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gh-precision measurement of Mo
isotopes at the 5 ng level using double spike MC-
ICP-MS†

Hong-Gang Zhu, a Jian-Ming Zhu, *a Decan Tan, b Xuan Lin,a Kaite Lua

and Wen Yanga

With recent advancements in analytical methods of Mo isotopes, the d98/95Mo ratios of most geological and

environmental samples can be determined. Still, it remains a challenge to obtain high-precision Mo isotope

data for low-Mo samples with complex matrices such as igneous and plant samples. Here, we present an

improved Mo purification and cleaning resin scheme for reducing the total procedure blank to #0.16 ng

using common Muromac®1X8(AG1-X8) anion and AG50-X8 cation resins. By an improved Aridus II with

ice chamber in sample introduction system (SIS) and adding nitrogen (N2), high sensitivity measurement

(95Mo signal intensity: 200–330 V ppm�1) of Mo isotopes was achieved on Neptune Plus MC-ICP-MS.

Thus, the sample size containing 30–60 ng Mo is sufficient to be purified, and isotope measurement

with high-precision (#0.06&, 2SD) can be determined at a concentration of 3–10 ng level using

a 97Mo–100Mo double spike. NIST 3134 (0.00 � 0.05&), SGR-1b (0.41 � 0.05&), NOD-P-1 (�0.86 �
0.03&), IAPSO (2.07 � 0.04&), and other international reference materials (RMs) were analyzed at 3, 5,

10, and 20 ng mL�1 levels to be in excellent agreement with the published d98/95Mo values,

demonstrating that good accuracy and precision of Mo isotope analysis can be achieved with an

injecting sample size as small as 5 ng Mo. Our improved method can be applied to various geological

and environmental samples. The d98/95Mo of CLB-1 (1.25 � 0.03&), JDO-1 (0.50 � 0.02&), GSV-2 (0.47

� 0.02&), and other 38 RMs with relatively higher and lower Mo concentrations are reported for the first

time. The total average d98/95Mo ratio of 8 soils and 18 sediments is 0.003 � 0.277& (1SD, n ¼ 26),

slightly lighter than that of the upper continent crust (0.05–0.15&). The d98/95Mo ratios (0.23–0.79&, n

¼ 8) of plant and animal origins from the land show they are enriched in heavy isotopes relative to the

bulk silicate earth (BSE). The d98/95Mo ratios of carbonates are much lower than that in seawater.
1. Introduction

Molybdenum (Mo) is a redox-sensitive element existing in two
predominant valence states (Mo(IV) and Mo(VI)) in the natural
environment. It has seven stable isotopes, 92Mo (14.65%), 94Mo
(9.19%), 95Mo (15.87%), 96Mo (16.67%), 97Mo (9.58%), 98Mo
(24.29%), and 100Mo (9.74%), respectively.1 The transformation
between the different Mo oxidation states or Mo species is
always related to Mo isotope fractionation. The considerable
variation of d98/95Mo values has been found in black shales,
organic-rich mudrocks, crustal sulde minerals, and manga-
nese nodules with the whole range of �5.5&.2–6 Consequently,
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f Chemistry 2022
molybdenum isotope systematics has become a powerful proxy
in reconstructing the evolution of palaeo-atmosphere/ocean
oxygenation,7–9 redox condition of the modern ocean10–13 and
lake,3 and in identifying the origin of hydrogenous and hydro-
thermal ferromanganese crusts or nodules.14 Recently, the
application of Mo isotopes to igneous rocks has revealed Mo
isotope fractionation with up to 2&,15–20 demonstrating that Mo
isotopes can be used as an efficient proxy to trace the mantle
source heterogeneity,21 subduction process, crust formation17,22

and igneous processes.22–24 Mo is also an essential but scarce
micronutrient in biological systems.25,26 Molybdenum isotopes
hold great potential for deciphering Mo's biochemical reac-
tions, displaying a wide range of Mo isotope fractionation
concomitant with basic physicochemical processes.27

However, since Mo content in volcanic rocks such as the
mid-ocean-ridge basalts (MORB), granites (<100 ng g�1),28 and
most plants (0.1–1 mg g�1 of dry weight)29 is relatively lower,
determining Mo isotopes in samples with low or ultra-low Mo
contents is still challenging, which restricted the further
applications of Mo isotopes in studying the biogeochemical
J. Anal. At. Spectrom., 2022, 37, 1063–1075 | 1063
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cycle of Mo in the Earth's surface from the local to the global
scale. In order to obtain the highly precise and accurate Mo
isotopes for these kinds of samples, large sample sizes up to 1–
5 g should be required to separate Mo using the current puri-
cation protocol,30 posing an insurmountable shortcoming for
chemical purication and complex matrix elimination.

Several Mo separation schemes have been proposed in
previous studies using either a single column of an anion and
a cation exchange resin or a two-column combining both.4,26

Most separation protocols were successfully applied to Mo-rich
samples, and a few designed to process low-Mo samples were
proposed. For example, by resorting to the double-spike (DS),
Willbold et al. (2016)30 developed a new and efficient single-
column Mo separation scheme with a low Mo blank to extract
Mo from basalts and steel. Simultaneously, Liu et al. (2016)32

presented a method with 0.6 ng of Mo blank, in which the
amount of Mo pulled from carbonate rocks was reduced to 100
ng. More recently, Liang et al. (2016)33 reported that the
concentration of Mo in all the analyzed solutions had been
reduced to 15–30 mg L�1. However, owing to the high procedural
blank of $1–3 ng, a large sample size, some even up to 1 g, was
still needed to separate Mo. In contrast, with the help of
extremely low total blanks (30–190 pg), Li et al. (2014)34 and Fan
et al. (2020)28 used BPHA (N-benzoyl-N-phenylhydroxylamine) to
extract Mo from low-Mo rock samples (10–500 ng g�1). However,
BPHA is commercially unavailable, hindering its widespread
application.

In addition, among most of the previous methods, isotope
determination at high concentration (>50 ng g�1) makes it
challenging to analyze repeatedly, which further impedes high
precision d98/95Mo determination of low Mo geological and
environmental samples. Improving the instrumental sensitivity
and reducing the sample size for purication and measurement
are the best ways to obtain precise Mo isotope composition for
extremely low-Mo samples. Malinovsky et al. (2018)27 attempted
to measure Mo isotopes at 10–15 ng mL�1 level by enhancing
the sensitivity (typical 98Mo sensitivity ¼ 100 V mg�1 mL�1)
using a desolvating Apex – Q sample inlet system with a small
amount of EDTA in sample solutions and Natalie et al. (2020)35

enhanced the typical sensitivity of 100–140 V mg�1 g�1 Mo for
96Mo. But the precision of the measured d98/95Mo values was
poor, with 0.1 to 0.2&. These precisions could not identify the
smaller Mo isotope variations oen found in various biogeo-
chemical processes. Therefore, determining Mo isotopes with
high sensitivity and precision becomes increasingly crucial in
reducing blanks and further reducing sample size for Mo
purication.

