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In this study, a high-precision method for the determina-
tion of Sm and Nd concentrations and Nd isotopic
composition in highly depleted ultramafic rocks without a
preconcentration step is presented. The samples were first
digested using the conventional HF + HNO3 + HCIO,
method, followed by the complete digestion of chromite
in the samples using HCIO, at 190-200 °C and then
complete dissolution of fluoride formed during the HF
decomposition step using H3BO3. These steps ensured
the complete digestion of the ultramafic rocks. The rare
earth elements (REEs) were separated from the sample
matrix using conventional cation-exchange chromatog-
raphy; subsequently, Sm and Nd were separated using
the LN columns. Neodymium isotopes were determined
as NdO*, whereas Sm isotopes were measured as Sm”,
both with very high sensitivity using single W filaments
with TaFs as an ion emitter. Several highly depleted
uliramafic rock reference materials including USGS DTS-1,
DTS-2, DTS-2b, PCC-1 and GSJ JP-1, which contain
extremely low amounts of Sm and Nd (down to sub

ng g level), were analysed, and high-precision Sm and
Nd concentration and Nd isotope data were obtained.
This is the first report of the Sm-Nd isotopic compositions
of these ultramafic rock reference materials except for
PCC-1.
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Dans cette étude, une méthode de haute précision pour
la détermination des concentrations en Sm et Nd et des
compositions isotopiques du Nd, sans étape de pré-
concentration préalable, dans les roches uliramafiques
fortement appauvries est présentée. Les échantillons sont
d'abord digérés avec le procédé classique associant HF +
HNO3 + HCIO,, suivie de la digestion complete de la
chromite des échantillons en utilisant HCIO, a 190~
200 °C, puis de la dissolution complete du fluorure formé
au cours de l'étape de décomposition au HF et ceci a
l'aide de H3BO3. Ces étapes ont permis la digestion
complete des roches ultramdfiques. Les terres rares (REE)
ont été séparées de la matrice de I'échantillon en utilisant
la chromatographie classique d’échange de cations;
ensuite, Sm et Nd ont été séparés en utilisant les colonnes
LN. Les isotopes du néodyme ont été déterminés comme
NdO™ alors que les isotopes du Sm ont été mesurés
comme Sm*, tous les deux avec une fres grande
sensibilité a l'aide de simples filaments au tungstene et
avec TaFs comme émetteur d'ions. Plusieurs roches
ultramafiques de référence fortement appauvries dont
USGS DTS-1, DTS-2, DTS-2b, PCC-1 et GSJ JP-1, qui
contiennent des quantités extremement faibles de Sm et
Nd (jusqu’a des teneurs de l'ordre du ng g''), ont été
analysées, et des concentrations en Sm et Nd ainsi que
des données isotopiques du Nd de haute précision ont
été obtenues. Il s’agit des premiers résultats concemant
les compositions isotopiques en Sm-Nd de ces roches
ultramafiques de référence & l'exception de PCC-1.

Mots-clés : roches ultramafiques, digestion d'échantillon,
spectrométrie de masse & ionisation thermique et dilution,

isotopique, rapports isotopiques, matériaux de référence.

Ultramafic rocks such as peridofite occur in ophiolite
complexes, massif peridotites and abyssal peridotites and
are present in mantle xenoliths and extraterrestrial materials.

doi: 10.1111/j.1751-908X.2013.00224.x

It is well known that Sm and Nd isotopes are very important
tracers in constraining the origin and pefrogenesis of highly
depleted ultramafic rocks (Sharma et al 1995, Sharma and
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Wasserburg 1996, Griselin et al. 2001). However, precise
determination of Sm and Nd concentrations and Nd
isotopic compositions from such rocks is very difficult for the
following reasons: (1) the concentration of Sm and Nd in
these materials is commonly extremely low (nor-
mally < 1 ug g™ to several ng g”') (Sharma et al. 1995,
Sharma and Wasserburg 1996, Griselin et al. 2001, Amelin
and Rotenberg 2004), rendering it very difficult to separate
sufficient Sm and Nd from samples for highly precise mass
spectrometric measurements; (2) Sm and Nd are sfrong|y
partitioned into fluorides (mainly MgF,) produced by
HF + HNO3 + HCIO, decomposition of abundant MgO
(> 35% m/m) in ultramafic rocks, resulting in low recovery
yields for these elements (Sharma et al. 1995, Sharma and
Wasserburg 1996, Yokoyama et al. 1999, Shibata and
Yoshikawa 2004, Qi et al. 2005, Sun et al. 2013), and
making highly precise measurement of Nd isotopes more
challenging. Additionally, the fluoride gels that are formed
offen clog the catfion-exchange columns used for the
separation of rare earth elements from the sample matrix;
(3) some accessory minerals such as chromite found in some
uliramafic rocks are difficult to completely digest using
HF + HNO3 + HCIO4 (Jain et al. 2000, Naokamura and
Chang 2007, Sun et al. 2013). As a result of these analytical
difficulties, there are very few publications dealing with Sm-
Nd isotopes in ultramafic rocks, although they are vitally
important in understanding mantle processes (Griselin et al.
2001). For the same reason, there are only very rare reports
on Sm and Nd isotopes in highly depleted ultramafic rock

reference materials.

