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Abstract In this study, we established a rapid acid diges-

tion for determining Hf–Sr–Nd isotopic ratios of geological

samples by using MC-ICP-MS. Conditions of 1600 �C for

1 min and 1400 �C for 1 min were adopted for fusing

intrusive rocks and extrusive rocks, respectively. The rapid

acid digestion technique is superior in digestion time

compared with high-pressure PTFE bomb method. The

procedural blanks of the method were also lower than that

flux fusion. Replicate analyses of international certified

reference materials (CRMs) indicate that isotopic ratios of
176Hf/177Hf, 87Sr/86Sr and 143Nd/144Nd agree well with

previously published data. The external reproducibility

(2SD, n = 5) of ten CRMs are ±0.000030 for 87Sr/86Sr,

±0.000030 for 143Nd/144Nd, and ±0.000018 for
176Hf/177Hf.

Keywords Certified reference material � Flux-free fusion �
Hf–Sr–Nd isotopic ratio � Procedural blank � Rapid acid

digestion

1 Introduction

Laser ablation multi-collector inductively coupled plasma

mass spectrometry (LA-MC-ICP-MS) has been applied

widely to analyze geological, environmental, material, and

archaeological samples due to the technique’s rapid sample

preparation process, in situ analysis capability, high spatial

resolution, and rapid analysis time (Woodhead et al. 2004;

Iizuka and Hirata 2005; Yuan et al. 2008; Huang et al.

2015; Bao et al. 2016a; Zhian et al. 2016). However,

unavoidable isobaric interference (e.g., 87Rb, 144Sm, 176Yb,

and 176Lu), molecular interference (e.g., 43Ca44Ca,
42Ca44Ca, 48Ca38Ar, 130Ba14N, and 130Ba16O) (Ramos et al.

2004; Iizuka and Hirata 2005; Foster and Vance 2006;

Muller and Anczkiewicz 2016), and low elemental con-

centrations mean LA-MC-ICP-MS data must be evaluated

carefully to obtain accurate isotopic ratios. Thus, bulk

digestion and ion-exchange chemistry are still required for

accurate isotopic ratio analyses. The conventional bulk

solution analysis can obtain accurate isotopic compositions

even at low concentrations in solid, liquid, and gaseous

samples. The complete recovery of Sr, Nd, and Hf from

intrusive rocks with refractory minerals is a prerequisite for

obtaining accurate isotopic compositions. A closed acid

digestion bomb has been commonly used for routine iso-

topic ratio analysis because the boiling point of the

reagents is increased by the pressure generated in the

closed vessel. The increased temperature and pressure can

significantly shorten sample decomposition time and allow

the digestion of the refractory phases (Potts and Robinson

2003). In addition, the high-pressure PTFE bomb method

has the advantage of a low procedural blank using ultrapure

Hf/HNO3/HClO4. However, the disadvantages of bomb

dissolution include the greater intensity of labor required,

high cost of the bomb-jacket set, long reaction times

(5–7 days) (Weis et al. 2006; Yang et al. 2011; Li et al.

2014, 2015), and increased danger due to the high pressure

produced within the vessel. Another digestion method uses

lithium metaborate or Na2O2 flux to rapidly dissolve all the

refractory minerals in rock powder. However, the three-

fold weight required of lithium metaborate can be trou-

blesome due to contamination by Nd, Sr, and Hf, which

inhibits accurate determination of isotopic composition.
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The procedural blanks are relatively higher for Nd [370 pg

(Kleinhanns et al. 2002), 1500 pg (Le Fèvre and Pin 2005),

*100 pg (large crucible) (Ulfbeck et al. 2003), 1–3 ng

(Tomascak et al. 1996)] and Hf [330 pg (Kleinhanns et al.

2002), *140 pg (large crucible) (Ulfbeck et al. 2003), 100

± 20 pg (large crucible) (Bizzarro et al. 2003)], thereby

making this method inappropriate for geological samples

with low concentrations (\0.5 lg�g-1). Considering the

potential blank effect from flux reagents and the long

reaction time of bomb dissolution, flux-free fusion com-

bined with rapid acid dissolution is required for the accu-

rate determination of Hf–Sr–Nd isotopic ratios.

Recently, a new method was developed that combines

the flux-free fusion technique with rapid Hf/HNO3/HClO4

digestion using a high-temperature furnace and a boron

nitride (BN) crucible for bulk trace element analyses in

silicate rocks by ICP-MS (Bao et al. 2016b). The main

advantages of the digestion method using a flux-free fusion

technique are reduced digestion time, and the lack of

requirement for lithium metaborate and high-pressure

digestion bomb. Some small undissolved zircon grains still

remain in the fused glass, but the Zr and Hf concentrations

are identical to the reference values after rapid acid dis-

solution, thereby guaranteeing that accurate Hf–Sr–Nd

isotopic compositions can be determined.