In order to measure Mo isotopes of low Mo samples with
higher precision and accuracy and eliminate complex matrices,
reducing sample size and simultaneously improving instru-
mental sensitivity are better ways to solve the issues above.
Here, according to a cleaning scheme proposed to minimize the
total blank of less than 0.16 ng involving the commercially
available Muromac®1X8 (a kind of AG1-X8) anion and AG50-X8
cation-exchange resin, the samples containing 30–60 ng Mo are
ensured sufficient to purify for isotope measurement three
more times. Meanwhile, the Mo isotope measurement with
1064 | J. Anal. At. Spectrom., 2022, 37, 1063–1075
high sensitivity (95Mo ¼ 200–330 V mg�1 mL�1) was achieved
using an improved Aridus II with an ice chamber in the sample
introduction system (SIS). The d98/95Mo values of some recom-
mended geological reference materials (GRMs) analyzed at 5
and 10 ng of Mo levels are remarkably consistent with the
published data, yielding an external precision better than
0.06& (2SD). These results validate the accurate and precise Mo
isotope determinations and the reliability of our analytical
method, which is helpful to explore the application of Mo
isotopes in investigating the global cycle of Mo in nature and
metabolic processes of Mo in plants, animals, and human
tissues or organs.
2. Experimental methods
2.1. Chemical reagents and materials

All the used optima-grade hydrochloric acid (HCl), hydrouoric
acid (HF), and nitric acid (HNO3) (Beijing Institute of Chemical
Reagents, China) were further puried once using Savillex™
DST-1500 stills (a sub-boiling acid distillation system). Ultra-
pure water (18.2 MU cm�1) was prepared by the Milli-Q Element
system (Millipore, USA). The highly pure chemical reagents,
including 35% H2O2 (trace metal grade), Specpure® plasma
standard solution of Mo with 10 000 mg g�1 (in 5% HNO3/tr. HF,
lot. 41-551010A), Zr, Ru, and Pd (1000 mg g�1), were obtained
from Alfa Aesar Ltd (Johnson Matthey Company: JMC) in China.
Mo standard solution (NIST SRM 3134: lot. 130418) was
purchased from the National Institute of Standard and Tech-
nology (NIST), USA. Drs Xiang-Kun Zhu and Jin Li provided
a different batch number of NIST SRM 3134 (lot. 891307). All the
PFA beakers (Savillex™), centrifuge tubes, and pipette tips were
strictly cleaned according to the procedures described by Zhu
et al. (2018).36 All sample pre-treatments were performed in
class 1000 ultra-clean room, and chemical purication was
carried out in a class 100 hood at the isotope geochemistry
laboratory, China University of Geosciences (Beijing).
2.2. Sample preparation and digestion

A variety of geological and environmental reference materials
(RMs) were employed to evaluate the reliability of our improved
chemical separation and measurement protocol. Some of them
have certied Mo isotope compositions in previous works,
allowing intercalibration with results obtained in this study.
These international RMs were purchased from the United States
Geological Survey (USGS, USA), National Institute of Standard
and Technology (NIST, USA), Ocean Scientic International
Limited (OSIL, UK), and Institute of Geophysical and
Geochemical Research (IGGE, China), including Atlantic
seawater (IAPSO), basalt, andesite, granite, carbonate, shale,
manganese nodules, cobalt-rich crusts, soils, sediments, loess,
plant samples, and animal tissues. The different digestion
schemes were employed to decompose various samples with the
different characteristics described in detail in Zhu et al. (2018).36

Briey, the digestion procedures are presented below.
Unlike some studies in which a double spike (DS) was mixed

with sample powder before digestion, we rst decomposed all
This journal is © The Royal Society of Chemistry 2022
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Table 1 Separation scheme of Mo from geological and environmental
samples

Separation stage Reagent Volume/ml

Column I (removing Fe and Ca): cation exchange resin (AG50W-X8, 200–
400 mesh, 2 mL)
Condition 10.5 M HCl 3
Load sample and collect Mo 8.80 M HCl 0.6
Collect Mo 10.5 M HCl 5.5
Clean resin MQ H2O 10

Column II: anion exchange resin (AG1-X8, 100–200 mesh, 2 mL)
Condition 8 M HCl + 0.1 M HF 4
Load sample 8 M HCl + 0.1 M HF 7.9
Elute matrix 8 M HCl + 0.1 M HF 4
Elute matrix 6 M HCl + 0.1 M HF 13
Elute matrix 6 M HCl 13
Elute matrix 4 M HCl 6
Elute Fe 0.5 M HCl + 0.1% H2O2 14
Elute Fe 1 M HCl + 0.5 M HF 4
Collect Mo 8 M HF + 2 M HCl 12
Clean resin MQ H2O

Column III: cation exchange resin (AG50W-X8, 200–400 mesh, 2 mL)
Condition 0.5 M HCl + 0.3% H2O2 8
Load sample and collect Mo 0.5 M HCl + 0.3% H2O2 2
Collect Mo 0.5 M HCl + 0.3% H2O2 12
Clean resin MQ H2O 10
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samples into a solution to avoid DS contaminating digestion
vessels and waste DS due to widely variable Mo content in
different samples.36,37 Hereby, a set of silicate samples,
including basalt, andesite, and granite powders, were carefully
weighed�50mg into the individual 15 mL PFA beakers. 3 mL of
mixed acid (HF (23 M) : HNO3 (15.8 M) ¼ 2 : 1) was added,
followed by repeatedly heating the sealed PFA beakers at 140 �C
and sonication (15 min) until no precipitate was observed. The
solutions were dried down to incipient dryness and then dis-
solved in 3 mL of aqua regia (HCl : HNO3 ¼ 3 : 1) for digesting
again until the clear solution was obtained in 1 mL of 10%
HNO3 (v/v). For shale, sediment, soil, loess, plant, and animal
tissue reference materials, approximately 100 mg samples were
decomposed at 185 �C � 5 �C for 36–48 h in customized high-
pressure bombs with 3.0 mL of a mixture of HNO3 (15.8 M)
and HF (23 M). Aer cooling, 1 mL 35% H2O2 and 0.4 mL of HF
(23 M) were added, and the samples were evaporated to incip-
ient dryness at 130 �C. They were then further digested with
3 mL of a 10 : 1 mixture of HNO3 and HF for 16 h at 185 �C �
5 �C, repeating the above steps until clear solutions were ach-
ieved in 1 mL of 10% HNO3 (v/v). For carbonate, manganese
nodules, and Co-rich crusts samples, typically �100 mg
(�200 mg for JDO-1) of sample powders were weighted into
30 mL PTFE liners, and 6 M HCl was added to degas for 2 h.
They were then evaporated to near dryness. 3 mL of concen-
trated HNO3 was added, and the sealed bombs were placed in
a pre-heated oven at 185 � 5 �C for 24 h. Aer cooling, the
solutions were transferred into 15 mL PFA beakers to evaporate.
The residues were dissolved in 1 mL 10% HNO3 and transferred
into 6 mL centrifuge tubes with a small amount of undissolved
material for storage. Only the supernatant of these samples was
used to purify aer centrifuging for 20 min at 3600 rpm.
2.3. Mo purication

Before purication, sample aliquots containing 30–60 ng Mo
were mixed with the 97Mo–100Mo double spike (DS) in 15 mL
Savillex PFA beakers at the optimized ratio of 100Mospike/

98-

Mosample ¼ 2.75. To the spiked sample solutions were added
�0.5 mL 15 M HNO3, and the beakers were tightly screwed up
and put on a hot plate overnight at 100 �C for sample-spike
equilibration. Aer that, the beakers were cooled to room
temperature and evaporated to dryness at 100 �C. Subsequently,
the samples were re-dissolved in 0.6 mL of�8.8 MHCl solution,
and they were then placed on the hotplate at 100 �C for 30 min
followed by Mo separation (Table 1).