To achieve high-precision measurement of Nd isotopes
in highly depleted ultramafic rocks, the following two aspects
are required: (1) a high-sensitivity mass spectrometric method
to realise highly precise isofopic measurements on extremely
low amounts of Nd and Sm and (2) a highly efficient and
low-blank chemical procedure to completely decompose
ultramafic rocks with high Sm and Nd recovery yields.

It has been widely reported that measuring Nd isotopes
as NdO has high sensitivity (Wasserburg et al 1981,
Thirlwall 1991, Griselin et al. 2001, Li et al. 2007, Chu
et al. 2009, Harvey and Baxter 2009). In our previous work
(Chu et al. 2009), we established an extremely-high-sensi-
tivity TIMS method for the measurement of Nd isotopes as
NdO" using a single tungsten filament with TaFs as an ion
emitter. With this method, the ion yield (defined as ions
detected by collectors/atoms loaded on the filament) of
NdO could be as high as 30% and thus measurement
reproducibihty (“external precision”) of the "3Nd/"Nd
ratio on amounts of Nd as little as 1 ng could be better than
50 ppm (2 RSD).

With respect to the chemical procedure, currently, one of
the most efficient methods to preconcentrate Sm and Nd in
ultramafic rocks for isotopic determination involves coprecip-
itation with ferric hydroxide, as reported by Sharma et al
(1995) and Sharma and Wasserburg (1996). This method
has been used fo efficiently collect Sm and Nd in about 2-4 g
of highly depleted ultramafic rock. In combination with a high-
sensitivity NdO mass spectrometric technique, this method has
been used fo precisely determine Nd isotopes in highly
depleted ultramafic rock containing as lile as 10 ng g'] of
Nd. However, this method is time-consuming and comp|ex as
pH needs to be held at 9.0 to precipitate Fe(OH)3 whilst
leaving Mg in solution. Shibata and Yoshikawa (2004), on the
other hand, used 6 mol I'' HCI alone to repeatedly leach
ultramafic rock at 110 °C to dissolve olivine and then
decomposed the remaining residue by the conventional
HF + HNO3; + HCIO4 method. Since Mg is mainly leached
out by the 6 mol I HCl before HF is added, the formation of
alarge amount of MgF, is avoided. However, olivine is difficult
to dissolve efficiently with 6 mol I" HCI.

In this study, we describe a highly efficient and low-blank
chemical procedure to completely decompose ultramafic
rocks that yielded high Sm and Nd recovery involving HF
digestion of silicate, HCIO4 decomposition of chromite
(Nakamura and Chang 2007) and then H3BO3 dissolution
of the formed fluorides. By combining this chemical proce-
dure with the high-sensitivity TaFs TIMS NdO and Sm
isofopic measurement method (Chu et al 2009), precise
measurement of Sm and Nd concentrations and Nd isotopic
compositions in highly depleted ultramafic rocks was
successfully realised, without the requirement of the complex
Fe(OH); coprecipitation step. Several ultramafic rock refer-
ence materials, inc|uo|ing USGS PCC-1, DTS-1, DTS-2, DTS-
2b and GSJ JP-1, which contain extremely low amounts of
Sm and Nd (Sm, 0.003-0008 1g g']; Nd, ~001-
003 ng g™') (Govindaraju 1994, Jain et al 2000, Dulski
2001, Raczek et al 2001, Qi et al. 2005, Makishima and
Nakamura 2006, Nakamura and Chang 2007, Sun et al.
2013, Ulrich et al 2012), were measured, and high-
precision Sm-Nd isotopic data were obtained. To the best
of our knowledge, this is the first report of the Sm-Nd isotopic
compositions of these ultramafic rock reference materials
except for PCC-1.

Experimental

An outline of the complete experimental procedure is
given in Figure 1. The following subsections include details
of (1) the preparation of clean reagents and maferic1|s, (2)
sample digestion and chemical separation and (3) mass

spectrometry.
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Figure 1. Outline for the procedure for Sm-Nd isotopic

determination of highly depleted ultramafic rocks.
Reagents and materials

HCl, HF, HNO3 (BV-IIl grade, all from Beijing Institute of
Chemical Reagents) were further purified by sub-boiling
distillation using a Savillex DTS-1000 Teflon apparatus;
70% m/m HCIO4 (Acros, Geel, Belgium) was used without
additional purification. Water (182 MQ cm at 25 °C) from
a Millipore purification system was used. The H3BO3 solution
(3% H3BO3 in 2.5 mol I'' HC) was purified as described in
detail by Chu et al (2009).

