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Rare earth elements (REEs) are important geochemical tracers in multiple fields of geochemistry. In this
study, we develop a method for precise determination of olivine Eu/Eu* and REE concentrations (down
to sub ng g7} using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). Using
a Thermo Element XR SF-ICP-MS, we demonstrated that the Jet + H cone combination with the guard
electrode under Ar—N, plasma (a small amount of N, added into carrier gas flow) conditions provides
the optimal conditions for measuring 14’Sm, *3Eu, and *°8Gd. Although the Jet + X cone combination
could achieve the highest sensitivity, the usage of the X skimmer cone led to an extremely high oxide
formation (ThO*/Th* >30%) and severe inter-element fractionation. Under optimized laser parameters
(spot size: 160 pm, ablation frequency: 15 Hz, and energy density: 8 J cm™2) and ICP-MS conditions,

detection limits of <0.03 ng g~*

are obtainable for most REEs. The accuracy and precision were
evaluated using GOR132-G reference glasses and three olivine reference materials (MongOL Sh11-2,
06JY310L, and 06JYO60L). The analytical accuracy of Eu/Eu* for GOR132-G is within 5% and the
precision of Eu/Eu* for olivines is better than 10% (2 RSD). Finally, we report the REE concentration data
for five low-REE reference materials (olivine: MongOL Shi1l-2, 06JY310OL, and 06JY060L,

orthopyroxene: 06JY340PX, and powder pellet: DTS-2b-NP), which might be useful for further
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Introduction

Rare earth element (REE) compositions could serve as valuable
indicators of geological processes and thus are of particular
interest in geochemistry. For example, REEs of clinopyroxene
and garnet in mantle peridotite are used to reflect multistage
mantle metasomatism;* REEs of mantle-derived mafic magma
are important geochemical tracers for unraveling the origin and
evolution of the continental lithosphere.> Among the REEs,
europium is a peculiar one due to its multivalence state (Eu**
and Eu®*") under Earth's redox conditions. Thus, the smoothed
REE pattern can be perturbed because Eu could exhibit positive
or negative anomalies relative to its neighboring Sm and Gd,
which is denoted as Eu anomaly (or Eu/Eu*, calculated by Euy/
sqrt (Smy X Gdy), where subscript N represents chondrite
normalized concentrations). The europium anomaly has
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characterization of these reference materials.

various applications in understanding geological processes. For
example, Eu/Eu* in zircon has been used to investigate crustal
thickness and magma redox conditions.** However, despite the
extensive application of REEs in various minerals, much less
attention has been paid to olivine because of their ultra-low
concentrations (ranging from ng g ' to sub ng g~ '), which
cannot be analyzed routinely. Thus, the precise determination
of olivine REEs, particularly Eu/Eu* therein is pivotal for further
extending the areas of the application of REEs.

Inductively coupled plasma-mass spectrometry (ICP-MS) was
initially proposed to determine trace and ultra-trace elements in
diverse geological samples, with the advantage of multi-element
capability, wide dynamic ranges, and low detection limits.>® In
the case of measuring ultra-trace REEs in olivine or ultramafic
rocks, many attempts have been made with solution analyses,
but the results are questionable because solution ICP-MS as
a bulk analytical technique could not efficiently avoid micro
inclusions in these minerals.®** The laser ablation sampling
strategy allows for in situ and rapid analysis at high spatial
resolution with lower sample consumption.*"® Eggins et al®
successfully obtained effective Dy, Er, and Yb data of olivine, but
they were unable to measure the Eu/Eu* and remaining REEs
due to relatively low instrument sensitivity, even though they
employed a 200 um spot size and 50 Hz ablation frequency for
laser ablation. More recently, Stead et al.*® used laser ablation-
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quadrupole-ICP-MS to determine REEs in olivine from a range of
lithologies. Under these conditions, the detection limits typically
reached 0.2-0.4 ng g~ for REEs but Sm was still found to fall
below the detection limit. Compared with quadrupole ICP-MS,
sector field ICP-MS has higher sensitivity, and thus is more
suitable for this type of element analysis."”*® Therefore, in this
study, we use laser ablation coupled with sector field mass
spectrometry to measure Eu/Eu* and REEs in olivine.

