the
isotopic distributions of geological samples was to carry out two
separate analytical processes: first retrieving the U-Pb age, fol-
lowed by the measurement of the Lu-Hf or Sm-Nd isotopic
ratios. In this case, the information provided by two separate
analyses is not obtained from the same volume of the material,
which can result in the de-coupling of the age-isotope system
and inaccurate initial isotopic compositions.'***

To resolve the above-described limitations, an analytical
technique (in situ simultaneous analysis using laser ablation
split stream; LASS) was presented by Xie et al.,'* combining
a laser with more than one MS system. The first simultaneous
measurements of trace elements including U-Pb data by Q-ICP-
MS and Lu-Hf isotope by MC-ICP-MS for zircon were reported
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by Yuan et al.*® The LASS technique allows the simultaneous
isotopic ratio measurements of the same single ablation
volume, preserving the original information and the spatial
relationship between key chronological and geochemical tracer
records.’® In addition to the LASS technique, a quasi-
simultaneous approach was proposed as an alternative tech-
nique. In 2004, with the use of this method, the measurement of
the zircon *°”Pb/*°°Pb age and Hf isotope composition was first
launched by Woodhead et al.,** followed by Harrison et al.>® and
Kemp et al.** Unfortunately, the determination of the U-Pb age
was unsuccessful for its inapplicability to Phanerozoic zircons.
Subsequently, Xia et al.”” improved the method by exploiting
a Nu Plasma HR MC-ICP-MS, allowing the concordance of the
measured ages to be assessed, Pb loss to be identified, and
physical mixing of the cores and rims during analysis to be
noted.* More recently, Craig et al. proposed a rapid response
laser ablation technology for the U-Pb age and Hf isotope ratio
analysis using the quasi-simultaneous approach afforded by
a Thermo Scientific Neptune XT MC-ICP-MS coupled with an
Elemental Scientific Lasers NWR 193 laser ablation system.*®

Considering the limitation of the simultaneous zircon U-Pb
and Lu-Hf systematics by MC-ICP-MS, the aim of this work is to
present a quasi-simultaneous U-Pb and Sm-Nd systematics
measurement in common natural LREE-enriched minerals
using a MC-ICP-MS connected to a 193 nm excimer laser in
a single shot. The proposed methodology is validated and
investigated to measure well-characterized mineral reference
materials (i.e., monazite, titanite and perovskite) with known U-
Pb age and Sm-Nd isotopic ratios, indicating its potential and
versatility in geochemistry and cosmochemistry for
microanalysis.

2. Experimental

2.1 Instrumentation

Experiments of all accessory minerals investigated in this study
were conducted on a Neptune Plus MC-ICP-MS (Thermo Fisher
Scientific, Germany) coupled with a 193 nm ArF excimer laser
ablation system (GeolasHD, Coherent, USA) at the State Key
Laboratory of Lithospheric Evolution, the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGG, CAS), Bei-
jing. A detailed description of the instrumentation can be found
in previous studies.>**°

In this study, the laser fluence was set to 5-9 J cm™ = with
laser repetition rate set to 6-10 Hz, and the spot sizes ranged
from 16 pm to 90 um, all depending on the U, Pb and Nd
concentrations in the samples. Helium was used as the carrier
gas within the ablation cell. Nitrogen gas was added to the
carrier gas at 4 mL min~ " through a three-way tube to enhance
the sensitivity.**> The detailed instrumental operating condi-
tions are presented in Table 1.

Furthermore, the magnet of the Neptune Plus was laminated
for high speed and low hysteresis and allowed fast peak jump-
ing, and the shortest time needed for the magnetic field and the
Faraday cup to settle could be 0.1 s when jumping from one
mass to another. Depending on these characteristics, the
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Table 1 Typical instrumental operating conditions, data acquisition
parameters and depth of laser pits

Mass spectrometry (Neptune Plus MC-ICP-MS)

RF forward 1200 W

power

Cool gas 16 L min "

Auxiliary gas 0.8 L min™"

Sample gas  Ar: ~1.0 L min; N,: 4 mL min "

Cones Nickel standard sample cone; X skimmer cone (Ni)

