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1 | INTRODUCTION

Melt inclusions are melt droplets, typically <100 um in diameter, that

are trapped in crystals during mineral growth.>? They are physically

Rationale: In situ Pb isotope analyses of tiny melt inclusions using laser ablation-
multi-collector-inductively coupled plasma-mass spectrometry (LA-MC-ICP-MS)
are crucial for exploring the origins of mafic lavas. However, quantitative use of this
technique with low-Pb (<10 ppm) melt inclusions is difficult due to their low 2°*Pb
content and ?°*Hg interference.

Methods: Pb isotopic ratios of various reference glasses and olivine-hosted melt
inclusions were determined using LA-MC-ICP-MS. Multiple ion counters were used
to simultaneously determine signal intensities of all Pb isotopes and 2°?Hg. An Hg
signal-removal smoothing device reduced its signal in the gas blank by >80%.
Instrumental mass bias was corrected using the standard-sample bracketing method.
Results: With 24-90 um diameter laser spots, 2-4 Hz repetition rates, and 2.5-
4 J cm~2 energy fluence, the analytical precisions of 2”*Pb/?°*Pb ratios (x = 6, 7, 8)
for standards BHVO-2G, ML3B-G, NIST 614, NKT-1G, T1-G, GOR132-G, and
StHs6/80-G were <1.0% (2RSD) when 2°®Pb signals >100000 cps. The
Wangjiadashan melt inclusions have 206ppy/294pp — 17.14-18.44,
207pp/204ph — 15.28-15.66, and 2°®Pb/2°*Pb = 37.12-38.68.

Conclusions: The described method improves the precision and accuracy of in situ
Pb isotope analysis in low-Pb melt inclusions using LA-MC-ICP-MS. The Pb isotopic
compositions of the Wangjiadashan melt inclusions indicate the coexistence of LoMu

and EMIl+young HIMU components in the mantle source of weakly alkaline basalts.

isolated from most interaction with the external environment and
record complex information on magma evolution, such as crystal
fractionation, magma mixing, and crustal contamination; therefore,

they have potential applications in exploring the petrogenesis of
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mantle-derived magmas.® Lead is concentrated mainly in the crust and
is extremely depleted in the mantle* due to its highly incompatible
and fluid-mobile behavior,%” and it is useful in discerning whether the
recycled crust is present in the mantle.® The three radiogenic Pb
isotopic ratios (?**Pb/?°*Pb, where x=26, 7, 8) are useful in
characterizing mantle heterogeneity and determining the origin of

recycled crust,® 1!

with the Pb isotopic compositions of melt
inclusions being helpful in elucidating the origin of mafic magma.!?

In situ analytical methods are widely applied in determining
compositions of small targets such as melt inclusions,>*® with such Pb
isotope analyses involving mainly secondary-ion mass spectrometry
(SIMS) and laser ablation-multicollector-inductively coupled plasma-
mass spectrometry (LA-MC-ICP-MS).2 However, for low-Pb
(<10 ppm) samples, both methods fail to obtain accurate 2°*Pb/2%*Pb
data, owing to the low 2°*Pb abundance (~1.5 wt.%) in the Pb isotope
system. The SIMS method usually ablates samples so little that the
low 2°*Pb signal intensities of low-Pb samples are easily influenced by
surface contamination, and in the LA-MC-ICP-MS method, carrier
gases may introduce traces of Hg, increasing the isobaric interference
of 2%*Hg on 2°*Pb signal intensities.

As a result, current in situ high-precision Pb isotopic compositions
of melt inclusions are generally reported as 2%Pb/?°°Pb (y =7,
8)13-15 put 2%Pp/2%Ppb ratios are rarely reported.'>'” Although
20vph/296pp ratios of melt inclusions are often used to infer mantle
components (EMI, EMII, HIMU, and DMM) in sources of basalts,*3"1°
they would fail to discriminate the LoMu (low-u, where
p= 238/294ph) from the EMI, because these two components share
similarly high 2°YPb/2%Pb ratios.® Nonetheless, the LoMu has much
lower 2°8Pb/2%4Ph and 2°7Pb/?%*Pb at given 2°°Pb/2%“Pb than the
EMI,*8 and therefore, can be easily discerned if the 2%*Pb/2°*Pb ratios
were obtained. Here, a highly efficient Hg-removal device with >80%
Hg filtering in the gas blanks was employed, enabling the
development of a protocol for in situ Pb isotope analyses, including
the determination of the 2®Pb/2°*Pb ratios of small (<100 pm) and
low-Pb samples using LA-MC-ICP-MS. The method was applied to
determine the Pb isotopic compositions of olivine-hosted melt
inclusions in the Wangjiadashan basalts from Shandong Province in

eastern China.

