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ARTICLE INFO ABSTRACT

Editor: S Aulbach The extinct 1*®Sm—'4?Nd radio-isotope chronometer is a valuable tool to study the first 500 Myr of Earth’s
history, although the entire range of variations of the 1*>Nd/!*4Nd ratio in terrestrial materials is on the order of
20 ppm only. The challenge is that measuring small isotope variations needs very high precision measurements
H;VIS (better than 5 ppm), which are difficult to obtain.

Nfi . Here we present high-precision measurements of Nd isotope ratios performed over a period of three years
Multi-dynamic measurement . . s
Nuclear field shift using the latest generation Thermal Ionisation Mass Spectrometer (TIMS) developed by Nu Instruments — Nu
High-precision TIMS. The Nu TIMS comprises 16 fixed Faraday cups and a zoom optics system that allow 5-line multi-dynamic
Sm interferences analyses with the acquisition of three dynamic ratios for all Nd isotopes. This new method, coupled with an

enhanced Nd* signal provides precise measurements with internal errors lower than 2 ppm on **Nd/!*Nd.

We assess the performance of the method using multiple measurements of JNdi-1 and AMES Rennes Nd pure
standards, together with rock reference materials. For example, typical JNdi-1 measurements performed over a
period of 19 months average at *>Nd/**Nd = 1.1418299 -+ 36 (2sd — 3.2 ppm), 1*3Nd/*Nd = 0.5121007 + 10
(2.0 ppm), **Nd/**Nd = 0.3484046 + 6 (1.8 ppm), “*®Nd/'*Nd = 0.2415790 + 10 (4.1 ppm) and
150Nd/144Nd = 0.2364481 + 27 (11.3 ppm). With such precision and accuracy, subtle variations of H2Nd/M4Nd
ratios, as low as 3 ppm, can now be detected in natural samples.

Minute differences in '*°Nd/'**Nd, 18Nd/'**Nd and '®°Nd/'#*Nd ratios can now also be detected in natural
samples, allowing better identification of nucleosynthetic anomalies in extra-terrestrial samples. For terrestrial
samples, it allows detection of traces of samarium, and of nuclear field shift effect due to analytical issues. In
particular, we demonstrate that some Sm is present in the JNdi-1 standard and affects both its 1**Nd/!*Nd and
150Nd,/1#4Nd ratios, making a systematic interference correction necessary. By detecting the existence of nuclear
field shift effect on Nd isotopes, we can now prevent mis-interpretations of 14>Nd/***Nd deviations that could be
wrongly attributed to radiogenic signatures acquired during the Hadean.

Keywords:

1. Introduction

Radio-isotopes are valuable geochronometers and tracers, allowing
elucidation of a wide range of geological and planetary processes.
Neodymium, one of the Rare Earth Elements (REE), has seven isotopes,
two of which are radiogenic. Samarium-147 decays slowly (T1,2 = 106
Ga) to 1**Nd and is widely used to study ancient geological processes. In
contrast, the decay of 1*°Sm (T; /; = 103 Ma) produced *’>Nd during the
first 500 Ma of Earth’s history, and is now an extinct radionuclide. As
such, variations in **’Nd abundances can only result from changes in the

* Corresponding author.
E-mail address: ci265@cam.ac.uk (C. Israel).

Sm/Nd ratio during the very early part of Earth’s history. Samarium and
Nd are both highly refractory lithophile elements but Nd is slightly more
incompatible than Sm, leading to its enrichment in melt products (e.g.,
the crust) compared to residual materials (e.g., the depleted mantle).
The **7Sm—'**Nd and '*6Sm—'%2Nd systems have been widely used in
the study of the oldest continental rocks dating back to ~4 Ga (e.g.,
Nuvvuagittuq, Canada, 3.8-4.3 Ga — O’Neil et al.,, 2008, 2011),
providing robust insights into the evolution of the oldest accessible
continents and early mantle depletion events. While variations in 1**Nd
abundance in Archean samples are significant, most rocks formed later
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show no clear isotopic variations relative to the contemporary terrestrial
mantle (see Fig. 2 in O’Neil et al., 2024). In particular, ocean island
basalts (OIB) generally show no pronounced variations (see Weis et al.,
2023 for a compilation), although there are few exceptions. For
example, Peters et al. (2018, 2021) and Horan et al. (2018) report small
142Nq isotope anomalies in a few samples from Réunion and Samoa
islands and interpret them as evidence for the involvement of Hadean
material. Nevertheless, such evidences are rare and interpretations are
limited by the reported analytical precision (~5 ppm reproducibility).

Over decades, advances in mass spectrometry have greatly improved
the precision of isotope analysis, as demonstrated by the increased
reproducibility on Sr and Nd radiogenic isotopes from tens of ppm thirty
years ago to a few ppm today (e.g., Patchett and Ruiz, 1987; Luu et al.,
2022). Measurements of *>Nd/!*‘Nd ratios are usually done using
Thermal Ionisation Mass Spectrometry (TIMS) because it usually offers
superior precision over its Multi-Collector Inductively Coupled Plasma
Mass Spectrometry (MC-ICP-MS) counterpart, owing to sustained beam
stability and enhanced counting statistics acquired during prolonged
analyses. In the 1990, the first dynamic measurements of 1*>Nd/!**Nd
ratios achieved a reproducibility of 9 ppm on synthetic standards
(Nyquist et al., 1991; Harper Jr and Jacobsen, 1992), value that dropped
down to 5 ppm over the last decade using a 2-line dynamic method
(Roth et al., 2014) or a 4-line multi-dynamic method (Garcon et al.,
2018). Only few studies achieved a reproducibility down to 2.4 ppm (e.
g., Caro et al., 2006; Hyung and Tissot, 2021). In parallel, recent de-
velopments on MC-ICP-MS have challenged TIMS measurements by
using a different approach to counting statistics relying on multiple
short static analyses of the same sample bracketed with standards to
lower the error on *?Nd/***Nd ratios (e.g., Saji et al., 2016 report 2.4
ppm reproducibility on **?Nd/***Nd).

In this study, we present Nd isotope measurements obtained using
the latest generation of TIMS developed by Nu Instruments (Wrexham,
UK). Its 16 fixed Faraday cups coupled with an efficient zoom optics
system enable simultaneous measurement of a wide mass range. For
example, Luu et al. (2022) developed 5-line multi-dynamic methods to
precisely measure “*>Nd/!**Nd and 8Sr/%Sr ratios. Here, we demon-
strate that the 5-line method actually provides robust and high-precision
analyses for all Nd isotopic ratios. Using this technique, we report iso-
topic measurements for a selection of international rock reference ma-
terials and highlight that accurate measurement of all Nd isotopes
provides tools to identify analytical artefacts that may bias
interpretations.

2. Analytical techniques
2.1. Materials

We selected two pure Nd standard solutions, with supposedly
invariant mass-independent 142,145,148,150N 4 /144N isotope ratios: the
Geological Survey of Japan JNdi-1 standard provided as a Nd oxide
powder and the AMES Rennes Nd standard prepared from pure Nd
metal. Both standards were dissolved in 2.5 M HCI to give 800 ug/g Nd
stock solutions.

In addition to the pure standards, we analysed six terrestrial rock
reference materials from the United States Geological Survey (USGS)
and the International Working Group (GIT-IWG). The USGS rock refer-
ence materials are basalts from Columbia River (BCR-2), Hawaii (BHVO-
2) and Iceland (BIR-1), an andesite from Guano Valley (AGV-2) and a
rhyolite from Glass Mountain (RGM-1). The GIT-IWG reference material
is a basalt from an ancient French volcano near Nancy (BE-N).

2.2. Chemical procedure for the terrestrial rock reference materials
All samples in this study were processed in a clean room at the

Institut de Physique du Globe de Paris (IPGP, France). One hundred to
360 mg of rock powders were acid-digested in Teflon beakers using a
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3:1, 28 M HF/15 M HNOj3 mixture (2 ml of HF for 50 mg of rock powder)
maintained at 75 °C on a hot plate for 48 h followed by evaporation to
incipient dryness. A second digestion step with 6 M HCl was performed
and followed by three cycles of dissolution using a 1:1, 15 M HNO3/6 M
HCl mixture and slow evaporation at 70 °C to remove the potential
fluoride phases which may have formed during sample decomposition.