The aim of this study was to accurately determine the

Hf–Sr–Nd isotopic compositions in the same rock powder

aliquots in the form of a pure Hf–Sr–Nd solution, thereby

eliminating the use of lithium metaborate and a high-

pressure digestion bomb. Rapid dissolution (6 h) by Hf/

HNO3/HClO4 in a closed screw-top Savillex vial on a

hotplate was used to enhance efficiency. We also evaluated

the effects of the fusion temperature and fusion time on the

isotopic ratios. The flux-free fusion and closed vessel rapid

Hf/HNO3/HClO4 digestion method was also used suc-

cessfully to determine Hf–Sr–Nd isotopes in a series of

international certified reference materials (CRMs), includ-

ing those with refractory accessory minerals.

2 Experimental methods

2.1 Chemicals and other materials

Ultrapure water with a resistivity of 18.2 MX�cm-1 was

obtained from a Milli-Q water purification system (Milli-

pore, Bedford, MA, USA). Commercially available

hydrofluoric acid (Hf, 40% v/v, GR grade), hydrochloric

acid (HCl, 38% v/v, GR grade), nitric acid (HNO3, 68%

v/v, GR grade), and perchloric acid (HClO4, 70% v/v, GR

grade) were further distilled in a sub-boiling distillation

system. The Savillex vials were cleaned in hot (130 �C)

GR-grade HNO3 for 2 days and GR-grade HCl for 2 days,

followed by 2 days in hot high-purity HCl and 2 days in

hot high-purity HNO3, 2 days in hot ultrapure water, and a

rinse with cold ultrapure water. A BN vessel was designed

to melt 600 mg rock powder at high temperature and it then

be rapidly quenched in ultrapure water. The BN crucibles

were heated at 500 �C for 2 min to remove all volatile

components before use. Each crucible (900 mm3) was

placed in a high-temperature furnace and heated to a

stable temperature (measured with a thermocouple) using

high-resistance silicon molybdenum bars (purity = 99.9%,

melting point = 2000 �C) under an argon gas flow

(1.0 L�min-1) to maintain an inert atmosphere. Further

details of the BN crucibles and high-temperature furnace

can be found in previous studies (Bao et al. 2016b; Zhian

et al. 2016).

Experiments were performed using five extrusive ref-

erence materials [BCR-2, BHVO-2, GSR-3 (basalt pow-

der), AGV-2 (andesite powder), and RGM-2 (rhyolite

powder)], five intrusive rocks [QLO-1 (quartz latite pow-

der), G-2, GSR-1 (granite), GSP-2 (granodiorite), and W-2

(diabase)], which were obtained from the United States

Geological Survey (USGS) and Chinese National Research

Center for Certified Reference Materials. The CRMs had a

wide range of SiO2 content—from 44.6% to 73.4% m/m.

Previously published values of CRMs’ Hf–Sr–Nd isotopic

compositions were taken from the GeoReM database

(Jochum et al. 2005). All CRMs were prepared directly

from 200-mesh powders dried at 105 �C in an oven for 1 h

prior to melting.

Three international standard solutions —NIST NBS-

987, JNDi-1, and JMC 475 Hf—were used to monitor the

conditions during an analytical session. Conventional

cation-exchange resin (AG50W-X8, 200–400 mesh) was

purchased from BioRad (Richmond, CA, USA). Pre-

packed extraction chromatography materials (Sr Spec resin

and Ln Spec resin, 100–150 mesh, 1.5 mL) were purchased

from Eichrom Industries (Darien, IL, USA).

2.2 Sample digestion

In this study, we aimed to obtain accurate isotopic com-

positions for the CRMs. Therefore, we describe our fusion

process in further detail to provide the reader with suffi-

cient information to evaluate and apply our method (Bao

et al. 2016b). We fused felsic intrusive rock powders with

refractory accessory minerals at 1600 �C for 1 min and

extrusive rocks at 1400 �C for 1 min to obtain fused

glasses. All of the chemical preparations were conducted

on special class-100 work benches inside a class-1000

clean laboratory. The procedures used for fused glass

decomposition in this study were as follows. (1) Approxi-

mately 100 mg of fusion fragments was weighed into a

15-mL screw-top Savillex vial. (2) Hf/HNO3/HClO4
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(1.5 mL/1.5 mL/10 lL) were added to the Savillex vial so