2.3.1 Column I for removing Ca and Fe. Column I (10mL of
Bio-Rad polypropylene column) pre-loaded with 2 mL of
AG50W-X8 cation resin (200–400 m, Bio-Rad) were cleaned
strictly according to the procedures listed in Table S1† and
washed to near neutral with MQ water, and then conditioned
with 3 mL of 10.5 M HCl. 0.6 mL of spiked sample solution was
loaded onto the resin followed by 5.5 mL of 10.5 M HCl (6 �
0.91 mL) and �6.1 mL of Mo was collected during loading and
diluted to 8 M HCl–0.1 M HF media by adding 33 mL HF (24 M)
and 1.78 mL MQ water for column II.
This journal is © The Royal Society of Chemistry 2022
2.3.2 Columns II for removing Zr, Ni, and Fe. Column II
was lled with 2 mL of Muromac®1X8 anion resin (100–200 m,
Muromac®, Japan) and preconditioned with 8 MHCl–0.1 MHF.
The beakers containing�8 mL diluted eluent were immediately
put on a hotplate at 80 �C for 30 min. Aer cooling, samples (8
� 1 mL) were loaded, followed by 4 mL of 8 M HCl–0.1 M HF,
13 mL 6 M HCl–0.1 M HF, and 13 mL 6 M HCl rinsing to
eliminate Zr, Ru, Cu, Ni, and most matrix elements. Subse-
quently, the resin was washed by adding 6 mL 4 M HCl, 14 mL
0.5 MHCl–0.1%H2O2, and 1MHCl–0.5 MHF to clear up Fe and
other small amounts of matrix elements. Finally, Mo was eluted
using 8 M HF–2 M HCl (12 � 1 mL) and collected in clean PFA
beakers.

2.3.3 Column III for obtaining high-purity Mo. Column III
was used to remove possible residual matrix elements such as
tiny amounts of Fe and Zn.38 The dried samples from column II
were dissolved in 1 mL 0.5 M HCl, then 6 mL H2O2 and 1 mL
0.5 M HCl were added to make a solution of 2 mL 0.5 M HCl–
0.3% H2O2. The solutions were loaded onto column III that pre-
lled 2 mL of AG50W-X8 cation resin (200–400 m, Bio-Rad) and
conditioned with 8 mL 0.5 M HCl + 0.3% H2O2. Column III was
rinsed with 12 mL 0.5 M HCl + 0.3% H2O2 (v/v). All eluents (14
mL) were collected in 15 mL PFA beakers and dried down.
Finally, puried Mo was dissolved in 2% HNO3–0.1% HF (v/v)
for mass spectrometry.
2.4 Mo isotopes measurement

2.4.1. Mo double spike. As in previous studies, the
97Mo–100Mo double spike was also utilized in our work to
correct for isotope fractionation from instrumental mass bias
J. Anal. At. Spectrom., 2022, 37, 1063–1075 | 1065

https://doi.org/10.1039/d1ja00465d


Fig. 1 The best mixing ratio of the spike (100Mospike) to sample
(98Mosample) by theoretical simulation (dotted curve) and experimental
measurement (red circles) at 97Mospike/

100Mospike¼ 1. The left and right
y-axes show the variation of the theoretical error in a (fractionation
factor of natural samples relative to SRM 3134) and the measured error
in d98/95Mo, respectively.
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and chemical purication. Single spikes of 97Mo (96.60%) and
100Mo (99.03%) were bought from ISOFLEX (USA) and sepa-
rately dissolved in 7MHNO3 with a little HCl. The aimed double
spike composition was calibrated to be 97Mo : 100Mo¼ 1.009200
using NIST 3134 (lot. 130418) by a standard-sample-bracketing
(SSB) method on Nu Plasma II MC-ICP-MS (Nu II). This ratio is
very close to the result provided by Siebert et al. (2001).39 To
accurately measure Mo isotopes with minimizing error propa-
gation, the optimized mixing range of 100Mospike/

98Mosample was
acquired to be 1.5 to 8 through a Monte Carlo – nest iteration
program, and the best ratio of 100Mospike/

98Mosample was 2.75
(Fig. 1). This observation can be found in detail in the litera-
ture.40–42 Consequently, a 100Mospike/

98Mosample ratio of 2.75 was
employed for all samples and standard solutions. For actual
Table 2 Neptune Plus and Nu Plasma II MC-ICP-MS operating paramet

Parameters Settings for NP

Cup conguration L4(91Zr), L3(92Mo), L2(94Mo)
L1(95Mo), C(96Mo), H1(97Mo)
H2(98Mo), H3(100Mo)
Sub cong. C(97Mo), H2(99Ru

RF power 1250 W
Sampler cone (nickel) H Cone
Skimmer cone (nickel) X cone
Cooling Ar2 ow rate 15 L min�1

Auxiliary Ar2 ow rate 0.8 L min�1

Nebulizer Ar2 ow rate 0.90–1.05 L min�1

Cycle integration time 4.194 s
Number of cycles 45
Sensitivity of 95Mo 200–330 V ppm�1

Aridus II
Sweep gas ow rate 3.5–4.8 L min�1

Nitrogen (N2) ow rate 0.02–0.05 L min�1

T of spray chambera 110 �C
T of desolator 160 �C
Sample uptake rate 110 mL min�1

a T represents temperature.

1066 | J. Anal. At. Spectrom., 2022, 37, 1063–1075
samples, the ratio of 100Mospike/
98Mosample was sometimes less

than or greater than 2.75 due to the incorrect Mo concentra-
tions. Still, the precision and accuracy of d98/95Mo would not be
affected as long as the 100Mospike/

98Mosample ratio ranges from
1.5 to 8.

2.4.2. Mass spectrometry. Molybdenum isotope measure-
ments were mainly performed on a Neptune Plus MC-ICP-MS
(NP) at the Laboratory of Isotope Geochemistry, China Univer-
sity of Geosciences (Beijing). Double spike calibration was
conducted on a Nu II at the State Key Laboratory of Environ-
ment Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences. As shown in Table 2, eight Faraday cups
monitor the signals of Mo isotopes and 91Zr at a low resolution
on NP. 97Mo+ and 99Ru+ were simultaneously measured on C
and H2 cup in sub-congure for getting the ratio of 97Mo/99Ru
to subtract 96Ru, 98Ru, and 100Ru isobaric interference onto
96Mo, 98Mo, and 100Mo. Similarly, eleven Faraday cups were
employed on Nu II at the static mode and low resolution.
56Fe40Ar+ was also monitored via 57Fe+ using Ax cup without
changing Quads setting for Mo isotopes. Signals were collected
for 3 blocks, each with 15 cycles and each cycle with 4.194 s
integration time for NP; while 3 blocks of 10 cycles with 10 s
integration time for each one were used on Nu II. The on-peak
blank was determined before in 2% HNO3–0.1% HF (v/v) and
then subtracted from the subsequent sample signals on both
instruments.

Puried samples dissolved in 2% HNO3–0.1% HF were
introduced into the plasma by an Aridus II desolvator (Cetac
Technologies Omaha, NE, USA) sample introducing system
(SIS) installed with an ESI Teon aspire nebulizer (100 mLmL�1)
via a Cetac AXR112 autosampler. The 95Mo signal intensity was
2.0–3.3 V on the NP at the Mo concentration of 10 ng mL�1

while 2.0–3.5 V on the Nu II at 100 ng mL�1. Thereby, sample
solutions with 10 ng mL�1 (10 ng ¼ 110 mL min�1 � 9 min � 10
ers for Mo isotope measurements

Settings for Nu II

L5(90Zr), L4(92Mo), L2(94Mo), L1(95Mo), Ax(96Mo)
H1(97Mo), H2(98Mo), H3(99Ru), H4(100Mo)
H6(102Ru,102Pd), H7(104Pd)

)
1300 W
541B (1.15 mm)/dry cone (0.9 mm)
540 (0.6 mm orice)/dry cone
13 L min�1

0.8 L min�1

25–33 psi
10 s
30
15–20 V ppm�1

3.0–3.9 L min�1

No
110 �C
160 �C
100 mL min�1

This journal is © The Royal Society of Chemistry 2022
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mg L�1) for NP and 100 ng mL�1 for Nu II were generally
employed for measuring Mo isotopes. Spiked NIST 3134 solu-
tion was analyzed every 3–5 samples to monitor the instrument
stability and normalize the sample data.