2 | EXPERIMENTS

21 | Instrumentation

All analyses were carried out in a 193 nm COMPexPro 102 ArF
excimer LA system (GeolLas HD, Gottingen, Germany) coupled to a
Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Bremen,
Germany) at the Guangxi Key Laboratory of Hidden Metallic Ore
Deposits Exploration, Guilin University of Technology, Guilin, China.
LA conditions included repetition rates of 2-4 Hz, energy fluences of
2.5-4 Jcm™2, and laser spot sizes of 24-90 pm (depending on Pb
contents of samples). Helium was used as the carrier gas
(650 ml min~Y). Each spot analysis included 23 s gas-blank collection

and 30s sample signal collection. To improve MC-ICP-MS
sensitivity, a Jet sample cone and X skimmer cone were used. The ion
beam intensities of 2°2Hg, 2°4Pb + Hg), 2°°Pb, 2°7Pb, 208pb, 232Th,
and 2%8U were determined simultaneously using seven ion counters

(ICs). The instrument parameters are summarized in Table 1.

2.2 | Samples

221 | Glass standards

Nine international reference glasses with compositions ranging from
ultramafic to granitic were used to evaluate the analytical accuracy
and precision of the method. These reference glasses included three
US Geological Survey (USGS) reference glasses (BHVO-2G, 1.73 ppm
Pb; NKT-1G, 3.01 ppm Pb; BCR-2G, 11.0 ppm Pb), five MPI (Max
Planck Institute, Germany)-DING reference glasses (KL2-G, 2.07 ppm
Pb; ML3B-G, 1.38 ppm Pb; T1-G, 11.6 ppm Pb; GOR132-G, 19.5 ppm
Pb; StHs6/80-G, 10.3 ppm Pb), and one US National Institute of
Standards and Technology (NIST) reference glass (NIST
614, 2.32 ppm Pb; Table 2). The USGS and MPI-DING glasses
comprise natural rock powders, and the NIST glass is a synthetic
standard.?”?* The reference glasses were mounted on epoxy discs,
ground using coarse diamond powder of maximum particle size 0.5-
5 pm, polished using a flannelette plate sprayed with 0.25 pum
diamond solution, wiped with ethanol, and finally cleaned with

distilled water in an ultrasonic bath prior to analysis.

2.2.2 | Sample description and olivine-hosted glassy
melt inclusions

The Shandong Province is located in the central part of eastern China
where the subducted Pacific Plate stagnates within the mantle
transitional zone horizontally over >1000 km from the western Pacific
subduction zone,?®> and crust-mantle interactions are widespread in
the deep mantle.2® Cenozoic basalts in this region can be classified
into strongly and weakly alkaline basalts based on their petrological
and geochemical compositions.?’~2° The strongly alkaline basalts
were mainly formed at ages of <10 Ma with SiO, <43 wt.% and
(Na,O + K,0) >6 wt.%; they have trace-element compositions similar
to HIMU ocean-island basalt (OIB) but depleted Sr-Nd-Pb-Hf and
extremely abnormal Mg-Zn isotopic compositions.?” 32 These unique
compositions suggest sedimentary carbonate-modified young
recycled oceanic crust in mantle source that was likely detached from
the Pacific stagnant within the mantle transitional zone.2428-3! The
weakly alkaline basalts were primarily formed at ages of 23-10 Ma
with SiO, >43 wt.% and (Na,O + K,0) <6 wt.%; their trace-element
and isotopic compositions resembled those of the EMI-OIB,
indicating an EMI component in the mantle source.2628-30:33-35

The Wangjiadashan basalts were collected at the northern part
of the Tanlu fault in Shandong. These basalts are of porphyritic

texture with large olivine phenocrysts (0.5-2 mm) in matrix of
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TABLE 1
the Neptune Plus ICP-MS and laser
ablation systems

TABLE 2

Standard Pb

glass (ppm)  2°8Pb/2%pPb
NIST 614 232 21013
BHVO-2G 1.70 2.0499
BCR-2G 11.0 2.0639
GOR132-G 19.5 2.0080
KL2-G 2.07 2.0227
ML3B-G 138 2.0524
StHs6/80-G  10.3 2.0379
T1-G 11.6 2.0809
NKT-1G 3.01 1.9992

Operating parameters of

¥

(a) Neptune Plus collector configuration for Pb-isotope analysis

Collector® IC4 IC5

Mass 202hg 204pb + Hg)

(b) Typical instrument operating conditions

Neptune Plus MC-ICP-MS
Instrument RF power
Auxiliary gas (Ar)

Sample gas (Ar)

Cooling gas (Ar)
Measurement mode
Interface cones
Acceleration voltage
Detection system
Integration time

Geolas HD laser ablation system
Beam

Spot size

Repetition rate

Energy density

Ablation time

Blank time

He gas to cell

N, gas to cell

206Pb

IC2
207py,

Ic1 c IC6 Ic7
208pp 22410  2Th ¥y
1220 W

0.94 L min~!

0.935 L min"*

16 Lmin~?t

Static

Jet sample cone and X skimmer cone
10 kV

Seven ion counters

0.262's

UV193nm (ArF excimer)
24/32/44/60/90 pm
2-4 Hz

25-4Jcm™?