Integration (1) U-Pb: 0.066 s, 400 cycles, including the first 100 s for

times blank in one block; (2) Sm-Nd: 0.131 s, 200 cycles in one
block

Acquired (1) 2°°Pb (L4), >*°’Pb (L3),>***"M (C), ***U (H4); (2) ***Nd

isotopes (L2), "**Nd (L1), ***Nd (C), **"Sm (H1), ***Sm (H2)

Laser ablation system (Geolas HD)

Laser COMPex Pro 102, ArF Excimer, 193 nm

Energy 5 J em™ > for monazite and perovskite; 9 J cm ™ for
titanite

Spot size (1) 16 pm for Jefferson; (2) 32 pm for Diamantina; (3) 16

um for RW-1; (4) 24 um for Namaqualand; (5) 90 pm for
Ontario and OLT; (6) 60 um for AFK and 10AFK-2

Carrier gas  0.72 L min~" (He)

Repetition 6 Hz for monazite and perovskite; 10 Hz for titanite
rate
Depth (1) 10AFK-2 (perovskite): 27.540 pm; (2) OLT-1 (titanite):

57.848 pm; (3) Namaqualand (monazite): 32.830 pm with
a spot size of 24 um; (4) Namaqualand (monazite): 30.406
pm with a spot size of 90 pm

method proposed in this study could be established for the
simultaneous detection of the U-Pb and Sm-Nd isotopes.

2.2 Analytical protocol

Details of the instrumental setup and measurement conditions
are summarized in Tables 1 and 2. Two analytical modes, the
static and dynamic measurements, are offered by the Neptune
Plus.*® A static measurement is a method that uses only a single
line within the cup configuration table. All required isotopic
currents are collected simultaneously, and the magnetic field is
not changed during the analysis. However, only nine isotopes
can be measured simultaneously when using the static mode. In
the case of dynamic measurements, the magnetic field is
switched for every line and different isotopic currents are
focused into the detectors.

In this study, the dynamic model is used for executing the
analysis of quasi-simultaneous detection of isotopes by a MC-
ICP-MS connected to a LA in a single shot. As shown in Table
2, the two-cup configuration lines were set up. Line 1 was used
for the U-Pb age measurement, and the Sm-Nd isotopic ratio
measurement was conducted using the other line. One run of
measurements consists of one block with one circle. This is
because the process of magnetic field switching for every line in
each circle is time-consuming when multiple circles are taken.
First, the U-Pb age was measured using the line 1 configuration,
where 400 integration numbers were used to guarantee the
analysis accuracy, and the integration time was set to 0.066 s.
Therefore, each U-Pb spot analysis consisted of an approximate
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Table 2 Faraday cup configuration of Neptune plus for U-Pb age and Sm—Nd isotope ratio measurement

Line Cup L4 L3 L2 C H1 H2 H3 H4

1 U-Pb 206ph 207ph 220.57 238y
Smde 143Nd 144Nd 146Nd 147Sm 14QSm

9 s background and 17 s sample data acquisition. Subsequently,
the Sm-Nd isotopic ratio measurements were conducted using
the line 2 configuration, where a total of 200 integration
numbers were applied for the sample data collection, and
0.131 s was selected for the integration time. A magnet
switching settle time was set to 3 s between the two-cup
configuration lines in one run to ensure the stability of the
magnetic field. Based on the described details, the time
required for each spot was approximately 55 s.

Prior to analysis, the Neptune Plus MC-ICP-MS parameters
were optimized using a solution containing 200 ppb of U and Pb
for the U-Pb age, and a JNdi-1 standard solution for the Sm-Nd
isotopic ratios to achieve an optimal peak shape and maximum
sensitivity. Following that, the instrument was connected to
a LA, and tuned using NIST SRM 610 glass. Helium was used as
the carrier gas mixed with argon gas and sensitivity enhance-
ment gas (nitrogen) before entering the ICP torch. The param-
eters of these gases were also tuned for optimal sensitivity and
fractionation by monitoring the signal intensities of >**U, **’Pb,
295ph and "*°Nd. The detailed parameter settings of MC-ICP-MS
and LA are presented in Table 1.>%3%3373¢