the fused glass fragments were completely soaked with

acid. (3) The vial was tightly capped and then vibrated

ultrasonically for 30 min. (4) The vial was opened and the

sample dried on a plate at 140 �C by evaporating to

incipient dryness. (5) Hf/HNO3 (1.5 mL each) were added

to the dried sample and the vial screwed and left on a plate

at 150 �C for 6 h. (6) The vial was opened and evaporated

to dryness at 150 �C. (7) Next, 2 mL HNO3 was added to

the sample and the residue was converted to the HNO3

form, before drying at 150 �C. (8) Subsequently, 2 mL HCl

was added to the dried sample to convert to HCl form and

it was dried at 150 �C. (9) Finally, the solution collected

after digestion with 2 mL 1.7-M HCl and centrifuging for

10 min was prepared for Rb–Sr, Sm–Nd, and Lu–Hf

separation.

2.3 Hf, Sr, and Nd separation

Accurate determination of the Hf–Sr–Nd isotopic ratios

required high purity samples in order to avoid polyatomic

and isobaric interference. Thus, traditional column chro-

matography was used to separate high purity Hf–Sr–Nd

solutions (Fig. 1) and to evaluate the influence of the high-

temperature fusion procedure. Hf–Sr–Nd were all purified

from the same sample solution. The procedures for Hf–Sr–

Nd separation were described by Yang et al. (2010), Zong

et al. (2012) and Zong (2012). The solution collected after

digestion and centrifugation was loaded into a quartz col-

umn packed with BioRad AG50W-X8 resin (200–400

mesh), which was pre-conditioned with 11 mL 6-M HCl

and 12 mL 1.7-M HCl. Hf was collected with 2.2 mL 1.7-

M HCl and prepared for further Ti and Hf purification

using Ln Spec resin. Next, 10 mL 1.7-M HCl was used to

elute Rb. Sr was then collected with 6 mL 3-M HCl, and Y

was eluted with 4 mL 3-M HCl. The rare earth elements

(REEs) Sm and Nd were collected with 10 mL 6-M HCl

and it prepared for further purification using Ln Spec resin.

The solution collected containing Ti and Hf was loaded

into Ln Spec resin (100–150 mesh, 1.5 mL), where the

color of the Ln Spec resin changed from orange-red to

white, thereby indicating that all of the titanium was sep-

arated from Hf using a mixture of 4 M HCl ? 0.5% H2O2.

Finally, Hf was extracted from the column with 3 mL 2-M

Hf, and collected in an 8-mL PFA Savillex Vial, before

gently evaporating to dryness. This fraction was dissolved

in 10 lL concentrated HF, diluted to 5 mL with 2% HNO3,

and used for MC-ICP-MS analysis. In order to minimize

the isobaric interference of 87Rb on 87Sr, especially for

felsic rocks with high Rb concentrations, the solution

collected containing Sr and Rb was gently evaporated to

dryness and diluted with 5 mL 8-M HNO3 before purifi-

cation by the third column. The third column packed with

Sr Spec resin was pre-conditioned with 10 mL 8-M HNO3

before loading the separated solution. Next, 20 mL 8-M

HNO3 was used to wash the resin to remove Rb interfer-

ence and 10 mL 0.05-M HNO3 was used to extract the

purified Sr solution. In order to remove the isobaric inter-

ference effect due to 144Sm on 144Nd, the collected REE

solution was gently evaporated to dryness and diluted with

0.5 mL 0.25-M HCl before purification by the fourth col-

umn. The fourth column packed with Ln Spec resin

Fig. 1 Hf–Sr–Nd separation

scheme used in this study
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(100–150 mesh) was pre-conditioned with 10 mL citric

acid, 10 mL 6-M HCl, 10 mL high purity Milli-Q water,

and 6 mL 0.25-M HCl, before loading the REE solution.

Subsequently, 4 mL 0.25-M HCl was used to wash the

resin to remove La, Ce, and Pr, and 10 mL 0.25-M HCl

was then used to elute the purified Nd solution. Next,

10 mL 6-M HCl was used to elute Sm from the column and

10 mL 0.25-M HCl was used to re-equilibrate the Ln Spec

resin column. The pure Nd solution collected was evapo-

rated to dryness, dissolved into 2 mL 2% HNO3, and used

for Nd analysis.