Since NIST 3134 has been recommended as an international
standard for Mo isotopes,32,43,44 all isotopic data are reported as
the delta notation relative to NIST 3134 (lot. 130418): d98/95Mo¼
[(98Mo/95Mo)sample/(

98Mo/95Mo)3134 � 1] � 1000&. d98/95Mo and
d96/95Mo were reduced via an offline EXCEL worksheet on the
NP while an online DS program, similar to Cd isotope data
reduction,36,37 was built into the executive program to extract
ratios on the Nu II. Since JMC Mo solution was used as Mo
isotope standard in previous studies, the conversion between
d98/95MoNIST3134 and d98/95MoJMCMo was conducted to facilitate
inter-laboratory comparison in terms of d98/95MoJMC ¼ d98/

95MoNIST3134 + d98/95MoNIST3134-JMC + (d98/95MoNIST3134 � 98/

95MoNIST3134-JMC) � 10�3. Here, 98/95MoNIST3134-JMC is equal to
0.25&, as suggested by Nägler et al. (2014).45

3. Results and discussion
3.1. Separation scheme of Mo

Previous studies have proposed several Mo separation schemes
for different types of geological and environmental samples.
Most of them separated Mo from sample matrices either by
a single AG® MP-1M/AG1-X8 anion resin or by combining
cation (AG50W-X8 or Dowex™ 50W-X8) and anion (AG1-X8 or
Dowex™ 1-X8) resins. Since Mo likely contaminated the AG®
MP-1M resin we bought from Bio-Rad and caused the highly
procedural blank, we chose Muromac®1X8 instead of AG® MP-
1M anion resin for our improved Mo separation scheme with
consistently >90% yields for various samples. This purication
scheme (Table 1), mainly consisting of the cation and anion
exchange resins, was modied from previous protocols.30,36,41,46

As demonstrated by Zhu et al. (2018),36 column I can effec-
tively remove most Ca (>90%) and Fe (>80%) while other
elements including Mo, Ti, Cr, Co, Ni, Cu, and Zn are still in the
eluent. Since Mo(VI) exists as the predominant form of complex
MoOCl5

� in $7 M HCl whereas MoO2
2+ and MoO4+ in #1 M

HCl, 7 MHCl was employed to extract Mo from sample matrices
through AG® MP-1M resin41 while 1 M HCl was utilized to elute
Mo in AG1-X8 resin.30,32 Thus, the eluents with 10.5 M HCl from
column I were diluted to be 8 M HCl–0.1 M HF and then loaded
onto column II to hold Mo, followed by rinsing with 8 M HCl–
0.1 M HF, 6 M HCl–0.1 M HF, and 6 M HCl to remove most
matrix elements such as Zr, W, Cr, Co, Ni, Cu, etc.However, low-
Mo samples (<0.5 mg g�1) generally have a high ratio of [Fe]/[Mo]
more than 30 000 (Table 3), and Fe should be further elimi-
nated. Previous studies have shown that 4 M HCl can effectively
elute Fe, but when$8 mL of 4 M HCl was used to rinse column
II aer 6 M HCl, a little bit of Mo will be lost in our experiment.
Willbold et al. (2016)30 and Li et al. (2016)46 utilized 0.5 M HCl–
0.3% H2O2 and 1 M HCl–0.5 M HF to elute some matrix
elements and Fe in AG1-X8 resin while Mo was still retained.30,46

Therefore, modications were made to our purication proce-
dures using 6 mL 4 M HCl, 14 mL 0.5 M HCl + 0.1% H2O2 and
4 mL 1 M HCl + 0.5 M HF to avoid the loss of Mo. Aer this, Mo
This journal is © The Royal Society of Chemistry 2022
fraction was collected in 12 mL of 8 M HCl–0.1 M HF. Because
Mo isotopes were determined at the high-sensitivity model,
a tiny amount of Fe at [Fe]/[Mo] $ 0.5 will produce 54Fe40Ar+,
56Fe40Ar+ and 57Fe40Ar+ in plasma, forming the interference on
94Mo+, 96Mo+ and 97Mo+. Consequently, as suggested by Voe-
gelin et al. (2009)47 that 0.5 M HCl + 0.3% H2O2 can separate Mo
effectively, column III was still utilized for 2 mL of AG50W-X8
cation resin to hold a tiny amount of residual Fe and Zn, and
Mo was eluted immediately and collected. The distinguishing
features of this purication scheme are its high efficiency,
exibility, and wide applicability to various geological samples.

3.2 Sensitivity of determining Mo isotopes and data
validation

In order to enhance the measurement sensitivity and eliminate
spectral interferences, nitrogen (N2) and the improved Aridus II
with ice chamber in the SIS were set up.37,48 The addition of trace
N2 on NP not only suppresses the interferences (e.g.,
40Ar40Ar16O+) but also improves sensitivity. The improved Ari-
dus II with an ice chamber can increase the transmission effi-
ciency of the analyte and maintain good stability during the
analytical session.48 Thus, the sensitivity of 95Mo signal
(generally �200 V ppm�1 for 95Mo, the maximum is �330 V
ppm�1 depended on the different NP and its equipped eroded
slit size) on NP is much higher than that previously reported
using desolvating Apex – Q sample inlet system (Table 2).27 This
indicates that 95Mo signal can achieve �1.0 V for a 5 ng mL�1

injecting solution.
Nevertheless, such a higher sensitivity can easily cause

unwanted side effects such as stronger memories. To eliminate
the memory effects of Mo in SIS, the N2 should be adjusted
slightly to suppress the baseline. Simultaneously, Aridus II is
kept rising by 2% HNO3–0.1% HF for at least eight minutes
until the 95Mo signal is less than 1 mV, and on-peak zero (OPZ)
is conducted to spiked samples and standard solution. Through
those ways, the sensitivity and stability of signals can be
signicantly improved while memory and interference are
obviously reduced.

To evaluate the data validity, the RMs, SDO-1, SRG-1b, BCR-
2, COQ-1, and NOD-P-1 were determined repeatedly at Mo
concentrations of 5, 10, $20 ng mL�1 (Fig. 2). The average d98/

95Mo and 2 standard deviation (n¼ 3) of SDO-1, SRG-1b, BCR-2,
COQ-1, and NOD-P-1 are 0.83 � 0.05&, 0.43 � 0.04&, �0.04 �
0.03&, �0.20 � 0.02&, and �0.86 � 0.04& at 5 ng mL�1; 0.82
� 0.04&, 0.43 � 0.04&, �0.03 � 0.02&, �0.21 � 0.02&, and
�0.86� 0.03& at 10 ng mL�1, and 0.81� 0.03&, 0.42� 0.03&,
�0.03 � 0.03&, �0.19 � 0.03&, �0.87 � 0.03& at $20 ng
mL�1, respectively. These values are greatly consistent with the
published results. There is no signicant difference among
them, demonstrating that high-precision (2SD # 0.05&) Mo
isotopes can be obtained at 5 and 10 ng Mo levels, even at 3 ng.

