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Abstract

A method using multiple-collector inductively coupled plasma mass spectrometry (MC-ICPMS) for the precise measurement of Mo
isotopic composition in geological samples has been developed. Purification of Mo for isotope ratio measurements was realized by ion-
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xchange chromatography using the chelating resin Chelex-100. This technique allows an efficient separation of Mo from an e
n samples and at the same time provides quantitative recovery of Mo. Instrumental mass discrimination is corrected by using
nd normalization to the105Pd/104Pd ratio. Mo isotope ratios of samples are expressed in per mil relative to those of the bracketing
o standard. The long-term reproducibility at the two standard deviation level is 0.04, 0.06, 0.08 and 0.14‰ for96Mo/95Mo, 97Mo/95Mo,

8Mo/95Mo and100Mo/95Mo ratio measurements, respectively. The technique has been applied to measurement of the Mo isotopic co
f freshwater sediments and molybdenites. Mass-dependent variations in the isotopic composition of Mo spanning the range o∼2.2‰ in

erms of the97Mo/95Mo ratio for two sediment columns from different redox environments have been resolved. These results show
sotope effects induced by geochemical processes operating during weathering and transport of Mo to the oceans should be quan
o interpret global Mo isotope budget and make use of stable Mo isotopes as proxy for redox conditions in the geological past.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Molybdenum is an element of considerable geochemi-
al and cosmochemical importance. It is a relatively rare
lement and in its compounds exhibits all oxidation states

rom 2− to 6+. Mo has seven naturally occurring isotopes,
amely92Mo, 94Mo, 95Mo, 96Mo, 97Mo, 98Mo and100Mo
ith relative abundances ranging from 9.2 to 24.2%[1].
pplications of Mo concentration and isotope data have been

ecently reviewed by Anbar[2]. In the context of aqueous
eochemistry, a field of rapidly developing Mo research, Mo

n marine and freshwater sediments is a powerful proxy for
xygen content and redox state of waters at the time of sed-
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iment formation[2–7]. This application makes use of t
unusual chemistry of Mo. Thermodynamic data sugges
Mo should have an oxidation state of 6+, Mo(VI), in o
genated waters. In this oxidation state, the metal is stro
hydrolyzed, and its speciation is dominated by the molyb
anion, MoO4

2−. The molybdate anion has conservative-t
behaviour and interacts weakly with suspended partic
matter. As a consequence, Mo is the most abundant t
tion metal in seawater and has an oceanic residence ti
∼8× 105 years, which is much longer than the mixing ti
of the oceans[8]. However, under reducing conditions
stable oxidation state is Mo(IV), and molybdenum sul
minerals are favoured thermodynamically in the pres
of H2S. Molybdenum is so rapidly removed from solut
under anoxic conditions in the presence of H2S that ocea
sediments accumulating today beneath anoxic and su
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waters account for up to 50% of the annual removal flux of
Mo from the oceans even though such waters cover a small
percentage of the modern seafloor (<0.5%)[2,4]. Given that
Mo has low lithogenic background in sediments, these authi-
genic enrichments in reducing settings have been used as an
indicator of anoxia of deep waters.

Recent improvements in mass spectrometry have facil-
itated precise measurements of Mo isotope ratios[9–12].
This has increased the attractiveness of Mo isotopes as a geo-
chemical tool. The published data on variations in isotopic
composition of Mo have demonstrated that stable isotopes
of Mo can be used efficiently to complement its concentra-
tion data in paleoredox reconstructions[13–16]. It has been
shown that marine sedimentary material formed in differ-
ent redox environments have distinct Mo isotope signatures.
Sediments formed under oxic conditions, including pelagic
clays and Fe–Mn crusts, are isotopically lighter than parent
seawater by∼2.0‰ in terms of97Mo/95Mo ratio [2]. On the
other hand, sediments overlain by anoxic H2S bearing waters
have the isotopic composition of Mo close to that of seawater
or slightly lighter. Variations in Mo isotopic composition for
a limited number of analyzed molybdenites are within 1‰
in terms of97Mo/95Mo ratio, whereas those for a number of
basalts and granites are less than 0.5‰[2,10,14,15,17]. This
led to the preliminary suggestion that variations in isotopic
composition of Mo input from the continents to the oceans
a ttings
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Purification of Mo from sample matrix is critical require-
ment for precise Mo isotope ratio measurements in order to
reduce potentially interfering ions[18,19]. The purification
of Mo implies that concomitant matrix elements should be
reduced down to trace levels[19]. We observed that, for geo-
logical samples with high Fe and low Mo contents, such as
freshwater sediments, the separation of Mo from Fe while
providing quantitative yield of Mo is a significant analyt-
ical challenge. The purification methods used in previous
studies were not efficient enough in meeting the aforemen-
tioned requirements. These methods include a two-column
ion-exchange chromatography using anion-exchange column
for separation of Zr and Mn from Mo followed by cation-
exchange column for separation of Fe from Mo[13] and
solvent extraction followed by ion-exchange chromatogra-
phy [20].