30s

23s

650 mL min~*

2-3 mL min~?

2Collectors IC1 to IC7 are ion counters, and C is the center Faraday cup.

2D

0.0020
0.0050
0.0016
0.0020
0.0031
0.0002

Pb contents and isotopic ratios of the standard glasses used in this study

207pp/20%pp  2SD

0.8710 37.47
0.8330 38.25
0.8327 0.0020 3873
0.8166 0.0026 3872
0.8212 0.0007 3851
0.8323 0.0020 3842
0.8263 0.0010 3852
0.8370 0.0007 3898
0.7955 39.22

208pp, /204p,

2sD

0.04

0.05
0.15
0.08
0.01

207pp/204pp  2SD

15.53
15.54
15.63
15.72
15.63
15.58
15.62
15.68
15.60

206pp/204pp 25D

17.83
18.66
001 1877 0.01
19.25
001 19.04 0.01
0.10 18.72 0.04
0.02 18.90 0.01
002 1873 0.01
19.62

Note: Sources of preferred Pb contents and Pb isotopic ratios: NIST 614%; BHVO-2G?°; BCR-2G?°; GOR132-G, KL2-G, ML3B-G, StHs6/80-G, and

T1-G?%; and NKT-1G.2228

FIGURE 1

Schematic diagram of laser

ablation-multi-collector-inductively coupled
plasma-mass spectrometry [Color figure can be

viewed at wileyonlinelibrary.com]

Laser

He '

Ar

ICP torch

mmi==1

Ablation Cell

t:#—;“*)

Hg-removal

device
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pyroxene, plagioclase, olivine, and magnetite. They are weakly
alkaline basalts with 46.8-47.7 wt% SiO,, 3.4-4.6 wt%
(Na,O + K,0), 7.7-10.5 wt.% MgO, and EMI-OIB's trace element
compositions. Different from the whole-rock compositions, their melt
inclusions exhibit large 2°YPb/?°Pb isotopic variations, ranging from
the Pb isotopic compositions of the strong to weakly alkaline basalts.
Detailed information including sample location, petrology, and
geochemistry of the Wangjiadashan basalts has been reported by
Zhang et al.3¢

Olivines were collected from the Cenozoic Wangjiadashan basalts
of Shandong, eastern China, and were heated for ~10 min in a 1-atm
gas-mixing furnace at 1250°C with an oxygen fugacity of the quartz-
fayalite-magnetite buffer, following the procedure of Ren et al,®”
then quickly quenched to ~25°C to obtain glassy melt inclusions. The
resulting olivine grains were mounted in epoxy resin and polished
until the inclusions were exposed at the surface. All procedures were
completed at the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences,

Guangzhou, China.

23 | Mercury-removal device

Accurate determination of the intensity of 2°*Pb signals is critical
but difficult for high-precision Pb isotope analyses of low-Pb
samples because the 2°*Pb content is much lower than those of
206pp,  207pph  and 2°8pb, and there may be signal interference by
2%4Hg from the carrier gas (He), sample gas (Ar), or auxiliary gases
(N,, Ar) during analysis.*®¢ Here, a Hg-removal signal-smoothing

device developed by Hu et al*®

was used to reduce the Hg
influence on 2°*Pb signal intensity, allowing the accurate
determination of 2°*Pb signal intensity. This device comprises a steel
cylinder filled with Au-coated corrugated plates®® and was placed in
the front of ICP torch (Figure 1) to reduce Hg signals in the He and
sample gas. Using this Hg-removal signal-smoothing device, 2°?Hg
background was reduced from ~20000 to 2000-3700 cps,
corresponding to a reduction in 2°*Hg background from 2300-4600
to 450-850 cps, assuming 2°*Hg/?°?Hg = 0.2301.%° The 2°*Pb
intensity was obtained from the 2°%Pb + Hg) intensity by

subtracting 2°*Hg intensity.