TaFs emitter Ta,Os powder (500 mg) (Sinopharm
Chemical Reagent Co, Ltd, Shonghoi, China) was weighed
into a 30 ml Teflon PFA beaker and dissolved with 12 ml
22 mol I'' HF at 100 °C on a hot plate for one week. The
solution was subsequently evaporated to dryness, and the
residue was dissolved with 2 ml 22 mol I"' HF and diluted
to 20 ml with Milli-Q H,O. The resulting solution was passed
through a Bio-rad AG 50W x 12 (200-400 mesh, 2 ml
resin bed) cation-exchange column to remove REEs. The
collected solution was evaporated to dryness again, and the
residue was completely dissolved with 740 pl of purified
22 mol I'" HF. Finally, 540 pl 85% m/m HsPO,4 (Merck,
Darmstadi, Germany) and 945 ul purified 13.5 mol I’
HNO3 were added to the solution. The solution was then
diluted to 40 ml with Milli-Q water.
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1499m-15ONd spike: An enriched '““Sm-"*°Nd spike
with 1149 + 0.3 pmol g'] (n=13, 29 "Sm ("Sm,
97.71%) and 5675 + 0.13 (n =3, 2s) pmol g' "*°Nd
("°Nd, 97.83%) was used for isotope dilution concentration
determination. The spike was calibrated using gravimetric
standards for Sm and Nd during the analytical session.

Neodymium isotopic reference material INdi-1: Neo-
dymium isotopic reference material INdi-1 (Tanaka et ol
2000) solutions of 10 ng g™ and 1 pug g™ were used to

monitor the status of the mass spectrometer.

Cation exchange: Cation-exchange columns (6 mm
id) packed with 2 ml 200-400 mesh AG 50W X 12 resin
were used to separate REE from sample matrix. Eichrom
polypropylene columns (8 mm id) packed with 0.5 ml 50—
100 pm Eichrom-LN resin were used to separate Sm and
Nd from REEs.

Sample digestion

About 300 mg of ultramdfic rock reference materials
and appropriate amounts of '?Sm-""°Nd mixed spike
solution were weighed (both to 0.1 mg precision) into 7 ml
Savillex PFA vials. The added amounts of the spike were
evaluated according fo the previously reported Sm and Nd
concentrations (Govindaraju 1994, Jain et al. 2000, Dulski
2001, Raczek et al. 2001, Qi et al. 2005, Makishima and
Nakamura 2006, Nakamura and Chang 2007, Sun et al.
2013, Ulrich et al. 2012) in these reference materials.

The samples were first dissolved on a hot plate at 100~
120 °C using a mixed acid of 2 ml 22 mol I'" HF, 1 ml
13.5 mol I'" HNO3 and 0.2 ml 70% m/v HCIO,4 for 1 w.
The samples were then evaporated fo dryness, followed by
a further digestion with 2 ml 70% m/m HCIO4 on a hot
plate at 190-200 °C for 3 d. Subsequently, the beaker
was opened fo dry at 190 °C to remove the HF, followed
by treatment with 4 ml 6 mol I'" HCl at about 100 °C
overnight. After the samples were dried again, the residues
were then completely dissolved in a 3-ml 2.5 mol I'" HCI-
3% m/v H3BO3 mixture at 100 °C on a hot plate
ovemight. The amount of the latter solution used for an
ultramafic rock sample was in proportion to the sample size.
For 300 mg of ultramafic rock, about 3 ml 3% m/v H3BO3
solution was enough to completely dissolve the formed
fluorides.

Column chemistry

The resulting sample solutions obtained from the previ-
ous sfep were loaded onfo preconditioned BioRad-AG
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50W x 12 columns for separation of REE from the sample
matrix as described in detail by Li et al (2007), Chu et al
(2009) and Yang et al. (2010).

Cerium, Pr, Nd and Sm were separated by the Eichrom-
LN chromatographic columns (Pin and Santos Zalduegui
1997). The columns were precleaned with 10 ml Milli-Q
H,O, 15 ml 6 mol I'' HCl and 10 ml Mill-Q H,O and
then conditioned with 5 ml 0.18 mol I'' HCl. The REE
fractions obtained from the cation-exchange column step
were dried, taken up with 0.4 ml 0.18 mol I"" HCl and then
loaded onto the LN columns. After rinsing four times with
0.5 ml 0.18 mol I'" HCl, the La, Ce and about 70% of Pr
were eluted with 18 ml 0.18 mol I"" HCI. Subsequently, the
Nd was eluted with 3 ml 0.3 mol I'" HCl. The fraction of Nd
also contained ca. 30% of Pr, less than 1% of Ce and no
defectable Sm. The Sm was then eluted with 3 ml
0.6 mol I HCl. The recovery yields of Nd and Sm during
this step were greater than 80% and 95%, respectively.