2.3 Data reduction

For the off-line data processing of the U-Pb age measurements,
we used the software program ICPMSDataCal9.0.>” A detailed
description of the calculations for the standard deviation of the
average isotopic ratio for each analysis, in addition to the
correction method for the time-dependent drifts of the U-Pb
isotopic ratios using a linear interpolation, is described in Liu
et al.,*” The weighted mean U-Pb ages and Concordia plots were
processed using the Isoplot3.0 software package.*® As for in situ
Sm-Nd isotopic measurements, the data reduction has been
previously described in detail by Yang et al. and Ma et al.;*3***
therefore, herein, only a brief description of the data reduction
procedure is provided. The isobaric interference of ***Sm on
144Nd is significant. We used the measured **’Sm/**°Sm ratio to
calculate the Sm fractionation factor. The interference-
corrected "*°Nd/***Nd ratio can then be used to calculate the
Nd fractionation factor. Finally, the **’Sm/'**Nd and
13Nd/***Nd ratios were normalized using the exponential

law, 9-33:34:37,39

3. Results and discussion

In order to validate the present protocol, we present an in situ
sequential U-Pb age and Sm-Nd isotope analysis for well-
characterized mineral reference materials (e.g,, monazite,
titanite and perovskite) with known U-Pb age and Sm-Nd
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isotope compositions. For detailed information of the analytical
data, see the ESI Tables 1 and 2.7

3.1 Monazite reference materials: Jefferson, Diamantina,
Namaqualand and RW-1

Four monazite samples previously well characterized by Liu
et al. (2012)* were analyzed. In this study, 44 069 monazite was
used as the primary reference material, which came from an
upper amphibolite-facies psammitic paragneiss from the Wil-
mington Complex, Delaware, USA. The sample yielded a TIMS
Concordia age of 424.9 £+ 0.4 Ma.*

The Jefferson monazite came from the Bigger Mica Mine,
Jefferson County, Colorado, USA, which yielded a mean ID-TIMS
206ph/>38y age of 364 Ma.** Using the LA-MC-ICP-MS method,
Peterman et al.** reported a *°°Pb/**®U age of 365.5 & 2.6 Ma
(20), and Alagna et al.** obtained a Concordia age of 362.1 + 3.8
Ma (20, n = 12) with a weighted mean *°°Pb/>**U age of 362.3 +
4.4 Ma (20, n = 12), and Liu et al.** achieved a weighted mean
205ph/238y age of 365.2 + 2.6 Ma (20, n = 32). However, the
result of the CA-TIMS analysis revealed the complex age
patterns of the Jefferson monazite with a maximum *°°Pb/***U
age of 382.1 + 0.4 Ma, and a minimum 2°°Pb/***U age of 363.9 +
0.5 Ma.** The Jefferson U-Pb dating results obtained in this
study are showed in Fig. 1a. The 24 analyses were all close to
concordant and yielded a weighted mean *°°Pb/**®U age of
381.1 + 2.3 Ma (20, n = 24, MSWD = 0.2), which is well within
the error of the CA-TIMS age reported by Peterman.** The
7Sm/"Nd ratios of the Jefferson monazite ranged from
0.5055 to 0.5105. The '**Nd/***Nd isotope results for this
monazite varied from 0.513017 to 0.513107 with a mean value of
0.513064 + 48 (2SD, n = 24; Fig. 1b), consistent with the pub-
lished value of 0.513057 + 93 (2SD, n = 39)."

The Diamantina Monazite came from Espinhaco Range, SE
Brazil with low-U and Low-Th. The weighted mean *°°Pb/***U
age of 495.26 + 0.54 Ma (95% confidence, n = 8) was acquired
by ID-TIMS.*® The LA-Q-ICP-MS analysis yielded a weighted
mean *°°Pb/***U age of 494 + 2 Ma (95% confidence, MSWD =
0.31, n = 36).* The LA-SF-ICP-MS analysis yielded a weighted
mean >°°Pb/***U age of 492 + 2 Ma (95% confidence, MSWD =
1.3, n = 21). The U-Pb age acquired by LA-MC-ICP-MS gave
aweighted mean ?°°Pb/**®U age of 495 + 3 Ma (95% confidence,
MSWD = 0.94, n = 19).* Twenty-six analyses of the Diamantina
monazite produced a weighted mean 2°°Pb/***U age of 494.3 +
1.0 Ma (20, n = 26, MSWD = 0.7) (Fig. 1c). The results are in
good agreement with the published ID-TIMS and LA-(MC)-ICP-
MS data. Sm-Nd isotope ratios of twenty-six laser spots are
shown in Fig. 1d. The *’Sm/'**Nd ratios of the Diamantina
monazite ranged from 0.1219 to 0.1290. The '**Nd/***Nd