3.3. Evaluation of isobaric interference

The major potential interferences in determining Mo isotopes
are spectral interferences, mainly doubly charged ions, poly-
atomic and isobaric ions.44 Under the high-sensitivity setup,
J. Anal. At. Spectrom., 2022, 37, 1063–1075 | 1067
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Table 3 Mo concentration and isotope composition of geological and environmental reference materials

Sample name Sample type Reference
Mo (mg
g�1) Fe/Mo d98/95Mo3134 2SD Nb

Fe/Mo aer
purication d98/95MoJMC

BCR-2 Basalt This study 256 556 �0.03 0.04 6 <0.01 0.22a

Li et al. (2016)46 329 �0.04a 0.07 3 —d 0.21
Skierszkan et al. (2015)41 — �0.04 0.1 — — 0.21a

Liu et al. (2016)32 — 0.22a 0.09 12 — 0.47
Liang et al. (2016)33 236 �0.03 0.04 — — 0.22a

BHVO-2 Basalt This study 3.3 36 176 �0.03 0.05 8 <0.01 0.22a

Burkhardt et al. (2014)23 4.55 �0.06 0.03 23 — 0.19a

Willbold et al. (2016)30 4.2 �0.07 0.04c 48 — 0.18a

Yang et al. (2015)16 3.5 0.01 — — — 0.26a

Zhao et al. (2016)49 3.38 �0.05 0.09 5 — 0.20a

Migeon et al. (2015)64 4.4 �0.04 0.02c — — 0.21a

König et al. (2016)17 3.5 �0.07 0.03 6 — 0.18a

Liang et al. (2016)33 3.48 �0.03 0.04 — — 0.22a

Feng et al. (2020)51 — �0.03 0.05 12 — 0.22a

GSR-3 This study 2.81 51 538 �0.53 0.06 5 <0.01 �0.28a

Zhao et al. (2016)49 2.92 �0.51 0.04 — �0.26a

GSR-2 Andesite This study 0.51 90 741 �0.14 0.01 4 <0.01 0.11a

Zhao et al. (2016)49 0.58 �0.28 0.07 5 — �0.03a

AGV-2 This study 1.72 34 308 �0.15 0.02 4 <0.01 0.10a

Willbold et al. (2016)30 1.96 �0.15 0.01c 3 — 0.10a

Zhao et al. (2016)49 1.95 �0.14 0.05 5 — 0.11a

Feng et al. (2020)51 — — �0.12 0.08 7 — 0.13a

GSR-1 Granodiorite This study 3.5 16 355 0.094 0.01 3 <0.01 0.34a

GSP-2 This study 2.08 23 333 �0.21 0.01 3 <0.01 0.04a

Yang et al. (2015)16 2.1 �0.17 0.08a

JDO-1 Dolomite This study 0.22 945 0.50 0.02 3 <0.01 0.75a

GSR-6 Limestone This study 0.35 406 0.30 0.02 6 <0.01 0.55a

Liu et al. (2016)32 — 0.51a 0.09 12 — 0.76
COQ-1 Carbonatite This study 6.8 3973 �0.20 0.02 3 <0.01 0.05a

Zhao et al. (2016)49 7.4 �0.26 0.10 5 — �0.01a

SGR-1b Shale This study 32.5 572 0.42 0.03 4 <0.01 0.67a

Li et al. (2016)46 44.7 0.38a 0.02 3 — 0.63
Zhao et al. (2016)49 35.5 0.44 0.11 5 — 0.69a

SDO-1 This study 133 697 0.82 0.05 4 <0.01 1.07a

Asael et al. (2013)50 0.74 0.08 0.99a

Goldberg et al. (2013)44 — 0.80 0.12 — — 1.05a

Skierszkan et al. (2015)41 — 0.79 0.05 — — 1.04a

SCO-1 This study 1.11 37 518 �0.44 0.04 4 <0.01 �0.19a

Li et al. (2016)46 1.4 �0.49a 0.06 5 — �0.24
Zhao et al. (2016)49 1.2 �0.41 0.03 5 — �0.16a

GSMC-1 Cobalt-rich crusts This study 480 404 �0.97 0.05 4 <0.01 �0.72a

Zhao et al. (2016)49 466 �0.94 0.07 5 — �0.69a

GSMC-2 This study 520 544 �0.94 0.05 4 <0.01 �0.69a

CSMC-3 This study 435 400 �0.96 0.05 4 <0.01 �0.71a

NOD-A-1 Manganese nodule This study 448 348 �0.65 0.02 4 <0.01 �0.40a

Barling et al. (2001)7 — �1.21a 0.15 — — �0.96
Asael et al. (2013)50 — �0.68 0.04 10 — �0.43a

Li et al. (2016)46 483.5 �0.73 0.05 6 — �0.48a

Zhao et al. (2016)49 589 �0.83 0.05 5 — �0.58a

Feng et al. (2020)51 �0.70 0.05 5 — �0.45a

NOD-P-1 This study 760 109 �0.86 0.03 15 <0.01 �0.61a

Barling et al. (2001)7 — �0.89a 0.15 — — �0.64
Asael et al. (2013)50 — �0.83 0.10 5 — �0.67a

Li et al. (2016)46 776.5 �0.91a 0.05 3 — �0.66a

Zhao et al. (2016)49 637 �0.88 0.01 5 — �0.63a

Feng et al. (2020)51 �0.86 0.03 5 — �0.61a

CLB-1 Coal This study 10.3 1389 1.25 0.03 4 <0.01 1.50a

GSS-5 Soil This study 4.38 27 435 0.26 0.01 3 <0.01 0.51a

GSS-6 This study 0.45 4494 0.43 0.04 3 <0.01 0.68a

GSS-12 This study 1.01 49 063 �0.31 0.03 3 <0.01 �0.06a

GSS-14 This study 0.61 81 846 �0.34 0.03 3 <0.01 �0.09a

GSS-16 This study 1.01 47 304 �0.29 0.01 3 <0.01 �0.04a

1068 | J. Anal. At. Spectrom., 2022, 37, 1063–1075 This journal is © The Royal Society of Chemistry 2022
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Table 3 (Contd. )

Sample name Sample type Reference
Mo (mg
g�1) Fe/Mo d98/95Mo3134 2SD Nb

Fe/Mo aer
purication d98/95MoJMC

GSS-20 This study 3.05 12 875 0.32 0.03 3 <0.01 0.57a

2711a This study 1.64 16 207 �0.08 0.01 3 <0.01 0.17a

GSS-8 Loess This study 1.08 38 621 �0.16 0.03 3 <0.01 0.09a

GSS-24 Beach sediment This study 1.05 45 182 0.09 0.04 3 <0.01 0.34a

GSS-27 Changjiang sediment This study 0.94 72 857 �0.02 0.02 3 <0.01 0.23a

GSS-28 Xiangjiang sediment This study 1.11 55 085 �0.23 0.03 3 <0.01 0.02a

GBW07319 Tibet sediment This study 14.3 6671 0.46 0.01 3 <0.01 0.71a

GBW07325 This study 5.71 4652 �0.07 0.03 3 <0.01 0.18a

GBW07327 This study 5.32 5871 �0.21 0.04 3 <0.01 0.04a

GBW07343 Huanghe sediment This study 0.55 66 825 0.09 0.02 3 <0.01 0.34a

GBW07345 This study 0.52 41 129 0.024 0.01 3 <0.01 0.27a

GSD-3 Steam sediment This study 75.7 711 �0.48 0.02 3 <0.01 �0.23a

GSD-5 This study 1.58 48 667 �0.39 0.03 3 <0.01 �0.14a

GSD-7a This study 0.76 50 976 �0.35 0.01 3 <0.01 �0.10a

GSD-12 This study 7.30 5810 �0.19 0.03 3 <0.01 0.06a

GSD-15 This study 0.81 74 468 0.41 0.03 4 <0.01 0.66a

GSD-17 This study 3.01 23 750 �0.16 0.05 3 <0.01 0.09a

GSD-19 This study 1.04 75 119 �0.042 0.02 3 <0.01 0.21a

GSD-21 This study 1.95 28 235 0.40 0.03 3 <0.01 0.65a

GSD-22 This study 1.02 34 636 0.13 0.03 3 <0.01 0.38a

GSD-23 This study 1.51 45 192 �0.003 0.02 3 <0.01 0.25a

GSB-6 Spinach This study 0.47 1019 0.64 0.03 3 <0.01 0.89a

GSB-12 Long bean This study 4.39 67 0.59 0.04 3 <0.01 0.84a

GSB-14 Nori This study 0.68 0.19 1.47 0.04 3 <0.01 1.72a

GSB-19 Astragalus membranaceus This study 4.82 0.02 0.68 0.05 3 <0.01 0.93a

GSB-23 Hunan rice This study 0.87 7 0.79 0.02 3 <0.01 1.04a

GSB-26 Celery This study 1.07 585 0.78 0.06 3 <0.01 1.03a

GSV-1 Shrub leaf This study 0.37 3923 0.23 0.05 4 <0.01 0.48a

GSV-2 Shrub leaf This study 0.28 3821 0.47 0.02 4 <0.01 0.72a

GSB-29 Swine liver This study 3.98 124 0.42 0.03 4 <0.01 0.67a

a d98/95MoJMC represents the normalized values by d98/95Mosample-JMC ¼ d98/95Mosample-NIST SRM 3134 + d98/95MoNIST SRM 3134-JMC + (d98/95Mosample-NIST