Instrumentation

An IsoProbe-T thermal ionisation mass spectrometer
(Isotopx company, former|y GV Instruments, Eng|ono|),
installed at the Institute of Geology and Geophysics, Chinese
Academy of Sciences IGGCAS), was used in this study.

A tungsten ribbon (0.03 mm thick, 0.72 mm wide and
99.95% pure, H. Cross Company) was used for the Nd and
Sm isotopic determinations. Al the filaments were prede-
gassed in a degassing machine prior to sample loading.

Nd isotopic measurements
Neodymium isofopes were defermined as NdO" using

a single tungsten filament and using TaFs as an ionisation
activator, as described in detail by Chu et al (2009).

The cup configuration employed for NdO* measure-
ment is shown in Table 1. The peaks of masses 156, 157
and 170 were measured to monitor and correct the CeO",
PrO* and SmO™ interferences (on NdO™). "*°Nd'°O was
not measured in this study; instead, '4°Nd/'**Nd = 0.3484
was used for oxygen correction calculations (Harvey and
Baxter 2009). This is reasonable for the following reasons:
(1) the on|y inferfering effect of "*°Nd is the very small
145Nd"7 O interference on '*°Nd'°O; (2) for spiked Nd
samples, the small amounts of 5N in the highly enriched

1%0Nd spike caused only very small changes in the
142Nd/T*4Nd ratio.

The data reductions included corrections of isobaric
interferences (e.g, '*'Pr'0 on '*3*Nd'®0), oxygen correc-
tions (ie, reduction of NdO isotopic ratios to Nd isotopic
ratios), spike subtractions and finally corrections for mass
fractionation using '“°Nd/'**Nd = 07219. The data
reductions were performed online using a self-written
embedded program cycle by cycle. The oxygen isotopic
raios  used for the data  reduction  were
170/'%0 = 0000383 and '80/'°O = 0002072, which
were based on the measurements of high-purity Pr as PrO
during the analytical period of this study.

During the period of data collection, the measured
values for the reference material  INdi-1  were
14Nd/"Nd = 0512117 £ 10 (25, n=8), consistent
with the published value (0512115 + 7 (1), Tancka et al.
2000).

Sm isotopic measurements

Samarium isofopes were defermined as Sm”, also using
a single W filament with TaFs as an ion emitter, as described
by Chu etal (2009). The cup configuration for Sm*

measurement is also shown in Table 1. The method has

Table 1.
Cup configuration for NdO and Sm isotopic measurements
| 12 [ a [ w1 | w2 H3 | Ha | Hs | He | w7
NdO™ measurements
Mass 156 157 158 159 160 162 164 166 170
Maior isotopes 100 160 1416 142g160  43Nd100 N0 TONdTeO0 MBNdT0 TSONdT6O 154Sm'0
Maijor interferences 138841 9F 142¢cele0 “INd'70 0 M2Nd'%0 0 TNd'Bo 0 T*eNd'®0 T*BNd'80
141p170 141p,18¢y 143470 145070

Sm measurements
Mass 144 146 147 148 149 150 152 154 155
Maijor isotopes 1445m 146Nd 1475m 1485m 149m 1505m 1529m 1545m 155Gd
Potential 130Bq%F 13¢ce’e0

interferences 136gq'e0

1524
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also very high sensitivity and can determine Sm  isotopic
compositions down to < 107" g with high precision (2
RSD < 0.1%).
corrected for mass fractionation using a value for

1526m/1%Sm of 0.56081 (Chu et al. 2009).

Measured  '“7Sm/'*’Sm  ratios  were

Results and discussion

Total procedural blanks

A very low total procedural blank level is the prerequisite
for reliable Sm-Nd isotopic deferminations from highly
depleted ultramafic rocks containing extremely low amount
of Sm and Nd. When Teflon sub-boiling distilled HF, HNO3,
HCl and Acros HCIO4 were used, and the procedure
described in the Experimental secfion was used to purify the
H3BO3 solution and the TaFs emitter, typical total procedural
blank values of Sm and Nd, including sample decompo-
sition, HCIO,4 decomposiﬁon step, H3BO3 dissolution step,
column chemistry and mass spectrometry, were found to be
mostly lower than 5 pg and 15 pg, respectively. The total
Sm and Nd amounts in the ultramafic rock reference
materials analysed here were higher than 0.9 ng for Sm
and 3.6 ng for Nd, respectively. The blank contributions on
Sm and Nd for these samples were thus less than 0.5%.
Consequently, the blank effect on Sm and Nd concentration
and Nd isotope determination of these highly depleted
ultramafic rocks should be insignificant.