Neodymium was isolated using the four-step procedure described in
Garcon et al. (2018) and detailed in Table 1. Rare Earth elements were
first separated from the main matrix using AG50W-X8 cation exchange
resin. Cerium was then isolated from the other REE using an LN resin
and an oxidative technique that allows the tetravalent Ce to stick onto
the resin while the trivalent REE are eluted, before being reduced and
released. This step was completed twice to ensure a complete removal of
Ce. The Ce-free REE fraction was then purified using AG50W-X8 resin to
eliminate the Na and Br introduced in the previous step. Neodymium
was finally isolated from Sm and HREE using a thin column filled with
LN resin and the successive elution of LREE, Nd and HREE.

For each sample, a 5 % aliquot of the isolated Nd fraction was ana-
lysed for elemental concentrations at IPGP using an Agilent 8900 ICP-
MS/MS. The recovery yield was always between 93 and 100 % for
1000 to 7000 ng of Nd loaded onto the columns, except for one BCR-2
fraction with 76 % recovery (Table 3). The procedure efficiently elimi-
nates interfering elements such as Ce (Ce/Nd < 0.1 %o0) and Sm (Sm/Nd
< 0.1 %o), and limits the quantity of Pr (Pr/Nd < 12 %). The procedural
blank varied between 9 and 32 pg Nd (n = 3), corresponding to <0.02 %o
of the total Nd loaded.

Table 1
Chemical procedure for neodymium separation.

Elution step Acid Volume

Step 1: Cation exchange separation procedure
2 ml AG50W-X8 resin (200—400 mesh) in 10 ml-Bio-Rad columns

Condition column 2.5 M HCl 10 ml
Load sample 2.5 M HCl 1.5ml
Discard matrix 2.5 M HCl 12 ml
Discard Ba 2 M HNO3 8 ml

Collect REE 6 M HCl 13 ml
Clean column 6 M HClL 20 ml
Rince and store Mill-Q H,O 20 ml

Step 2: Redox-based separation procedure
0.5 ml LN resin (50—100 pm) in 2 ml-Bio-Rad columns

Condition column 10 M HNO3 6 ml
Load sample + collect REE 10 M HNO3 + 20 mM NaBrOg 0.5 ml
Collect REE 10 M HNOs3 + 20 mM NaBrOg 4 ml
Discard Ce 6 M HCI + 20 mM H,0, 5ml
Discard Ce 6 M HCl 2ml
Clean column 6 M HCl 10 ml
Clean column 10 M HNO3 8 ml
Rince and store 0.05 M HCl 8 ml

Step 3: Cation exchange separation procedure
1 ml AG50W-X8 resin (200—400 mesh) in 10 ml-Bio-Rad columns

Condition column 2.5 M HCl 5 ml

Load sample 2.5 M HCI 0.3 ml
Discard matrix 2.5 M HCl 6.2 ml
Discard Ba 2 M HNO;3 6.5 ml
Collect REE 6 M HCI 7 ml

Clean column 6 M HCl 10 ml
Rince and store Mill-Q H,O 10 ml

Step 4: Specific separation procedure
0.82 ml LN resin (20—50 pm) in custom quartz columns (0.4 cm inner diameter)

Condition column 0.2 M HCl 10 ml
Load sample 0.2 M HCl 0.5 ml
Discard Light REE 0.2 M HCl 6 ml
Collect Nd 0.25 M HClL 5 ml
Discard Heavy REE and clean column 6 M HCI 15 ml
Rince and store 0.05 M HCL 7 ml
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2.3. Neodymium isotope measurements by TIMS

Neodymium isotopes were measured on the Nu TIMS at IPGP,
following the protocol established in Luu et al. (2022) but optimised for
high-precision 1*>Nd/***Nd measurements.

We used zone-refined rhenium filaments (purity of 99.999 % -
0.0012" x 0.030") arranged in a double filament setup. The filaments
were previously outgassed for 60 min at 4.5 A, using incremental 0.1 A
heating steps and a final flash current of 5 A. The loading procedure
consisted in a prior deposit of 0.5 pl of 1 M H3PO4 heated at 0.8 A fol-
lowed by about 800 ng of Nd dissolved into 2.5 M HCl. The sample-
H3PO4 mixture was subsequently slowly evaporated at 0.8 A before
being flashed at ~2.2 A. The optimal run conditions involved an initial
intense heating of the ionisation filament (4000-4800 mA, at 600 mA/
min) to 1850-1950 °C, followed by progressive heating (500-1100 mA,
at 120-240 mA/min) of the evaporation filament until a stable L42Ng+
signal of ~7 V was obtained. This signal intensity was maintained at a +
10 % level by inter-block heating of the evaporation filament in order to
have a stable evolution of mass fractionation during the analysis.

Figure 1a shows how 14 out of the 16 Faraday cups of the Nu TIMS
were used to dynamically collect all isotopes of Nd, along with 14°Ce™,
41prt+ and #7:19Sm™, over a 5-line cycle, with a one-mass unit step
between each line. Each cup was connected to a 10! Q amplifier. As the
position of the Faraday cups is fixed, for each individual line, specific
currents were applied to the zoom optics lenses (i.e., Quad 1 and Quad 2
in Fig. 1a) in order to adjust the ion beams toward the Faraday cups.
Each line of measurement was integrated for 10 s after a 3-s idle time to
stabilise the magnet. The five lines define a cycle and a typical analysis
consists in 40 blocks of 20 cycles, with a 3-min baseline measurement
between blocks to precisely estimate the instrumental noise. Lens stack
parameters were re-tuned every three blocks and the signal peak was re-
centred every six blocks. An additional cycle was measured at the
beginning of each block to optimize time drift corrections (see discus-
sion in section 3.3.1). The combination of all these analytical conditions
led to a cumulative measurement duration of about 18 h.

All Nd isotopes being measured on each line, it provides five static
values per isotope ratio (denoted static 1 to 5), whose arithmetic mean
gives a multi-static ratio. The multi-line technique also allows the
measurement of Nd isotope ratios in common Faraday cups to obtain a
dynamic ratio. For example, the dynamic 1 '#’Nd/!*Nd ratio is
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obtained by combining signals for 1*>Nd* and **Nd* measured in the
Axial cup on lines 1 and 3 and similarly for **Nd* and *Nd* in the H2
cup (Fig. 1b). Similarly, the dynamic 2 and 3 *2Nd/'**Nd ratios are
obtained from the combinations of lines 2 + 4 and 3 + 5, respectively
(see Fig. 1b). The arithmetic mean of these three dynamic ratios gives a
multi-dynamic ratio. Such combination mathematically cancels
approximately 99.6 % of the cup efficiency differences as demonstrated
by Di et al. (2021) for multi-dynamic Sr isotope analyses by TIMS. The
equations for calculating the dynamic ratios are described in Luu et al.
(2022) and build on those described in Garcon et al. (2018) (see Sup-
plementary material for equations). We average the three calculated
dynamic ratios for each cycle and then average all multi-dynamic ratios
(same as the “mean multi-dynamic” of Di et al., 2021), while other au-
thors average all dynamic ratios together (i.e., “mean all dynamic” in
Garcon et al., 2018). Both calculations yield similar results within error
(details in the Supplementary Material).

The data are subjected to a series of corrections made either online
using the Nu TIMS software, or offline using a Microsoft Office Excel
template spreadsheet, provided in the Supplementary Table 2: (1)
baseline subtraction from the raw signals; (2) Sm™ interference correc-
tion; (3) time drift correction; (4) mass fractionation correction
assuming an exponential law (Thirlwall, 1991) and using **Nd/!**Nd
= 0.7219.

