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bstract

Mass spectrometric studies of the isotopic composition of molybdenum have become an active area of research in stable isotope geochemistry,
iogeochemistry and cosmochemistry. The redox chemistry of Mo, together with its proclivity for covalent bonding, indicates its importance in
sotope fractionation studies such as palaeoceanography. The measurement of the magnitude of isotope fractionation of Mo in natural systems
s a challenging task, in that natural fractionation has to be carefully distinguished from chemical and instrumental isotope fractionation. An ion
xchange chemical separation procedure has been developed with high efficiency and low blank, to ensure that the isobaric elements Zr and Ru are
emoved from the samples before mass spectrometric analysis. The isotope fractionation resulting from this procedure is 0.14‰ per u. The isotopic
omposition of Mo of a Laboratory Standard has been measured by positive and negative thermal ionization mass spectrometry (P-TIMS and
-TIMS, respectively), to give an isotope fractionation of 6.4‰ and 0.5‰ per u, respectively, with respect to the absolute isotope abundances of Mo.

n both cases the lighter isotopes are enhanced with respect to the heavier isotopes. An ascorbic acid activator has enabled the sensitivity of P-TIMS
o be improved as compared to traditional methods. The same experiment was repeated using a multiple collector-inductively coupled plasma-mass
pectrometer (MC-ICP-MS) to give an isotope fractionation of approximately 17.0‰ per u. In this case the heavier isotopes are enhanced with
espect to the lighter isotopes. The strengths and weaknesses of these three mass spectrometric techniques are evaluated. We conclude that MC-ICP-

S is the optimum mass spectrometric method for accurately measuring the isotope fractionation of Mo in natural materials, provided chemical

nd instrumental isotope fractionation can be resolved from naturally induced isotope fractionation. There is an urgent need for an internationally
ccepted calibrated reference material to be developed. Our Laboratory Standard has recently been calibrated at Curtin University by measurements
f gravimetric mixtures of two enriched isotopes of Mo, to obtain the absolute isotope abundances of Mo. This Laboratory Standard can be made
vailable to those laboratories in which isotopic studies of Mo are executed, to enable meaningful inter-laboratory comparisons to be conducted.
rown Copyright © 2007 Published by Elsevier B.V. All rights reserved.
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. Introduction

Molybdenum has an atomic number of 42 and possesses
even stable isotopes, spanning a mass range from 92 to 100
see Fig. 1). Isotopes of Mo are synthesized by the p-process
92Mo and 94Mo), the s-only process (96Mo), the r-only pro-
ess (100Mo) and by a combination of the s- and r- processes
95Mo, 97Mo, and 98Mo) [1]. Molybdenum covers a mass range
f approximately 8% and its isotopes are of similar abundance.

t is therefore an element which lends itself to mass spectromet-
ic analysis, not only for nucleosynthetic studies, but also for
sotope fractionation effects.

∗ Corresponding author. Tel.: +61 8 9266 3518; fax: +61 8 9266 2377.
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Molybdenum

Mass spectrometric studies of the isotopic composition of
o have a long and somewhat checquered history. As early as

962, significant variations in the isotope fractionation of Mo in
ome iron meteorites were reported [2], but these findings were
efuted by Wetherill [3] who used the double spike technique
o distinguish instrumental isotope fractionation from that pro-
uced by nature in iron meteorites. There has been an increasing
nterest in isotope fractionation studies of “non-traditional iso-
opes,” particularly the transition metals (Fe, Ni, Cu, Zn and Mo)
ecause of their potential value in biogeochemical studies. If
uch fractionation effects are associated with the metabolic use
f these elements, they could provide biosignatures preserved

n the geological record [4]. Molybdenum isotope fractiona-
ion studies have the potential to be an important geochemical
ool in ore genesis studies, and in quantifying redox conditions
n palaeo-environments, particularly for those experiments that

. All rights reserved.
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ig. 1. The chart of the nuclides in the mass region of Mo, showing the isobaric i
ine which transects most of the stable isotopes, whilst the s-process, p-process

nvolve biogeochemical reactions [5]. Mo is an essential enzyme
ofactor in most organisms, and hence is important in studies of
itrogen fixation and reduction, and in sulfite oxidation.

The primary objective of this paper is to identify the mag-
itude of both chemical and instrumental isotope fractionation
or Mo, and examine the isotope fractionation produced by P-
IMS, N-TIMS and MC-ICP-MS in a Laboratory Standard. The
trengths and weaknesses of these three mass spectrometric tech-
iques will be evaluated with respect to the measurement of
atural isotope fractionation. The importance of a calibrated,
nternationally accepted, isotopic reference material for Mo is
iscussed, with respect to normalization and inter-laboratory
omparison purposes.

. Experimental procedures

.1. Laboratory Standard

Currently, there is no internationally accepted isotopically
alibrated reference material (ICRM) for Mo, and thus stringent
nter-laboratory comparisons cannot be made. This laboratory
as adopted a 99.993% pure metal rod (Johnson–Matthey Chem-
cals Ltd. JMC 726, Laboratory No. S-8555) as our Laboratory
tandard and we are prepared to distribute samples of this spec-
ure material to other laboratories until an ICRM is available.
etails of the preparation of the Laboratory Standard working

olution are given in [6].