PrO interferences and oxygen corrections during
NdO measurement

When the NdO" method is used for Nd isotopic
measurement, it is necessary to correct for REE'® 0" and
REE'’O" interferences (Table 1) and possib|y the SmO™,
NdF" and HREE (Gd, Th, Dy, Er) interferences on the measured
NdO* abundances (Li et al 2007, Chu et al. 2009). By using
the chemical purification method as described in the Exper-
imental section, Sm and HREEs were separated completely
from Nd and only less than 1% of Ce remained in the Nd
fraction. Thus SmO and HREE interferences were negligible
and CeO had a significant interference on '“?NdO only.
Furthermore, since no detectable signal could be found af
mass 169 ("*°Nd'F) when a "*°Nd spike was measured
with the W + TaFs sample loading method, the formation of
NdF" was judged to be negligible. However, about 30% of Pr
remained in the Nd fraction when Nd recovery was 80%
during the LN column separation step in this study. Therefore,
accurate correction of '#'Pr'80 interference (on '**Nd'¢0)
is very important. Additionally, the oxide interferences
between NdO isofopes (eg, '*’Nd'8O interference on
144Nd'°0) are also significant.

The oxygen isotope ratios, '80/'°0O and '70/'0, are
used for isobaric corrections between Nd oxide masses
(oxygen corrections) and the '*'Pr'80 interference correc-
fion (on '*3Nd'®0), so the reliability and accuracy for Nd
isotopic defermination as NdO™ are highly dependent on
the values of '80/'®0 and '70O/'°O that are used for
oxygen and PrO corrections. In the literature, 180/ 'O ratios
vary by up to 6.85% (Griselin et al 2001, Li et al. 2007,
Chu et al 2009, Harvey and Baxter 2009), depending on
the oxygen resernvoir used for analysis and the analytical
method. The observed scattering in the oxygen isotope data
is big enough to significantly influence the oxygen and PrO
corrections. Since oxygen isofopic composition is variable in
nature as well as in the laboratory during the sample
treatment, the ideal isobaric interference correction should
be done using oxygen isotopic rafios measured in run
during the sample measurement (Luguet et al. 2008).
However, high-precision measurement of '7O/'®O and
180/"°0 in run during NdO measurement is very difficult to
achieve. Alternatively, Liu et al (2000) report a method
involving the introduction of '®O-enriched oxygen info the
ion source chamber during NdO measurement. Neverthe-
less, it is possible that the oxygen forming the oxide species
may come from the oxygen-bearing compounds loaded on
the filament and it is difficult to ultimately remove the natural

oxygen remaining in the ion source.

Here, we discuss in detail the impact of PrO interferences
and oxygen corrections on the precision and accuracy of the
143Nd/"Nd ratio. First, due to some Pr remaining in the Nd
dno|yte, the "*'Pr'®0/"*“Nd 'O ratios were as hign as ca.
0.2-0.5 during our NdO mass spectrometric measurement
(Tables 2 and 3). This PrO interference level would shift
143Nd" 0/ "4Nd 'O about +400 ppm to +1000 ppm
due to the interference of '*'Pr'80 (on "**Nd'¢0). Accord-
ingly, 1% variation of '80/"®O will lead to a 4-10 ppm
variation on the final PrO-corrected '“3Nd/'*“Nd values
(the "*®Ba'“F interference on '*'Pr'®0O was found to be
insignificant). For oxide isobaric inferferences between Nd
oxide isotopes (Table 1), the '“2Nd'80 and '**Nd'’O
inferferences (on '*Nd'0), the "*2Nd '’ O interference (on
143Nd"°0) and the "**Nd 80 and '**Nd'”O interferences
(on "eNd'°0) will totally shift '**Nd'°0/"**Nd 'O and
146Nd'e0/*Nd O about -874 ppm and +355 ppm,
respectively. By uncertainty magnification calculation based
on oxygen correction equations, a 1% variation in '80/!'O
and a 2% variation in '7O/1°0 will cause uncertainties in
the final fractionation-corrected "*3Nd/'““Nd ratio of about

12 ppm (2s) and 7 ppm (2s), respectively.