In order to determine the REEs in olivine using LA-SF-ICP-
MS precisely, enhanced instrumental sensitivity is desirable. A
well-designed interface is pivotal for enhancing instrumental
sensitivity because typically less than 1% of ions could pass
through the interface and be analyzed by the mass
spectrometer.'”**?* As key constituents of the interface, the
sample and skimmer cones are critical factors for improving
instrumental sensitivity. Different types of sample and skimmer
cones have different physical characteristics, such as orifice
diameters, external/internal angles, and materials, which
strongly influence instrumental performance.**** For the
Thermo Element XR and/or Neptune Plus, the high-
performance Jet sample cone and X skimmer cone are demon-
strated for the signal intensity enhancement of B isotope, S
isotope, Sr isotope, Nd isotope, Hf isotope and U-Pb.**** New-
man et al.™ suggested that sensitivity enhancement related to
cone combination is element-specific. Furthermore, different
cone combinations also have different effects on polyatomic
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formation.**?*? In addition to cone combinations, the use of the
guard electrode (GE) and the addition of N, into the central
carrier gas (the so-called Ar-N, plasma) have also been sug-
gested as important means to increase the sensitivity for
specific element/isotope measurement.”****¢* However, the
effect of these high-performance cones, guard electrode, and
plasma conditions (Ar or Ar-N,) has not been investigated for
the REE elements.

In this study, we systematically investigate the effects of cone
combinations, guard electrode, and plasma conditions of Ar
plasma and Ar-N, mixed plasma (a small amount of N, was added
into the carrier gas flow) on the analytical performance of
measurement of ultra-trace REEs, particularly Sm, Eu, and Gd,
using LA-SF-ICP-MS. In addition, the effects of laser spot size,
ablation frequency as well as laser fluence on instrumental
sensitivity were also evaluated. The reliability of the newly devel-
oped method was validated by analyzing REEs for multiple olivine,
orthopyroxene, and ultramafic powder pellet reference materials.

Experimental methods
Instrumentation

All experiments presented here were conducted using an
Element XR SF-ICP-MS (Thermo Fisher Scientific, Bremen,
Germany) coupled to a GeoLas HD 193 nm ArF excimer laser
ablation system (Coherent, Gottingen, Germany) at the Institute

Table 1 Instrumental operation parameters used for LA-SF-ICP-MS analyses

GeoLas HD ArF excimer laser parameters
Ablation cell

In-house cell, aerosol dispersion volume <3 cm?

Wavelength (nm) 193
Laser fluence (J cm ?) 8
Pulse duration (ns) 20
Ablation frequency (Hz) 15
Laser spot size (um) 160
Ablation duration (s) 60
Ablation mode Spot
Ablation gas flow (L min ") 0.75 (He)
Thermo Fischer Scientific element

XR ICP-MS parameters

RF power (W) 1320
Guard electrode On/off

Interface cones

Mass resolution (m/Am)
Cool gas flow rate (L min )
Auxiliary gas flow rate

(L min™)

Makeup gas flow rate

(L min™)

Enhancement gas flow rate
(mL min™?)

Isotopes measured (1m/z)
and dwell times (ms)

Scan mode
Detection mode

Standard sample cone + H skimmer cone
Standard sample cone + X skimmer cone
Jet sample cone + H skimmer cone

Jet sample cone + X skimmer cone

~300

15.00 (Ar)

0.80 (Ar)

0.95 (Ar)

0, 2 (N3)

*Mg (1.1), *°si (6), *'P (6), **Ca (1.1), **Sc (6), °'V (6), **Cr (6), >*Mn (6), *"Fe (1.1), *°Co (6), °°Ni (6),

88sr (6), *"Ba (6), **°La (6), **°Ce (6), “*'Pr (6

), 1*°Nd (6), **’Sm (35), *>*Eu (35), '°®Gd (35), **°Tb (6),

163Dy (6), 155H0 (6), 166Er (6), 169Tm (6), 173Yb (6), 175Lu (6), 178Hf (6), 232Th (6), 232Th150 (6)

E-scan

Single secondary electron multiplier in triple mode (pulse counting, analog, and Faraday cup),

except *’Mg fixed in Faraday cup mode
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of Geology and Geophysics, Chinese Academy of Sciences. The
Element XR is equipped with a so-called “jet-interface”,
comprising a Jet sample cone, an X-version skimmer cone and
a high-capacity vacuum pump (OnTool Booster 150, Asslar,
Germany). Four cone combinations were used in this study,
including Standard sample cone + H skimmer cone, Jet sample
cone + H skimmer cone, Standard sample cone + X skimmer
cone, and Jet sample cone + X skimmer cone. Compared with
element 2, element XR has an additional Faraday cup, which
increases the linear dynamic range of the instrument to over
10" cps.