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 U-Pb age (Concordia diagrams, error ellipses represent 2¢ uncertainties) and **Nd/***Nd isotope ratio of in situ sequential analysis for
four well-characterized U-Pb and Sm—Nd monazite reference materials. (a and b) Jefferson; (c and d) Diamantina; (e and f) Namaqualand; (g and

h) RW-1.

isotope results for this monazite varied from 0.511405 to
0.511467, with a mean of 0.511430 + 31 (2SD, n = 26), which is
consistent with the published value of 0.511427 + 23 (2SD,
n = 60).*

The Namaqualand monazite came from the Steenkamp-
skraal monazite vein in southern Bushmanland, South Africa. A
weighted mean *°’Pb/*°Pb age of 1062 + 14 Ma (20, n = 31) is

This journal is © The Royal Society of Chemistry 2020

achieved by LA-Q-ICP-MS with a younger weighted mean
206ph/238( age of 1046.5 & 7.1 Ma (20, n = 33).* Two sessions of
the Namaqualand monazite measurement were carried out in
this study (Fig. 1e). In session 1, eleven analyses gave a weighted
mean *°’Pb/?°°Pb age of 1060 + 26 Ma (20, n = 11) with an
MSWD = 0.23, and the corresponding weighted mean
205ph/238y age was 1048.7 + 5.6 Ma (95% confidence, n = 11,
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MSWD = 1.9), which is younger. In session 2, fifteen analyses
offered a weighted mean *°’Pb/*°°Pb age of 1067 + 11 Ma (20, n
= 15) with an MSWD = 1.04, and a younger weighted mean age
for 2°°Pb/>*8U of 1047.7 4 2.6 Ma (20, n = 15, MSWD = 0.67) was
attained. The two sessions pooled together gave a weighted
mean age 2°’Pb/?°°Pb age of 1066 & 10 Ma (20, n = 26) with an
MSWD = 0.68, and a weighted mean 2°°Pb/>*®U age of 1048.0 +
2.1 Ma (2s, n = 26, MSWD = 1.14). The results provided by the
two sessions were identical to the published value obtained
using LA-Q-ICP-MS. The measurement of the Sm-Nd isotope
ratios in the two sessions yielded a mean **Nd/**Nd of
0.511903 + 28 (2SD, n = 11) and 0.511895 + 32 (2SD, n = 15). A
total of twenty-six individual analyses in two sessions yielded
a mean "Nd/"**Nd of 0.511899 + 31 (2SD, n = 26; Fig. 1f),
which is consistent with the published value of 0.511896 + 32
(2SD, n = 39) by LA-MC-ICP-MS within analytical error.**

The RW-1 monazite came from a pegmatite dyke located in
the Landsverk 1 quarry situated in the Evje-Iveland district,
South Norway.*® A previous ID-TIMS analysis on this monazite
by Ling et al. produced a weighted mean *°’Pb/>*°U age of
904.15 + 0.26 Ma (95% confidence).* The dating results by
SIMS yielded a weighted mean >°°Pb/>**U age of 906.6 + 1.5 Ma
(2SE, MSWD = 0.74). In this study, twenty-three analyses con-
ducted on the RW-1 monazite yielded a weighted mean
207ph/23°U age of 909.4 + 3.3 Ma (20, n = 23, MSWD = 0.90),
which was slightly older (at 0.6%) compared to the ID-TIMS age.
The acquired weighted mean *°°Pb/>*®U age of 908.9 + 1.9 Ma
(20, n = 23, MSWD = 1.20; Fig. 1g) is identical to the reference
value by SIMS within analytical error.*® The corresponding Sm-