2.4 Mass spectrometry analytical procedure

Isotopic composition measurements were performed using

a Nu II MC-ICP-MS instrument (Nu Instrument, Wrexham,

UK) at the State Key Laboratory of Continental Dynamics,

Northwest University, Xi’an. The typical instrument

parameters and configurations of Faraday cups are sum-

marized in Tables 1 and 2. The purified Sr and Nd solution

was taken up with 2 mL 2% HNO3, while the purified Hf

solution was adopted with trace ultrapure Hf. The solution

was self-aspirated at an uptake rate of 100 lL min-1

through a standard PFA nebulizer and desolvated with an

AridusTM system. Solution standards comprising NIST

NBS-987 for Sr, JMC 475 for Hf, and JNDi-1 for Nd were

measured during the same MC-ICP-MS runs as the sam-

ples. The data were corrected for mass fractionation by

normalizing to 86Sr/88Sr = 0.1194, 146Nd/144Nd = 0.7219,

and 179Hf/177Hf = 0.7325, according to an exponential

law. Hf–Sr–Nd isotope analyses comprised two blocks of

20 cycles per block with an integration time of 10 s per

cycle. The wash-out time (180 s) and time for sample

transfer (120 s) resulted in an average instrument time of

12 min per sample. The 87Sr signal intensity was corrected

for potential interference caused by the remaining isobaric

overlap effect of 87Rb on 87Sr by using an 87Rb/85Rb value

of 0.3857. After column chemistry, the 85Rb/88Sr ratios

obtained were\2 9 10-5 for the analysis of fused glasses.

Finally, the 87Sr/86Sr ratios were determined accurately

after correction and they were normalized to SRM 987
87Sr/86Sr = 0.710248 (Howarth and McArthur 1997) for

mass fractionation using the standard-sample-standard

bracketing (SSB) method. Most of the Sr isotopic data were

obtained at an internal precision of B0.000010 (2SE). The
144Nd signal intensity was corrected for potential interfer-

ence caused by the remaining isobaric overlap effect of
144Sm on 144Nd. After column chemistry, the 144Sm/144Nd

ratios obtained were\2.5 9 10-5 for the analysis of fused

glasses. Finally, the 143Nd/144Nd ratios were determined

accurately after correction and they were normalized to

JNDi-1 143Nd/144Nd = 0.512115 (Tanaka et al. 2000) for

mass fractionation using the SSB method. Most of the Nd

isotopic data were obtained at an internal precision of

B0.000006 (2SE). In addition, the stable 145Nd/144Nd ratio

(0.348400 ± 13, n = 80) obtained after isobaric interfer-

ence correction agreed with the recommended value of

0.348415 obtained by TIMS (Wasserburg et al. 1981),

which confirmed the feasibility of the data. 173Yb and
175Lu were monitored to evaluate isobaric interference of
176Lu and 176Yb on 176Hf. The effects of these types of

interference were corrected on-line using the following

values for the stable ratios: 176Yb/173Yb = 0.79323 and
176Lu/175Lu = 0.026528. The 176Hf/177Hf isotopic ratios

Table 1 Typical instrument

operating conditions and data

acquisition parameters for Hf–

Sr–Nd measurements

Nu Plasma II MC-ICP-MS and Aridus II desolvation nebulizer system

RF forward powder 1300 W

RF reflected 1 W

Cooling gas 13.0 L�min-1

Auxiliary gas 0.8 L�-1

Mix gas 1.0 L�min-1

Accelerating voltage 6000 V

Sensitivity 600 V per ppm

Detection system sixteen Faraday collectors

Interface cone Nickel

Mass resolution 400 (low)

Sampling mode 20 blocks of 2 cycles for Sr–Nd–Hf

Integration time 10 s for Sr–Nd–Hf

Nebulizer type PFA nebulizer

Sample uptake rate 100 lL�min-1

Membrane temperature 160 �C

Spray chamber temperature 110 �C

Sweep gas 2.1 L�min-1
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did not differ significantly before or after interference

correction because of the low Lu/Hf and Yb/Hf ratios

(B1 9 10-5) after column chemistry. In this study, JMC

475 yielded a value of 0.282172 ± 18 (2SD, n = 70),

which agreed well with the recommended value of

0.282163 (Blichert-Toft et al. 1997). Therefore, all the
176Hf/177Hf ratios measured for the CRMs were normalized

to the recommended value of 0.282163. In addition, 31

analyses of Alfa Hf gave a 176Hf/177Hf value of

0.282193 ± 11 (2SD), which was identical to the values of

0.282192 ± 6 (2r, n = 12) determined by Lu et al. (2007)

and 0.282189 ± 19 (2SD) by Yang et al. (2011), within 2 s

error. The 87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf ratios

measured for the NBS-987, JNDi-1, and JMC 475 refer-

ence solutions during the same analytical sessions as the

purified sample solutions were 0.710254 ± 25 (2SD,

n = 60), 0.512107 ± 20 (2SD, n = 56), and 0.282172 ±

18 (2SD, n = 56), respectively. These isotopic ratios were

identical to the previously determined values of 0.710248

(Howarth and McArthur 1997) (SRM 987), 0.512115 ± 7

(Tanaka et al. 2000) (JNDI), and 0.282163 ± 9 (Blichert-

Toft et al. 1997) (JMC 475), respectively, within 2 s error.