In this study, we have developed a chemical purification
technique and MC-ICPMS measurement protocol that per-
mit the precise determination of Mo isotope compositions
for geological samples. The purification of Mo was real-
ized by ion-exchange chromatography using the chelating
resin Chelex 100. This method has been found effective in
the separation of Mo from most matrix elements, includ-
ing Fe. The MC-ICPMS measurement protocol utilizes the
external normalization technique using Pd to correct for
instrumental mass bias. This permits measurements of six
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re small compared to those documented for marine se
2,15].

Precise Mo isotope ratio measurements have been
ormed using positive ion thermal ionization mass spectr
try (TIMS) [10,17] and MC-ICPMS[9,11–16]. The latte

echnique is experiencing a rapid growth and provides
ision of isotope ratio measurements comparable or
uperior to TIMS. MC-ICPMS is more suitable than TIM
or the acquisition of precise isotope ratio data for elem
ith high first ionization potentials, such as Mo (7.1 e
nd offers such clear advantage as high sample throug
owever, instrumental mass bias effects in MC-ICPMS

arger than those encountered in TIMS, but are consid
o be more temporally stable during measurement and
e corrected for adequately. Double spiking[12,14,15]and
oping with an external element (Zr or Ru)[11,13,16]have
een used previously in order to correct for mass bias a

ng Mo isotopes during MC-ICPMS measurements. Zr
sobaric interferences of92Zr+ on 92Mo+, 94Zr+ on 94Mo+

nd96Zr+ on 96Mo+, whereas Ru has isobaric interferen
f 98Ru+ on98Mo+ and100Ru+ on100Mo+. Doping of sampl
olutions with either Zr or Ru will thus limit the number
nterference-free Mo isotope ratios to be measured. The
le spike method, using highly enriched100Mo and97Mo or
4Mo isotopes, is advantageous in that its application al
elaxing the requirement for quantitative recovery of Mo fr
he sample matrix, while resolving effectively instrume
ass bias. However, the limitations of double spiking

omplexities associated with accurate addition of the s
nd data reduction.
o isotopes, while sacrificing92Mo due to mechanical lim
tations of collectors positioning in the case of wide m
overage on the instrument used. The developed m
as been applied successfully to measurements of Mo

opic variations in freshwater sediment columns and
olybdenites.

. Experimental

.1. Instrumentation

Prior to Mo isotope ratio measurements, the conce
ions of Mo, Zr, Fe, Ru and a suite of other matrix e
ents in the samples were determined by single colle

nductively coupled plasma sector field mass spectrom
ICP-SFMS; the Element, Thermo Finnigan, Bremen, G
any). Typical operating conditions for this instrument

eported elsewhere[21]. Mo isotope ratio measurements w
erformed using the Neptune MC-ICPMS (Thermo Fin
an). The instrument incorporates a double focusing, s
eld mass spectrometer. The Neptune has three switc
ntrance slits located before the electrostatic analyzer
lit widths of 250, 30 and 16�m resulting in low, “medium
nd “high” resolution modes. For mass resolution de

ion in this MC-ICPMS instrument,�m is defined as th
ass difference between the points where the intensi

he leading edge of the peak changes from 5 to 95%
he maximum[22]. The resolving power is then defined
ollows:
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Table 1
Typical operating conditions for the Neptune MC-ICPMS during this study

RF power (W) 1300
Acceleration potential (V) ∼10000
Ion lens settings Optimized for maxim intensity of Mo

signal
Sampler and skimmer cones Ni, 1.1 and 0.8 mm orifice diameter,

respectively

Argon gas flow rate (l/min)
Coolant 16
Auxiliary 0.8
Nebulizer ∼1.1 (Optimized before each

measurement session)
Sample uptake rate (ml/min) ∼0.25
Mass resolution ∼400

Rpower(5,95%) = m

�m
= m

m(5%)− m(95%)
(1)

Low resolution mode was used in this study with
Rpower(5,95%) ∼400. The Neptune is equipped with eight
adjustable Faraday cups and one fixed centre cup. To increase
the sensitivity, the instrument is also equipped with a guard
electrode that improves the ion transmission efficiency and
prevents secondary discharges in ICP. After plasma ignition,
∼1 h period of stabilization was allowed before making any
measurements. Prior to each measurement session, the instru-
ment was carefully tuned to maximize the intensity of the Mo
signal by adjusting the torch position, gas flows and lens volt-
ages. Typical operating conditions adopted for the instrument
are summarized inTable 1. Samples and standards were pre-
pared in 0.3 M HNO3 solution and introduced into the plasma
through the stable introduction system consisting of tandem
quartz spray chamber arrangements (cyclone + Scott dou-
ble pass), a micro-concentric PFA nebulizer, and a peristaltic
pump (Perimax 12, SPETEC, Erding, Germany) operating at
a flow rate of about 0.25 ml min−1.