Measurements of the olivine/orthopyroxene/powder pellet
reference materials were performed using the discrete spot
mode. Prior to each analysis, we performed 20 laser pulses pre-
ablation to remove surface contamination and make sure
ablation sites were away from fractures or inclusions. Helium
was used as the ablation gas because of its high thermal
conductivity, which will reduce melting at the laser pit and
result in small and uniform particles. A T-joint was used to add
small amounts of nitrogen to the Ar makeup gas flow. Low mass
resolution (m/Am = 300) was applied to maximize signal
intensity. In order to obtain more robust estimates of the
detection limits and improve signal stability, we extend the
background counting time and laser ablation time to 40 s and
60 s, respectively, for each analysis. Isotopes measured include
stg’ zgsiy 31P, 43Ca, 4SSC, 51V, 53Cr, 55Mn, 57Fe, 59CO, 60Ni, SSSr’
137Ba, 139La, 14°Ce, 141Pr, 146Nd, 147Sm, 153Eu, 158Gd’ 159Tb,
163Dy’ 165H0’ 166Er’ 169Tm’ 173Yb, 175Lu, 178Hf, 232Th, and
232Th'®0. With the purpose of measuring Eu/Eu* precisely, we
employ a longer dwell time (35 ms) on **’Sm, >*Eu, and "**Gd
to improve the counting statistics of these isotopes. There is
only one Faraday cup installed in the instrument, which was
used to measure >>Mg because of the high signal intensity (>10°
cps), while all other isotopes (including *°Si) were measured by
SEM, either in pulse counting or analog mode. Detailed
instrumentation and experimental conditions are reported in
Table 1.

Reference materials and samples

We use reference glass ARM-3 as the calibration reference
material,*”*® while *°Si was chosen as the internal standard.
GOR132-G was taken as the quality control reference material.*
The standard bracketing method was used in which calibration
material and monitor reference material were measured at the
beginning and the end of each session, and at regular intervals
during the session (e.g., after every 5 sample analyses). Element
concentration calculation was carried out using Microsoft Excel,
which allows manual selection of the most appropriate and the
same time interval of the time-resolved analyte signal for both
the external standard and samples. Besides, the significant
single “spikes” that appeared during the analysis were also
being filtered.

Three olivine reference materials (MongOL Shi11-2,
06JY310L, and 06JY060L), one pressed powder pellet DTS-2b-
NP, and one orthopyroxene 06JY340PX are available for the
measurement of REEs. Information regarding the studied

1574 | J Anal. At. Spectrom., 2024, 39, 1571-1582

View Article Online

Paper

samples is summarized in Table 2. MongOL Sh11-2 was
extracted from a fertile mantle lherzolite, which is located at
Shavaryn-Tsaram, Tariat region, central Mongolia.* The
samples with prefixes ‘06]JY’ all come from the mantle xenoliths
entrained in Cenozoic basalts at Longgang volcanic field, north
China.** 06]Y310L and 06JY060L were separated from spinel
facies lherzolites with coarse-grained and porphyroclastic
textures, whereas 06JY340PX was separated from a coarse-
grained spinel harzburgite with an inequigranular texture and
mineral breakdown features.*” All olivine and orthopyroxene
references are optically homogeneous and show no zoning in
major elements based on scanning electron microscope (SEM)
imaging and EPMA. DTS-2b-NP is a nanoparticle pressed
powder pellet of dunite and was collected from the Twin Sisters
Mountain. Detailed sample information on the mineral chem-
istry and petrological context can be found in Batanova et al.,*
Tang et al.,*> and Wang et al.®®

Results and discussion

Effects of cone combinations, guard electrode, and plasma
conditions on signal intensity

The signal intensities of *’Sm, '**Eu, and '*®Gd for NIST SRM
612 at a spot size of 32 um as a function of the makeup gas flow
rate using four cone combinations under the normal mode
(GE-off, Ar plasma) are presented in Fig. 1a-1 and are denoted
in light gray. Compared to the standard arrangement (Stan-
dard sample cone + H skimmer cone), the maximum signal
intensities of '*’Sm, ?Eu, and '*®*Gd were all improved by
a factor of ~10.2, ~7.1, and ~6.8, respectively, when using the
Jet sample cone + H skimmer cone, Standard sample cone + X
skimmer cone, and Jet sample cone + X skimmer cone. The
signal enhancement by the Jet sample cone could be attrib-
uted to its larger orifice diameter compared to the Standard
sample cone (1.1 mm vs. 1.0 mm). Thus, more ions could pass
through the Jet sample cone, leading to higher signal inten-
sity.'® In addition, it has been hypothesized that the height of
the Jet cone is higher than that of the Standard cone, making
the cone tip closer to the torch, which also exhibits higher
sensitivity.>”** As for the skimmer cone, both the H skimmer
cone and X skimmer have an orifice diameter of 0.8 mm but
differ in geometry. The H skimmer cone has a cylindrical
entrance and a trumpet-shaped exit, but the entrance and exit
of the X skimmer cone are both trumpet-shaped.* The sharper
tip of the X skimmer cone could transfer the expansive jet
from the sampler orifice more efficiently, thereby increasing
the analytical sensitivity. Previous studies suggest that the
combination of Jet sample cone + X skimmer cone displays the
highest sensitivity under the normal mode.>**”**3® However,
none of them investigated the effect of the Jet sample cone + H
skimmer cone combination on sensitivity. Besides, the signal
enhancement factor using a Jet sample cone combined with
an X skimmer cone has been suggested to be negatively
correlated with the atomic mass number of the element.*®
Thus, under the normal mode, the signal enhancement for
'7Sm, **Eu and '>*Gd may not be optimal when using the Jet
sample cone + X skimmer cone, as our results suggest that the