0.12 —
(a) (\)LT-I 1080 Pb corr. “Pb™U Age
0.11F A 1030 T
‘~\ T T
a 010 \ 01 10149+4.5Ma
= \ (26, n=20, MSWD=0.04)
g 930
= 009}
B
© oosl $
. S \ Intercept Age=1014.1+4.4 Ma
I N \
0.07 S :!? $ é?
0.06 ' P - 4 .
54 56 58 60 62 64 6.6 6.8
0.12 — n
(©) Ontario "Ph corr. “*Pb/**U Age
| \
0.11 \ WO Dl
\\ SV LRI RYRIRYELINIIL
a 010} A 10000 1044.244.6Ma
E (20, 1=20, MSWD=0.18)
g 930
2 009} @
& \
0.08 \ Intercept Age=1044.3 4.5 Ma
o \ (n=20, MSWD=0.23)
X S
Wit £ 3T E
v &
0.06 L . L L
52 5.6 6.0 6.4
=U/pb

Paper

Nd analysis gave a mean '*’Sm/***Nd of 0.1807 + 86 (2SD,
n = 23) and "*Nd/***Nd of 0.512421 + 39 (2SD, n = 23), as
shown in Fig. 1h.

3.2 Titanite reference materials: OLT-1 and Ontario

Two titanite reference materials (OLT-1 and Ontario) were
analyzed as unknown samples, and BLR-1 titanite reference
materials were used as the primary standard with a CA-TIMS
weighted mean *°°Pb/***U age of 1047.1 + 0.4 Ma,* which is
from the Bear Lake Diggings locality, near Tory Hill, Ontario,
Canada.”

The OLT-1 titanite was sampled at Otter Lake, Quebec,
within the Grenville Province of the Canadian Shield. The
sample yielded a concordant ID-TIMS age of 1014.8 & 2.0 Ma
(20, n = 6, MSWD = 1.8) with a weighted mean 2°°Pb/>**U ages
of 1014.5 + 2.4 Ma (95% confidence, n = 6, MSWD = 3.0).*® Sun
et al. reported **’Pb-corrected weighted mean *°°Pb/>*®*U ages of
1015 =+ 5 Ma (20, n = 24) and 1017 + 6 Ma (20, n = 24) by LA-Q-
ICP-MS using single spot and line raster scan modes, respec-
tively.* Ma et al. gave a *”’Pb-corrected weighted mean
206ph/>38y age of 1011 + 6 Ma (20, n = 21) by LA-Q-ICP-MS.*
Twenty analyses of the OLT-1, in this study, yielded a U-Pb
Tera-Wasserburg Concordia lower intercept age of 1014.1 + 4.4
Ma with a MSWD of 0.23 (Fig. 2a), consistent with the **’Pb-
corrected weighted mean *°°Pb/>**U age of 1014.9 + 4.5 Ma
(20, n = 20, MSWD = 0.04). A **’Pb/*°°Pb value of 0.9099 was
used to anchor the lower intercept in light of the Stacey and
Kramers terrestrial Pb evolution model. This age is accurate
within the uncertainty of the ID-TIMS age.** The Sm-Nd

051230 | (b) OLT-1-Sm/Nd isotope ratios

0.51226
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Fig.2 U—-Pb age (Tera—Wasserburg Concordia diagrams anchored through common Pb and 2°’Pb-corrected weighted mean 2°°Pb/2%8U age,
error ellipses represent 2¢ uncertainties) and ***Nd/***Nd isotope ratio of in situ sequential analysis for two well-characterized U-Pb and Sm—Nd

Titanite reference materials. (@ and b) OLT-1; (c and d) Ontario.
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analysis yielded a mean *’Sm/***Nd value of 0.1249 & 7 (2SD,
n = 20) and "**Nd/"**Nd of 0.512207 + 27 (2SD, n = 20) as
shown in Fig. 2b, which is consistent with the published value
of 0.512214 + 41 (2SD, n = 184) by LA-MC-ICP-MS within
analytical error.*