24 | Mass-bias correction

Among the Pb isotopes, 206pp, 207pph and 2°8pb are radiogenic; only
204p js unradiogenic. For Pb isotope analysis, it is impossible to make
a mass-bias correction between two unradiogenic isotopes, such as
Sr, Nd, and Hf. For mass-bias correction, we used reference glasses
KL2-G (2.07 ppm Pb) and BCR-2G (11 ppm Pb) for external correction
of low-Pb (<5 ppm) and high-Pb (>10 ppm) samples, respectively.
Analyses were undertaken for every unknown sample preceded and
followed by analysis of one reference glass, with the mass-bias

correction calculated as follows:

2.0

ZOSP b/204Pb

a]

207P b/ZU4Pb

2RSD (%)

207P b/ZUGPb

0.2
0.1
1 1 1 1 1
06 208Pbl2I]GPb e
0.5 24/32/44/60/90 um
3Jem®3Hz A A A A
0.4+ 3Jem?4Hz 0 O O O
;@ 44em? 3Hz ©
E 4dcm? 4Hz ]
(2]}
24
~N

2
**Phi

3 4 5 6
ntensity (cps/10°)

FIGURE 2 Plots of 2RSD values of Pb isotopic ratios vs. 2°°Pb
intensity for BHVO-2G under different laser ablation conditions
[Color figure can be viewed at wileyonlinelibrary.com]
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Sm
Se=—————— 1
€= Ro1 + Rm)/2/R @)
where Sc and S, are corrected and measured values of Pb isotopic
ratios for the unknown sample, respectively; R,; and R, are
measured values for the reference glasses preceding and following
the unknown sample, respectively; and R is the preferred reference

value of the reference glass.
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3 | RESULTS AND DISCUSSION

3.1 | Precision and accuracy for glass standards

Precision and accuracy are crucial to the evaluation of data quality,
and to assess them we first analyzed the low-Pb USGS glass BHVO-
2G (1.73 ppm Pb) with laser spot sizes of <100 pm, low energy

fluences (3-4J cm™2), and low repetition rates (3-4 Hz). Results

3Jcm? 3Hz

3Jcm? 4Hz 4Jcm”
4Hz

60um 90um 24um 32um 44um 60um 44um

()
19.4
£19.0
)
Li86
18.2
32um 44um
®
16.0 |

:

*7Pb/**Pb
o
)

15.2

32um 44um

60um 90um 44um

39.0

38.0

ZOGPb/ZlNPb

37.0

60um 90um 24um 32um 44um 60um 44um

0.838

o
o
@
~

ZOTPb/ZOGPb
o
©
w
o

0.826

60um 90um 24um 32um 44um 60um 44um

2.060

FIGURE 3 Precision and accuracy of
204pp/204pp (x = 6, 7, 8) and 2°YPb/?°*Pb
(y = 7, 8) ratios for BHVO-2G under
different LA conditions. Red and green
lines represent preferred and average 2.040
values, respectively. Error bars are 25D

[Color figure can be viewed at

208PbI205Pb
N
o
a1
o

60um 90um 24um 32um 44um 60um 44um

wileyonlinelibrary.com] 2.030
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20%ph/2%4ph and 2%YPb/2%Phb ratios decreasing from 2.0% to 0.3%
and from 0.6% to <0.1%, respectively. The 2RSD values of
20xph/2%4ph and 20YPb/2%Ph ratios and the 2°®Pb signal intensity

(Figure 2) show that with increasing spot size, energy fluence, and
repetition rate, the 2°8Pb signal intensity increases from 30 000 to
500 000 cps, with two relative standard deviation (2RSD) values of

TABLE 3 Pbisotopic ratios of BHVO-2G determined using different laser ablation parameters in this study

Spot size (pm) 208py, /206pp 207pp /206pp, 208p},/204pp, 207pp /204pp 206pp/204pp

Repetition rate = 3 Hz; energy density = 3 J cm~2; ablation time = 30 s

32 Average (n = 10) 2.0454 0.8305 38.37 15.56 18.75
2SD 0.0078 0.0023 0.63 0.29 0.33
2RSD 0.38% 0.28% 1.64% 1.85% 1.75%
Accuracy —0.22% —0.30% 0.31% 0.12% 0.49%

44 Average (n = 10) 2.0480 0.8312 38.30 15.55 18.71
25D 0.0103 0.0044 0.66 0.24 0.35
2RSD 0.50% 0.53% 1.71% 1.55% 1.85%
Accuracy —0.09% —0.22% 0.14% 0.03% 0.29%

60 Average (n = 10) 2.0523 0.8331 38.31 15.56 18.66
25D 0.0045 0.0012 0.31 0.14 0.15
2RSD 0.22% 0.14% 0.82% 0.92% 0.82%
Accuracy 0.12% 0.01% 0.14% 0.08% 0.01%

90 Average (n = 10) 2.0465 0.8315 38.25 15.54 18.69
25D 0.0083 0.0037 0.17 0.06 0.12
2RSD 0.41% 0.45% 0.44% 0.41% 0.67%
Accuracy -0.16% -0.18% 0.00% —0.03% 0.18%