.2. Chemical isotope fractionation

The success of the mass spectrometric analysis depends, to
significant extent, on the purity of the Mo sample that is to be
nalysed, irrespective of the mode of mass spectrometric anal-

sis. It is therefore essential that the isobaric elements Zr and
u, as well as other elements, such as Fe and Mn, are effec-

ively separated from Mo in the chemical separation procedure.
he efficiency of the chemical separation process must be kept

s
p

t

es 92,94,96Zr and 96,98,100Ru. The s-process neutron capture path is the “zig–zag”
process produced isotopes are as indicated.

s high as possible, and terrestrial contamination must be mini-
ized to obtain a low blank. This implies the necessity of a high

uality clean-room equipped with HEPA—filtered air, and the
vailability of high purity water, acids, ion exchange resins and
tensils used in the separation process. An ion exchange sepa-
ation procedure has been developed in which Mo was eluted
n 0.5 M HCl from an anion exchange column whilst Zr, Ru
nd Mn are retained. A second, smaller cation exchange column
as used to eliminate other impurities, such as Fe. Molybde-
um was eluted in 0.5 M HCl in a form which was suitable for
ass spectrometric analysis. The extraction efficiency for the

ntire separation process was 93 ± 3% and the procedural blank
± 2 ng Mo, as measured by isotope dilution mass spectrome-

ry (IDMS). This procedure can be used to separate Mo from a
ariety of natural materials (e.g., [7], in which full details of the
xtraction procedure are given).

It is often assumed that, provided the efficiency of the extrac-
ion procedure is high, isotope fractionation induced by the
hemical procedure is negligible. However, each element must
e examined on an individual basis, with the specific chemi-
al separation procedure in use. In the case of Mo, it has been
hown that the isotopes are isotopically fractionated by elut-
ng various fractions from an anion exchange column [8]. The
arliest fraction is enriched in the heavy isotopes by approxi-
ately 0.5‰ per u, whereas the final fraction is enriched in the

ighter isotopes by approximately 1‰ per u [8]. It has also been
hown that isotope fractionation of similar magnitude occurs in
luting Ca from a cation ion exchange column [9]. The under-
ying mechanism causing this fractionation is complex, but may
elate to equilibrium isotope fractionation between dissolved and
esin-bound complexes [8]. The chemical separation procedure
escribed above is a two step ion exchange process involving
oth anion and cation resins. It is therefore essential to mea-

ure the isotope fractionation of Mo for the complete separation
rocedure.

In order to evaluate the magnitude of possible isotope frac-
ionation introduced by the chemical separation procedure, three
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Table 1
The isotope abundance ratios of three separate aliquots of the Laboratory Standard subjected to ion exchange chemistry, compared to the isotope abundance ratios
of the unprocessed Laboratory Standard expressed as permil deviations

δ92Mo/95Mo δ94Mo/95Mo δ96Mo/95Mo δ97Mo/95Mo δ98Mo/95Mo δ100Mo/95Mo

Aliquot #1 0.6(4) 0.1(3) −0.2(2) −0.4(3) −0.6(4) −1.2(6)
Aliquot #2 0.7(4) 0.2(3) −0.2(2) −0.4(3) −0.6(4) −1.4(6)
Aliquot #3 0.1(4) −0.1(3) 0.0(2) −0.1(3) −0.1(4) −0.5(6)

Mean 0.5(6) 0.1(2) −0.1(2) −0.3(4) −0.4(6) −1(1)

The uncertainties (in parentheses), for the individual aliquots, are the standard errors at the 95% confidence level (n = 200), and the uncertainties for the averages of
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he three sets of permil deviations are the standard deviations at the 95% confide
nprocessed Laboratory Standard is 0.14‰ per u.

eparate aliquots of the Laboratory Standard were subjected to
he ion exchange procedure described above. The Mo extracted
rom the complete ion exchange procedure were collected sep-
rately and evaporated to dryness. The three separated Mo
amples were then re-dissolved in sufficient quantities of 2 M
NO3 to make three solutions with a Mo concentration of

pproximately 200 ppb, which were then analysed by MC-ICP-
S following the methodology described below. The analysis

f the three solutions was preceded and followed by analy-
es of the Laboratory Standard that were not subjected to the
on exchange procedure. The isotope abundance ratios of the
olumn-processed samples are compared to the isotope abun-
ance ratios as measured for the unprocessed samples, and the
eviations in permil (‰) are listed in Table 1. The data are plot-
ed in Fig. 2, and show evidence of isotope fractionation induced
y the ion exchange chemistry, such that the processed samples
re enhanced in the lighter isotopes with respect to the heavier
sotopes, presumably due to the less than 100% efficiency of the

rocedure. The average magnitude of the chemically induced
ractionation is approximately 0.14‰ per u, which is smaller
han the results reported by [8].

ig. 2. The deviations of the Mo isotope abundance ratios of three aliquots
f the Laboratory Standard subjected to the ion exchange chemistry procedure
escribed in this paper as compared to the Laboratory Standard values. Although
he magnitude of this effect is small, chemically induced isotope fractionation
s nevertheless of importance in high precision Mo measurements that aim to
uantify reliable isotope abundance variations in natural materials.
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evel. The mean deviation of the three sets of Mo isotope ratios compared to the

.3. Instrumental isotope fractionation

Traditionally, P-TIMS has been the mass spectrometric
ethod of choice for isotopic studies of Mo, despite its rela-

ively high ionization potential (7.1 eV), the possible evaporation
f Mo before ionization occurs in the ion source, and the pos-
ibility of isobaric interferences from Zr and Ru (see Fig. 1).
he latter problem applies to all mass spectrometric techniques,
nd can be overcome by an efficient chemical extraction pro-
edure. The sensitivity of P-TIMS has been improved by the
se of an activator, so that this mass spectrometric technique
an be applied to measure the isotopic composition of Mo when
nly nanogram quantities of Mo are available (e.g., [10]). How-
ver, MC-ICP-MS is now an established technique in isotopic
nalyses of Mo, so it was decided to examine the magnitude
nd associated uncertainties of isotope fractionation induced
y P-TIMS, N-TIMS and MC-ICP-MS in order to evaluate the
trengths and weaknesses of each mass spectrometric technique.

