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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 + HClO4

method, followed by the complete digestion of chromite
in the samples using HClO4 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 TaF5 as an ion emitter. Several highly depleted
ultramafic 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-1 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.

Keywords: ultramafic rocks, sample digestion, isotope dilution
thermal ionisation mass spectrometry, isotope ratios,
reference materials.

Dans cette �etude, une m�ethode de haute pr�ecision pour
la d�etermination des concentrations en Sm et Nd et des
compositions isotopiques du Nd, sans �etape de pr�e-
concentration pr�ealable, dans les roches ultramafiques
fortement appauvries est pr�esent�ee. Les �echantillons sont
d’abord dig�er�es avec le proc�ed�e classique associant HF +
HNO3 + HClO4, suivie de la digestion compl�ete de la
chromite des �echantillons en utilisant HClO4 �a 190–
200 °C, puis de la dissolution compl�ete du fluorure form�e
au cours de l’�etape de d�ecomposition au HF et ceci �a
l’aide de H3BO3. Ces �etapes ont permis la digestion
compl�ete des roches ultramafiques. Les terres rares (REE)
ont �et�e s�epar�ees de la matrice de l’�echantillon en utilisant
la chromatographie classique d’�echange de cations;
ensuite, Sm et Nd ont �et�e s�epar�es en utilisant les colonnes
LN. Les isotopes du n�eodyme ont �et�e d�etermin�es comme
NdO+ alors que les isotopes du Sm ont �et�e mesur�es
comme Sm+, tous les deux avec une tr�es grande
sensibilit�e �a l’aide de simples filaments au tungst�ene et
avec TaF5 comme �emetteur d’ions. Plusieurs roches
ultramafiques de r�ef�erence fortement appauvries dont
USGS DTS-1, DTS-2, DTS-2b, PCC-1 et GSJ JP-1, qui
contiennent des quantit�es extrêmement faibles de Sm et
Nd (jusqu’�a des teneurs de l’ordre du ng g-1), ont �et�e
analys�ees, et des concentrations en Sm et Nd ainsi que
des donn�ees isotopiques du Nd de haute pr�ecision ont
�et�e obtenues. Il s’agit des premiers r�esultats concernant
les compositions isotopiques en Sm-Nd de ces roches
ultramafiques de r�ef�erence �a l’exception de PCC-1.

Mots-clés : roches ultramafiques, digestion d’�echantillon,
spectrom�etrie de masse �a ionisation thermique et dilution,
isotopique, rapports isotopiques, mat�eriaux de r�ef�erence.Received 28 Nov 12 – Accepted 27 Feb 13

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

It is well known that Sm and Nd isotopes are very important
tracers in constraining the origin and petrogenesis 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 lg g-1 to several ng g-1) (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 strongly
partitioned into fluorides (mainly MgF2) produced by
HF + HNO3 + HClO4 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
often clog the cation-exchange columns used for the
separation of rare earth elements from the sample matrix;
(3) some accessory minerals such as chromite found in some
ultramafic rocks are difficult to completely digest using
HF + HNO3 + HClO4 (Jain et al. 2000, Nakamura 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 isotopic 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 TaF5 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
reproducibility (“external precision”) of the 143Nd/144Nd
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 to efficiently collect Sm andNd in about 2–4 g
of highly depleted ultramafic rock. In combination with a high-
sensitivity NdOmass spectrometric technique, this method has
been used to precisely determine Nd isotopes in highly
depleted ultramafic rock containing as little as 10 ng g-1 of
Nd. However, this method is time-consuming and complex as
pH needs to be held at 9.0 to precipitate Fe(OH)3 whilst
leavingMg in solution. Shibata and Yoshikawa (2004), on the
other hand, used 6 mol l-1 HCl alone to repeatedly leach
ultramafic rock at 110 °C to dissolve olivine and then
decomposed the remaining residue by the conventional
HF + HNO3 + HClO4 method. Since Mg is mainly leached
out by the 6 mol l-1 HCl before HF is added, the formation of
a large amount ofMgF2 is avoided. However, olivine is difficult
to dissolve efficiently with 6 mol l-1 HCl.