Repetition rate = 3 Hz; energy density = 4 J cm~2; ablation time = 30 s

24 Average (n = 60) 2.049 0.832 38.40 15.59 18.75
25D 0.008 0.004 1.44 0.57 0.69
2RSD 0.41% 0.54% 3.76% 3.63% 3.66%
Accuracy —0.04% -0.15% 0.39% 0.29% 0.46%

Repetition rate = 4 Hz; energy density = 3 J cm~2; ablation time = 30 s

24 Average (n = 10) 2.0470 0.8309 38.36 15.57 18.73
25D 0.0059 0.0034 1.00 041 0.46
2RSD 0.29% 0.41% 2.60% 2.61% 2.45%
Accuracy —0.14% —0.26% 0.28% 0.17% 0.39%

32 Average (n = 10) 2.0494 0.8319 38.34 15.57 18.71
25D 0.0060 0.0028 0.42 0.16 0.23
2RSD 0.29% 0.33% 1.10% 1.00% 1.24%
Accuracy —0.02% —0.14% 0.22% 0.15% 0.29%

44 Average (n = 10) 2.0518 0.8324 38.24 15.51 18.65
25D 0.0049 0.0030 0.26 0.11 0.14
2RSD 0.24% 0.37% 0.67% 0.71% 0.74%
Accuracy 0.09% -0.07% —0.02% -0.18% —0.04%

60 Average (n = 10) 2.0542 0.8329 38.38 15.55 18.68
25D 0.0059 0.0025 0.29 0.11 0.13
2RSD 0.29% 0.31% 0.76% 0.71% 0.70%
Accuracy 0.21% —0.01% 0.33% 0.05% 0.09%

Repetition rate = 4 Hz; energy density = 4 J cm~2; ablation time = 30 s

44 Average (n = 10) 2.0531 0.8333 3841 15.59 18.69
25D 0.0056 0.0023 0.31 0.11 0.17
2RSD 0.27% 0.27% 0.81% 0.69% 0.90%
Accuracy 0.16% 0.04% 0.42% 0.28% 0.17%

85U8017 SUOLILLOD 3A 1D 3(geal|dde ay) Aq peusenob ae s9ppiie YO ‘esn Jo SNl 10} ArIqIT8UIIUO A1 UO (SUOIPUOD-PUE-SLLBI WO A8 | 1M AfeIq 1 BU1|UO//SANL) SUORIPUOD PUe SWie | 38U} 88S *[£202/20/72] U0 AreiqiTauluo A8|IM ‘JO ARIqIT Yoe L % 914nus10S AQ £8E6'WO1/Z00T 0T/I0P/W0D A8 |im Afe1q1[eU1|UO'S [UIN0 BOUB 105 RO A [eLe// S WO pepeolumod ‘2z ‘2202 ‘TE20L60T



YU ET AL

display clear exponential curve fits (Figure 2), consistent with previous
observations.'>1¢4%41 |ndividual 2°**Pb/2°*Pb and 2°YPb/?°*Pb ratios
of BHVO-2G are more variable, with a smaller spot size, lower energy
fluence, and lower repetition rate (Figure 3). The 2RSD of average
204pp/204ph and 2°YPb/2%¢Pb ratios are better than 3.8% and 0.6%,
respectively, and accuracies are better than 0.5% and 0.3%,
respectively. The accuracies of average 2°*Pb/?**Pb and 2°YPb/?°Pb
ratios are apparently insensitive to LA effects (Table 3).

Precision and accuracy were further evaluated by analysis of a

further six glass standards. Three low-Pb (<5 ppm) glass standards
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(ML3B-G, 1.38 ppm; NIST 614, 2.32 ppm; NKT-1G, 3.01 ppm) were
analyzed, with LA conditions of 44 pm spot size, 4 J cm~2 fluence,
and 4 Hz repetition rate. A further three high-Pb (>10 ppm) glass
standards (T1-G, 11.6 ppm; GOR132-G, 19.5 ppm; StHs6/80-G,
10.3 ppm) were analyzed with 32 pm spot size, 2-3Jcm™?
fluences, and 2.5-3 Hz repetition rates. Results indicate that
these six glass standards have 2°®Pb signal intensities of
100 000-450 000 cps, with 2RSD values for 2°*Pb/2°*Pb and
20vpp/205pYy ratios of 0.6%-0.3% and 0.3%-<0.1%, respectively

(Figure FIGURE S1 [supporting information]). Their 2RSD values and

TABLE 4 Pbisotopic ratios of NIST614, NKT-1G, ML3B-G, KL2-G, StHs6/80G, and T1-G
Energy

Spotsize  Repetition  density Ablation

(nm) rate (Hz) (Jem2)  time(s) 208pp,/206pp  207pp/206pp,  208pp/204pp,  207ppy/204pp,  206pp/204p,