This journal is © The Royal Society of Chemistry 2024
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S+H cones Jet+H cones S+X cones Jet+X cones
(a) 147Sm (b) 147Sm (c) 147Sm (d) 147sm

—O— GE-off, Ar plasma (0 mI min™")

3.0

2.5
2.0 [ —0—GE-on, Arplasma (0 ml min™)
15 | “@—GE-on, Ar-N, plasma (2 mI min™) |

1071

0.5 0

10.0

Signal intensity (x10°cps) Signal intensity (X 10° cps)

(k)

Signal intensity (X 10° cps)

ThO'/Th* (%)

0.001

Th*/U*

0 0.4 0.8 1.2 0 0.4 0.8 1.2 0 0.4 0.8 1.2 0
Makeup gas flow rate (L min™)

Fig. 1 The integrated average signal intensity of *¥Sm, *>*Eu, and *®Gd (a-1), ThHO*/Th* ratio (m-p), and Th*/U* (g—t) of NIST SRM 612 using
a spot size of 32 um, ablation frequency of 5 Hz and laser fluence of 4 J cm™2 for four cone combinations under three different modes (GE-off
plus Ar plasma, GE-on plus Ar plasma, and GE-on plus Ar—N, plasma). The numbers in parentheses are the N, flow rates. The blue bands
encompass the range of ThO*/Th™ ratio <1.0% and Th*/U* ratio of 0.8-1.2.

signal intensities for '*’Sm, ">*Eu and "*®Gd are higher when Signal intensities of **’Sm, *>*Eu, and '*®*Gd as a function of
combined with those of the Jet sample cone and H skimmer the makeup gas flow rate in the GE-on mode are illustrated in
cone. Fig. 1a-1. The signal intensities of **’Sm, "*Eu, and "°Gd all

increased in GE-on mode under the four cone combinations,
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although the extent of sensitivity enhancement differs with
different cone combinations. Sensitivity enhancement is great-
est with the Standard sample cone + H skimmer cone combi-
nation. Compared with the GE-off mode, the maximum signal
intensities increased by a factor of ~8.8, ~1.4, ~3.5, and ~2.7
for the Standard sample cone + H skimmer cone, Jet sample
cone + H skimmer cone, Standard sample cone + X skimmer
cone, and Jet sample cone + X skimmer cone combination,
respectively. In addition, the optimum makeup gas flow rate
(corresponding to the maximum signal intensity) in the GE-on
mode is larger than that in the GE-off mode. This is because
GE shifts the ionization zone back to the sample cone, which
requires a larger makeup gas flow rate to push the ionization
zone to the optimum position for compensation. The sensitivity
enhancement in GE-on mode should be attributed to the
reduced plasma offset, which narrowed the ion energy distri-
bution and enhanced the ion transmission efficiencies during
ion extraction processes.****

It is clear from Fig. 1a-] that adding a small amount of
nitrogen could enhance the sensitivity of '*’Sm, '**Eu, and
158Gd, regardless of the cone combinations. In the GE-on mode,
addition of 2 ml min~' N, enhanced the maximum signal
intensity for the Standard sample cone + H skimmer cone, Jet
sample cone + H skimmer cone, Standard sample cone + X
skimmer cone, and Jet sample cone + X skimmer cone combi-
nations by a factor of ~1.2, ~1.5, ~1.6, and ~2.7, respectively.
Signal enhancement factors induced by the addition of N, are
more significant for the X skimmer cone than the H skimmer
cone. Furthermore, the optimum makeup gas flow rate
decreases with the addition of N,, which may be caused by
a wider axial and more uniform ion distribution after the
addition of N,.*® Previous studies have found that the signal
enhancement factor of N, depends on several variables, such as
atomic mass number, first ionization energy, and evaporation
enthalpy.””?>* The N,-related signal enhancement may be
attributed to the higher thermal conductivity of the Ar-N,
mixed plasma, which results in better energy transfer in the
plasma.®>*¢