The Ontario titanite came from the Renfrew district of
Ontario, Canada, which has an ID-TIMS *°°Pb/**®U age of 1053.3
+ 3.1 Ma (95% confidence, n = 6).>* Sun et al. carried out
a detailed LA-Q-ICP-MS analysis, yielding a >°’Pb-corrected
weighted mean *°°Pb/***U age of 1056 + 5 Ma (20, n = 28,
MSWD = 0.3).* Ma et al. acquired consistent lower intercept and
weighted mean ?°°Pb/**8U ages of 1047 + 6 Ma (20, n = 21).* In
this study, twenty analyses of the Ontario titanite yielded a U-Pb
Tera-Wasserburg Concordia lower intercept age of 1044.3 £+ 4.5
Ma with an MSWD = 0.18 (Fig. 2c), consistent with the 2°’Pb-
corrected weighted mean *°°Pb/***U age of 1044.2 + 4.6 Ma
(20, n = 20, MSWD = 0.18). A **’Pb/*°°Pb value of 0.9131 was
used to anchor the lower intercept in light of the Stacey and
Kramers terrestrial Pb evolution model.* This age is slightly
younger, at 0.9%, compared to the ID-TIMS age. The Sm-Nd
analysis yielded a mean "*’Sm/"**Nd value of 0.1940 =+ 9 (2SD, n
=20) and "*Nd/***Nd of 0.512813 =+ 31 (2SD, n = 20) as shown
in Fig. 3d, which is consistent with the published value of
0.512815 + 0.000041 (n = 145, 2SD) by LA-MC-ICP-MS within
analytical error.*® In addition, the measured ***Nd/***Nd value is
consistent with the value of 0.512833 + 8 (2SD, n = 4) using ID-
MC-ICP-MS.*®
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3.3 Perovskite reference materials: AFK and 10AFK-2

Two perovskite samples were analyzed. TAZ3 and AFK perov-
skites were used as the primary standards for the two samples.
The TAZ3 yielded a TIMS age of 463 & 2 Ma, and the AFK yielded
a 2°pb/?*8U weighted average age of 381.6 + 1.4 Ma.®

The AFK perovskite was from an irregular pegmatite body
collected from the Afrikanda complex in the Kola Peninsula,
Russia.”® A lower intercept age of 379.6 £ 9.9 Ma (n = 4) was
obtained using ID-TIMS, with a **’Pb-corrected weighted mean
206ph/238y age of 378.6 + 4.1 Ma (n = 4).5> The analysis of SIMS
for AFK gave a lower intercept age of 385 + 15 Ma (n = 38) with
a ?%’Pb-corrected weighted mean *°°Pb/***U age of 383.5 + 3.5
Ma (n = 38).”> Twenty-three analyses of the AFK, in this study,
yielded a U-Pb Tera-Wasserburg Concordia lower intercept age
of 380.7 + 1.7 Ma with an MSWD of 0.23 (Fig. 3a), consistent
with the >*’Pb-corrected weighted mean *°°Pb/>*®U age of 380.6
+ 1.9 Ma (20, n = 23, MSWD = 0.17). A *°”Pb/**°Pb value of
0.8611 was used to anchor the lower intercept in light of the
Stacey and Kramers terrestrial Pb evolution model. This age is
accurate within the uncertainty of the ID-TIMS age. The Sm-Nd
analysis yielded a mean **”Sm/***Nd value of 0.0782 + 47 (2SD,
n = 23) and "*Nd/***Nd of 0.512590 + 42 (2SD, n = 23), as
shown in Fig. 3b, which is consistent with the published value
of 0.512609 + 27 (2SD, n = 6) by TIMS within analytical error.*>

The 10AFK-2 perovskite was also extracted from an irregular
pegmatite body collected from the Afrikanda complex in the
Kola Peninsula, Russia.*> A lower intercept age of 377 + 11 Ma

051274 (b) AFK-Sm/Nd isotope ratios
0.51268 |
;2 0.51260 |
=
£ 051252
0.51244 Mean = 0.512590 + 42 (2SD, n =23)
(error bars are 26)
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Fig.3 U—Pb age (Tera—Wasserburg Concordia diagrams anchored through common Pb and 2°’Pb-corrected weighted mean 2°°Pb/2%8U age,
error ellipses represent 2¢ uncertainties) and ***Nd/***Nd isotope ratio of in situ sequential analysis for two perovskite samples from Kola