.3.1. Positive-thermal ionization mass spectrometry
A solution of freshly prepared ascorbic acid was produced by

issolving approximately 40 mg of Analar grade l-Ascorbic acid
BDH) in 3 g of 4 M HCl. Approximately 2 �L of ascorbic acid
olution was deposited on the centre of a previously outgassed
e filament (99.999% purity, zone-refined). Approximately 1 �g
f the Laboratory Standard solution was then carefully placed
n top of the ascorbic acid, and the filament was then heated
ith a 1.5 A current to dry the mixture to a black deposit. The
lament was then heated slowly until the deposit fumed. The
lament current was turned off as soon as the filament began

o glow red. The filament assembly was then loaded into the
on source of a VG 354 TIMS equipped with nine moveable
araday cup collectors and an axial Daly detector. Once the
ressure in the instrument was reduced to 10−7 Torr, the filament
emperature was slowly increased to 1300 ◦C. The mass range
rom 89.5 to 101.5 was monitored using the Daly detector, but the
bserved peaks were not well-defined at this stage. The filament
emperature was then raised to 1450, 1500 and 1550 ◦C with
min intervals after each temperature increase. At 1550 ◦C the
on beams could be focused on the Faraday cup and measurement
f the Mo isotopes commenced. Typically, a 1 �g load of Mo
n the centre filament at a temperature of 1550 ◦C produced
n ion current intensity of 98Mo of 10−12 A, and the intensity



al of

c
o
i
b
t
I
i
t
a
a

w
f
a
W
a
i
t
W
d
b
u
m
c
t
e
i
l
o
c

i
t
w
r

C
T
t
t
e
i
t
e
t
I
T
p
n
t
n
a

S
o
t
a
t
t
t
t
t
e

2

M

T
M

L

1
2
3
4
5
6
7
8
9
1

M

D
Δ

D
Δ

T
a
a
r

M.E. Wieser et al. / International Journ

ould be maintained for several hours. On the VG354, seven
f the Faraday cup collectors were utilized to collect the Mo
on beams simultaneously. The 90Zr ion current was monitored
efore and after measurements, and data was utilized only if
he 90Zr ion beam was <0.1% of the 98Mo ion beam intensity.
sobaric interferences from Ru were checked by monitoring the
on current at m/q 99. No Ru isotopes were observed for any of
he samples. There was an occasional ion current observed 0.5 u
bove 100Mo that appeared at low temperatures, but decayed
way before the Mo isotope abundance data were collected.

In the absence of the ascorbic acid activator, the ion current
as reduced by as much as a factor of 100. It is important to

ollow the temperature regime outlined above since the stability
nd duration of the Mo ion beam is poor at elevated temperatures.
e have experimented with the use of silica gel both instead of

nd as well as the ascorbic acid. We have found that silica gel
s not necessary to achieve long-lived and stable emission, and
he absence of silica gel assists in reducing the loading blank.

e have also found that loading Mo in nitric acid essentially
estroys any chance of generating stable Mo ion beams. We
elieve it is imperative to keep Mo in a low oxidation state, and
se ascorbic acid as an activator if stable ion beams are to be
aintained. The static mode of data collection was used for ion

urrent measurements by P-TIMS. Neither the beam stability or
he gain stability of the Faraday cup collectors had a resolvable
ffect on the precision of the isotope ratio measurements. The
n-run fractionation of the relatively light Mo masses and the
ow ion current had a more significant impact on the precision
f the measurements. Gain calibrations were performed at the
ommencement of each day’s mass spectrometric analyses.

Ten Re single filament assemblies, each loaded with approx-

mately 1 �g of the Laboratory Standard, were analysed, and
he un-normalized isotope ratios are listed in Table 2, together
ith their means. Also listed are the Mo isotope ratios cur-

ently accepted by the International Union of Pure and Applied

l
i
m
c

able 2
o isotope abundance ratios of 10 analyses of the Laboratory Standard, analyzed by

aboratory Standard 92Mo/95Mo 94Mo/95Mo 96Mo/95M

0.93523(94) 0.58076(55) 1.04520
0.93583(89) 0.58111(71) 1.0453(
0.93583(45) 0.58097(36) 1.04456
0.93700(25) 0.58136(21) 1.04491
0.93530(39) 0.58082(24) 1.04623
0.93518(53) 0.58093(32) 1.04618
0.93853(43) 0.58111(31) 1.04440
0.93583(89) 0.58111(71) 1.0453(
0.92973(71) 0.58008(37) 1.05028