Oxide ion formation and elemental fractionation. For LA-SF-
ICP-MS measurements, the polyatomic ion interferences and
element fractionation would rigorously influence the precision
and accuracy of the measured results.” In terms of Eu/Eu*
analysis, reducing the BaO interference on Eu is of particular
importance.*® Plasma and interface conditions, such as radio
frequency power, makeup gas flow rate, and geometry of the
sample and skimmer cones are critical factors that control the
formation of oxide.*

The high-sensitivity Jet sample cone combined with an X
skimmer cone suffers from high polyatomic ion interferences
(e.g., oxide interference).*®* In the normal mode (GE-off plus
Ar plasma), the oxide yields are 0.07%, 0.04%, 0.7%, and 17%
for the Standard sample cone + H skimmer cone, Jet sample
cone + H skimmer cone, Standard sample cone + X skimmer
cone, and Jet sample cone + X skimmer cone combinations,
respectively. The use of GE could result in higher oxide
formation (Fig. 1m-p). The ThO'/Th' ratios in the GE-on
mode are 2-47 times as high as those in the GE-off mode
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for four cone combinations at their corresponding optimum
makeup gas flow rates. At the same time, element fraction-
ation becomes more pronounced in the GE-on mode, as
indicated by the lower Th*/U" ratios (Fig. 1q-t). Fortunately,
addition of N, could efficiently reduce the formation of oxide
by a factor of 1.2-1.3 for the four cone combinations, which is
likely through the competitive formation of NO" in the Ar-N,
plasma.*® However, addition of N, will cause more N-related
interferences, which may influence the background inten-
sity of *°Si because of the '"N'°N interference on >°Si.

1.4

147sm

1.2} GE-on, Ar plasma (0 mI min™")
[ GE-on, Ar-N, plasma (2 mI min™)

GE-off, Ar plasma (0 ml min™)

Signal intensity (10° cps)
o
oo

0.2} I
0 m

153Eu

4.0

2.0f

Signal intensity (10° cps)

1.0F

158Gd

2.0

1.51

Signal intensity (10° cps)

0 I 1

S+H Jet+H S+X Jet+X

Fig. 2 Maximum signal intensities for 14’Sm, *Eu, and *°8Gd of NIST
SRM 612 while maintaining a Th*/U" ratio of 0.8-1.2 and a ThO*/Th*
ratio of <1.0% using a spot size of 32 um, ablation frequency of 5 Hz
and laser fluence of 4 J cm~2 for four cone combinations under three
different modes (i.e., GE-off plus Ar plasma, GE-on plus Ar plasma, and
GE-on plus Ar—N, plasma).
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Nevertheless, our data show that the background intensity for
?9si is still negligible compared to the analyte signal intensity
(<1%), which is reasonable for instrumental analysis. Besides,
adding nitrogen to the aerosol carrier gas can reduce inter-
element fractionation.*

Optimal instrumental conditions used for Eu/Eu*
measurement. When considering the oxide formation and
element fractionation collectively, it can be found that the
maximum signal intensities for *’Sm, **Eu, and ***Gd can be
obtained by a Jet sample cone combined with an H skimmer
cone with GE-on in the Ar-N, plasma (Fig. 2). Under these
conditions, the sensitivity for '*’Sm, '**Eu, and '*®Gd were
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reduced by ~50-60% compared with the highest sensitivity, but
ThO'/Th" was below 1.0% and the Th'/U" ratio ranged between
0.8 and 1.2, which indicate negligible oxide interferences and
inter-element fractionation.

Laser ablation parameters used for Eu/Eu* measurement.
Appropriate laser parameters could increase signal intensity
while reducing fractionation and thus are crucial for accurate
and precise determination of REEs and Eu/Eu*. For the laser
ablation sampling strategy, the amount of material being swept
into the ICP-MS mainly depends on laser spot size, ablation
frequency, and laser fluence.'®% The simulated results for ">*Eu
show that signal intensity vary as a function of laser spot size

10° E
F MongOL Sh11-2
F 06JY310L
r 06JY0O60L
2 B
10 E 06JY340PX
o N
o 10
= E
E I
= 10°F
C E
el F
g [
-— ’1_
o 10 3
o E
107%F
10°

La Ce Pr Nd Sm Eu

Gd Tb Dy Ho Er Tm Yb Lu

Fig. 3 Bar chart showing the average instrumental detection limit (n = 50). Average REE concentrations (n = 10) for each reference material are

shown for comparison.
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Fig. 4 Relative difference between the measured REE concentrations (blue dots) as well as Eu/Eu* (red dot) and GeoRem preferred values for
reference material GOR132-G, which was used as a quality monitor throughout the experiments. Shaded area highlights the +10% deviation

range. Error bars represent 2 SD (n = 10).