NIST 614 (2.31 ppm Pb)

44 4 4 30 Average (n = 10) 2.1096 0.8731 37.619 15.569 17.844
2SD 0.0047 0.0015 0.292 0.106 0.129
2RSD 0.22% 0.18% 0.78% 0.68% 0.72%
Accuracy 0.39% 0.24% 0.39% 0.23% 0.06%

NKT-1G (3.01 ppm Pb)

44 4 4 30 Average (n = 10) 2.0035 0.7966 39.306 15.632 19.626
2SD 0.0048 0.0021 0.231 0.085 0.105
2RSD 0.24% 0.26% 0.59% 0.55% 0.53%
Accuracy 0.21% 0.13% 0.23% 0.18% 0.06%

ML3B-G (1.38 ppm Pb)

44 4 4 30 Average (n = 10) 2.0522 0.8324 38.524 15.615 18.768
2SD 0.0054 0.0027 0.296 0.114 0.113
2RSD 0.26% 0.33% 0.77% 0.73% 0.60%
Accuracy —0.01% 0.02% 0.27% 0.22% 0.26%

KL-2G (2.07 ppm Pb)

44 4 4 30 Average (n = 39) 2.0196 0.8203 38.443 15.613 19.037
25D 0.0094 0.0030 0.281 0.098 0.134
2RSD 0.46% 0.37% 0.73% 0.63% 0.70%
Accuracy —0.15% -0.11% —0.17% —0.13% —0.01%

StHs6/80-G (10.3 ppm Pb)

32 3 3 30 Average (n = 10) 2.0385 0.8264 38.624 15.650 18.940
2SD 0.0021 0.0011 0.204 0.103 0.122
2RSD 0.10% 0.13% 0.53% 0.66% 0.64%
Accuracy 0.03% 0.02% 0.27% 0.21% 0.20%

T1-G (11.6 ppm Pb)

32 8 3 30 Average (n = 10) 2.0813 0.837 39.004 15.694 18.741
2SD 0.0033 0.002 0.152 0.070 0.091
2RSD 0.16% 0.19% 0.39% 0.45% 0.49%
Accuracy 0.02% —0.01% 0.07% 0.10% 0.05%

GOR132-G (19.5 ppm Pb)

32 25 2 30 Average (n = 10) 2.0074 0.8167 38.738 15.762 19.303
2SD 0.0032 0.0011 0.288 0.116 0.131
2RSD 0.16% 0.14% 0.74% 0.74% 0.68%
Accuracy —0.03% 0.01% 0.05% 0.27% 0.28%

Notes: Isotopic ratios of NIST 614, BHVO-2G, NKT-1G, and ML3B-G were corrected by preferred isotopic ratios of KL-2G; those of KL-2G were corrected

by preferred isotopic ratios of NKT-1G; and those of StHs6/80-G, T1-G, and GOR132-G were corrected by preferred Pb isotopic ratios of BCR-2G.
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208ppy signal intensities have exponential curve fits, as defined by 20.0 ST —
the results for BHVO-2G. Considering the large compositional range O/'
of the glass standards, from ultramafic (GOR132-G) to dacitic 19.5 é/'/
(StHs6/80-G), and NIST 614, these results support there being no //’
composition-related matrix effects at these levels of precision, with 190 ,é’ @ NIST614
signal intensity playing the predominant role in analytical precision 185 /,f@ 2 2212132-6
during Pb isotope analyses. The exponential curve fits (Figure 2 and - O BHVO-2G
Figure FIGURE S1 [supporting information]) indicate uncertainties in 18.0k ’,r’/ O ML3B-G
20xph/204phy and 2%YPh/2%%Ph ratios of better than 1.0% and 0.6%, /’,.' 8 gg-l.rs-;go-G
respectively, when the 2°®Pb intensity is >100 000 cps. The - 18I.O 18|.5 19‘_0 19'_5 0.0
ML3B-G, NKT-1G, StHs6/80-G, T1-G, and GOR132-G standards 5.9 o) ———
have 2>Pb/***Pb and >*'Pb/***Pb ratios 2RSD of <0.8% and <0.5, sl
respectively, and accuracies of <0.5% and <0.4%, respectively /"
(Table 4; Figures S2 and S3 [supporting information]). The NIST 15.7 1 %/
614 standard has slightly less-accurate Pb isotopic ratios 15.6 L % 2
(<0.8%; Table 4; Figures S2 and S3 [supporting information]). ) %
The Pb isotopic ratios for the analyzed geological reference glasses 15.5 - ,,//
and their recommended values are positively correlated with 15.4 /,/'
r? = 1.0 (Figure 4). e