3 Results and discussion

3.1 Effects of fusion temperature and time

The granodiorite reference material GSP-2 contained many

refractory minerals (e.g., zircon, rutile, and monazite) and

it was used to ascertain the effects of fusion temperature

and time on isotopic compositions. An internal normal-

ization approach and the SSB method were used to correct

for mass fractionation during analytical sessions. The Hf–

Sr–Nd isotopic results obtained for GSP-2 using different

fusion conditions are shown in Fig. 2. The 176Hf/177Hf

value ranged from 0.282019 to 0.281978 when the fusion

Fig. 2 Individual 87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf analyses

for GSP-2 fused at different conditions and analyzed by MC-ICP-MS.

For comparison, at the far right side of each figure, the points in white

represent reference values obtained by Weis et al. (2006) and the gray

area represents two standard deviations for the replicate analyses

obtained using MC-ICP-MS. For individual analyses, error bars

correspond to the two-sigma error based on the measured isotopic

ratio

Table 2 Faraday cup configurations for Hf–Sr–Nd isotopic measurements

Faraday cup H5 H4 H3 H2 H1 Ax L1 L2 L3 L4 L5

Nd

Measured element 150Nd? 148Nd? 146Nd? 145Nd? 144Nd? 143Nd? 142Nd?

Interference element 150Sm? 148Sm? 147Sm? 144Sm? 142Ce?

Hf

Measured element 180Hf? 179Hf? 178Hf? 177Hf? 176Hf? 174Hf?

Interference element 176Yb?, 176Lu? 175Lu? 173Yb?

Sr

Measured element 88Sr? 87Sr? 86Sr? 84Sr?

Interference element 87Rb? 86Kr? 85Rb? 84Kr? 83Kr?
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temperature was 1400 �C, but it decreased to 0.281959 at

1500 �C for 1 min, and then agreed with the reference

value of 0.281949 ± 8 (Weis et al. 2007) when the tem-

perature was 1500 �C for 5 min or 1600 �C. The Hf iso-

tope compositions depended on the recovery of Hf,

especially in intrusive rocks with zircon, and the concen-

tration of Hf agreed well with the reference values at

1500 �C for 10 min or 1600 �C (Bao et al. 2016b), so

fusion at 1500 �C for 10 min or 1600 �C was used to

obtain accurate Hf isotopic compositions. The results in

Fig. 2 indicate that the 87Sr/86Sr values obtained after

5 min at 1500 �C or 1600 �C were identical to the results

recommended by Weis et al. (2006), within 2 s error. The

other 87Sr/86Sr values ranged from 0.764755 to 0.765052—

lower than the reference, thereby indicating that accessory

minerals containing Sr might not have been dissolved in

the final solution. The Nd isotopic compositions measured

by MC-ICP-MS ranged from 0.511367 to 0.511385, within

the range of MC-ICP-MS values (0.511374 ± 11, n = 14)

obtained by Weis et al. (2006). Our 143Nd/144Nd results

support the recently published conclusion of Bao et al.

(2016b) that Nd can reach 100%–110% recovery by

eliminating consideration of fusion temperature and time.

Based on the full recovery of trace elements, the Hf–Sr–Nd

isotopic compositions obtained by fusion at 1600 �C for

1 min agreed with the reference values, where the short

heating time suppressed evaporation of the volatile ele-

ments and reduced the risk of contamination from the

environment. Thus, a high temperature and minimum

heating time (1600 �C for 1 min) are recommended for the

fusion of intrusive rock samples. In addition, 1400 �C for

1 min is recommended for extrusive rock samples without

refractory accessory minerals based on this study.