SRM 3134 � d98/95MoJMC-NIST SRM 3134)� 10�3, and d98/95MoJMC¼ d98/95MoSRM 3134 + 0.25&. b The number of repeat measurements for a sample. c 2 SE
corresponds to the standard error of the mean. d —: no data available.
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double-charged ions such as 184W++ and 194Pt++ were undetect-
able due to effectively eliminating W and Pt during separation.
Isobaric interferences of 100Ru+ on 100Mo+ and other Ru isotopes
were negligible because of their extremely low concentrations in
most samples and were further removed during purication. The
elements such as Zr, Cu, Ni, Cr, etc., can also be decreased to
insignicant concentration levels using our improved purica-
tion procedures.30,46 Consequently, a tiny amount of residual Fe,
Zn, Sn, and occasional Zr in puried solutions may be prone to
producing some interferences for the Mo isotope analysis.

To quantify the interference effect of elements aforemen-
tioned, we doped the spiked Mo standard solution (NIST 3134)
with different proportions of Zr, Fe, Zn, and Sn on the high-
sensitivity mode on NP. Fig. 3 shows the d98/95Mo values cor-
rected by DS do not exhibit the clear deviation when the ratios of
[Zr]/[Mo], [Fe]/[Mo], [Zn]/[Mo], and [Sn]/[Mo] are #5. However,
d96/95Mo values present the obvious shi at [Zr]/[Mo] $ 0.1. Zr
isotopes overlap with 92Mo, 94Mo and 96Mo, but do not affect
98Mo. Polyatomic argide ions 56Fe40Ar+ has also a clear inter-
ference on 96Mo+ at [Fe]/[Mo] $ 0.5 while 58Fe40Ar+ is negligible
to 98Mo+. Nitrogen monoxide ions 66Zn14N16O+ and 68Zn14N16O+
This journal is © The Royal Society of Chemistry 2022
and residual matrix element Sn on 98Mo can also be neglected at
[Zn]/[Mo] and [Sn]/[Mo] # 5. Thus, for our samples with the
initial [Fe]/[Mo] ratio as high as 80 000, they can be reduced to
<0.01 aer purication using our improved separation proce-
dures, conrming that our improved separation protocol is
suitable for various geological and environmental samples,
even for ultralow-Mo samples with complex matrices.
3.4 Blanks, precision, and accuracy for Mo isotope analysis

3.4.1 Blank contribution. Reducing the total procedural
blank of Mo is a critical prerequisite for sample purication and
accurate isotope determination using the sample size only
containing #30–60 ng Mo. In previous studies, the blank was
mainly between 0.2–3 ng except for the specic resin (BHPA:
0.03–0.19 ng) used by Fan et al. (2020).28 The major contributors
of the blank were thought to be either H2O2, HF, or anion
exchange resin.30 In our experiments, the blank of H2O2, HF,
and HCl is all less than 0.04 ng and negligible. However, the
AG® MP-1M and Ag1-X8 anion resins (Bio-Rad) have higher Mo
blank, especially some batches that seem to be contaminated by
Mo. Mo concentration in washed eluent from AG® MP-1M
J. Anal. At. Spectrom., 2022, 37, 1063–1075 | 1069
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Fig. 2 (a and b) Comparisons of measured results for several GRMs at
5, 10, and 20 ng levels ((a) 10 and 20 ng; (b) 5 and 10 ng).
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reaches up to 300 ngmL�1, and its d98/95Mo is 0.46� 0.08& (n¼
3), implying that the Mo isotope ratio of actual samples is to be
either high or low (e.g., seawater) if the blank cannot be elimi-
nated effectively. Thus, an alternative Muromac®1X8 resin was
employed in our experiments, and the cleaning procedure is
developed and listed in Table S1.†

Using our new cleaning protocol, Mo blank from the resins
can be decreased to <0.3 ng aer washing three times with 10mL
3.5 M HNO3, 20 mL 1 M HCl, 10 mL 0.1 M HCl, and 10 mL 8 M
HF + 2MHCl. Thus, the total blank from the sample digestion to
the end of the purication is generally less than 0.16� 0.06 ng (n
¼ 10), occasionally 0.45 � 0.16 ng (n ¼ 5) for the rst new resin
used. However, to remove the blank effect thoroughly, the
cleaner Muromac®1X8 anion resin was prepared and used in all
our experiments. Spiked 60 ngNIST 3134,�60 ng (6mL), 30 ng (3
mL), and 20 ng (2 mL) IAPSO were processed to evaluate the
1070 | J. Anal. At. Spectrom., 2022, 37, 1063–1075
blank effect. The obtained d98Mo values of SRM 3134 are
consistent with the unprocessed NIST 3134. The average d98/95Mo
value is 2.07 � 0.04& (n ¼ 15) for IAPSO, also identical to the
certicated values.31,34,46,49 These results demonstrate that the
blank effect on our puried samples containing �30 ng Mo is
negligible. Additionally, approximately 0.1 ng or a much lower
Mo blank can be achieved aer using the cleaned resin several
times. Therefore, the Muromac®1X8 resin is always used
repeatedly in our experiments.

3.4.2 Precision and accuracy. Since our used Mo standard
solution (NIST 3134, lot. 130418) is a different batch from that
(lot. 891307) certicated by Goldberg et al. (2013),44 long-term
measurement was conducted to verify if there was a difference
in Mo isotope composition. The d98/95Mo analyzed on both
instruments were 0.00 � 0.06& (n ¼ 352) for lot. 130418 and
0.00 � 0.06& (n ¼ 32) for lot. 891307 relative to lot. 130418
(Fig. 4) over the past three years, showing no resolvable differ-
ence between them. As a result, both solutions are homoge-
neous with the same Mo isotopes, and any of them can be used
as a Mo isotope standard solution.

Mo isotopemeasurement's long-term precision and accuracy
were estimated by pure standard solution and geological
reference materials (GRMs), including the multiple digested
IAPSO, NOD-P-1, SCO-1, SDO-1 AGV-2, BCR-2, and BHVO-2. As
shown in Fig. 4 and Table 3, the external precision of pure NIST
3134 (lot. 130418 and lot. 891307), processed NIST 3134 (lot.
130418), and unprocessed JMC-Mo determined on the NP at 10
or 25 ng mL�1 were #0.05& (2SD). The average d98/95Mo value
and 2SD of IAPSO are 2.06� 0.05& (n¼ 5), identical with 2.09�
0.10&, 2.04 � 0.07& and 2.13 � 0.04& reported by Goldberg
et al. (2013),44 Zhao et al. (2016)49 and Skierszkan et al. (2015),41

respectively. NOD-P-1 is �0.87 � 0.02&, greatly consistent with
that of�0.89&,�0.91&,�0.88&,�0.83& and�0.86&.7,46,49–51

The SDO-1 and SCO-1 have been widely used for inter-laboratory
calibration. The d98/95Mo values are 0.82 � 0.05& (n ¼ 4) for
SDO-1 and �0.44 � 0.04& (n ¼ 3) for SCO-1, also in excellent
agreement with those values 0.80 � 0.14 (n ¼ 5) and 0.79 � 0.05
(n¼ 11) reported by Goldberg et al. (2013)44 and Skierszkan et al.
(2015),41 and �0.41 � 0.05& (n ¼ 11) and �0.49 � 0.05& (n ¼
11) published by Zhao et al. (2016)49 and Li et al. (2016),46

respectively. These results demonstrate that long-term d98/95Mo
precision for natural samples is typically # �0.05& (2SD) for
the Neptune Plus MC-ICP-MS.