0 0.93600(55) 0.58111(28) 1.04646

ean 0.9355(44) 0.58094(70) 1.0459(

ata [11] 0.92877(9) 0.58028(9) 1.04865
(‰) +7.2 +1.1 −2.6

ata [13] 0.9171(9) 0.57783(3) 1.0527(
(‰) +20.1 +5.4 −6.5

he data are not corrected for in-run fractionation. The IUPAC “best” values [11] f
re also listed. The uncertainties in parentheses, for the individual runs are the stand
verages of the isotope abundance ratios are the standard deviations at the 95% confi
atios as compared to the IUPAC “best” values, together with the deviations Δ, of the
Mass Spectrometry 265 (2007) 40–48 43

hemistry (IUPAC) as the “best” measurement available [11].
he permil deviations of the measured ratios as compared to

he IUPAC values, are also listed in Table 2. An analysis of
he deviations of the measured values reveal that they are lin-
arly fractionated by approximately 2.4‰ per u, with the lighter
sotopes enhanced with respect to the heavier isotopes. Iso-
ope fractionation in P-TIMS is time-dependent, in that isotope
nrichment of the lighter isotopes occurs by a Rayleigh distilla-
ion mechanism during the early stages of thermal evaporation.
t is therefore important that the operating conditions of the P-
IMS measurements be replicated in an identical manner as
ossible, including the time-sequencing of data collection. A
umber of mathematical formulations to describe isotope frac-
ionation effects in TIMS have been investigated (e.g., [12]), but
one of these fractionation laws have a sound theoretical basis,
nd thus each element must be evaluated on its merits.

Recently, the absolute isotope abundances of our Laboratory
tandard Mo have been determined using gravimetric mixtures
f enriched isotopes [13]. These values are also listed in Table 2,
ogether with the permil deviations, of the raw data from these
bsolute values. As before, the permil deviations show a linear
rend, with the lighter isotopes being enhanced with respect to
he heavier isotopes. However, the magnitude of the isotope frac-
ionation is now 6.4‰ per u rather than 2.4‰ per u obtained with
he IUPAC “best” values. This is comparable to the fractiona-
ion estimated for metal ions by the square root of the masses
stimate, namely 5.3‰ per u.

.3.2. Negative-thermal ionization mass spectrometry
Molybdenum isotope abundance ratios were measured as

oO3
− ions on a Thermo Electron Finnigan Triton multiple col-
ector TIMS. The production and analysis of negative MoO3
−

ons produced on or near the surfaces of the heated metallic fila-
ents resulted in relatively higher and more stable ion currents

ompared to the analysis of Mo+ ions by P-TIMS. As with the

P-TIMS

o 97Mo/95Mo 98Mo/95Mo 100Mo/95Mo

(68) 0.59748(53) 1.5096(13) 0.59907(59)
11) 0.59772(54) 1.5086(13) 0.59853(69)
(47) 0.59725(28) 1.50874(76) 0.59780(29)
(40) 0.59684(20) 1.50734(46) 0.59824(24)
(37) 0.59824(36) 1.5116(10) 0.59999(43)
(42) 0.59788(27) 1.51102(52) 0.60019(29)
(38) 0.59751(25) 1.50516(53) 0.59691(28)
11) 0.59772(54) 1.5086(13) 0.59853(69)
(51) 0.60039(56) 1.5208(14) 0.60537(65)
(52) 0.59824(44) 1.51015(97) 0.60000(50)

34) 0.5979(20) 1.5102(82) 0.5995(46)

(6) 0.60129(6) 1.52155 0.60791(2)
−5.6 −7.5 −13.3

1) 0.6061(3) 1.5401(8) 0.6203(3)
−13.5 −19.4 −33.5

or the isotope abundance ratios of Mo together with the absolute values [13],
ard errors at the 95% confidence level (n = 200), and the uncertainties for the
dence level. The deviations (in permil) of the means of the measured isotope
isotope ratios compared to the absolute isotope abundances, are also listed.
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Table 3
Molecular ions measured to determine Mo isotope abundance ratios using MoO3

− ions by N-TIMS

m/q Ion (major species in bold)

140 92Mo48O3

142 94Mo48O3
92Mo50O3

143 95Mo48O3
94Mo49O3

92Mo51O3

144 96Mo48O3
95Mo49O3

94Mo50O3
92Mo52O3

145 97Mo48O 96Mo49O 95Mo50O3
94Mo51O 92Mo53O

1 50O3

1 51O3
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46 98Mo48O3
97Mo49O3

96Mo
48 100Mo48O3

98Mo50O3
97Mo

ositive ionization technique, the samples were deposited on
utgassed zone-refined Re filaments. The filament was coated
ith 1 �L of a Ca(NO3)2 solution (1% HNO3). An aliquot of

he sample was then added to the filament and dried for 60 s with
current of 1.3 A. The Ca activator was employed to enhance

he production of MoO3
−. The filament assemblies were loaded

n the source of the Finnigan Triton and the vacuum restored to
etter than 5 × 10−7 Torr. The filament was heated to approxi-
ately 1000 ◦C at 200 mA/min, then to 1150 ◦C at 25 mA/min.
t this temperature, 1 �g of Mo loaded on the filament typi-

ally resulted in a 98Mo48O3
− signal intensity of approximately

0−11 A for at least 2 h of operation. The ion beam was focused
nd 10 blocks of 20 ratios each were collected. Seven Faraday
up detectors were positioned to measure m/q 140, 142, 143, 144,
45, 146 and 148. The molecular ions found at these locations are
iven in Table 3. The Mo isotope abundances must be calculated
rom the measured molecular ions because the resolution of the
ass spectrometer was too low to resolve among the isobaric

ontributions. The oxygen isotopic composition of the MoO3
−

ons was not measured directly by TIMS. Therefore, the IUPAC
best” measurements for the oxygen isotope composition were
sed for data reduction [11], namely 18O/16O = 0.0020051 and
7O/16O = 0.0003799. If one conducts a rigorous propagation of
ncertainties in correcting for the oxygen isotopes, the result

s an expanded uncertainty interval for the Mo isotope ratios
s compared to the raw ratios produced by the instrument. We
id not investigate the effect of the use of an oxygen source
o improve the production of the MoO3