2.4. Definitions and notations

Neodymium isotope variations are small and thus require specific
notations in order to ease their observation. In the following, we express
the 1*2Nd/***Nd, 1*°Nd/'**Nd, **®Nd/***Nd and '*°Nd/***Nd ratios in
the mu notation, as the deviation from a reference composition for the
terrestrial mantle, here the average JNdi-1 composition, in parts per
million (ppm). They are calculated using the expression p*Nd =
(*Nd/***Ndsample/*Nd/***Ndnai.1) -1) x 10°. The *3Nd/***Nd ratios
are expressed in the epsilon notation relative to the CHUR value re-
ported by Bouvier et al. (2008 — **Nd/***Nd¢gur = 0.512630 — within
error of the original value of Jacobsen and Wasserburg, 1980; Wasser-
burg et al., 1981) following the equation e!BNd = (143Nd/144Ndsam_
ple/ **Nd/*Ndcuur) -1) x 10%

We use the term “reproducibility” when evaluating the long-term
dispersion of measurements and it is quantified as 2-standard

(@)
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Fig. 1. (a) Cup configuration and (b) analytical procedure used for the 5-line multi-dynamic acquisition method on the Nu TIMS.
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deviation on n independent analyses. In contrast, for a single isotopic
analysis, we use the term “precision” that corresponds to the 2-standard
error on the n cycles of an individual analysis. Reproducibility is
therefore a measure of how well data can be trusted on the long term
while precision represents a measure of how good a single run is.

3. Improved errors for synthetic standard analyses

Below, we discuss the choices made in terms of running conditions
and data reduction protocols to obtain the best possible internal and
external errors.

3.1. Results on the two synthetic standards

We performed repeated analyses of the JNdi-1 and AMES Rennes Nd
pure standard solutions over a 35-month period (see Fig. 2). Data are
separated in two analytical sessions marked by the change of Faraday
cups in July 2022. Session 1 lasted for 16 months (March 2021-June
2022) and session 2 for 19 months (July 2022-February 2024), totalling
34 measurements of AMES Rennes Nd (17 during each session) and 25
measurements of JNdi-1 (session 2 only). The average isotope ratios
obtained using all techniques (static, multi-static (MS), dynamic and
multi-dynamic (MD)) are given in Table 2 and Supplementary Table 1a,
b provide additional details.

Each individual measurement performed during this study shows
low analytical error, with typical 2se of 1.4, 1.3, 1.1, 2.1 and 3.4 ppm for
multi-dynamic 2Nd/***Nd, **Nd/1**Nd, *°Nd/1**Nd, *8Nd/***Nd
and '°°Nd/!**Nd ratios (see Supplementary Table 1a). For JNdi-1, we
obtain a mean multi-dynamic (MD) value of 1.1418299 + 36 (2sd, 3.2
ppm, n = 25) for *>Nd/*Ndyp and of 0.5121007 =+ 10 (2sd, 2.0 ppm)
for 143Nd/ 144NdMD (Fig. 2), values that are within error of previous high-

Mean multi-static
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precision estimates (Fig. 3). For AMES Rennes Nd, measurements during
session 1 and 2 give slightly different 14?Nd/!*Ndyp at 1.1418341 + 32
(2sd, 2.8 ppm, n = 17) and 1.1418291 + 44 (2sd, 3.9 ppm, n = 17) and
143Nd/A**Ndyp at 0.5119498 =+ 29 (2sd, 5.7 ppm) and 0.5119586 =+ 20
(2sd, 3.9 ppm - see Fig. 2), values that remain similar within error to
those published in Luu et al. (2022) (0.511954 + 2 — 4.3 ppm - see
Fig. 3). In summary, Fig. 3 illustrates that the reproducibility obtained
here for 1*>Nd/***Nd ratios compares favourably to other high-precision
Nd isotope data measured using TIMS or MC-ICP-MS. The values ob-
tained for the other Nd isotope ratios are also comparable to published
values but the reproducibility is about 1.5 to 2.5 times better than most
studies, with typical values better than 3.1 ppm for ***Nd/***Ndyp, 6.3
ppm for *8Nd/***Ndyp and 13.0 ppm for °°Nd/ *Ndyp (see Table 2
and Figs. 2 and 3).

3.2. Optimised run conditions

3.2.1. Cancelling cup bias: The advantage of the 5-line multi-dynamic
method

During this study, all static, multi-static, dynamic and multi-dynamic
ratios were measured for JNdi-1 and AMES Rennes Nd standards using
the 5-line acquisition method. In Fig. 4, we focus on the evolution of
measured 1#2Nd/'#*Nd ratios over time. During the first session (March
2021 to June 2022), static and multi-static 1*>Nd/!**Nd ratios shown in
Fig. 4a reveal a noticeable drift (+25 to —60 ppm), with the difference
between the individual static ratios increasing over time as the cups
aged. We decided to replace the Faraday cups even though the multi-
static average changed by only —3 ppm. During the second period
(July 2022 to March 2024), the individual static ratios drifted less (<30
ppm) but the multi-static ratio decreased by a larger amount (~10 ppm)
because the majority of static ratios decreased during this period, while
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Fig. 2. '*2Nd/"**Nd, **Nd/"**Nd, *°Nd/***Nd, *®Nd/***Nd and '®°Nd/'**Nd multi-static and multi-dynamic ratios measured for JNdi-1 and AMES Rennes Nd
standards during sessions 1 and 2 in this study, with their associated error bars (2se). Vertical lines represent the mean value of the session and the shaded areas

represent the reproducibility of measurements over the session (2sd).



Table 2
Neodymium isotope compositions for JNdi-1 and AMES Rennes Nd standards, reported as the mean value and reproducibility (2sd) on multiple measurements during sessions 1 and 2 of this study.

142Nd/M*Nd +2sd +2sd  '*Nd/"*Nd +2sd +2sd  '*°Nd/"**Nd +2sd +2sd  '*®Nd/"**Nd +2sd +2sd  '*Nd/**Nd +2sd +2sd

(x1077)  ppm (x1077)  ppm (x107)  ppm (x107)  ppm (x107)  ppm

JNdi-1 (session 2 — n = 25)
Static 1 1.1418138 245 21.5 0.5120971 84 16.4 0.3484058 47 13.4 0.2415749 78 32.4 0.2364423 102 43.2
Static 2 1.1418215 223 19.6 0.5121043 79 15.5 0.3484037 53 15.2 0.2415715 56 23.4 0.2364398 85 36.0
Static 3 1.1418089 384 33.6 0.5120957 132 25.8 0.3484101 52 14.9 0.2415833 97 40.0 0.2364588 157 66.5
Static 4 1.1417953 276 24.2 0.5120906 109 21.2 0.3484001 72 20.6 0.2415843 49 20.1 0.2364593 74 31.3
Static 5 1.1418504 453 39.7 0.5121134 140 27.2 0.3484071 108 31.0 0.2415805 54 22.5 0.2364457 128 54.3
Multi-static 1.1418179 120 10.5 0.5121002 24 4.7 0.3484053 13 3.7 0.2415789 14 5.6 0.2364491 31 13.1
Dynamic 1 1.1418293 41 3.6 0.5121012 14 2.7 0.3484050 9 2.6 0.2415792 13 5.3 0.2364467 31 13.2
Dynamic 2 1.1418306 62 5.5 0.5121004 13 2.6 0.3484046 8 2.3 0.2415789 13 5.2 0.2364487 26 11.0
Dynamic 3 1.1418299 44 3.8 0.5121004 13 2.6 0.3484042 8 2.2 0.2415791 14 5.6 0.2364491 34 14.4
Multi-dynamic (11-cycle TDC) 1.1418299 36 3.2 0.5121007 10 2.0 0.3484046 6 1.8 0.2415790 10 4.1 0.2364481 27 11.3
Multi-dynamic (2-cycle TDC) 1.1418300 37 3.3 0.5121007 11 2.2 0.3484046 6 1.8 0.2415790 10 4.2 0.2364482 27 11.3
Multi-dynamic (no TDC) 1.1418266 45 4.0 0.5121002 12 2.3 0.3484047 7 1.9 0.2415784 12 4.9 0.2364461 33 14.0
AMES Rennes Nd (session 2 -n = 17)
Static 1 1.1418113 385 33.7 0.5119518 141 27.6 0.3484068 63 18.2 0.2415789 107 44.2 0.2364478 124 52.2
Static 2 1.1418133 251 22.0 0.5119611 122 23.8 0.3484028 83 23.9 0.2415734 88 36.3 0.2364433 130 55.1
Static 3 1.1418249 529 46.3 0.5119585 172 33.5 0.3484087 91 26.2 0.2415811 133 55.0 0.2364548 204 86.1
Static 4 1.1418025 417 36.5 0.5119490 203 39.7 0.3484029 108 30.9 0.2415840 52 21.4 0.2364599 121 51.3
Static 5 1.1418397 601 52.6 0.5119668 204 39.8 0.3484033 155 44.4 0.2415802 77 32.1 0.2364397 481 203
Multi-static 1.1418182 158 13.9 0.5119574 34 6.6 0.3484049 21 6.0 0.2415795 17 6.9 0.2364496 51 21.6
Dynamic 1 1.1418277 53 4.6 0.5119590 21 4.1 0.3484052 12 3.4 0.2415794 20 8.4 0.2364473 42 17.6
Dynamic 2 1.1418297 55 4.9 0.5119584 26 5.0 0.3484047 11 3.1 0.2415791 17 7.0 0.2364496 36 15.1
Dynamic 3 1.1418299 53 4.7 0.5119584 18 3.6 0.3484043 11 3.1 0.2415792 22 9.0 0.2364496 38 16.2
Multi-dynamic (11-cycle TDC) 1.1418291 44 3.9 0.5119586 20 3.9 0.3484047 10 3.0 0.2415792 15 6.3 0.2364488 31 13.0
Multi-dynamic (2-cycle TDC) 1.1418291 45 3.9 0.5119586 20 4.0 0.3484047 10 2.9 0.2415791 15 6.3 0.2364489 34 14.3
Multi-dynamic (no TDC) 1.1418257 63 5.6 0.5119580 22 4.2 0.3484049 10 3.0 0.2415795 17 6.9 0.2364496 51 21.6
AMES Rennes Nd (session 1 - n = 17)