It should be pointed out that, when the W + TaFs

sqmp|e |ooding method is used, the NdO measurement is

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 65
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Table 2.
Sm and Nd isotopic results for USGS BCR-2 and BHVO-2
Analysis No.® 11‘114Pr;‘:'6 Sm(ng g') | Nd (ug g') ['*7Sm/"**Nd|"*3Nd/"**Nd 2SEP
O/'"*Nd'°0
BCR-2 1 03 6.560 2874 0.1380 0.512649 0.000009
2 02 6.559 28.76 0.1378 0512629 0.000008
3 0.4 6.555 2873 0.1380 0.512664 0.000005
4 03 6.563 28.69 0.1382 0512631 0.000008
5 0.14 6.566 2878 0.1379 0.512634 0.000007
Mean + 25 6561 + 0008 2874 + 007 0.1380 + 0.0003 0.512641 + 0000030
A 6.57 287
(8) 0512637 + 0.000012
(259
BHVO-2 1 05 6074 24.56 0.1496 0.513002 0.00001
2 0.4 6077 24.57 0.1495 0.512969 0.000006
Mean + 25° 6075 + 0004 2456 + 001 01495 + 00001 0.512986 + 0.000047
® 607 245

®)

0.512984 + 0.000011
(259

9 Each analysis means that a different ~ 50 mg aliquot of BCR-2 or BHVO-2 powder was analysed. ® 2SE is the absolute error value of the individual sample

analyses and is reported as times 10, € 2s is the 2 standard deviation value of the individual reference material analyses and reported as times 10°. (A) Data

from Raczek et al. (2001), (B) Data from Weis et al. (2006).

conducted without the requirement of extra introduction of
oxygen into the ion source (Chu et al 2009). Therefore, the
oxygen-bearing compounds in the TaFs emitter are prob-
ably the main source of oxygen forming the NdO™ ions.
Consequenﬂy, for a batch of ToF5 emitter, the measured
80/1°0 and '7O/'®O values are kept in relative
constancy for a long period. The oxygen isotopic ratios
were measured using a high-purity Pr ICP standard solufion
in this study and the values of measured oxygen isotopic
ratios  were normally:  '80/'°0 = 0002072  and
170/'°0 = 0000383. Although similar to the results of
Harvey and Baxter (2009), a slight drift (normally < 1.09%) of
the oxygen isotope ratios with time during a PrO measure-
ment run was commonly observed due to the isotope
fractionation effect, the long-term measurement reproduc-
ibility (external precision) of '80/'°O and '70/'°O mea-
sured by the PrO method in this study was normally found to
be better than 1.0% (2 RSD) and 2.0% (2 RSD), respectively.
At this "80/1°0O and 70/"®0 precision level, the uncer-
tainty on the final "*3Nd/'**Nd ratio should be less than
10 ppm (2s) resulting from the PrO correction when
14Tpr/144Nd < 0.5 and 14 ppm (2s) resulting from oxygen
corrections, based on uncertainty propagation; both are less
than the long-ferm precision on '“*Nd/'**Nd (< 50 ppm 2
RSD for < 10 ng sample size). Accordingly, with respect to
the PrO interference, and similar to previous reports (Li et al
2007, 2011, Chu et al 2009), the small amount of Pr
remaining in the Nd fraction had an insignificant effect on
Nd isotopic measurements. In fact, although normally the Pr/
Nd ratio decreased gradually during a Nd sample analysis
run, no obvious correlation between the PrO interference-

corrected '**Nd/'**Nd and the Pr/Nd ratios could be
found, also indicating that the PrO interference correction is
generally robust when the W filament + TaFs sample
loading method is used.

In this study, USGS BCR-2 and BHVO-2 were analysed
to further check the reliability of the whole chemical
procedure and the mass spectrometry. As shown in Table 2,
the NdO measurement method gave Nd isotopic results
with high precision and accuracy even when the
TP 160/ TN O rafio was as high as 0.5, further
confirming that the PrO and oxygen corrections in this study
are reliable.