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, HClO4 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 TaF5 TIMS NdO and Sm
isotopic 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)3 coprecipitation step. Several ultramafic rock refer-
ence materials, including USGS PCC-1, DTS-1, DTS-2, DTS-
2b and GSJ JP-1, which contain extremely low amounts of
Sm and Nd (Sm, 0.003–0.008 lg g-1; Nd, ~ 0.01–
0.03 lg g-1) (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 materials, (2)
sample digestion and chemical separation and (3) mass
spectrometry.
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Reagents and materials

HCl, HF, HNO3 (BV-III 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 HClO4 (Acros, Geel, Belgium) was used without
additional purification. Water (18.2 MΩ cm at 25 °C) from
a Millipore purification system was used. The H3BO3 solution
(3% H3BO3 in 2.5 mol l-1 HCl) was purified as described in
detail by Chu et al. (2009).

TaF5 emitter: Ta2O5 powder (500 mg) (Sinopharm
Chemical Reagent Co., Ltd, Shanghai, China) was weighed
into a 30 ml Teflon PFA beaker and dissolved with 12 ml
22 mol l-1 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 l-1 HF and diluted
to 20 ml with Milli-Q H2O. The resulting solution was passed
through a Bio-rad AG 50W 9 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 ll of purified
22 mol l-1 HF. Finally, 540 ll 85% m/m H3PO4 (Merck,
Darmstadt, Germany) and 945 ll purified 13.5 mol l-1

HNO3 were added to the solution. The solution was then
diluted to 40 ml with Milli-Q water.

149Sm-150Nd spike: An enriched 149Sm-150Nd spike
with 114.9 � 0.3 pmol g-1 (n = 3, 2s) 149Sm (149Sm,
97.71%) and 56.75 � 0.13 (n = 3, 2s) pmol g-1 150Nd
(150Nd, 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 JNdi-1: Neo-
dymium isotopic reference material JNdi-1 (Tanaka et al.
2000) solutions of 10 lg g-1 and 1 lg g-1 were used to
monitor the status of the mass spectrometer.

Cation exchange: Cation-exchange columns (6 mm
i.d.) 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 i.d.) packed with 0.5 ml 50–
100 lm Eichrom-LN resin were used to separate Sm and
Nd from REEs.

Sample digestion

About 300 mg of ultramafic rock reference materials
and appropriate amounts of 149Sm-150Nd 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 to 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 l-1 HF, 1 ml
13.5 mol l-1 HNO3 and 0.2 ml 70% m/v HClO4 for 1 w.
The samples were then evaporated to dryness, followed by
a further digestion with 2 ml 70% m/m HClO4 on a hot
plate at 190–200 °C for 3 d. Subsequently, the beaker
was opened to dry at 190 °C to remove the HF, followed
by treatment with 4 ml 6 mol l-1 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 l-1 HCl–
3% m/v H3BO3 mixture at 100 °C on a hot plate
overnight. 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 step were loaded onto preconditioned BioRad-AG

~ 0.3 g samples
149Sm-150Nd spike 

AG 50W*12
200–400 mesh
Separation REE

LN columns
Separation Sm, Nd

Sample
preparation

Chemical
separation

Mass
spectrometry

2 ml HF+1 ml HNO3
+ 0.2 ml HClO4

120 °C, one week 

Measured as NdO+
Sm: W+TaF5

Evaporation

Complete dissolution
of fluoride

Measured as Sm+
Nd: W+TaF5

Decomposition
of chromite

Evaporation
at 190 °C

Evaporation
Heated to 180 °C

2 ml HClO4
190–200 °C, 3 days 

4 ml 6 mol l-1 HCl
100 °C, overnight 

3 ml 3% H3BO3
in 2.5 mol l-1 HCl
100 °C, overnight 

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

determination of highly depleted ultramafic rocks.
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50W 9 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
H2O, 15 ml 6 mol l-1 HCl and 10 ml Milli-Q H2O and
then conditioned with 5 ml 0.18 mol l-1 HCl. The REE
fractions obtained from the cation-exchange column step
were dried, taken up with 0.4 ml 0.18 mol l-1 HCl and then
loaded onto the LN columns. After rinsing four times with
0.5 ml 0.18 mol l-1 HCl, the La, Ce and about 70% of Pr
were eluted with 18 ml 0.18 mol l-1 HCl. Subsequently, the
Nd was eluted with 3 ml 0.3 mol l-1 HCl. The fraction of Nd
also contained ca. 30% of Pr, less than 1% of Ce and no
detectable Sm. The Sm was then eluted with 3 ml
0.6 mol l-1 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, formerly GV Instruments, England),
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. All the filaments were prede-
gassed in a degassing machine prior to sample loading.