Static 1 1.1417446 878 76.9 0.5119160 338 66.1 0.3483847 165 47.3 0.2415887 112 46.5 0.2364639 173 73.1
Static 2 1.1418284 227 19.9 0.5119769 230 45.0 0.3483993 60 17.2 0.2415755 36 14.9 0.2364433 67 28.4
Static 3 1.1418778 539 47.2 0.5119437 159 31.1 0.3483990 58 16.7 0.2415773 119 49.2 0.2364461 169 71.5
Static 4 1.1418222 165 14.5 0.5119480 105 20.5 0.3484028 80 22.9 0.2415795 37 15.4 0.2364538 62 26.1
Static 5 1.1418226 597 52.3 0.5119505 196 38.3 0.3483954 116 333 0.2415787 78 32.2 0.2364493 124 52.5
Multi-static 1.1418193 98 8.5 0.5119469 50 9.8 0.3483962 35 10.0 0.2415799 14 5.9 0.2364512 34 14.5
Dynamic 1 1.1418312 40 3.5 0.5119495 46 9.0 0.3483973 22 6.2 0.2415789 13 5.5 0.2364466 22 9.4
Dynamic 2 1.1418387 56 4.9 0.5119480 39 7.7 0.3483994 9 2.6 0.2415789 13 5.3 0.2364493 24 10
Dynamic 3 1.1418320 43 3.8 0.5119518 17 3.2 0.3483999 7 1.9 0.2415793 11 4.8 0.2364504 23 9.9
Multi-dynamic (11-cycle TDC) 1.1418341 32 2.8 0.5119498 29 5.7 0.3483989 11 3.1 0.2415790 9 3.6 0.2364487 21 8.9
Multi-dynamic (2-cycle TDC) 1.1418340 35 3.1 0.5119497 28 5.6 0.3483988 11 3.1 0.2415791 8 3.5 0.2364487 19 8.0

Multi-dynamic (no TDC) 1.1418313 43 3.8 0.5119493 31 6.0 0.3483990 11 3.1 0.2415784 11 4.7 0.2364470 29 12

All static, multi-static, dynamic and multi-dynamic ratios were obtained with the 5-line acquisition method. We favour the mean of time-drift corrected (TDC) multi-dynamic ratios using the 11-cycle interpolation (11-

cycle TDC) reported in bold. Mean multi-dynamic ratios time-drift corrected using a 2-cycle interpolation (2-cycle TDC) and uncorrected for time drift (no TDC) are reported for comparison.
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Fig. 3. 1*°Nd/'*Nd, **Nd/***Nd, *°Nd/**Nd, *®Nd/***Nd and '°Nd/'**Nd ratios measured on synthetic reference materials in this study (filled symbols), and
comparison with literature data (open symbols), and their respective reproducibility (error bars — 2sd). Literature data are from (a) Boyet and Carlson, 2005, (b)
Andreasen and Sharma, 2009, (¢) Gannoun et al., 2011, (d) Ali and Srinivasan, 2011, (e) Saji et al., 2016 (MC-ICP-MS), (f) Garcon et al., 2018, (g-h) Pin and
Gannoun, 2019a, 2019b, (i-j) Fukai et al., 2017, Fukai and Yokoyama, 2019, (k) Hyung and Tissot, 2021, (1) Luu et al., 2022, (m) Peters et al., 2024 for JNdi-1, and (1)
Luu et al., 2022, (n) Le Fevre and Pin, 2005, (0) Weis et al., 2006, (p) Chauvel et al., 2011, (q) Fourny et al., 2016 for AMES Rennes Nd.

it was not the case during session 1. In contrast, the three dynamic and
multi-dynamic ratios hardly changed within both sessions (Fig. 4b),
highlighting the effectiveness of the dynamic method as previously
shown by Caro et al. (2006) and Roth et al. (2013, 2014).

At any given time in Fig. 4b, the three dynamic '**Nd/!*Nd ratios
differ by 6.5 ppm or less but they are not identical. This indicates, as
pointed out by Roth et al. (2014), that the difference in cup efficiency is
not completely cancelled out by the procedure. This is particularly
evident in session 1 during which the difference between the three dy-
namic averages increases over the 1.5-year time period (Fig. 4b). To
mitigate this residual bias, several studies have combined two dynamic
ratios into a multi-dynamic ratio (e.g., Garcon et al., 2018; Di et al.,
2021). Here, we take advantage of the 5-line acquisition method to
generate a multi-dynamic '*2Nd/***Nd ratio based on the three dynamic
ratios and which is even less affected by bias due to differences in cup
efficiency. The calculated multi-dynamic #?Nd/!**Nd ratios repre-
sented in Fig. 4b remain virtually constant over the entire length of each
session providing stable and precisely-determined values. The multi-
dynamic ratios similarly calculated for all the other Nd isotopes also
show stable and precise values over time (see Table 2 and Supplemen-
tary Table 1a).

3.2.2. Improving counting statistics and signal-to-noise ratio

The relationship between analytical error and run duration was
investigated by Garcon et al. (2018 — see their Fig. 3) and Luu et al.
(2019, 2022) based on Johnson-Nyquist noise and counting statistics.
Improving precision requires therefore improving counting statistics
and signal-to-noise ratio. In other words, higher Nd™ intensity and
longer analyses translate into lower standard errors. In Fig. 5, we plot
the 2se obtained on multi-dynamic *’Nd/!**Nd ratios for 59 indepen-
dent runs against signal intensity on **’Nd*, and use a colour scale to

illustrate the number of cycles. Our dataset clearly shows that increasing
the 1*2Nd* signal from 4 to 9 V or extending the analysis from 400 to
800 cycles reduces the standard error by 0.6 ppm, as predicted by
theory.

In this study, we make a compromise between very long and very
high intensity analyses and choose to measure at ~7 V of *4Nd™* for 800
cycles, achieving an average 2se of ~1.4 ppm. This requires ~800 ng of
Nd loaded on the filament and an 18-h run. To our knowledge, these are
the longest TIMS analyses at such high intensities (e.g., ~8 h at 4-8 V of
1492Nd* in Garcon et al., 2018; Hyung and Tissot, 2021; Luu et al., 2022)
while using less than 1000 ng of Nd. Such performance results most
probably from the combination of various factors (use of high-purity
zone refined 99.999 % Re filaments, consistent loading and heating
procedures, efficient tuning process and excellent vacuum in the source
— ~1 x 1078 mbar during the measurement, without the use of liquid
nitrogen — and the fly tube — ~2 x 10~ mbar).