− ion beams, but this

i
t
d
a

able 4
o isotope abundance ratios of seven analyses of the Laboratory Standard analyzed

aboratory Standard 92Mo/95Mo 94Mo/95Mo 96Mo/95

0.91934(26) 0.57822(24) 1.0518
0.92193(58) 0.57866(58) 1.0509
0.91787(34) 0.57790(31) 1.0523
0.91945(60) 0.57819(58) 1.0520
0.91501(10) 0.57762(10) 1.0533
0.91999(36) 0.57801(33) 1.0511
0.91582(15) 0.57774(14) 1.0528

ean 0.9185(48) 0.57805(70) 1.0521

wrt [11] (‰) −11.1 −3.8 +3.3
wrt [13] (‰) +1.5 +0.4 −0.6

he data are corrected for isobaric interferences from oxygen isotopes, but the ratios
he individual runs are the standard errors at the 95% confidence level (n = 200), and th
eviations at the 95% confidence level. The deviations (in permil) of the means of t
ith the deviations Δ of the isotope ratios compared to the absolute isotope abundan
3 3
95Mo51O3

94Mo52O3
92Mo54O3

96Mo52O3
95Mo53O3

94Mo54O3

ould be a worthwhile exercise. The role of Ca(NO3)2 in N-
IMS analyses is not clear-cut. It is possible that electrons are
onated by the calcium atoms, or that there is an interaction
etween the calcium and the rhenium filament which lowers
he work function of the filament material, thus enhancing the
onization efficiency.

Seven replicate analyses of the Laboratory Standard are listed
n Table 4, together with their means. Uncertainties in the

easured MoO3
− ratios were propagated through the oxygen

sotope corrections using a Monte Carlo approach. The permil
eviations of the measured isotope ratios, as compared to the
UPAC “best” values [11] and the recent absolute isotope abun-
ance determination [13] are listed in Table 4. Compared to
he absolute data, the measurements made by N-TIMS are lin-
arly fractionated by approximately 0.5‰ per u, with the lighter
sotopes enhanced with respect to the heavier isotopes, com-
ared to 6.4‰ per u for the same sample of Mo for P-TIMS.
his difference can be explained by the fact that the N-TIMS
easurements analyse MoO3

− ions, whereas P-TIMS analyses
nvolve Mo+ ions. The molecular weight of MoO3

− is 143.9
s compared to the atomic weight of Mo of 94.9. It should be
oted that if the raw N-TIMS data are compared to the IUPAC
alues, the permil deviations reveal that the measured ratios
re fractionated by approximately 3.6‰ per u with the heav-

er isotopes enhanced with respect to the lighter isotopes. Since
he primary fractionating mechanism in TIMS is Rayleigh-type
istillation, it is difficult to explain how the heavier isotopes
re enhanced. The dilemma disappears when the raw N-TIMS

by N-TIMS

Mo 97Mo/95Mo 98Mo/95Mo 100Mo/95Mo

2(40) 0.60535(43) 1.53611(10) 0.61754(37)
7(10) 0.60418(10) 1.53228(16) 0.61539(10)
2(52) 0.60593(56) 1.53876(10) 0.61966(48)
5(10) 0.60540(11) 1.53704(16) 0.61850(10)
9(15) 0.60744(17) 1.54416(28) 0.62362(13)
0(54) 0.60560(58) 1.53544(10) 0.61725(52)
9(23) 0.60661(25) 1.54149(43) 0.62142(21)

(18) 0.6058(20) 1.5379(80) 0.6191(54)

+7.5 +10.7 +18.4
−0.5 −1.4 −1.9

are not corrected for in-run fractionation. The uncertainties in parentheses, for
e uncertainties for the averages of the isotope abundance ratios are the standard
he measured isotope ratios as compared to the IUPAC “best” values, together
ces, are also listed.
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ata are corrected against the absolute Mo values. This exam-
le illustrates the importance of correcting raw isotope ratios by
bsolute isotope abundances if at all possible. The terminology
sed by IUPAC in describing the isotopic composition of cer-
ain elements as the “best” measurement from a single source is
omewhat misleading, and that a “best” value is not necessar-
ly a “good” value [14]. It is apparent the IUPAC “best” values
or Mo are isotopically fractionated with respect to the absolute
sotope abundances.

The double spiking technique is an effective method to elim-
nate chemical and instrumental isotope fractionation in TIMS
15]. It is a transparent, reliable and robust method, and, like
DMS, is based on conceptually simple premises [16]. An alter-
ative approach to correct for isotope fractionation effects in
IMS is the total evaporation technique, in which the sample is

un to extinction, with the ion currents being integrated over the
ife of the sample [17]. Internal normalization can be used for
hose elements which possess three or more isotopes, provided
t least two of them are stable (e.g., in Rb–Sr geochronology
here the 86Sr/88Sr ratio is assumed to be invariant).