3.2 Validation of the rapid acid digestion method

and final results

Ten CRMs with a wide range of matrix compositions (from

mafic to felsic) were selected to assess the analytical

reproducibility and feasibility of our rapid acid digestion

method after high-temperature fusion. We used the Hf–Sr–

Nd isotopic ratios obtained by high-pressure PTFE bomb

(190 �C for 120 h) as reference values for GSR-1, RGM-2,

and QLO-1. Approximately 100 mg of fused glass was

rapidly digested (6 h) by Hf/HNO3/HClO4 in a closed

screw-top Savillex vial on a hotplate without requiring

high-pressure PTFE bomb. Five batches of 100-mg fused

fragments were separated for Hf–Sr–Nd isotope analysis

using the chemical separation method described above.

Some CRMs digested with a high-pressure PTFE bomb for

Hf–Sr–Nd were measured in the same MC-ICP-MS runs as

the samples (Table 3). The Hf–Sr–Nd isotopic composi-

tions obtained using the rapid acid dissolution methods are

shown in Table 4. The Hf–Sr–Nd isotopic ratios obtained

for GSP-2, AGV-2, and BHVO-2 using a high-pressure

PTFE bomb agree with previously published values within

2 s uncertainty, verifying the quality of our Hf–Sr–Nd

isotopic compositions using high-pressure PTFE bomb.

As shown in Table 4, the 176Hf/177Hf ratios obtained for

the CRMs had an internal precision better than 0.000009

(2SE). The two standard deviation values were all below

18 ppm for all the CRMs. As shown in Fig. 3 and Table 4,

the average 176Hf/177Hf values obtained for GSP-2, G-2,

QLO-1, and GSR-1 agree well with previously published

data, indicating that the resistant minerals (e.g., zircon and

rutile) containing hafnium were completely decomposed

by Savillex vial digestion. Compared with the conventional

high-pressure PTFE bomb digestion method for 4–7 days,

flux-free fusion combined with rapid acid dissolution in a

capped Savillex vial on a hotplate effectively dissolved

diverse rocks and was 16–28 times faster. The 87Sr/86Sr

and 143Nd/144Nd ratios for all the analyzed CRMs were

obtained with an internal precision greater than 0.000014

(2SE). Table 4 and Fig. 3 show that the 87Sr/86Sr and
143Nd/144Nd values obtained in this study agree well with

previously published values acquired by TIMS or MC-ICP-

MS (high-pressure PTFE bomb method). The 87Sr/86Sr and
143Nd/144Nd values also verified the feasibility of the new

method developed in this study. As shown in Table 4, five

replicate measurements of the 10 CRMs yielded external

reproducibility of 87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf

better than ±0.000030 (2SD), ±0.000030 (2SD), and

±0.000018 (2SD), respectively, excluding the 87Sr/86Sr

values for GSP-2 and GSR-1 (2SD \ 0.000071). In fact,

the external reproducibility of the 87Sr/86Sr values obtained

by the high-pressure PTFE bomb method were 0.000060

for GSP-2 and GSR-1, thereby indicating that the Sr iso-

topes were heterogeneous in some intrusive felsic rocks in

the 100-mg size range (Raczek et al. 2003; Weis et al.

2006). In general, the reproducibility and precision of the
87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf values obtained by

the proposed method in this study were satisfactory and

completely suitable for geochemical and petrological

studies. In addition, the Hf–Sr–Nd isotopic values obtained

for the 10 CRMs verified the feasibility and usefulness of

the flux-free fusion method combined with rapid acid

digestion.

3.3 Comparison with the high-pressure PTFE bomb

and flux fusion methods

A low total procedural blank level is essential for the

accurate determination of Hf–Sr–Nd isotopic ratios. The

typical total procedural blanks of Hf–Sr–Nd, including

sample digestion, column chemistry, and mass spectro-

metric measurements, were approximately 150 pg for Sr,

Acta Geochim (2018) 37(2):244–256 249

123



Table 3 Sr, Nd, and Hf

isotopic ratios determined for

the CRMs using the high-

pressure PTFE bomb method

and MC-ICP-MS

CRMs 87Sr/86Sr (±2SE) 145Nd/144Nd (±2SE) 143Nd/144Nd (±2SE) 176Hf/177Hf (±2SE)

GSP-2 0.765076 (9) 0.348399 (4) 0.511377 (5) 0.281940 (6)

0.765084 (9) 0.348398 (6) 0.511362 (5) 0.281948 (7)

0.765097 (8) 0.348398 (6) 0.511377 (7) 0.281946 (6)

0.765147 (7) 0.348394 (4) 0.511389 (5) 0.281950 (6)

0.765108 (9) 0.348384 (6) 0.511358 (7) 0.281946 (6)

0.765145 (12) 0.348396 (8) 0.511363 (10) 0.281954 (5)