3.3. Improving data reduction

3.3.1. Time drift correction

In multi-dynamic measurements, dynamic Nd isotope ratios are
measured at different times t, during different acquisition lines. How-
ever, Nd isotope ratios evolve over time during TIMS analyses (Roth
et al., 2014). Therefore, they require to be corrected for time drift in
order to estimate their value at the same time t. To do this, the frac-
tionation rate of each ratio is estimated from several neighbouring cy-
cles and is then used to interpolate the value of the isotope ratio at a time
t corresponding to the first line of the block. Based on studies by Garcon
et al. (2018), Di et al. (2021) and Luu et al. (2022), we tested two
interpolation methods: over 2 cycles (n-1 to n) and over 11 cycles (n-5 to
n + 5). The Nu TIMS software includes an online 2-cycle interpolation,
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Fig. 5. Mean 142N+ signal (I'*?>Nd) vs. 2-standard error (2se) on the mean
multi-dynamic '#2Nd/***Nd ratio from 55 individual JNdi-1 and AMES Rennes
Nd analyses acquired during the course of this study. A colour scale indicates
the number of integrated cycles for each analysis. Despite the visible overlap of
data points, the mean number of cycles per analysis on pure Nd solution is
723.7 cycles for a mean '*>Nd* signal intensity of 6.51 V.

including an additional cycle at the beginning of each block for inter-
polation purposes only. The 11-cycle method was applied offline and
uses neighbouring cycles, including those from adjacent blocks (see
example in Fig. 6a for 1**Nd/'**Nd ratios). The calculations can be
found in the Supplementary Table 2.

Figure 6 shows the impact of time drift correction for an 800-cycle
analysis. The 11-cycle interpolation method provides a much more
stable fractionation rate, reducing the scatter by a factor of 10 compared
to the 2-cycle method (see example in Fig. 6b). However, we recognize
that some of the information may be lost and local variations in the
fractionation rate may be smoothed out. Both methods give similar

results at the analysis scale (see Fig. 6¢ for 142Nd/l44Nd) and at the
dataset scale (Table 2 and Supplementary Table 1a,e) with <1 ppm
differences in Nd isotope ratios and comparable reproducibility for
AMES Rennes Nd and JNdi-1 measurements. The 11-cycle interpolation
was adopted for final reporting in this study although both methods are
equivalent.

More importantly, the uncorrected data differ significantly from the
time-drift corrected data, as illustrated by lower **2Nd/***Nd ratios in
Fig. 6¢. At the dataset scale, corrected data are more reproducible (e.g.,
Table 2 and Supplementary Table 1a,f) and more consistent with pub-
lished reference compositions (Fig. 3). Finally, the difference between
uncorrected and corrected values increases with increasing fractionation
rate. For 1*®Nd/**Nd and '°°Nd/!*/Nd ratios, the difference reaches up
to 8.2 and 26 ppm on individual measurements (see Supplementary
Table 1a,f), whereas for **’Nd/***Nd and '*°Nd/***Nd ratios, it only
reaches up to 3.1 and 0.9 ppm. These observations emphasize the
importance of time-drift correction for high-precision analyses.

3.3.2. Removal of outliers

The removal of outliers using a 2¢ filter during data processing is
common and usually integrated in mass spectrometer software. In this
study, the automated 2o filter applied to the multi-dynamic ratios (see
calculations in Supplementary Table 2) significantly improves precision.
For a typical run of 800 cycles, the 2c filter removes about 4 % of the
ratios and improves the analytical error and the reproducibility by about
14 %.

In addition, we use four objective criteria to ensure the reliability of



C. Israel et al.

O

=2

g

5

O

2

<

[]

Qo

®

-°L

2 <

3 0

=

3
=

&2

[$)

(1]

&

1
° 3

2 e’

® T
s 2
3

EZ 4
=S T
oz

a1
3

.141838
.141836
.141834
.141832

100

200

Chemical Geology 680 (2025) 122686

300

0.7240

0.7230 |

0.7220 |

0.7210

0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6

ne 1 — ppm/s)

(

+ 4t

.141830

11-cycle interpolation for time drift correction
+ 2-cycle interpolation for time drift correction
No time drift correction

By
-

10 000

20 000

30000 40 000 50 000 60 000
Time (s)

Fig. 6. Neodymium isotope composition evolution over the analysis of AMES Rennes #23. Panels (a) and (b) show the evolution of the 1**Nd/***Nd isotope ratio
relative to the value measured on acquisition line 1 and its fractionation rate, estimated by interpolation over 11 cycles (blue symbols) or 2 cycles (red symbols).
Panel (c) represents the evolution of the cumulative mean multi-dynamic #?Nd/***Nd ratio, without (yellow) and with time-drift correction using 11-cycles or 2-
cycles interpolations of the fractionation rate (blue and red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

gE

=O’\
SEE
ET &
5z¢&
<

O*g
533
5
]
-.-':#
.ng
> 0

Q€

S

.':O"\
SEE
Ez 8
5z&
<

Uﬂg
"6%&
5% =
o =
..d:‘-'
.ng
> 0

S E

0.7250 .
1\ (a) ©) !
LN Accepted ° Accepted -
A ,\ I\ Z o7240 | e !
< - :
V \‘V AY 3 -~ '9
2 . + P 1o
\/‘,_ Z 07230 - s
1 AL PP g T
N 07220 L e
’ '
. . . . . . . ’ ;
S e == :
\Y7. % i b o~ [ | 1 g @
Il‘, \ Rejected (b) 58% i ‘v Accepted 8
N - 2 A | @
~es zs ol AAN £
~n ] 1
0] \ f_’% S 1 " “---——-ﬂ-_,:t
I L3 oS o IR
> c #Z € 0 0 N
27 s 1 i
. 8§59 :
[ . . . . . . . 32 -2 - - s - . ; |
0 100 200 300 400 500 600 700 800 e 0 100 200 300 400 500 600 700 800
Cycles Cycles

Fig. 7. Evolution of measured values for '*>Nd/***Nd and '*°Nd/!**Nd over 800 cycles. Panel (a) shows how the deviation from the final average of the cumulative
mean multi-dynamic ***Nd/***Nd evolves for a typical good run with a stable plateau for 400 cycles; panel (b) shows a run that is rejected due to the absence of
stable plateau; panel (c) illustrates a case when the **Nd/!**Nd isotope ratio shows a reverse evolution at the end of the run, creating a destabilisation of the plateau
in panel (d). In panel (d), only the last 100 cycles are rejected. Deviation limits are represented as + 0.5 ppm (dark grey shaded band) and + 1 ppm (light grey
shaded band).



C. Israel et al.

the results:

1) First, we eliminate any run whose internal error exceeds 3 ppm on

the *2Nd/ *Nd ratio. In practice, this eliminates analyses with less
than 400 cycles.

Chemical Geology 680 (2025) 122686

146Nd/1*4Nd ratio evolves steadily from ~0.7200 to ~0.7240
(Fig. 6a) but sometimes, it is not the case. For instance, analyses
whose 6Nd/!**Nd ratio eventually exceeds 0.7240 frequently show
a subsequent reverse isotope fractionation as illustrated in Fig. 7c. It
usually generates abnormal variations of the Nd isotope ratios, as