The results of repeatedly digested AGV-2, BCR-2, and BHVO-2
show a relatively homogeneous Mo isotope composition with
amean d98/95Mo of�0.15� 0.05& (n¼ 6),�0.03� 0.04& (n¼ 6),
and �0.03 � 0.05& (n ¼ 8), respectively, greatly consistent with
the published values (Table 3). BCR-2 and BHVO-2 were thought
to be contaminated during rock grinding.30,46 The detailed
discussion on d98/95Mo in BHVO-2 by Willbold et al. (2016)30 has
shown d98/95Mo values had a narrow variation within uncertainty.
Similarly, the Mo isotope compositions of different batches of
BCR-2 are within the range of �0.04& to 0.01& in our study. If
they were converted to d98/95MoJMC-Mo (Table 3), they should be
within the scope of 0.21–0.26&. In comparison with the values
(standard-sample bracketingmethod, 0.39&� 0.04& (n¼ 4) and
0.47& � 0.09& (DS, n ¼ 12)) reported by Liu et al. (2016),32 the
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The effects of different elements with varying [X]/[Mo] on the d98/95Mo and d98/96Mo values determined at 10 ng mL�1 for NIST 3134. X
represents elements and the gray band shows the long-term precision (�0.06&) on Neptune Plus MC-ICP-MS.

Fig. 4 The long-term reproducibility of d98/95Mo measured at 10 and 20 ng mL�1 on the NP (2SD: �0.05&) and 50 or 100 ng mL�1 on the Nu II
(2SD: �0.07&) for NIST 3134 over one year. Error bars represent 2 standard deviations of each measurement. The yellow and green circles
represent processed and unprocessed NIST 3134 (lot. 891307: 0.00� 0.04&; 2SD, n¼ 28). The blue triangles denote d98/95Mo values of JMCMo
standard solution (�0.18 � 0.05&; 2SD, n ¼ 51).
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discrepancy with at least 0.18& occurs between the two groups.
They explained this observation was due to heterogeneous BCR-2.
However, as Willbold et al. (2016)30 demonstrated for BHVO-2, the
variations of Mo content in BCR-2 do not mean that their Mo
isotopes were heterogeneous. According to the Mo content (248–
329 mg g�1) reported by Liu et al. (2016)32 and Li et al. (2016),46 it
was almost 50–80 times greater than that in BHVO-2, implying
that at least 98% of Mo was from the Mo pollution. Moreover, d98/
95Mo values from 4 laboratories showed that the reproducibility of
BCR-2 was consistent within �0.06& (2SD), indicating the
contamination mixed evenly with the original basalt. Therefore, it
is difficult to consider that Mo isotopes in BCR-2 are not homo-
geneous based on only one data in Liu et al. (2016),32 instead of
presenting some comparable RMs such as BHVO-2 and SGR-1b.
3.5 Mo isotopes in geological and environmental reference
materials

Besides the basalt BHVO-2 and BCR-2 mentioned above, the Mo
isotope ratios in other igneous RMs, including GSR-3, GSR-2,
This journal is © The Royal Society of Chemistry 2022
AVG-2, GSP-2, and GSR-1, were also determined. Except that
d98/95Mo value (0.09 � 0.012&; n ¼ 3) of GSR-1 has not been
reported in previous studies (Table 3 and Fig. 5), the others are
evidently identical to those published values16,49 except for GSR-
2, which has a �0.14& difference between the result we
analyzed and reported by Zhao et al. (2016)49 (Table 3). This
observation implies that the Mo isotope composition of GSR-2
is possibly heterogeneous. The d98/95Mo values of igneous
rocks have a relatively large scan ranging from �1.73& to
0.59&. The bulk silicate earth (BSE) and Phanerozoic upper
crust have been limited to�0.15& or�0.21� 0.06& and�0.14
� 0.07& (95%, SE), respectively.6 In comparison with these
values, our determined d98/95Mo in igneous rock RMs are either
similar to that of BSE or within the range of igneous rocks.
Consequently, similar to BCR-2 and BHVO-2, GSR-3, AVG-2, and
GSP-2 can also be used as the candidate RMs of the corre-
sponding rocks for interlaboratory comparison.

Since carbonate rocks are expected to explore Mo isotope
composition in coeval seawater or to restrict the minimum d98/
J. Anal. At. Spectrom., 2022, 37, 1063–1075 | 1071
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95Mo of seawater at any given time, Mo isotopes in carbonate
have aroused the interest of some researchers in recent
years.10,20,52,53 However, there are few available Mo isotope data
in carbonate RMs for laboratory comparison. The COQ-1 (car-
bonatite), GSR-6 (limestone), and JDO-1 (dolomite) are easily
obtained from USGS and IGGE. The d98/95Mo value of COQ-1
was �0.20 � 0.01& (2SD, n ¼ 3), indistinguishable from the
published data (�0.26 � 0.1&, 2SD, n ¼ 5) by Zhao et al.
Fig. 5 Mo isotope compositions of geological and environmental refere
et al. (2015)15).

1072 | J. Anal. At. Spectrom., 2022, 37, 1063–1075
(2016).49 However, GSR-6 (0.30 � 0.02&, 2SD, n ¼ 6) had
a �0.21& difference from that (0.51 � 0.9&, 2SD, n ¼ 12) re-
ported by Liu et al. (2016).32 This discrepancy is similar to the
observation for BCR-2, which had a �0.22& offset to those re-
ported by other laboratories, indicating those reported values by
Liu et al. (2016)32 are likely to dri systematically at least 0.18&
as suggested by Willbold et al. (2016).30 The JDO-1 with 0.50 �
0.02& (2SD, n¼ 3) of d98/95Mo value was reported rst. All these
nce materials determined in this study (BSE: bulk Silicate Earth, Greber

This journal is © The Royal Society of Chemistry 2022
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carbonate d98/95Mo values we measured are within the range of
�1.79–2.10&,20,32,49,52,53 and most are smaller than that in
seawater, consistent with the observation by Thoby et al.
(2013).52 Thus, these RMs can calibrate the Mo isotope
composition of carbonates among different laboratories.