.3.3. Multiple collector-inductively coupled plasma-mass
pectrometry

Molybdenum isotope abundance ratios were measured using
Thermo Electron Finnigan Neptune MC-ICP-MS. Samples

f the Laboratory Standard (Johnson Matthey metal rod), were
iluted to a Mo concentration of 200 ppb in 2 M HNO3. The
olutions were aspirated into a wet spray chamber at an uptake
ate of 100 �L/min. This resulted in 98Mo+ signal intensities
f approximately 5 × 10−11 A. Two hundred ratios were col-
ected followed by a 3-min washout with 2 M HNO3. Typically,

minimum of 1 �g of Mo was consumed for each analysis
sing the MC-ICP-MS. The Mo ICP standard (Fluka No. 69876)

as analyzed at the start of each session to check the stabil-

ty of the instrument prior to the measurement of Mo samples.
he uncorrected 98Mo/95Mo isotopic ion current ratio of the

CP standard solution drifted <0.008% over a 12-h measure-

a
i
r
d

able 5
he raw isotope ratios of 10 analyses of the Laboratory Standard analyzed by MC-IC

aboratory Standard 92Mo/95Mo 94Mo/95Mo 96Mo/95

0.87073(4) 0.56784(3) 1.070
0.87074(5) 0.56787(3) 1.070
0.87084(7) 0.56793(5) 1.070
0.87097(9) 0.56811(7) 1.070
0.8708(1) 0.5680(1) 1.070
0.8712(1) 0.5681(1) 1.070
0.8714(1) 0.56817(9) 1.070
0.87111(7) 0.56798(4) 1.070
0.87101(8) 0.56793(4) 1.070

0 0.87113(6) 0.56794(3) 1.070

ean 0.8710(4) 0.5680(2) 1.070

wrt [11] (‰) −62.2 −21.2 +20.8
wrt [13] (‰) −50.3 −17.0 +16.9

he uncertainties in parentheses, for the individual runs are the standard errors at the 9
bundance ratios are the standard deviations at the 95% confidence level. The deviati
UPAC “best” values, together with the deviations Δ of the isotope ratios compared t
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ent session. Seven Faraday cup detectors were positioned
o measure m/q 92, 94, 95, 96, 97, 98 and 100, which corre-
pond to the seven stable isotopes of Mo. In addition, two cups
ere aligned to monitor for Ru (99Ru+) and Zr (90Zr+) isobaric

nterferences. A two-line method was employed because it was
ot possible to simultaneously measure m/q 90 and 92 due to
he maximum allowable spacing between the L4 and L3 Fara-
ay cups. Typically, no Zr or Ru interferences were detected.
n addition, no polyatomic spectral interferences were identi-
ed.

The Laboratory Standard was analysed 10 times by MC-
CP-MS. The un-normalized (raw) ratios are listed in Table 5
ogether with their mean values. The permil deviations of the

easured isotope ratios as compared to the IUPAC “best” val-
es [11] and the recent absolute isotope abundances [13], are
lso given. Compared to the absolute isotope abundance data the
esults from the MC-ICP-MS analyses are linearly isotopically
ractionated by approximately 17.0‰ per u, with the heavier
sotopes enhanced with respect to the lighter isotopes. Isotope
ractionation in MC-ICP-MS is caused by several processes, but
pace charge effects in the skimmer cone region is certainly of
ignificance [18]. The net effect is that the heavier isotopes are
ransmitted preferentially to the lighter isotopes, as observed in
ig. 3. However, unlike isotope fractionation in TIMS, the effect

s time-independent, as the sample is continuously introduced
nto the plasma. This is an important advantage as compared to
IMS in correcting for isotope fractionation, and various meth-
ds have been adopted to correct for the mass discrimination
ased on the time-independent nature of MC-ICP-MS [19]. Of
ourse, if the raw isotope ratios listed in Tables 2, 4 and 5 are
ormalized to a selected isotope ratio, the uncertainty in the data
ets are thereby reduced. However, there has been no “universal”
greement as to which normalizing ratio should be used for Mo

nd what its value should be, so that inter-laboratory compar-
sons are therefore difficult to achieve. In the case of Mo, if the
aw isotope ratios are compared to the absolute isotope abun-
ances of [13], the average of the permil deviations is 17.0‰

P-MS

Mo 97Mo/95Mo 98Mo/95Mo 100Mo/95Mo

56(4) 0.62694(3) 1.61924(6) 0.67384(3)
57(5) 0.62694(4) 1.61926(9) 0.67385(6)
53(8) 0.62690(5) 1.6191(1) 0.67375(6)
55(7) 0.62690(7) 1.6190(2) 0.67374(7)
6(1) 0.6270(1) 1.61942(2) 0.6739(1)
4(2) 0.6268(1) 1.6185(2) 0.6734(2)
4(2) 0.6267(1) 1.6183(2) 0.6732(1)
45(6) 0.62678(5) 1.6186(1) 0.67341(8)
4(6) 0.62682(5) 1.6188(1) 0.67353(8)
4(6) 0.62675(5) 1.6185(1) 0.67334(8)

5(1) 0.6269(2) 1.6189(8) 0.6736(7)

+42.6 +64.0 +108.1
+34.3 +51.2 +85.9

5% confidence level (n = 200). The uncertainties for the averages of the isotope
ons (in permil) of the means of the measured isotope ratios as compared to the
o the absolute isotope abundances, are also listed.
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Fig. 3. The deviations of the Mo isotope ratios of the Laboratory Standard as
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easured by P-TIMS, N-TIMS and MC-ICP-MS, plotted (in permil), against
he absolute isotope abundances for Mo obtained by [13]. Error bars are the
tandard deviations at the 95% confidence level.

er u rather than the average value of 21.1‰ per u determined
rom the IUPAC “best” values.