2) Secondly, as suggested by Garcon et al. (2018), we reject analyses in illustrated in Fig. 7d. In this study, seven out of 95 analyses showed
which the cumulative mean **Nd/'**Nd does not converge to a such effect and they were truncated by 40 to 100 cycles.
plateau. Here, the plateau is judged acceptable if the cumulative 4) Finally, we examine the difference between static ratios and elimi-
mean multi-dynamic *2Nd/***Nd ratio remains within 0.5 ppm of nate an entire run if the five static ratios differ too much from each
its final value for at least 200 cycles or 1 ppm for at least 400 cycles. other. For example, when the typical difference between the five
A typical good run is shown in Fig. 7a while an example of a rejected 142Nd/1*4Nd static ratios was about 75 ppm in March 2022 (see
run is shown in Fig. 7b. During the course of this study, a dozen out of Fig. 4a), two analyses had differences of ~400 ppm at that time and
95 analyses never reached a plateau and were rejected. were rejected.
3) We also reject analyses with a chaotic mass fractionation evolution
or truncate analyses with reverse mass fractionation. Normally, the Following these four criteria, fourteen analyses out of 95 were
Table 3
Neodymium isotope compositions of USGS and GIT-IWG rock reference materials measured during the course of this study.
Sample Session  p'*?Nd +2se/ 143Nd/M4Nd +2se/ e143Nd +2se/ pNd +2se/ pl48Nd +2se/ p1%°Nd +2se/ Recov.
2sd sd 2sd 2sd sd 2sd yield
(x1077)
BHVO-2 #1 1 —4.8 1.7 0.5129718 7 6.67 0.01 0.7 1.1 -2.8 2.2 —8.9 3.4 /
BHVO-2 #2 1 -1.9 1.5 0.5129713 7 6.66 0.01 -0.7 1.2 3.9 2.0 -1.1 3.3 96 %
(dup.1)
BHVO-2 #3 2 3.7 1.4 0.5129735 6 6.70 0.01 2.1 1.0 -0.8 1.8 —-2.1 2.9 96 %
(dup.1,rep.)
BHVO-2 #4 2 7.8 1.6 0.5129729 7 6.69 0.01 -1.9 1.1 5.2 2.2 17.1 3.4 93 %
(dup.2)
BHVO-2 #5 2 2.7 2.1 0.5129728 9 6.69 0.02 -1.8 1.4 7.0 2.7 14.0 4.6 93 %
(dup.2,rep.)
BHVO-2 #6 2 1.4 1.8 0.5129730 8 6.69 0.01 -0.1 1.3 2.9 2.4 4.7 3.8 93 %
(dup.2,rep.)
Mean BHVO- 1.5 8.8 0.5129726 17 6.68 0.03 —0.3 3.1 2.6 7.4 4.0 20.0
2
BCR-2 #1 1 1.9 1.2 0.5126222 5 -0.15 0.01 -1.0 0.9 -0.9 1.6 —-15.2 2.7 100 %
BCR-2 #2 2 45 1.5 0.5126254 7 —-0.09 0.01 4.0 1.1 -3.4 2.1 -9.9 3.3 100 %
(rep.)
BCR-2 #3 2 0.3 1.5 0.5126212 6 -0.17 0.01 —-1.1 1.1 1.3 2.0 0.2 3.1 98 %
(dup.2)
BCR-2 #4 2 -1.6 2.2 0.5126216 9 —0.16 0.02 0.3 1.5 -0.6 3.1 -1.8 4.7 98 %
(dup.2,rep.)
BCR-2 #5 2 5.3 1.7 0.5126165 7 —-0.26 0.01 —0.4 1.1 3.2 2.2 17.2 3.5 76 %
(dup.3)
Mean BCR-2 2.1 5.9 0.5126214 64 —0.17 0.12 0.3 4.2 —0.1 5.0 —-1.9 24.7
RGM-1 #1 1 1.0 2.5 0.5127873 10 3.07 0.02 2.6 1.8 —-5.2 3.2 -17.3 5.5 100 %
RGM-1 #2 1 2.0 1.7 0.5127847 8 3.02 0.01 0.8 1.3 -39 2.1 -15.4 3.7 100 %
(rep.)
RGM-1 #3 2 1.5 1.4 0.5127866 6 3.05 0.01 2.6 1.1 1.4 1.8 —-2.7 3.1 100 %
(rep.)
RGM-1 #4 2 5.0 1.4 0.5127875 6 3.07 0.01 2.4 1.1 -3.4 1.8 -8.1 2.9 100 %
(rep.)
Mean RGM-1 2.4 3.6 0.5127865 25 3.05 0.05 2.1 1.8 —2.8 5.8 -10.9 13.5
BE-N #1 2 0.2 1.3 0.5128694 6 4.67 0.01 1.8 0.9 0.0 1.8 -1.2 2.7 97 %
BE-N #2 2 1.1 1.3 0.5128696 5 4.67 0.01 0.1 0.9 -1.2 1.9 -2.0 2.8 97 %
(rep.)
BE-N #3 2 2.2 1.3 0.5128700 6 4.68 0.01 0.4 1.0 -0.3 1.8 -1.7 2.9 97 %
(rep.)
BE-N #4 2 29 2.1 0.5128704 10 4.69 0.02 1.2 1.6 -1.1 2.7 —7.0 4.6 97 %
(rep.)
BE-N #5 2 2.3 1.7 0.5128698 7 4.68 0.01 -0.3 1.1 0.7 2.3 -2.5 3.6 97 %
(rep.)
Mean BE-N 1.7 2.1 0.5128698 7 4.68 0.01 0.6 1.7 —0.4 1.6 -2.9 4.7
BIR-1 2 0.9 1.6 0.5130787 7 8.75 0.01 1.7 1.2 —5.0 2.1 —-14.9 3.3 95 %
AGV-2 2 2.4 2.0 0.5127777 9 2.88 0.02 —0.5 1.4 —0.8 2.6 0.0 3.9 93 %

WNd = ((de/l44Ndsamp]e/de/l44NdJNdi_1) -1) x 10°, JNdi-1 refers to the mean isotope composition of JNdi-1 standard obtained during session 2.
Samples run during session 1 were normalized to session 2 using the correction factor *Nd/ **Ndaugs session 2/°Nd/ **Nd amgs session 1 Using the mean isotope com-

positions of AMES Rennes Nd standard measured during the two sessions.
e1*3Nd = ((**Nd/M**Ndsampre/* **Nd/***Ndeur) -1) x 10%, with *3Nd/***Ndcgur = 0.512630 (Bouvier et al., 2008).

2se: two-standard error (internal error).

2sd: two-standard deviation (reproducibility).
Rep.: replicates, samples that were loaded and analysed multiple times on different filaments
Dup.: duplicates, samples that underwent distinct digestions and chemical procedures.

The reported mean values (bold) represent the average of all replicates and duplicates for each sample.
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rejected.

The 5-line multi-dynamic method developed in this study offers
three main advantages: (1) For the first time, all Nd isotope ratios are
derived from three distinct dynamic measurements whereas previous
studies only measured two dynamic ratios for 4%143148Nd/144Nqd and
only one dynamic ratio for °Nd/***Nd (e.g., in Garcon et al., 2018;
Peters et al., 2018). This method minimizes bias from cup efficiency
differences and improve accuracy and reproducibility down to ~3 ppm
on the 142143148Nq /144N( ratios and ~13 ppm on the 150Nd,/144Nd,
which is up to twice as low as recent literature. (2) The method achieves
unparalleled analytical precision through 18-h acquisitions of high-
intensity Nd signals. (3) An enhanced data reduction procedure maxi-
mizes data reliability. Although time-consuming, this method is highly
effective in detecting minute variations in Nd isotope ratios that may
remain undetected with other analytical techniques.

4. Identification of artefacts for geological samples
4.1. Results on rock reference materials

We applied the analytical method and data reduction scheme
described above to five rock reference materials processed through
chemistry and report their Nd isotope composition in Table 3. All sam-
ples, except BIR-1 and AGV-2, were measured multiple times and BHVO-
2 and BCR-2 underwent several distinct digestions and chemical pro-
cessing. Details about the individual measurements are given in the
Supplementary Table 1c,d.

This study
O AGV-2 RS g
OBIR-1 § b
@BE-N O _
ORGM-1 I
OBCR-=2 P
@BHVO-2 }
Literature &O
y r+ : . "
I
t i "l
s O
<o
-O-
=
I L X
i r g
\%
=
I @
||\|IIII&#II?—I||||I||H
-15 -10 -5 0 5 10 15
IJ142Nd

Fig. 8. n'*>Nd values of rock reference materials measured in this study (dot
symbol), expressed in the mu notation relative to the average ***Nd/'**Nd ratio
measured for JNdi-1 standard during session 2. Error bars are 2se. Vertical lines
represent the mean value on the repeated measurements and shaded areas are
2sd. The light blue shaded area represents the reproducibility on JNdi-1 mea-
surements over session 2 (3 ppm). Recent literature values are reported for
comparison, either as a unique measurement or multiple measurements (small
squares represent individual measurements) with mean values reported as
vertical lines and uncertainty (2sd/2se) as coloured areas with grey surround-
ing. Literature data are from the studies (a-q) reported in Fig. 4 and (r) Rizo
et al., 2011, (s-t) Roth et al., 2013, 2014, (u) Burkhardt et al., 2016, (v) Gautam
et al., 2017, (w) Hyung and Jacobsen, 2020, (x) Frossard et al., 2022, (y) Fang
et al., 2022, (z) Hasenstab-Diibeler et al., 2022. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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The p'*?Nd values of the rock reference materials are shown in Fig. 8.
They all have similar and slightly positive p!**Nd values but they
remain, within error, undistinguishable from the terrestrial reference
(see Table 3 and Fig. 8). Their p'#?Nd values are also in excellent
agreement with the literature data shown with square symbols in Fig. 8.
Similarly, their 1*3Nd/!**Nd ratios listed in Table 3 are similar within
error with reference values reported in Zhang and Hu (2020), and with
recent high-precision values reported in Pin and Gannoun (2019a,
2019b) and Luu et al. (2022).