This journal is © The Royal Society of Chemistry 2024

J. Anal. At. Spectrom., 2024, 39, 1571-1582 | 1577


https://doi.org/10.1039/d4ja00122b

Published on 19 April 2024. Downloaded by Peking University on 6/19/2024 3:57:22 AM.

JAAS

and ablation frequency (ESI Fig. $1%). It is clear that '**Eu signal
intensity increases with increasing laser spot size and repetition
rate. We used a large spot size (160 pm), high ablation frequency
(15 Hz), and high laser fluence (8 ] cm~?) to analyze the ultra-
trace REEs in olivines. Under these laser parameters, the
153y signal intensity of olivine MongOL Sh11-2, 06JY310L, and
06JY060L is in the range of 105-123 cps, 92-109 cps, and 124-
158 cps, respectively. Our measured Eu concentrations gener-
ally agreed with the simulated results considering sensitivity

View Article Online
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drift throughout the measurement. A high laser fluence of 8 J
cm ™2 was chosen here to reduce the matrix effect.’® Overall, the
laser parameters adopted in this study are beneficial for signal
enhancement and reduction of fractionation.

Applications to olivine reference materials. Based on the
above studies, the Jet sample cone combined with the H
skimmer cone with the guard electrode in the Ar-N, plasma
was selected as the optimal condition for Eu/Eu* measure-
ment. The laser ablation spot size was chosen as 160 um, the

1.3
12l MongOL Sh11-2 06JY310L 06JY060L DTS-2b-NP 06JY340PX
sessiont session2 sessiont session2
1.1F
1.0} ¢5: ®
5 09F
S
S 08f
Ll
0.7
0.6 |-
0.5}
04 Eu/Eu* 0.86 £0.10 0.88 £0.10 0.83 £ 0.08 0.85 * 0.07 0.84 £ 0.06 0.81+0.05 1.04 £ 0.03
" [Euconec. (ngg") 0.27 £0.03 0.29 £ 0.08 0.25 £ 0.02 0.27 £ 0.03 0.38 £ 0.06 1.08 £0.10 13.33 £1.13
0.3

Fig. 5 Repeated analysis (n = 10) of Eu/Eu* in five reference materials. Error bars represent the within run precision (2 SE). The blue horizontal
lines and gray bands represent the mean and 2 SD values of the measurements, respectively.

Table 3 Measured REE, and minor, and trace element concentrations in reference materials. SiO, concentrations used for calibration are also
provided here®

MongOL Sh11-2 06JY310L 06JYO60L DTS-2b-NP 06JY340PX

n=10 n=10 n=10 n=10 n=10

Mean 2 SD Mean 2 SD Mean 2 SD Mean 2 SD Mean 2 SD
*Si0, 40.7 0.5 42.2, — 41.5 — 39.4 1.6 57.6 —
La 0.13 0.03 0.21 0.17 0.91 1.87 14.9 1.6 1.6 1.7
Ce 0.30 0.07 0.39 0.20 2.0 4.1 29.4 2.5 5.0 2.6
Pr 0.09 0.04 0.11 0.06 0.24 0.26 3.59 0.33 2.11 0.51
Nd 0.63 0.22 0.71 0.29 1.2 1.1 14.2 2.0 23.5 3.0
Sm 0.55 0.06 0.63 0.11 0.84 0.17 3.77 0.34 24.9 2.5
Eu 0.27 0.03 0.25 0.02 0.38 0.06 1.08 0.10 13.3 1.1
Gd 1.67 0.18 1.47 0.20 2.29 0.29 4.37 0.53 61.8 4.8
Tb 0.59 0.12 0.46 0.08 0.71 0.12 0.79 0.20 15.9 1.3
Dy 6.6 1.3 5.09 0.88 8.02 0.58 6.4 1.3 138 10
Ho 2.55 0.51 1.83 0.31 2.89 0.30 1.81 0.48 38.4 2.5
Er 12.6 1.9 8.9 1.0 13.8 1.2 12.4 1.5 141 10
Tm 3.10 0.46 2.12 0.37 3.31 0.50 1.45 0.32 26.0 2.1
Yb 30.6 3.7 21.3 3.0 33.4 2.3 12.8 2.2 202 8
Lu 7.47 0.91 5.28 0.76 7.81 0.54 2.83 0.53 37.2 2.7
P 69.1 4.1 77.0 5.2 58.5 6.4 6.9 1.1 7.2 1.1
Ca 670 46 876 54 617 53 872 60 5595 640
Sc 3.96 0.28 4.66 0.46 3.64 0.61 4.14 0.25 23.3 1.3
v 6.64 0.06 6.27 0.20 4.22 0.08 25.1 0.7 83.6 3.9
Cr 147 2 208 9 99.5 2.7 16614 354 3843 179
Mn 1234 20 1197 19 1306 58 891 28 1090 20
Co 155 2 152 2 149 4 113 2 59.4 0.7
Ni 2790 28 2991 33 2662 126 3460 38 748 12