. Discussion

The means of the un-normalized Mo ratios determined by P-
IMS, N-TIMS and MC-ICP-MS are listed in Tables 2, 4 and 5,

espectively. The permil deviations of the isotope ratios with
eference to the absolute determinations [13], are given in
chematic form in Fig. 3. Despite the fact that the identical

o material was analysed by the same operator, in each case
sing Faraday cup collection, the three different mass spectro-
etric techniques produce very different results, predominantly

ecause of instrumental isotope fractionation. Although the out-
ome of this pattern of isotope fractionation is of no surprise,
t demonstrates the fundamental importance of isotope frac-
ionation, particularly for MC-ICP-MS, in part because of the

agnitude of the effect. No evidence of any specific isotope
nomaly can be observed in any of the isotope ratios from any
f the three mass spectrometric techniques used. The magni-
ude of isotope fractionation for the two TIMS techniques, are
elatively small in comparison to the magnitude of isotope frac-
ionation for MC-ICP-MS (Fig. 3). The traditional method of
orrecting for isotope fractionation, is achieved by normalizing
he raw data to a selected Mo isotope ratio. This does not intro-
uce a large uncertainty into the normalized data provided the
ame normalizing ratio is used throughout. However, the choice
f normalizing ratio and its magnitude, is of obvious importance
n correcting for isotope fractionation, and more importantly for
nter-laboratory comparison purposes.

The results described in this paper clearly show that both
hemical and instrumental isotope fractionation exist in the mass
pectrometric analysis of Mo. In MC-ICP-MS non-systematic

hanges in instrument isotope fractionation can occur because of
atrix differences between standard and natural samples, which

s of more concern for Mo than for major elements such as Fe,
ecause Mo is a trace element in most natural samples other than

p
t
c
a
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olybdenites. This implies the necessity of an efficient chemical
xtraction procedure to ensure that matrix problems are mini-
ized. A double spike can be used as an internal monitor to
easure the analytical isotope fractionation arising both from

hemical separation and during ionization and ion transmission
n the mass spectrometer. Thus, small isotope fractionations that
eveal the occurrence of geochemical mass dependent processes,
uch as are observed in molybdenites, can be precisely deter-
ined with MC-ICP-MS using the double spike methodology

20]. The double spike must comprise two enriched isotopes
f Mo, which in the study of molybdenite natural fractionation
ere 94Mo and 100Mo [20].
A minimum of 1 �g of Mo in 5 ml of solution is needed in

rder to reliably measure isotope abundance ratios with MC-
CP-MS. P-TIMS is better suited to measure Mo isotope ratios
hen only nanogram amounts of Mo are available (e.g., [10]).
lthough the sensitivity of N-TIMS is higher than P-TIMS, the
nal precision of the Mo isotope ratios is similar, in that oxy-
en isobaric corrections are required in order to obtain the Mo
sotope ratios. Our experience in measuring the natural isotope
ractionation in molybdenites [7,20], is that MC-ICP-MS is pre-
erred to either P-TIMS or N-TIMS because of the excellent
recision which can be routinely achieved, which is essential in
rder to obtain accurate and reproducible natural isotope frac-
ionation data [20]. Isotope abundance anomalies (such as those
roduced by nuclear effects), are best analysed by P-TIMS,
articularly where the amount of Mo available is limited [10,21].

The key to stable isotope fractionation measurements is
he ability to correct for mass fractionation induced by the
hemical separation procedure, and more importantly, by the
ass spectrometer itself. In contrast to TIMS, there are three

pproaches to distinguish naturally induced isotope fraction-
tion from these other sources using MC-ICP-MS—namely
ample-standard bracketing, element spiking and double spik-
ng. Unfortunately there has not been a single study which
as compared the relative merits of these three approaches
n the same instrument and on the same samples. Various
esearch groups have shown that consistent isotope fractiona-
ion results can be obtained by MC-ICP-MS using these different
pproaches [22,8,23–26]. The need for rigorous quality control
rotocols for MC-ICP-MS measurements, has been emphasized
27].

The first attempt to measure the isotope fractionation in Mo
roduced in natural materials using MC-ICP-MS incorporat-
ng the double spike technique was successfully achieved by
iebert et al. [22]. They reported a fractionation of −0.3‰ for

he 98Mo/95Mo ratio relative to their Laboratory Standard, for
hydrothermal molybdenite, and between −0.3 and +0.1‰ for

he same 98Mo/95Mo ratio in fine-grained sediments. Their frac-
ionation results were determined on four Mo isotope ratios with
n external standard reproducibility of 0.06‰ on the same ratio,
t the 2S level [22]. Anbar et al. [8] also reported isotope fraction-
tion results for a molybdenite sample of approximately 0.3‰

er u with respect to their Laboratory Standard. They reported
hat differences in 95Mo/98Mo ratios were determined to a pre-
ision of ±0.2‰ at the 2S level. Anbar et al. [8] employed Zr
nd Ru spikes to correct for instrumental isotope fractionation.
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Siebert et al. [22] point out that double spiking has an
dvantage as compared to element spiking and sample-standard
racketing with respect to isotope fractionation measurements,
n their reliance on a fractionation-free chemical separation pro-
edure and the absence of isobaric interferences in either the
nalytical element and/or the element used for fractionation cor-
ection, which may introduce uncertainties into the measured
ata. Because of the larger range in the magnitude of the iso-
ope fractionation which occurs in MC-ICP-MS as compared
o TIMS, one has to rely on isotope fractionation models being
pplicable over a wider mass range in the case of element spik-
ng and sample-standard bracketing calibrants, than is the case
n the double spiking methodology. Pietruszka et al. [23] have
ecently shown that isotope fractionation in Mo in molybden-
tes can be successfully determined using the sample-standard
racketing technique to correct for instrumental mass bias. These
uthors demonstrated that the precision of this technique is sim-
lar to published results using the double spike technique, at
east within a factor of two. Malinovsky et al. [26] have shown
hat instrumental isotope fractionation as measured in fresh-
ater sediments and molybdenites, can be corrected by using
d spiking and normalizing to an assumed 105Pd/104Pd ratio.
ass dependent variations in the isotopic composition of Mo

panning a range of 2.2‰ in terms of the 97Mo/95Mo ratio for
wo sediment columns from different redox environments were
uccessfully resolved, using this element spiking technique.