Mean (2SD) 0.765109 – 61 0.511373 – 25 0.281948 – 9

GSR-1 0.738310 (9) 0.348398 (6) 0.512228 (6) 0.282520 (8)

0.738314 (9) 0.348403 (8) 0.512223 (5) 0.282514 (7)

0.738352 (14) 0.348403 (6) 0.512230 (6) 0.282525 (6)

0.738289 (13) 0.348397 (8) 0.512220 (6) 0.282524 (6)

0.738370 (13) 0.348394 (8) 0.512215 (5) 0.282518 (7)

0.738340 (14) 0.348400 (9) 0.512221 (6) 0.282528 (6)

Mean (2SD) 0.738329 – 60 0.512223 – 11 0.282522 – 10

QLO-1 0.703889 (8) 0.348388 (8) 0.512853 (9) 0.283045 (6)

0.703887 (9) 0.348386 (4) 0.512853 (9) 0.283044 (7)

0.703889 (9) 0.348392 (6) 0.512854 (8) 0.283051 (6)

0.703892 (7) 0.348388 (8) 0.512856 (9) 0.283045 (5)

0.703901 (9) 0.348403 (8) 0.512842 (8) 0.283055 (6)

0.703891 (8) 0.348404 (8) 0.512849 (7) 0.283058 (5)

Mean (2SD) 0.703891 – 10 0.512851 – 10 0.283050 – 12

AGV-2 0.703985 (6) 0.348389 (4) 0.512775 (7) 0.282977 (6)

0.704006 (5) 0.348393 (6) 0.512782 (6) 0.282967 (7)

0.703983 (9) 0.348403 (6) 0.512782 (9) 0.282971 (8)

0.703989 (7) 0.348410 (6) 0.512788 (7) 0.282966 (9)

0.704012 (11) 0.348416 (6) 0.512802 (9) 0.282973 (7)

0.703984 (6) 0.348413 (8) 0.512790 (9) 0.282973 (7)

Mean (2SD) 0.703993 – 25 0.512787 – 18 0.282971 – 8

BCR-2 0.705021 (5) 0.348399 (6) 0.512619 (7) 0.282861 (8)

0.705012 (6) 0.348388 (9) 0.512608 (9) 0.282864 (9)

0.705027 (10) 0.348404 (9) 0.512609 (9) 0.282863 (8)

0.705015 (8) 0.348388 (6) 0.512622 (7) 0.282873 (8)

0.705016 (11) 0.348392 (6) 0.512626 (7) 0.282861 (6)

0.705018 (11) 0.348397 (9) 0.512616 (9) 0.282863 (8)

Mean (2SD) 0.705018 – 11 0.512617 – 14 0.282864 – 9

BHVO-2 0.703492 (8) 0.348396 (5) 0.512971 (9) 0.283098 (11)

0.703485 (7) 0.348396 (6) 0.512967 (5) 0.283103 (7)

0.703488 (7) 0.348395 (4) 0.512975 (5) 0.283097 (8)

0.703492 (6) 0.348407 (8) 0.512968 (5) 0.283095 (8)

0.703482 (10) 0.348399 (10) 0.512978 (9) 0.283101 (6)

0.703491 (9) 0.348405 (10) 0.512977 (9) 0.283101 (8)

Mean 0.703488 – 9 0.512972 – 9 0.283099 – 6

RGM-2 0.704180 (11) 0.348390 (8) 0.512790 (9) 0.283007 (5)

0.704182 (10) 0.348394 (8) 0.512772 (9) 0.283015 (7)

0.704175 (9) 0.348397 (8) 0.512793 (9) 0.283015 (4)

0.704184 (10) 0.348394 (8) 0.512763 (9) 0.283010 (5)

0.704157 (10) 0.348403 (6) 0.512783 (7) 0.283009 (6)

0.704163 (8) 0.348404 (6) 0.512791 (8) 0.283013 (6)