a ¢ ‘

—* represents no data available. “*SiO,” shows that the data were collected from the literature and used for internal standardization.
Concentration of SiO, is given in wt%. From La to Lu element concentrations are given in ng ¢~ '. From P to Ni element concentrations are
. - 1
given in pg g .
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ablation frequency was 15 Hz, and the laser fluence was 8 J
cm 2. It should be noted that the laser parameters used in the
optimization experiment and olivine analysis are different,
which increases the amount of aerosol being introduced into
the ICP. This would lead to the plasma loading effect, and the
optimum makeup gas flow rate could be slightly shifted (ESI
Fig. S21). However, it is challenging to evaluate this plasma
mass loading effect precisely in our measurements for two
reasons. Firstly, element XR has a high sensitivity, thus it is
not suitable for using large sampling parameters for NIST
SRM 612, as it will result in very high signal intensity and may
damage the detectors; NIST SRM 614 is a potential candidate,
but this material may have a completely different ablation
behaviors than that of geological materials because it is
almost transparent. Secondly, olivine contains extremely low
concentrations of REEs, Th, and U, and thus the weak sensi-
tivity is impractical for this instrument optimization experi-
ment. Despite this, our results (Fig. 3-6) suggest that the
method we employed is sufficient to measure the REEs in
olivine precisely.

Limits of detection

The limit of detection (LOD) was calculated as the concentra-
tion equivalent of three times the standard deviation of the ion
counts obtained from the background.** The LODs achieved in
this study using the LA-SF-ICP-MS technique were typically
~0.03 ng g, ~0.01 ng g ', and ~0.03 ng g~ for Sm, Eu, and
Gd, respectively (Fig. 3), and ~0.007-0.148 ng g ' for other
REEs. For comparison, the mass fractions measured for Sm, Eu,
and Gd in olivine references are generally between 0.55 and 0.85
ng g%, 0.25-0.35 ng g~ ', and 1.45-2.30 ng g, respectively,
which is at least ~18 times higher than the detection limits for
all three elements. Therefore, the LODs are sufficiently low
compared to the REE concentrations of the olivine reference
materials.

Accuracy

Because all the olivine/orthopyroxene/powder pellet samples in
our collection have no certified preferred REE values, we assess
the accuracy using the quality monitor reference material
GOR132-G. The results show that the measured REE concen-
trations agree with the GeoRem preferred values within 10% for
most of the REEs (Fig. 4). However, Ce is one exception, whose
measured concentrations lower then the reference value ca.
15% on average. This phenomenon has been previously re-
ported multiple times on GOR132-G.**** Nevertheless, Eu/Eu*
of GOR132-G exhibits excellent agreement with the preferred
value, with a bias of —1.2% + 5.1% (2 SD).

Eu/Eu* values of the olivine/orthopyroxene/powder pellet
reference materials

The BaO interference on Eu is negligible for olivine and ortho-
pyroxene because of the low oxide yield (ThO*/Th* <1.0%) and low
Ba/Eu ratio for these two minerals. However, the Ba/Eu ratio for
the ultramafic powder pellet DTS-2b-NP is above 10 000, which
may cause significant interference with the Eu measurement and

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Chondrite normalized®® REE patterns for the measured olivine/
orthopyroxene/ultramafic powder pellet reference materials.

lead to inaccurate results.*® Despite this, several pieces of evidence
suggest that our measured Eu/Eu* in DTS-2b-NP is unlikely to be
compromised by BaO interference. First, our measured Eu/Eu*
generally agrees with the previously published Eu/Eu* value for
the reference sample DTS-2,"+***” which has the same source as
DTS-2b-NP. Secondly, there is no correlation between measured
Ba concentration and Eu concentration or Eu/Eu* for DTS-2b-NP,
indicating that the BaO interference on Eu is trivial.
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Fig. 5 displays the measured Eu/Eu* for five reference
materials. The reproducibility of Eu/Eu* was evaluated through
replicate measurements (7 = 10) on five reference materials.
The analytical precision is presented as 2 RSD (%). Limited by
the ablation site left of reference samples available, we only
performed one set of experiments on 06]YO60L, DTS-2b-NP,
and 06]JY340PX, while two sets of experiments were per-
formed for MongOL Sh11-2 and 06]Y31OL. Repeated analyses of
MongOL Sh11-2 yielded an average Eu/Eu* of 0.86 + 0.10 (2 RSD
= 12%) and 0.88 + 0.10 (2 RSD = 12%). Repeated analyses of
06JY310L yielded an average Eu/Eu* of 0.83 & 0.08 (2 RSD =
9%) and 0.85 + 0.07 (2 RSD = 9%). Repeated analyses of
06JY060L, 06]Y340PX, and DTS-2b-NP yielded an average Eu/
Eu* of 0.84 4 0.06 (2 RSD = 7%), 0.81 = 0.05 (2 RSD = 6%), and
1.04 + 0.03 (2 RSD = 3%), respectively. Except for olivine
MongOL Sh11-2, 2 RSD of all other reference materials are
below 10%. The slightly higher 2 RSD of olivine MongOL Sh11-2
may be caused by the more heterogeneous Eu/Eu* than those of
06JY310L and 06JYO60L.