peninsula, Russia. (a and b) AFK; (c and d) 10AFK-2.
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(n = 20) was obtained using LA-Q-ICP-MS, with a >**’Pb-corrected
weighted mean *°°Pb/***U age of 379.3 + 4.9 Ma (n = 20).%
Eighteen analyses of the 10AFK-2 perovskite, in this study, yiel-
ded a U-Pb Tera-Wasserburg Concordia lower intercept age of
378.4 + 1.9 Ma with an MSWD = 0.40 (Fig. 3c), consistent with
the 2°“Pb-corrected weighted mean *°°Pb/**®U age of 378.6 & 2.0
Ma (20, n = 18, MSWD = 0.04).> A 2°’Pb/>*°Pb value of 0.8611
was used to anchor the lower intercept in light of the Stacey and
Kramers terrestrial Pb evolution model. This age is accurate
within the uncertainty of the published age. The Sm-Nd analysis
yielded a mean *’Sm/***Nd value of 0.0676 + 80 (2SD, n = 18)
and '**Nd/***Nd of 0.512601 + 31 (2SD, n = 18) as shown in
Fig. 3d, which is consistent with the published value of 0.512612
=+ 10 (2SD) by LA-MC-ICP-MS within analytical uncertainties.*>

3.4 Advantages and limitations

Laser ablation split stream (LASS) has become a routine or
popular technique for the measurement of trace elements, U-Pb
and Hf or Nd isotopes in zircon and monazite since 2008.'%'»13>1-23
Nevertheless, considering the requirement of more than one mass
spectrometer (MS) exerts a severe restriction to the feasibility of
LASS, our in situ sequential analysis of the U-Pb age and Sm-Nd
isotope from the same volume of material brings an ideal solution
to the limitations mentioned above. Comparatively, the present
protocol almost maximizes the amount of useful isotopic data
that can be obtained from a single spot analysis using one MS
instrument. The capability of this analytical protocol when
studying complex zonation minerals, small crystal domains and
detrital/inherited minerals is presented, especially for natural
minerals with enriched Nd contents, such as monazite, titanite,
perovskite, allanite, bastnaesite, xenotime and schorlomite. These
minerals also are ideal for U-Pb dating.>****>

Nevertheless, considering the Faraday cup for all data
acquired in this work, the main limitation of sequential analysis
is the signal strength with a slightly larger laser beam size. For
this reason, not all minerals are suitable using our protocol due
to their lower element concentrations. Only the minerals with
high concentrations of Nd and appropriate U and Pb concen-
trations can be used for the sequential analysis of the U-Pb age
and Sm-Nd isotopic ratios with reasonable analytical precision.
As stated in a previous study, the deviation requirement for
practical geological application is 2¢ units, corresponding to
a '"*Nd/"*Nd data deviation of +0.0001.%*"% According to our
study, more than about 1500 ppm of Nd is enough for most Nd
enriched accessory minerals (e.g., monazite, titanite, perovskite,
allanite, bastnaesite, xenotime and schorlomite).>*~>*

In addition, the depth profiling analysis of the laser pit was
conducted to demonstrate the advantage of the proposed
method over the commonly used approach of two separate
analytical processes, which largely depends on the analytical
hole depth. The data set of the depth-profiling analysis on three
mineral samples demonstrated that, when using the same laser
shots (258 pulses, 43 seconds) and energy fluence (5 J cm™2), the
depths of the laser pits are almost identical as shown in Table 1.
Furthermore, in light of the acquired data set, a thin section
thicker than 60 pm could be analyzed by the proposed method.
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A detailed depth-profiling analysis of the laser pit for each
mineral sample is given in the online ESI text.}

4. Conclusions

In this study, we developed a methodology of sequential analysis of
the U-Pb age and Sm-Nd isotope in natural LREE-enriched
minerals by means of a MC-ICP-MS connected to a 193 nm exci-
mer laser in a single shot. The U-Pb age and Sm-Nd isotope ratios
for three common natural LREE-enriched minerals (e.g:, monazite,
titanite and perovskite) obtained by this method are identical to the
reference values within analytical uncertainties, indicating the
feasibility and capability of the present method. Our technique is of
value in applications requiring the U-Pb age and Sm-Nd isotope
ratios from a single laser crater. Thus, the afforded technique
provides a powerful tool for petrogenetic studies, indicating the
potential and versatility of this method applied to geochemistry
and cosmochemistry for microanalysis.
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