The inter-laboratory comparisons of the isotopic composi-
ion of Mo have been less than optimum because of the lack of
n internationally accepted reference material, and the absence
f a consistent normalizing isotope ratio in use among the var-
ous laboratories involved in Mo isotopic measurements. Some
aboratories have chosen a normalizing ratio from the IUPAC
best” measurements [11], but that set of data is not a particularly
ood set of measurements [28]. Fortunately this deficiency has
ow been overcome, in that the Laboratory Standard described
bove has now been calibrated in this laboratory by measure-
ents of gravimetric mixtures of two enriched isotopes—92Mo

nd 98Mo [13]. Thus, if the Laboratory Standard Mo used in
his laboratory is adopted as an acceptable reference material,
ntil such time as an ICRM is available, it is now possible for
igorous inter-laboratory isotopic comparative studies of Mo to
e undertaken.

. Conclusions

The mass spectrometry of Mo is of increasing importance in
eochemistry and biogeochemistry. These studies are of par-
icular relevance to isotope fractionation research in natural

aterials and systems, because of the rich redox chemistry and
ovalent type bonding of Mo [5]. The diversity of investigations
n stable isotope geochemistry and biogeochemistry has been
atalysed by the advent of MC-ICP-MS. In many applications
he magnitude of isotope fractionation in natural systems is <1‰

er u. It is therefore essential to adopt state-of-the-art mass spec-
rometric protocols to ensure the accuracy of the magnitude of
atural isotope fractionation, including the ability to conduct
nter-laboratory comparisons.

p
m
i
T
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This paper has examined the extent of both chemical and
nstrumental isotope fractionation for Mo. Three mass spec-
rometric techniques have been used to examine the extent of
nstrumentally induced fractionation in P-TIMS, N-TIMS and

C-ICP-MS using the same Laboratory Standard, Faraday cup
ollection and operator in each case. It has been shown that
-TIMS and N-TIMS give isotope fractionations of 6.4‰ and
.5‰ per u, respectively, both with an enhancement in the lighter
sotopes, whereas MC-ICP-MS gives a larger isotope fractiona-
ion of 17.0‰ per u, but with an enhancement in the heavier
sotopes, when the raw data for each of these techniques is
ompared to the absolute isotope abundance ratios of Mo [13].
C-ICP-MS is undoubtedly the superior method for measuring

atural isotope fractionation in natural materials, because of its
bility to generate highly precise data provided careful attention
s paid to distinguish natural fractionation from chemical and

ore particularly instrumental isotope fractionation. The fun-
amental advantage of the double spike over an elemental spike
uch as Pd [26], is that the double spike isotopes follow exactly
he same isotope fractionation pathways as the isotopes from the
atural samples, provided the double spike is introduced at the
ommencement of the chemical extraction procedure.

MC-ICP-MS has the advantage as compared to TIMS mea-
urements that the isotope fractionation is time-independent
nd that three approaches are available to correct for isotope
ractionation—namely element spiking, sample-standard brack-
ting and double spiking, whereas only the latter technique
an be used to correct for isotope fractionation in TIMS mea-
urements. Recent improvements in the element spiking and
ample-standard bracketing correction techniques for MC-ICP-

S, have enabled instrumental fractionation to be resolved from
aturally induced effects. This has enabled natural isotope frac-
ionation in ore genesis studies [23], and in paleooceanography
25] to be successfully determined.

The isotopic composition of Mo is required for a number of
cientific applications in which the sample size is often small.
his is of particular relevance to cosmochemical experiments in

ron and stony meteorites. The ionization efficiency of the tra-
itional P-TIMS methodology has been enhanced by the use of
n ascorbic acid activator which enables nanogram sized sam-
les of Mo to be successfully measured, provided strict loading
nd heating sequences are followed. Details of the operating
haracteristics of N-TIMS for Mo have been evaluated in which
he sample is analysed as MoO3

−. However, despite the supe-
ior ionization efficiency of N-TIMS as compared to P-TIMS,
thorough evaluation of isobaric corrections due to the oxygen

sotopes, reduces the precision of the corrected values to approx-
mately the same as for P-TIMS. An ion exchange chemical
xtraction procedure has been developed for mass spectrometric
nalysis of Mo which can be applied to a wide range of natu-
al materials, with a high efficiency and a low blank, in which
hemical isotope fractionation is kept to a minimum.

Our Laboratory Standard – comprising a spectroscopically

ure metal rod – has recently been calibrated using gravimetric
ixtures of two enriched Mo isotopes, to obtain the absolute

sotope abundances and atomic weight of this element [13].
his calibrated metal reference material can be made available
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o other users so that inter-laboratory comparative studies of
he isotopic composition of Mo can be made. This calibrated
eference material also provides the opportunity of adopting a
niform normalizing ratio when correcting for isotope fraction-
tion.
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