The reproducibility on replicate p'*>Nd measurements of BE-N (2.8
ppm, n =5) and RGM-1 (3.6 ppm, n = 4) is similar to the reproducibility
obtained for the pure Nd standards (2.8 to 3.9 ppm for JNdi-1 and AMES
Rennes Nd - Table 2 and Fig. 2). However, it is not the case of BCR-2 and
BHVO-2 for which the 2sd on u142Nd reach 5.9 and 8.8 ppm. We
interpret the much larger spread as due to the multiple independent
digestion and separation procedures (referred as dup. 1 to 3 in Table 3)
that they went through. Considering only replicate measurements of the
same fraction, the reproducibility is much better (Table 3). Thus, the
chemistry procedure seems to affect the reproducibility and we suspect
two main causes: either a poor separation of other elements generating
isobaric interferences, or an isotope fractionation created by the chem-
ical isolation of Nd. Hereafter, we take advantage of the high-precision
measurement of all Nd isotope ratios to evaluate the potential impact of
these two factors on the accuracy of the p*#?Nd data in natural samples.

4.2. Avoiding isobaric interferences on Nd isotope ratios

To ensure accurate *?Nd isotope measurements, Ce and Sm must be
removed by the chemical procedure as 1*2Ce* and **Sm™ isobarically
interfere with *2Nd* and '**Nd ™. In addition, their residual presence in
the sample loaded on the filament must be monitored by measuring
149Ce™ and 147Sm™ together with the Nd™ signals (see Fig. 1) so that we
can evaluate if interference corrections are necessary.

Figure 9a,b illustrates the impact of a small Ce* signal on the
142Nd,/1*4Nd ratio. Here, we model how a 140ce/1Nd as low as 2.7 x
1075 (equivalent to ~0.1 mV signal of 1#°Ce™ added to a run with ~5 V
of *2Nd™) results in a 3-ppm increase of the **Nd/!*Nd ratio,
approaching our reproducibility limit on synthetic standards. This
demonstrates that complete removal of Ce in the Nd fraction is essential
for accurate results and that monitoring the *°Ce™ signal is compulsory.
Accordingly, we recommend that 14°Ce/**Nd does not exceed 2.7 x
1075 to keep the Ce contribution on the *?Nd/!**Nd ratio negligible
compared to reproducibility. In case, readers would like to apply a
correction, we would recommend to correct the individual dynamic
ratios when 1%°Ce/!**Nd ratio exceeds 9 x 106 (~1-ppm effect on the
142Nd/1*“Nd ratio).

During the course of this study, the measured *°Ce/!**Nd for the
rock reference materials was systematically below the threshold
(average '*°Ce/1**Nd ~ 8 x 107, see Supplementary Table 1c), with
most measurements having interference levels below detection limits.
Consequently, we did not apply corrections for Ce" interferences on any
of the measured samples. We conclude that, given the observed negli-
gible Ce* signals, the range of p!*>Nd obtained for BHVO-2 and BCR-2 is
not due to Ce" interferences.

The impact of Sm interferences on the *>Nd/'*/Nd ratio is also
shown in Fig. 9¢,d. In that case, a theoretical 1476m/14Nd of 7.3 x 107°
(0.03 mV signal of *7Sm™ for ~5 V of *?>Nd*) results in a 3-ppm
decrease of the *2Nd/***Nd ratio. It also impacts all other Nd isotope
ratios with decreases of 2.3 and 0.7 ppm for 143Nd/1*Nd and
145Nd/*Nd and increases of 18.5 and 17.2 ppm for *®Nd/'**Nd and
150Nd/1*Nd due to additional *8Sm* and '*°Sm*interferences. To
avoid a significant effect on 1*’Nd/***Nd, we recommend *’sm/!**Nd
being kept below 7.3 x 107° and for an accurate determination of
148Nd/1*4Nd and '°°Nd/'**Nd ratios, this threshold should be reduced
to 1.4 x 107°. In the data reduction spreadsheet provided in the Sup-
plementary Table 2, we set the lower limit for an automated Sm
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Fig. 9. Cycle-by-cycle comparison of isotope ratios measured during the analysis of AMES Rennes Nd #23 without (black) and with (model - red) the simulation of
the impact of isobaric Ce and Sm interferences on 12Nd/1*4Nd. Panels (a) represents the 140ce /144N ratio for an addition of ~0.1 mV of '*°Ce* for ~5 V of M?>Nd+
while panel (b) represents the resulting contribution of Ce™ on the cumulative mean **Nd/'**Nd isotope ratios. Panel (c) represents the 1478m/1**Nd ratio for an
addition of ~0.03 mV of 14’Sm™ for ~5 V of 14°Nd* while panel (d) represents the resulting contribution of Sm™ on the cumulative mean *>Nd/!**Nd isotope ratios.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

interference correction at *¥’Sm/!**Nd = 7.0 x 1077 (~2-ppm effect on
the 1#8Nd/ **Nd and '°°Nd/!**Nd ratios).

During the course of this study, we detected traces of Sm in JNdi-1
with an average 1¥7Sm/!**Nd ratio of 1.8 x 1075, Such low value has
no real impact on *’Nd/**Nd but it requires a Sm interference
correction to obtain accurate *®Nd/1**Nd and 1°°Nd/**Nd ratios. In
contrast, the intensity of the Sm* signal is negligible for AMES Rennes
Nd (**7sSm/**Nd < 3.8 x 10~®) and for most rock reference materials,
and none of the Nd isotope ratios is affected. Two samples, BIR-1 and
BHVO-2 #3, had '¥7Sm/!'**Nd close to the 1.4 x 107 threshold that
could affect 8 Nd/'**Nd and '°°Nd/***Nd ratios and these samples
were corrected for Sm interference. Finally, none of the BHVO-2 and
BCR-2 measurements had a '*’Sm/***Nd larger than 1.8 x 107 sug-
gesting that Sm interferences are not the cause of the *?Nd/'*Nd
variability observed in Fig. 8.

4.3. Detecting small nuclear field shift effect on Nd isotopes

While solar system materials carry isotope anomalies of nucleosyn-
thetic origin, terrestrial samples are not expected to exhibit any such
effect in their neodymium isotope abundances. Nevertheless, several
authors observed it and attributed it to processes occurring during
chemical procedures (Fujii et al., 2009; Zheng and Hintelmann, 2010;
Cook and Schonbachler, 2016; Yang and Liu, 2016). This was notably
confirmed by the strongly fractionated Nd isotope ratios measured in Nd
cuts collected at different steps of the chemical procedure on LN resin
(Saji et al., 2016). Such effect is called the nuclear field shift (NFS) effect
and it was interpreted by Bigeleisen (1996) as due to a mass-
independent isotopic fractionation caused by differences in the electric
charge distributions among heavy isotopes. This phenomenon has long
been ignored due to its small impact compared to analytical un-
certainties but, with improved analytical precision, the NFS effect can no
longer be neglected for terrestrial samples.