Nd isotopic measurements

Neodymium isotopes were determined as NdO+ using
a single tungsten filament and using TaF5 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+). 145Nd16O was
not measured in this study; instead, 145Nd/144Nd = 0.3484
was used for oxygen correction calculations (Harvey and
Baxter 2009). This is reasonable for the following reasons:
(1) the only interfering effect of 145Nd is the very small
145Nd17O interference on 146Nd16O; (2) for spiked Nd
samples, the small amounts of 145Nd in the highly enriched
150Nd spike caused only very small changes in the
145Nd/144Nd ratio.

The data reductions included corrections of isobaric
interferences (e.g., 141Pr18O on 143Nd16O), oxygen correc-
tions (i.e., reduction of NdO isotopic ratios to Nd isotopic
ratios), spike subtractions and finally corrections for mass
fractionation using 146Nd/144Nd = 0.7219. The data
reductions were performed online using a self-written
embedded program cycle by cycle. The oxygen isotopic
ratios used for the data reduction were
17O/16O = 0.000383 and 18O/16O = 0.002072, 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 JNdi-1 were
143Nd/144Nd = 0.512117 � 10 (2s, n = 8), consistent
with the published value (0.512115 � 7 (1s), Tanaka et al.
2000).

Sm isotopic measurements

Samarium isotopes were determined as Sm+, also using
a single W filament with TaF5 as an ion emitter, as described
by Chu et al. (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

L2 Ax H1 H2 H3 H4 H5 H6 H7

NdO+ measurements
Mass 156 157 158 159 160 162 164 166 170
Major isotopes 140Ce16O 141Pr16O 142Nd16O 143Nd16O 144Nd16O 146Nd16O 148Nd16O 150Nd16O 154Sm16O
Major interferences 138Ba19F 142Ce16O 142Nd17O 142Nd18O 144Nd18O 146Nd18O 148Nd18O

141Pr17O 141Pr18O 143Nd17O 145Nd17O

Sm measurements
Mass 144 146 147 148 149 150 152 154 155
Major isotopes 144Sm 146Nd 147Sm 148Sm 149Sm 150Sm 152Sm 154Sm 155Gd
Potential
interferences

130Ba19F 136Ce16O
136Ba16O
152Gd
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also very high sensitivity and can determine Sm isotopic
compositions down to < 10–11 g with high precision (2
RSD < 0.1%). Measured 149Sm/147Sm ratios were
corrected for mass fractionation using a value for
152Sm/147Sm of 0.56081 (Chu et al. 2009).

Results and discussion

Total procedural blanks

A very low total procedural blank level is the prerequisite
for reliable Sm-Nd isotopic determinations from highly
depleted ultramafic rocks containing extremely low amount
of Sm and Nd. When Teflon sub-boiling distilled HF, HNO3,
HCl and Acros HClO4 were used, and the procedure
described in the Experimental section was used to purify the
H3BO3 solution and the TaF5 emitter, typical total procedural
blank values of Sm and Nd, including sample decompo-
sition, HClO4 decomposition 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 REE18O+ and
REE17O+ interferences (Table 1) and possibly the SmO+,
NdF+ andHREE (Gd, Tb, Dy, Er) interferences on themeasured
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 142NdO only.
Furthermore, since no detectable signal could be found at
mass 169 (150Nd19F) when a 150Nd spike was measured
with the W + TaF5 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 141Pr18O interference (on 143Nd16O)
is very important. Additionally, the oxide interferences
between NdO isotopes (e.g., 142Nd18O interference on
144Nd16O) are also significant.