Isobaric interferences for Sm measurement

As described in the Experiment0| section, with the Sm™
method, '°?Sm/'#’Sm ratio was used for the isofope
fractionation correction and '?Sm/'*’Sm was used for
the isotope dilution calculation. '°?Gd, '3®Ba'®O and
136Ce 0 could possibly affect 1526 (Table 1). Amongst
these, Gd should have been almost completely removed by
the two stage column chemistry. Furthermore, Gd was found
to be mainly ionised as oxide ions with the W + TaFs
loading method. In addition, the abundance of '*?Gd was
very low (only 0.2%). Therefore, the potential isobaric
interference of '"2Gd (on '°2Sm) was negligible. With
respect fo the CeO interferences, it was found that minor Ce
might remain in the Sm fraction, but normally the '%°Ce'®O
signal was low (*°Ce!®0/'%2Sm < 0.1). Since the abun-
dance of "¥°Ce was very low (only 0.185%), the '*°Ce'®0O
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g2 interference (on '°?Sm) was also negligible. For the BaO
2
g g interferences, minor Ba might also remain in the Sm fraction,
2, o § since a '*®Ba signal could sometimes be found during Sm
w
~« |8 8 52 measurements (Ba may also have been derived from the
= 0
é § _§ 3 tungsten filament). However, the "3°Ba'®O interference (on
i 2‘ i ’:?\‘; —§ (CQ‘) ]525m) could also be ignored since it was found that the Ba
- |3 8 o g was ionised dominantly as Ba™ with the W + TaFs sample
b4 N N = g
I E g e loading method, whilst the production of BaO" was
= ) ) ]
'\o © © —§ _ZU neg|igib|e. Thus the BaO interference (on ]SQSm) was also
,,,Z § 5 insignificont 13041 7F could possib|y affect MQSm; however,
< o O
- 2k since the production of BaF" during Sm determination was
2 E found to be insignificant and at the same time the
o 130, 9
23 abundance  of Ba was very low (only 0.106%),
= ™ =X
mE-zc 29 the '39Ba'F inferference (on '*?Sm) was also negligible.
[N e}
53 PR The Sm analyfical results for BCR-2 and BHVO-2 are
2~ e consistent with published data (Table 2), confirming that our
S o g g Sm measurement method is reliable.
%) —~ <o) ..:C_S —
T |~ S 88 5o . . )
T s 8 o8 e 8 Analytical results for Sm-Nd isotopes from highly
- e Hy S g N .
S 12 |, . 2483 2 £33 depleted ultramafic rock reference materials
Z e N RNeaQX g A
o ] N N N O O o o &
o 4 =) =) Q@ ocogo 2 <
< ° ° Zdau g% As emphasised above, due to the high MgO content
Q
o & & =8 and the presence of some refractory minerals such as
[} = =
MEEN ) S T chromite in ultramafic rocks, it is difficult to completely digest
) 8 . Q e} —_
o g ST E 2 8 E I these rocks to achieve high recovery yields of Sm and Nd.
= saQh | 258
o |2 |z =z 38 g S 'é § 87 Nonetheless, it has been reported that chromite can be
& 0 v Q9 owol Z )
g & g8 8 go9o8 8 5 g g efficiently dissolved by HCIO4 at 190-200 °C over several
o o - U Ao =
o < 585 days (Nakamura and Chang 2007) and fluoride (mainl
£ 2 9 y
ERR Yy % g= MgF2) formed during the HF dissolution step can be
o - ¢ %o
o 3 238 efficiently dissolved by H3BO3 (Pin and Santos Zalduegui
o S e .
= |53 $383 1997, Chu et al 2009, Sun et al 2013). Accordingly, by
o |-~ 5 g O . .
- = £ S« applying the HCIO, treatment step and using H3BO3 to
S X & 8
= ? o 8&‘% 3 completely dissolve the fluorides formed (Figure 1), very clear
2 |22 <3g sample solutions lacking residues were obtained for all the
< ) To2
= [3 ¢ so highly depleted ultramafic rock reference samples analysed
CES 538
w | 2D i in this study. This very probably ensured complete sample
c < £
o (27 Z%5 % digestion and thus high Sm and Nd recovery yields.
= o [}
2 3963 \"El% = Consequently, by combining the complete sample dissolu-
g' §~—: x 50 tion, high-efficiency column chemistry and the high-sensitivity
S ) 528 NdO and Sm mass spectrometric measurement method
o o
= £ S (Chu et al 2009), high-precision Sm-Nd isotopic data of
-g °B g 53 highly deplefed ultramafic rock reference materials which
o~ g
Lﬁ %§ T =g contain extremely low amount of Sm and Nd (down to sub
o = o . -1
Z |wE o £ ng g''), such as JP-1, DTS-1, DTS-2, DTS-2b and PCC-1,
! E wm
E 5 S&g were obtained (Table 3).
. o o N
N o —~ 5"
T2 |a < o3
> e, g En® As shown in Table 3 and Figure 2, the analytical results
£3 |28 g 5Es
T2 |22 |x = g2 for Sm and Nd are different from previously reported values
1 = 0 w
*g_u < § _>§ 2T far beyond analytical uncertainty. In general, the high-
A t O
™2 o |3 § B S sensitivity Sm-Nd ID-TIMS method in this study resulted in
%’_; g‘ z’ 3 é_g g’ more precise Sm and Nd concentration data (Table 3,
[= = < =
e & [0 & s 50 Figure 2). Despite this, the differences of Sm and Nd
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concentrations in these ultramafic rock reference materials for
duplicate analyses are sometimes well beyond analytical
uncertainty of about 1% for the ID-TIMS method (Raczek
et al. 2001) (Table 3, Figure 2). In por’ricu|0r, the maximum
differences of duplicate analyses were up to 4% for JP-1 and
8% for DTS-2b. These differences are probably due to the
inhomogeneity of the low levels of REEs in these rocks (Sun
et al 2013).

The Sm and Nd concentrations obtained in this study for
PCC-1 (here referred to split 2) were slightly higher than
those measured by Chu et al (2009) (here referred to split
1) (Table 3, Figure 2). Because splits 1 and 2 were from
different batches of PCC-1, it is possible also that the
differences in their Sm and Nd concentrations are due to
sample heterogeneity.