REE concentrations of the olivine/orthopyroxene/powder
pellet reference materials

Our measured REE, and minor and trace element concentra-
tions of the olivine/orthopyroxene/powder pellet reference
materials are listed in Table 3 and the chondrite normalized

10°

(a) ? o MongOL Sh11-2
| ‘ ©06JY310L
—~ i 06JY060L
E] § DTS-2b-NP
= | 06JY340PX
w i
= | L@
210 .
@ i
PR T A R 1T R AR A
® |
|
|
|
|
i : i
N R A T B S S A R R S R B S A WA
10° 10" 10° 10’ 10° 10°
Eu concentrations (ngg™)
10°
(b)
o o
L) ') @
0 s ¢ f o
L
Ll
x
R R IR IS EHH N R IR

10° 10" 10° 10’ 10° 10°
REE concentrations (ngg™')
Fig. 7 Correlation between 2 RSD of Eu/Eu* and measured Eu
concentrations (a), and correlation between 2 RSD of REEs and

measured REE concentrations (b). Horizontal error bars in (a) represent
2 SD (most are smaller than the symbols).
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REE patterns are shown in Fig. 6. For the olivines and ortho-
pyroxene, it is clear that the LREE concentrations are signifi-
cantly lower than those of the HREEs. This is in accordance with
the lattice strain model predictions, which indicate that the
LREEs are more incompatible than HREEs in the olivine/
orthopyroxene crystal lattice due to their larger ionic radii.”®
Because the detection limits are low enough compared with the
measured concentrations, the more scattered concentrations of
LREEs (La to Nd) observed in these olivine and orthopyroxene
reference materials may reflect the intra/inter-granular
heterogeneities.

Analytical precision versus element concentration

Analytical precision improves with concentration based on
counting statistics of signal intensity. Fig. 7a shows the 2RSD of
Eu/Eu* versus measured Eu concentrations, and Fig. 7b indi-
cates the 2 RSD of REEs versus measured REE concentrations for
the olivine, orthopyroxene, and ultramafic powder pellet refer-
ence materials. It can be found in both panels of Fig. 7 that the 2
RSD exponentially negatively correlates with concentration. The
relatively large scatter may in part result from the heteroge-
neous compositions of the REEs, particularly the LREEs, which
are more readily influenced by mantle metasomatism because
of their extremely low concentrations in olivine and orthopyr-
oxene. Nevertheless, the 2 RSD for Eu/Eu* and REE concentra-
tions are generally below 10% for elements whose
concentrations are above 1 ng g~ '. Therefore, we suggest that
the protocol adopted in this study could be used to precisely
determine the Eu/Eu* and other REEs at the ng g~ ' level.

Conclusions

The results presented in this study demonstrate that sample
and skimmer cone combination, guard electrode, and plasma
conditions are critical for improving instrument performance of
LA-SF-ICP-MS for Eu/Eu* analysis. Considering sensitivity,
oxide formation, and inter-element fractionation collectively,
the combination of the Jet sample cone + H simmer cone with
the guard electrode in the Ar-N, mixed plasma (2 ml min~" N,)
was chosen as the optimal instrumental condition. As for laser
parameters, 160 um laser spot size, 15 Hz repetition rate, and 8 J
cm ™ laser fluence are favorable for both high sensitivity as well
as subdued element fractionation. Under these optimized
conditions, the Sm, Eu, and Gd in olivine, orthopyroxene, and
ultramafic pellets could be measured effectively. The detection
limits of <0.03 ng g~ are obtainable for most RREs. To our
knowledge, this is the firstreported such detection capability.
The 2 RSD values of repeated measurements of Eu/Eu* in the
olivine/orthopyroxene/powder pellet reference materials are
generally less than 10%. We suggest that the analytical method
presented here provides a reliable means for determining the
ng ¢ level of Eu/Eu* and REE concentrations in olivine by LA-
SF-ICP-MS.

This journal is © The Royal Society of Chemistry 2024
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