The oxygen isotope ratios, 18O/16O and 17O/16O, are
used for isobaric corrections between Nd oxide masses
(oxygen corrections) and the 141Pr18O interference correc-
tion (on 143Nd16O), so the reliability and accuracy for Nd
isotopic determination as NdO+ are highly dependent on
the values of 18O/16O and 17O/16O that are used for
oxygen and PrO corrections. In the literature, 18O/16O 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 reservoir 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 isotopic 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 ratios measured in run
during the sample measurement (Luguet et al. 2008).
However, high-precision measurement of 17O/16O and
18O/16O in run during NdO measurement is very difficult to
achieve. Alternatively, Liu et al. (2000) report a method
involving the introduction of 16O-enriched oxygen into 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/144Nd ratio. First, due to some Pr remaining in the Nd
analyte, the 141Pr16O/144Nd16O ratios were as high as ca.
0.2–0.5 during our NdO mass spectrometric measurement
(Tables 2 and 3). This PrO interference level would shift
143Nd16O/144Nd16O about +400 ppm to +1000 ppm
due to the interference of 141Pr18O (on 143Nd16O). Accord-
ingly, 1% variation of 18O/16O will lead to a 4–10 ppm
variation on the final PrO-corrected 143Nd/144Nd values
(the 138Ba19F interference on 141Pr16O was found to be
insignificant). For oxide isobaric interferences between Nd
oxide isotopes (Table 1), the 142Nd18O and 143Nd17O
interferences (on 144Nd16O), the 142Nd17O interference (on
143Nd16O) and the 144Nd18O and 145Nd17O interferences
(on 146Nd16O) will totally shift 143Nd16O/144Nd16O and
146Nd16O/144Nd16O about -874 ppm and +355 ppm,
respectively. By uncertainty magnification calculation based
on oxygen correction equations, a 1% variation in 18O/16O
and a 2% variation in 17O/16O will cause uncertainties in
the final fractionation-corrected 143Nd/144Nd ratio of about
12 ppm (2s) and 7 ppm (2s), respectively.

It should be pointed out that, when the W + TaF5
sample loading method is used, the NdO measurement is

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 6 5



conducted without the requirement of extra introduction of
oxygen into the ion source (Chu et al. 2009). Therefore, the
oxygen-bearing compounds in the TaF5 emitter are prob-
ably the main source of oxygen forming the NdO+ ions.
Consequently, for a batch of TaF5 emitter, the measured
18O/16O and 17O/16O values are kept in relative
constancy for a long period. The oxygen isotopic ratios
were measured using a high-purity Pr ICP standard solution
in this study and the values of measured oxygen isotopic
ratios were normally: 18O/16O = 0.002072 and
17O/16O = 0.000383. Although similar to the results of
Harvey and Baxter (2009), a slight drift (normally < 1.0%) 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 18O/16O and 17O/16O 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 18O/16O and 17O/16O precision level, the uncer-
tainty on the final 143Nd/144Nd ratio should be less than
10 ppm (2s) resulting from the PrO correction when
141Pr/144Nd < 0.5 and 14 ppm (2s) resulting from oxygen
corrections, based on uncertainty propagation; both are less
than the long-term precision on 143Nd/144Nd (< 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 143Nd/144Nd and the Pr/Nd ratios could be
found, also indicating that the PrO interference correction is
generally robust when the W filament + TaF5 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
141Pr16O/144Nd16O ratio 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 Experimental section, with the Sm+

method, 152Sm/147Sm ratio was used for the isotope
fractionation correction and 149Sm/147Sm was used for
the isotope dilution calculation. 152Gd, 136Ba16O and
136Ce16O could possibly affect 152Sm (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 + TaF5
loading method. In addition, the abundance of 152Gd was
very low (only 0.2%). Therefore, the potential isobaric
interference of 152Gd (on 152Sm) was negligible. With
respect to the CeO interferences, it was found that minor Ce
might remain in the Sm fraction, but normally the 140Ce16O
signal was low (140Ce16O/152Sm < 0.1). Since the abun-
dance of 136Ce was very low (only 0.185%), the 136Ce16O

Table 2.
Sm and Nd isotopic results for USGS BCR-2 and BHVO-2

Analysis No.a 141Pr16-

O/144Nd16O
Sm (µg g-1) Nd (µg g -1) 147Sm/144Nd 143Nd/144Nd 2SEb

BCR-2 1 0.3 6.560 28.74 0.1380 0.512649 0.000009
2 0.2 6.559 28.76 0.1378 0.512629 0.000008
3 0.4 6.555 28.73 0.1380 0.512664 0.000005
4 0.3 6.563 28.69 0.1382 0.512631 0.000008
5 0.14 6.566 28.78 0.1379 0.512634 0.000007

Mean � 2sc 6.561 � 0.008 28.74 � 0.07 0.1380 � 0.0003 0.512641 � 0.000030
(A) 6.57 28.7
(B) 0.512637 � 0.000012

(2sc)
BHVO-2 1 0.5 6.074 24.56 0.1496 0.513002 0.00001

2 0.4 6.077 24.57 0.1495 0.512969 0.000006
Mean � 2sc 6.075 � 0.004 24.56 � 0.01 0.1495 � 0.0001 0.512986 � 0.000047