Consistent with previous reports (Raczek et al 2001,
Nakamura and Chang 2007), DTS-2 gave much lower Sm
and Nd concentrations than DTS-1 (Table 3, Figure 2). It is
found in this study that they also differed in Nd isotopic
composition (Table 3, Figure 3). However, DTS-2b showed
similar Sm and Nd concentrations and Nd isotopic compo-
sition to DTS-2 (Figures 2 and 3, Table 3). In addition, the
measurement reproducibility for Nd isotopes from DST-2
and DTS-2b from duplicate analyses was relatively large (2

RSD > 100 ppm), well beyond the general reproducibility
for "*3Nd/"**Nd on < 10 ng Nd found in this study (about
50 ppm, 2 RSD) (Figure 3). Furthermore, there is a rough
positive correlation between the Sm/Nd and Nd isotopic
compositions (Figure 4). These lines of evidence taken
together also probably indicate sample heterogeneity in
reference materials DTS-2 and DTS-2b.

Conclusions

In this study, methods were developed to defermine
precisely Sm and Nd concentrations and Nd isotopic
compositions in highly depleted ultramafic rocks. Ultramafic
rock samples were first digested using the conventional
HF + HNO3; + HCIO4 method, followed by complete
digestion of chromite in the samples using HCIO,4 at 190~
200 °C and then complefe dissolution of fluoride formed
during the HF decomposition using HzBO3. By using these
digestion steps, very clear sample solutions without visible
residues were finally obtained, and thus high Sm and Nd
recovery yields were achieved. By combining this chemical
procedure with the high-sensitivity NdO and Sm  isotopic
determination method, using a tungsten filament with TaFs
as an ion emitter, high-precision Sm-Nd isotopic defermina-
tion in highly depleted ultramafic rocks was successfully
achieved, without the requirement of the complex Fe(OH);

JP-1 DTS-1 DTS-2, DTS-2b PCC-1
0.0090 + 0.0046 0.0034 0.0070 %
N o
= o 0.0032 0.0065 1
© 0.0085 0.0044
o ° 0.0060 +
* a
= o . 0003 Z=g0 =2===
£ e 2 - - - s ©°=3 0.0055 | 55 x
l--*-- 1 ' n
v 0.0080 — 0.0042 Y A [ ] 0.0026 ] o0 N [Ye)
. . ' 0.0050
A n X - A
0.0075 0.004 0.0026 0.0045
0.036 0.0255 0.0141 0.033
X A
. 0.02451 o ¢
. 0.034 R 0.0136{ & o o 0.031
T
o + 0.0235 - ---- _
2 0.032 . o P A X 001311 — __0O -=0 == o020 {¥%
= | z==== | - P
3 o5~ 0.0225 :f — o o 00‘ x ® =
0.030 - 0.0126- 027 +
0 a 0.0215- ° . 0027 o
A
0.028 : 0.0205 0.0121 . . 0.025
0 5 10 0 5 10 0 5 10 0 5 10 15
Data point

Figure 2. Sm and Nd concentrations in highly depleted ultramafic reference materials. Solid diamonds (¢) represent
data obtained in this study for JP-1, DTS-1, DTS-2 and PCC-1-split 2. Open diamonds () represent data for DTS-2b
obtained in this study and for PCC-1-split 1 from Chu et al. (2009). Other data source: A, Jain et al. 2000; x, Olive
et al.2001; +, Dulski 2001; o, Raczek et al. 2001; *, Shibata and Yoshikawa 2004; A, Qi et al. 2005; ¢, Makishima
and Nakamura 2006; o, Nakamura and Chang 2007; —, Ulrich et al. 2012; m, Sun et al. 201 3. Solid horizontal lines
represent mean value of data in this study for each reference material. The dotted lines define the range of generally
accepted reproducibility (2 RSD, 1%) for ID-TIMS analyses.
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Figure 3. Analytical results for Nd isotopes in highly depleted uliramafic reference materials. Solid horizontal lines
represent the mean value for each reference material. The bars give the in-run uncertainties. The shaded bands
represent the uncertainty estimated as 2s. The dotted lines define the range of generally accepted reproducibility (2

RSD, 50 ppm) for Nd isotopic determinations on < 10 ng sample size.

high-precision Sm and Nd concentration and Nd isotopic

051263 data consistent with reported values were obtained, indicat-
I 1 ing that the whole chemistry procedure and mass spectrom-
0.51259 T T etry method are reliable. This is the first report of Sm-Nd
- isotope data in these ultramafic reference moteria|s, except
§ 1 %} for PCC-1. It is possible that the frace amounts of Sm and Nd
3 0512561 are distributed inhomogeneously in some ultramafic rock
gz, reference materials.
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