Mass-independent Nd isotope variations due to NFS effect can be
estimated using the equation of Fujii et al. (2006, 2009), established Nd
mean-squared nuclear charge radii (%) values and a NFS intensity
expressed as a. Fig. 10a shows Nd isotope spectra for four different sets
of Nd mean-squared nuclear charge radii ?) values (Angeli, 2004;
Fricke and Heilig, 2004; Angeli and Marinova, 2013). For a given «, the
four models are quite similar, but not identical, in particular for p*4>Nd.
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When compared to the extremely chemically fractionated Nd cut
measured by Saji et al. (2016 — Fig. 10b), it suggests that the best match
is a pattern calculated using <r2) values from Fricke and Heilig (2004) at
o = —460. Using these parameters, we can calculate theoretical patterns
for various o values (see Figs. 10c,d). Increasingly negative o values
result in the increase of p!*2 and p'*° and the decrease of p'*® and p!>,
while the opposite is observed for positive o values. In practice, a NFS
effect of 3 ppm for p**?Nd should entrain a similar shift for p**°Nd, and
shifts in the opposite direction of 5 ppm for p**®Nd and 25 ppm for
plSONd (see Fig. 10c,d).

Because our method provides high-precision determination of all Nd
isotope ratios (see Table 2), the data for each rock reference material can
be evaluated for potential deviations that could be attributed to NFS
effect during chemical separation. As can be seen in Fig. 11, most rock
reference materials have Nd isotope patterns showing little to no devi-
ation of their p!**Nd, p'*®Nd and p!°°Nd from the reference values.
However, two RGM-1 (RGM-1 #1 and #2) and one BIR-1 measurements
exhibit significantly negative p'*®Nd and p'°°Nd values, suggesting that
their 1*2Nd/***Nd ratios could potentially be over-estimated by about 2
ppm relative to the true values. In contrast, BHVO-2 #4 and #5 have
negative j'*°Nd and positive p!*8Nd and p!°°Nd values, suggesting that
their '*2Nd/***Nd might potentially be under-estimated by about 2
ppm. Nevertheless, deviations for these five samples remain very small
and do not point toward a unique « value, thus preventing quantitative
correction of NFS. The shift of p**?Nd value due to NFS is then supposed
to be small and within analytical error but data need to be interpreted
carefully. Finally, the u*°°Nd values of samples BCR-2 #1 and 5 deviate
significantly from the error bar but the other ratios remain within error
preventing identification of a NFS effect.

Saji et al. (2016) attributed the magnitude of the NFS effect to low Nd
recovery during the chemical separation of REE using LN resin. In this
study, only BCR-2 #5 shows a low recovery yield (76 % +10 % —
Table 3), while significant and opposite deviations in isotope ratios are
observed for RGM-1 #1, #2, BIR-1 and BHVO-2 #4 and #5, which
exhibit recovery yields of 95-100 % (410 % — Table 3). These variations
may result from small Nd loss either before or after Nd collection during
purification using the LN resin. Although no clear correlation with the
measured yield is observed (see Fig. S2) we suggest that samples with
<90 % recovery are more likely to present NFS-like isotopic variations.
By quantifying Nd content in all LREE, Nd and HREE fractions during the
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Fig. 10. Theoretical and measured Nd isotope spectra illustrating the effects of the Nuclear Field Shift (NFS) on Nd isotopes. (a) Theoretical NFS-induced Nd isotope

spectra calculated using the equations of Fujii et al. (2006, 2009):

uiNd = [<<T’Z>M - <r2>144Nd)

Ming X (M146Nd — Miaand

Mi4ena X (muvd - mlMNd; x <<r2>146Nd - <'2>144Nd> :| e

where (r%); is the mean-squared nuclear charge radius of isotope i, m; is the atomic mass of that isotope and « is the scaling factor defining the intensity
of the effect. (r?) from Fricke and Heilig (2004), Angeli, 2004 and Angeli and Marinova (2013), atomic mass from Wang et al. (2012) and @ = —460.
The isotope ratios are expressed in the p-notation as deviations from the terrestrial reference composition, in ppm. (b) Nd isotope spectra measured in
fraction A10 of a sequential elution of Nd as reported in Saji et al. (2016) and compared to the spectra calculated with (r%); from Fricke and Heilig
(2004) and a = —460. (c) and (d) Theoretical NFS-induced Nd isotope spectra modelled using %) from Fricke and Heilig (2004 - analysis-based

values) for positive and negative o values.

purification using the LN resin, we found that BCR-2 #3-4 and AGV-2
have lost only a few percent of Nd in the HREE-LREE fractions and
showed no abnormal isotopic variations whereas BHVO-2 #4-5 had lost
~10 % of Nd in the HREE fraction and showed small positive p!**Nd and
p1°ONd. Because even small NFS effects can affect the interpretation of
p142Nd in geochemical and cosmochemical studies, achieving high re-
covery yields (>90 %) and properly measuring p**>1®150Nd in terres-
trial samples is the most efficient way of improving the reliability of
pl*2Nd data.

Finally, in Fig. 11g,h, we show how all measurements of JNdi-1 and
AMES Rennes Nd compare when looking at deviations relative to a
reference value for each isotopic ratio (here taken as JNdi-1 mean for
each isotopic ratio). Both standards have similar patterns and undis-
tinguishable compositions for all 14%145148150Nq/144Nq ratios (see
Figs. 3 and 11g,h). This contrasts with the anomalies reported for the
AMES Nd standard by Saji et al. (2016) who suggested that its isotopic
composition may have been fractionated during its commercial purifi-
cation. Here, we suggest that the differences they observe might instead
result from their acquisition method on a MC-ICP-MS using JNdi-1 as
reference and "*Nd/'**Nd as normalization ratio. Indeed, we demon-
strated above that the JNdi-1 standard contains traces of Sm that
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interferes on both masses of the 1*Nd/!*Nd ratio rather than only one
for 1*6Nd/1*Nd. This could amplify corrections for all Nd isotope ratios.
We finally conclude that both standards can be used as terrestrial
reference as long as Sm interferences are corrected for.

5. Conclusion

The 5-line multi-dynamic method reported in this study for
measuring Nd isotopes by TIMS provides unprecedented analytical
precision on all Nd isotope ratios. It takes advantage of 14 out of the 16
detectors of the Nu TIMS to provide three dynamic ratios for all Nd
isotopes, significantly reducing the bias caused by cup efficiency dif-
ferences. Optimised emission conditions (high purity zone refined
99.999 % Re filaments, efficient heating procedure and instrumental
tuning and excellent vacuum in the source and in the fly tube during the
measurement — ~1 x 108 and ~2 x 10~° mbar, respectively) enable
routine 18-h analyses and improved counting statistics, reducing the
internal error to less than 2 ppm. This, together with rigorous offline
data reduction, results in exceptional long-term precision and accuracy
for all Nd isotope ratios. The long-term reproducibility on 1*?Nd/*‘Nd
is about 3 ppm for both Ames Rennes Nd and JNdi-1 standards over a
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Fig. 11. Neodymium isotope spectra of rock reference materials (a-f), JNdi-1
(g) and AMES Rennes Nd (h) obtained during the course of this study. All
data are reported in the p-notation relative to the average Nd isotope ratios
measured for JNdi-1 standard during session 2, whose external error on Nd
isotope ratios is represented as blue shaded areas. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

period of 3 years. Reproducibility for the other isotopic ratios is also
improved at <6 ppm for **Nd/'*/Nd, <3 for *°Nd/!**Nd, <6 for
148Nd/MNd and <13 for '5°Nd/***Nd. Both materials have identical Nd
isotope ratios except for their 1*>Nd/***Nd. However, we detect the
presence of traces of Sm in JNdi-1, with an impact on the 1*Nd/**Nd
and '°°Nd/***Nd ratios, requiring a Sm interference correction without
noticeable effect on the 1*?Nd/ **Nd ratio.

With such high-precision measurements, we are now able to detect
minute changes of the *2Nd/***Nd ratios in natural samples, opening
up new perspectives in geochemistry for the study of early differentia-
tion events. Isotopic variations due to effects other than radioactive
decay can also be better identified; this is particularly the case of NFS
effects and their impact on p'*2Nd values. Anomalous variations of 1*>
148, 150N 4 /144Nd ratios can be used as diagnosis and biased p'#?Nd an-
alyses can be eliminated when working on terrestrial samples.

When working on meteorites, acquisition of high-precision data for
all Nd isotope ratios should help deciphering nucleosynthetic processes
occurring during Solar System formation and evolution, distinguishing
the potential building blocks of planets and refining the chronology of
Earth, Mars and meteorites parent bodies.
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