Mean 0.704174 – 22 0.512782 – 24 0.283012 – 7

The bold characters in the isotopic ratios column are the average means of replicate analyses with 2
standard deviations which are reported as times 106
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75 pg for Nd, and 70 pg for Hf, which were identical to

previous values. For the Hf–Sr–Nd analyses, the blanks

were negligible relative to the amount of analytes con-

tained in 100 mg of silicate rocks, and no correction of

the measured isotopic ratios was required. Details of the

Hf–Sr–Nd procedural blanks obtained with different

methods are shown in Table 5. The procedural blanks

obtained for Hf–Sr–Nd in this study were identical using

the high-pressure PTFE bomb method and with capped

Teflon Savillex vials on a hotplate. The procedural blank

for Nd was approximately 75 pg in this study, which was

lower than that obtained by flux fusion, i.e., 100 pg to

1.5 ng. The higher Nd procedural blank was caused by

the fluxing agent (Le Fèvre and Pin 2005). The Hf

blanks were about 70 pg using both acid-based digestion

and flux-free fusion in this study, which agreed well with

the high purity flux fusion method (57 pg), but they were

lower than the blanks obtained previously by flux fusion

without purification (100–330 pg). Le Fèvre and Pin

(2001) indicated that the REE concentrations in

commercially available fluxes are variable and usually

high, so a high purity flux should be used to obtain

accurate isotopic ratios. Based on the procedural blanks

for Nd and Hf, the flux-free fusion method is recom-

mended for determining Nd–Hf isotopic ratios because

the high procedural blank ([300 pg) makes this proce-

dure inappropriate for samples with low concentrations

(Nd, Hf \ 0.5 lg�g-1).

Acid-based digestion obtained low procedural blanks for

the Hf–Sr–Nd isotopic ratios, but 4–7 days with a high-

pressure PTFE bomb should be used to ensure complete

digestion, especially for felsic rocks containing many

refractory phases. The digestion time (6 h) was shorter by

16–28 times in Savillex vials without a high-pressure PTFE

bomb after flux-free fusion, compared to the traditional

high-pressure PTFE bomb. The technique developed in this

study for flux-free fusion and the rapid acid digestion of

samples before Hf–Sr–Nd isotopic analysis facilitates rapid

sample digestion with low procedural blanks. Moreover,

this technique is applicable to a wide range of sample

Fig. 3 Comparisons of the Hf–Sr–Nd isotopic ratios obtained using the new method developed in this study and reference values

Table 5 Sr–Nd–Hf procedural blank values and digestion times reported for acid-based digestion and flux fusion compared with the results

obtained in this study

Digestion method Procedural blank Digestion time (h) Reference

Sr (pg) Nd Hf (pg)

High-pressure PTFE bomb – – – 120 Weis et al. (2006)

Capped Teflon Savillex \100 \50 pg \50 168 Yang et al. (2010)

High-pressure PTFE bomb 30–40 50–60 pg 55–65 96 Li et al. (2016)

High-pressure PTFE bomb 170–200 70–80 pg 55–65 120 Li et al. (2014)

Capped Teflon Savillex \80 – – 168 Yang et al. (2012)

Capped Teflon Savillex – – \20 168 Yang et al. (2011)

Capped Teflon Savillex 150 75 pg 70 6 This study

Sodium peroxide/sample = 6:1 370 pg 330 0.5 Kleinhanns et al. (2002)

LiBO2/sample = 3:1 \1500 pg \0.5 Le Fèvre and Pin (2005)

LiBO2/sample = 4:1 *100 pg *140 0.5 Ulfbeck et al. (2003)

LiBO2/sample = 4:1 1–3 ng 0.5 Tomascak et al. (1996)

LiBO2/sample = 4:1 100 ± 20 pg \1 Bizzarro et al. (2003)

LiBO2/sample = 3:1 57 ± 15 pg \0.5 Le Fèvre and Pin (2001)
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matrices and does not require the use of a high-pressure

PFTE bomb.

4 Conclusion

In this study, we developed a rapid acid digestion

method in Savillex vials without a high-pressure PTFE

bomb after flux-free fusion to measure the 87Sr/86Sr,
143Nd/144Nd, and 176Hf/177Hf isotopic ratios in the same

digested samples. The flux-free fusion method avoided

using lithium metaborate or Na2O2 fluxes and it reduced

the contamination for Nd, Sr, and Hf, thereby yielding

lower procedural blanks compared with the flux fusion

method. Rapid acid digestion in capped Savillex vials

reduced the digestion time and eliminated the need for a

high-pressure digestion bomb. Therefore, rapid acid

digestion after flux-free fusion had significant advan-

tages compared with existing methods in terms of sim-

plicity, digestion efficiency, and total procedural blank,

especially for intrusive felsic rocks. Finally, replicate

analyses of international CRMs indicated that the
143Nd/144Nd, 176Hf/177Hf, and 87Sr/86Sr isotopic ratios

obtained were identical to previously published values

acquired using MC-ICP-MS or TIMS, which also veri-

fied the feasibility of the new method developed in this

study. Our technique for flux-free fusion and the rapid

acid digestion of samples is suitable for the determina-

tion of trace elements in rock samples.
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