Mo isotopes in shales and organic-richmudstones have been
extensively employed to trace the evolution of redox and oxygen
content in the paleo-ocean and atmosphere. Their isotope ratios
vary signicantly between ��1.00 to 2.10&.7–13 Two interna-
tional shale RMs were determined to be 0.82 � 0.05& (2SD, n¼
4) for SDO-1 and �0.44 � 0.04& (2SD, n ¼ 4) for SCO-1 in this
work, in great line with those reported in previous studies
(Table 3). However, since SDO-1 and SCO-1 have been dis-
continued and are no longer available to most laboratories, the
shale SGR-1b was also analyzed. To verify the Mo isotope
homogeneity in different batches of SGR-1b, three lot. numbers,
0367, 0988, and 1005, were digested repeatedly. The d98/95Mo
were 0.43 � 0.05& (2SD, n ¼ 12) for 0367, 0.39 � 0.03& (2SD, n
¼ 9) for 0988 and 0.40 � 0.03& (2SD, n ¼ 6) for 1005. These
values are excellently consistent with 0.44 � 0.11& (2SD, n ¼ 5)
published by Zhao et al. (2016)49 and 0.42 � 0.02& (2SD, n ¼ 3)
reported by Li et al. (2016),46 showing that the Mo isotope ratio
of SGR-1bs is relatively homogeneous with d98/95Mo of 0.41 �
0.05& (2SD, n¼ 28). Therefore, we recommend that SGR-1b can
be used as a substitute RM for interlaboratory comparison
under the exhaustion of SDO-1 and SCO-1. Additionally, a CLB-
1(coal R) was measured to be 1.25 � 0.03& (2SD, n ¼ 3), falling
within the range of black shales.

Marine manganese nodules, ferromanganese and cobalt
(Co)-rich crusts are potentially metalliferous mineral resources
deposited on the seaoor. They have also been used as
geological archives to reveal the evolution of element chemicals
and their isotope compositions in seawater over time. The Mo
isotopes of NOD-P-1 have been reported in the literature with
homogeneous �0.86 � 0.10&, while the published d98/95Mo of
NOD-A-1 varied from �0.68 to �0.83& (Table 3). The value we
measured was �0.65 � 0.02&, in accordance with the �0.68 �
0.09& by Asael et al. (2013),50, �0.66 � 0.09& by Goto et al.
(2015),14,�0.73 � 0.09& by Li et al. (2016)46 and�0.70 � 0.09&
by Feng et al. (2020),51 but slightly different from the �0.83 �
0.09& by Zhao et al. (2016).49 Given that the d98/95Mo value re-
ported by Barling et al. (2001)7 is less accurate than the pub-
lished results, the slight discrepancy of #0.19& between ours
and Zhao et al. (2016)49 might reect the heterogeneity of Mo
isotope composition in NOD-A-1. The d98/95Mo values of three
other Co-rich crust GSMC �1, �2 and �3 were �0.97 � 0.05&,
�0.94 � 0.05&, and �0.96 � 0.05&, respectively. These results
are identical with the Mo isotope composition of hydrogenous
Fe–Mn crusts but different from the hydrothermal Mn nodules
with a narrow range of �0.56& to �0.66&.14 Our results
suggest that the Co-rich crust is also one of the potentially
signicant sinks of light Mo isotopes in seawater. Mo isotope
composition in them can be used as an indicator to identify
their origin.

Understanding Mo isotope systematics in loess, soils, and
stream sediments is vital to exploring the biogeochemical cycle
of Mo in the surcial environment. In this work, Mo isotope
This journal is © The Royal Society of Chemistry 2022
ratios of one loess, seven soils, and eighteen sediments taken
from different provinces and river draining in metalliferous
mine areas of China are reported (Table 3). The d98/95Mo in loess
(GSS-8) was �0.16 � 0.03& (2SD, n ¼ 3), slightly lighter than
that average value (0.06 � 0.15& with a range of �0.08 to
0.22&, 2SD, n ¼ 12) of loess from North China reported by
Wang et al. (2018).53 For soils, a polluted soil reference material
NIST SRM 2711a was determined to be�0.08� 0.01& (2SD, n¼
3). The others varied from�0.29 to 0.43& with an average value
of 0.01 � 0.36& (1SD, n ¼ 6), heavier than those soils (an
average was �0.23 � 0.16& (2SD, n ¼ 4)) from the strongly
weathered prole of granite and igneous bedrock. However,
these d98/95Mo values still fall within the range of �0.41–1.5&,
which interpreted this observation as being controlled by redox
conditions, organic matter, and atmosphere inputs.54–58 The d98/
95Mo of eighteen sediments ranges from �0.48& to 0.46& with
an average value of 0.03 � 0.27& (1SD, n ¼ 18), slightly lighter
than that in loess from North China and upper continent crust
(0.05–0.15&),59–61 But its variation coefficient is large, different
from the relatively homogenous Ni and Cr isotopes.30,62 This
observation suggests that Mo isotope composition in these
sediments is heterogeneous, reecting the impact of various
environmental factors demonstrated by Siebert et al. (2015).55

The d98/95Mo values of eight plant RMs are reported for the
rst time (Table 3), varying from 0.23& to 0.79& except for
GSB-14 (seaweed) having a d98/95Mo (1.47 � 0.04&, n ¼ 4) close
to the seawater (2.06 � 0.06&). Their average was 0.60& �
0.20& (n ¼ 7, 1SD), higher than that in soil, sediment, and rock
samples (Fig. 5). This observation is similar to the nding by
Malinovsky et al. (2018),27 whose work showed that plant roots
generally enriched heavier Mo isotopes but different from the
isotopes of K, Ca in plants,63 which are lighter in comparison
with rock samples. The relatively positive d98/95Mo in plants, as
demonstrated by Malinovsky et al. (2018),27 indicates that
MoO4

2� with heavier isotopes prefers to be uptaken by plant
root cells from soils. Additionally, GSB-29, a swine liver, is 0.42
� 0.03& (2SD, n¼ 4), obviously contrary to the Cd isotopes with
the lighter isotopic composition,37 which implies that Mo
isotope composition in animal tissues may be related to the Mo
speciation in the food chain. However, this still needs more
work to verify. Overall, these results exhibit Mo isotopes have
great potential in studying Mo biochemistry and environmental
chemistry.

4. Conclusions

In order to analyze the d98/95Mo values of lower Mo geological
and environmental samples with complex matrices, an
improved Mo purication and cleaning resin scheme was
proposed using commercially available Muromac®1X8 anion
and AG50-X8 cation resins. The samples containing 30–60 ng
Mo can be used to extract Mo for isotope measurement. The
total blank of Mo from sample digestion to Mo separation is
decreased to 0.16 ng. Attribute to good separation, interference
elements (Zr, Fe, Zn, and Sn), and matrix effects can be effi-
ciently removed even for samples with the ratio of [Fe]/[Mo] as
high as 80 000.
J. Anal. At. Spectrom., 2022, 37, 1063–1075 | 1073
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The Mo isotope measurement with high sensitivity (200–
330 V mg�1 mL) can be achieved using an improved Aridus II
with an ice chamber in the sample introduction system. When
the sensitivity of the 95Mo signal increases, Mo isotopes can be
determined with the typically external precision of #0.06& at
the injecting concentration of 5–10 ng mL�1. The isotopic
measurement of the international GRMs, such as BHVO-2
(�0.03 � 0.05&), AGV-2 (�0.15 � 0.02&), SGR-1b (0.42 �
0.03&), SDO-1 (0.82 � 0.05&), NOD-A-1 (�0.65 � 0.02&), and
NOD-P-1 (�0.86 � 0.03&), are consistent with the d98/95Mo
values published by previous studies, conrming that the high-
precision measurement of Mo isotopes can be conducted at the
5 ng level using double spike MC-ICP-MS.

Besides the GRMs aforementioned, other 43 RMs, including
granodiorite, Co-rich crusts, coal, soil, stream sediments, and
organisms, are reported for the rst time. GSR-3, GSP-2, SGR-1b,
JDO-1, GSR-6, and others with obviously positive or negative d98/
95Mo values could be used as a substitute under the exhaustion
of corresponding RMs, and as a criterion for intercalibration
among different laboratories in the future. In summary, Mo
isotope measurements of a broader range of RMs, even with low
Mo concentration and complex matrix, are applicable at 5 ng
levels under a high-sensitivity setup with robust accuracy and
precision. This will further expand the application of Mo
isotopes in high-temperature geochemistry and extend in
multiple research areas.
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