40.0 - 15I.4 15IA5 15I.6 15I.7 15I.8 1’5.9

© “pp/ph

3.2 | Comparison with other studies 395}
Published data for in situ Pb isotope analyses of the glass standards 39.01 +/§’
(BHVO-2G, NKT-1G, ML3B-G, KL2-G, and T1-G) under similar LA 38.5 % é%’
conditions were compiled (Table 5). Faraday cups and ICs were o -
applied by Paul et al*® and Zhang et al*! in determining 2°*Pb and ad ,,»’/
204ppy intensities, respectively, whereas other studies’®*? and the 375k i”/
present study used ICs to determine 2%*Pb and 2°“Pb intensities. To /,»"
obtain high 2°8Pb intensity, Paul et al,'® Souders and Sylvester,*? and 0,88 ) 371.5 38I 0 38I.5 39I 0 39I 5  40.0
Zhang et al*! used either large laser spot sizes (90-93 pm) or high © Xpp/F*Pb ,”/
laser repetition rates (8-10 Hz), whereas Zhang et al*® applied a 0.86 L ’,/"
23 pm laser spot size, 3 Hz repetition rate, and 80 mJ energy with a ’,/"
50% energy attenuator (4Jcm~2 fluence), similar to our study 0.84 |- O'/
(24-44 um laser spot size, 2.5-4 Hz repetition rate, and 2-4 J cm2 O’Q
fluence). LA conditions used by Zhang et al*® are more suitable for 0.82 | ’."’
determination of Pb isotopic ratios in tiny melt inclusions. However, ’,//
the low 2°%Pb signal intensity and relatively high 2°*Hg isobaric 088 I* ,O'
interference led to low precision.'® External precisions of Pb isotopic ’,/" | . ] .
ratios between this and other studies are compared in Figure 5. All 212 0.80 0.82 0.84 0.86 0.88
measurements have high external precisions for 2°YPb/2%°Pb ratios €] **Pb/**Pb ./’/
(2RSD < 1%). For 2%Pb/2%*Pb ratios, determined using 24 pm spot Al I ,/’/
size and 3-4 Hz repetition rates, the external precisions of this study 2.08 - ,/O’
for BHVO-2G (2RSD = 2.6%-3.8%) are much improved over those of 2.06 | ,/'/
Zhang et al*® (2RSD = 5.2%-5.5%) because of the low Hg 5uiid | O,xéj
background. For high-Pb (>10 ppm) samples such as T1-G (11.6 ppm), ’,/'
the 2%Pb/2%%ph external precisions here (2RSD = ~0.5%) are a2 -
comparable to those of analyses (2RSD = ~0.8%) involving larger 2.00 /’.
spot sizes or higher repetition rates. For low-Pb (<5 ppm) samples = 1 | ] | 1 ]

such as KL2-G (2.07 ppm) and ML3B-G (1.38 ppm), the 2°*Pb/2%*ph
external precisions (2RSD = ~0.7%) are significantly improved over
those obtained with larger spot sizes or higher repetition rates
(2RSD = 1.5%-2.5%).

200 202 204 206 208 210 212

FIGURE 4 Comparison of measured and preferred Pb isotopic
compositions of glass standards. Error bars are 2SD [Color figure can
be viewed at wileyonlinelibrary.com]
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3.3 | Analysis of olivine-hosted melt inclusions in
Wangjiadashan basalts

Pb isotopic ratios of 29 olivine-hosted melt inclusions from Cenozoic
Wangjiadashan basalts in Shandong Province were determined using LA
conditions of 44 um spot size, 4 J cm2 fluence, 4 Hz repetition rate,
and 30 s ablation time. These melt inclusions have 70 000-270 000 cps
208ph intensities, lower than that of the NKT-1G standard (3.01 ppm
Pb; ~340 000 cps 2°®Pb intensity), indicating a Pb content of <3 ppm in
the melt inclusions. The Pb isotopic ratios of the Wangjidashan melt
inclusions are shown in Table 6 and Figure 6. The melt inclusions in
sample DSWO09-8 have 208pb/20¢ph, 207pp/206pp,  206pp/204pp,
207ph/294ph, and 2%8Pb/?%*Pb ratios of 2.095-2.169, 0.849-0.891,
17.14-18.44, 15.28-15.66, and 37.12-38.68, respectively: the melt
inclusions with low 2®Pb/2%Pb and high 2®Pb/2°Pb similar to the
LoMu component, whereas the ones with high 2®>Pb/?°Pb and low
20vpp,/206pp close to the field of young HIMU component and EMII
defined by Mid-Oceanic Ridge basalts (MORBs)® and pelagic
sediments,*> respectively. Such a large Pb isotopic range is also
observed in the melt inclusions of sample DSW09-12.