(A) 6.07 24.5
(B) 0.512984 � 0.000011

(2sc)

a Each analysis means that a different ~ 50 mg aliquot of BCR-2 or BHVO-2 powder was analysed. b 2SE is the absolute error value of the individual sample
analyses and is reported as times 106. c 2s is the 2 standard deviation value of the individual reference material analyses and reported as times 106. (A) Data
from Raczek et al. (2001), (B) Data from Weis et al. (2006).
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interference (on 152Sm) was also negligible. For the BaO
interferences, minor Ba might also remain in the Sm fraction,
since a 138Ba signal could sometimes be found during Sm
measurements (Ba may also have been derived from the
tungsten filament). However, the 136Ba16O interference (on
152Sm) could also be ignored since it was found that the Ba
was ionised dominantly as Ba+ with the W + TaF5 sample
loading method, whilst the production of BaO+ was
negligible. Thus the BaO interference (on 152Sm) was also
insignificant. 130Ba19F could possibly affect 149Sm; however,
since the production of BaF+ during Sm determination was
found to be insignificant and at the same time the
abundance of 130Ba was very low (only 0.106%),
the 130Ba19F interference (on 149Sm) was also negligible.
The Sm analytical results for BCR-2 and BHVO-2 are
consistent with published data (Table 2), confirming that our
Sm measurement method is reliable.

Analytical results for Sm-Nd isotopes from highly
depleted ultramafic rock reference materials

As emphasised above, due to the high MgO content
and the presence of some refractory minerals such as
chromite in ultramafic rocks, it is difficult to completely digest
these rocks to achieve high recovery yields of Sm and Nd.
Nonetheless, it has been reported that chromite can be
efficiently dissolved by HClO4 at 190–200 °C over several
days (Nakamura and Chang 2007) and fluoride (mainly
MgF2) formed during the HF dissolution step can be
efficiently dissolved by H3BO3 (Pin and Santos Zalduegui
1997, Chu et al. 2009, Sun et al. 2013). Accordingly, by
applying the HClO4 treatment step and using H3BO3 to
completely dissolve the fluorides formed (Figure 1), very clear
sample solutions lacking residues were obtained for all the
highly depleted ultramafic rock reference samples analysed
in this study. This very probably ensured complete sample
digestion and thus high Sm and Nd recovery yields.
Consequently, by combining the complete sample dissolu-
tion, high-efficiency column chemistry and the high-sensitivity
NdO and Sm mass spectrometric measurement method
(Chu et al. 2009), high-precision Sm-Nd isotopic data of
highly depleted ultramafic rock reference materials which
contain extremely low amount of Sm and Nd (down to sub
ng g-1), such as JP-1, DTS-1, DTS-2, DTS-2b and PCC-1,
were obtained (Table 3).

As shown in Table 3 and Figure 2, the analytical results
for Sm and Nd are different from previously reported values
far beyond analytical uncertainty. In general, the high-
sensitivity Sm-Nd ID-TIMS method in this study resulted in
more precise Sm and Nd concentration data (Table 3,
Figure 2). Despite this, the differences of Sm and NdTa
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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 particular, 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 143Nd/144Nd 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 determine
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 + HClO4 method, followed by complete
digestion of chromite in the samples using HClO4 at 190–
200 °C and then complete dissolution of fluoride formed
during the HF decomposition using H3BO3. 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 TaF5
as an ion emitter, high-precision Sm-Nd isotopic determina-
tion in highly depleted ultramafic rocks was successfully
achieved, without the requirement of the complex Fe(OH)3
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coprecipitation preconcentration step. The ultramafic rock
reference materials USGS PCC-1, DTS-1, DTS-2, DTS-2b and
GSJ JP-1, which contain extremely low amount of Sm and
Nd (down to sub ng g-1), were analysed, and high-precision
Sm-Nd isotopic data were obtained. The basalt reference
materials USGS BCR-2 and BHVO-2 were analysed
together with the ultramafic rock reference materials and

high-precision Sm and Nd concentration and Nd isotopic
data consistent with reported values were obtained, indicat-
ing that the whole chemistry procedure and mass spectrom-
etry method are reliable. This is the first report of Sm-Nd
isotope data in these ultramafic reference materials, except
for PCC-1. It is possible that the trace amounts of Sm and Nd
are distributed inhomogeneously in some ultramafic rock
reference materials.
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