Whole-rock compositions of the Cenozoic Shandong basalts have
revealed highly geochemical heterogeneity in mantle source:
sedimentary carbonate-modified young recycled oceanic crust
indicated by the strongly alkaline basalts with HIMU-OIBs' trace-
element compositions but depleted Sr-Nd-Pb-Hf isotopes and
extremely abnormal Mg-Zn isotopes, and an EMI component
constrained by the weakly alkaline basalts with EMI-OIBs' trace-
element and isotopic compositions.273? Nonetheless, our results
showed that although the Wangjiadashan basalts are weakly alkaline
basalts, their melt inclusions have large Pb isotopic variations, which
cover the whole Pb isotopic range of the Shandong basalts (Figure 6).
More importantly, the melt inclusions from a single lava (sample
DSW09-8) exhibit the Pb isotopic values well overlapping the whole Pb
isotopic spectrum of the Shandong basalts. Our new Pb isotopic data
therefore provide reliable evidence for at least two mantle components
in the Wangjiadashan basalts: a LoMu component characterized by low
20%ph/294Ph but high 2%Pb/2°®Pb ratios, and an EMll+young HIMU
component with higher 2®Pb/2%*Pb but lower 2°YPb/?%Pb ratios. An
EMIl+young HIMU component for the high 2°Pb/?°*Pb and low
20vpp/2%ph in the mantle source of the Wangjiadashan basalts is
consistent with the conclusions of young recycled oceanic crust
modified by sedimentary carbonate in the mantle source of the strongly
alkaline basalts. The coexistence of the two distinct mantle
components in the weakly alkaline basalts, as described for the
Wangjiadashan melt inclusions, supports a model of differentiation

melting within a highly heterogeneous mantle column.*®

4 | CONCLUSIONS

In situ Pb isotope analyses of small low-Pb melt inclusions were
undertaken using LA-MC-ICP-MS with ICs simultaneously
determining the beam intensities of all Pb isotopes and 2°?Hg, and an

Shandong basalts
DSW09-8 (MI) © DSW09-12(MI) ©
Shandong (WR) O
Other lavas
MORB (GL) EMI-OIBs (WR) +
EMI{I-OIBs (WR) + LoMulavas (WR) +
15.9
@ Pelagic sediment
15.81 EMII
15.7 *
21556 +d
155 ﬁ«
o Strong 'y
s 154 | K dlkaline basalts
15.34
15.2
alkaline basalts
15.1 ' ' ' '
16.5 17.0 17.5 18.0 18.5 19.0
206 204
395 Pb/""Pb
® EMII @,
EMI ¥
39.0F ¥
a
5 38.0F
& ++
S 375 '-h@
+
™
37.0F \,0\“
+ alkaline basalts
36.5 1 | 1 1
16.5 17.0 17.5 18.0 18.5 19.0
206 204
0.94 5 Pb/""Pb o—
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e
0.90
& Q o EMI
F @ O
8 oser aligptine gg;alts
& DMM
S~ 0.86F O
0.84 (Q Strongly
4} . gmii2'kaline basalts
0.82 -l- L 1 L
2.02 2.07 2.12 2.17 2.22 2.27
208Pb/206Pb
FIGURE 6 Pbisotopic compositions of the Wangjiadashan melt

inclusions (Ml). References are as follows: Whole-rock (WR) Pb
isotopic compositions of the Shandong basalts?®; whole-rock Pb
isotopic compositions of EMI-OIBs (Pitcairn) and EMII-OIBs
(Samoan)?°; pelagic sediment Pb isotopic compositions*3; glass

(GL) Pb isotopic compositions of the global MORB**; DMM, EMI,
EMII, and HIMU Pb isotopic compositions’; LoMu Pb isotopic
compositions'® [Color figure can be viewed at wileyonlinelibrary.com]

Hg-removal signal-smoothing device to reduce 2°*Hg interference
with 2°*Pb. Analyses of the BHVO-2G standard with small laser spot
sizes (<100 pm), low energy fluences (3-4 J cm~2), and low repetition
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rates (3-4 Hz) yielded external precisions and accuracies of Pb
isotopic ratios of 2RSD <1% and <0.6% for 2°*Pb/2°*Pb and
20vpp/204pp, respectively, with 2°®Pb intensities of >100 000 cps.
Replicate analyses of the ML3B-G, NIST 614, NKT-1G, T1-G,
GOR132-G, and StHs6/80-G standards using 32-44 pm spot sizes,
2-4 J cm~? fluence, and 2.5-4 Hz repetition rates yielded external
precisions of <0.8% and <0.5% (2RSD) for 2%Pb/?°*Pb and
20Ypp/298pp ratios, respectively. The Pb isotopic ratios of the
Wangjiadashan melt inclusions (containing <3 ppm Pb) indicate the
coexistence of LoMu and EMIl+young HIMU components in the
mantle source of the weakly alkaline basalts.
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