94Mo+, 95Mo+, 96Mo+, 97Mo+, 98Mo+, 100Mo+, 104Pd+

and105Pd+ ion beams were collected by Faraday cups at Low
4, Low 3, Low 2, Low 1, Central, High 1, High 3 and High 4
positions, respectively. All analyses were made in a sequence
of isotope standard, “unknown” sample, isotope standard and
s dards
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Further statistical treatment of the data was performed off-
line. For the presentation of results,δ-notation is utilized[2],
as defined by the relationship:

δxMo

[
(xMo/95Mo)sample

(xMo/95Mo)standard
− 1

]
× 1000 ‰ (2)

wherex is94Mo,96Mo,97Mo,98Mo or100Mo isotope, respec-
tively, in the measured ratios for sample and standard (High
Purity Mo standard), corrected for instrumental mass dis-
crimination using Pd.

2.3. Samples and reagents

The sediments analyzed in this work were collected in
two freshwater lakes, Kutsasjärvi and Vettasj̈arvi, in northern
Sweden. Sampling of these sediments was performed in the
deepest part of each lake by using a gravity corer that permits
collection of a sediment column. Immediately after sampling,
the sediment cores were sliced into 1 cm thick layers, which
were placed in acid-washed Petri dishes and kept frozen until
analysis.

Two molybdenite powders, HLP-5 and JDC, that have
been used as reference materials in a number of stud-
ies on Re–Os dating of molybdenites and other geologi-
cal samples[23,24], have been acquired from the Chinese
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o on. Concentrations of samples and bracketing stan
ere matched to within 20%. The analyses were conduc

he static mode. Each sample measurement consisted o
locks, each block comprising five cycles of∼5.5 s duration
ll samples and standards were analyzed in duplicate, g
total analysis time per sample of∼10 min. The sensitivit

or 98Mo+ was∼7 V per mg l−1 Mo. After semi-quantitativ
nalysis by ICP-SFMS, the Mo samples were diluted
r 2 mg l−1 Mo with 0.3 M HNO3 and spiked with Pd a
.5 or 1 mg l−1 Pd, respectively, followed by isotope ra
easurements by MC-ICPMS.

.2. Data processing

The on-line data processing included calculation of
on beam intensity ratios and filtering of outliers by a 2σ test.
t

ational Research Center of Geoanalysis. One of the m
enites powders, HLP-5, was from a carbonate vein-
olybdenum–lead deposit in the Jinduicheng-Huanglo
rea of Shaanxi Province, China. The second mat
DC, was from the Tuwu-Yandong porphyry copper dep
hina. A third sample of molybdenite, Kåtaberget, wa
btained from molybdenite mineralized aplites assoc
ith Proterozoic granites in northern Sweden.
Analytical grade nitric acid (65%, Merck, Darmsta

ermany) was used throughout the study after addit
urification by sub-boiling distillation in a quartz st
ydrochloric (30% Fluka, Steinheim, Germany, analyti
lus grade) and hydrofluoric (48%, analytical plus gr
igma–Aldrich, Germany) acids were used without a

ional purification. Chelating ion-exchange resin Chel®

00 (Na-form), 200–400 mesh, 0.4 meq ml−1, 0.6 ml g−1

Bio-Rad, analytical grade) was used for purification of
alibration and internal standard solutions were prep
y diluting single element standard solutions (SPEX Pla
tandards, Edison, NJ, USA). The dilution of samples
tandards was performed using distilled Milli-Q water (M
ore Milli-Q, Bedford, USA). A Mo standard solution (Hig
urity Standards, lot #320304, Charleston, SC 29423, U
as employed as the in-house standard for measurem
o isotope ratios.

.4. Sample decomposition

Molybdenum can be extracted from natural sample
pplying either total decomposition or selective extrac
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procedures. A total decomposition procedure was used for
samples of molybdenite because this mineral contains no
other major constituents, apart from sulfur. Approximately
0.1 g of the sample has been dissolved by using aqua regia in
Teflon beakers on a hot plate followed by gentle evaporation
to dryness and reconstitution in 0.3 M HNO3.

By applying different extraction procedures it is possible
to liberate selective fractions of Mo from its total content in
a sample. In this study we used a reductive hydroxylamine-
hydrochloride leach in order to dissolve Mn and Fe oxide min-
erals while not attacking the detrital silicate phase[25,26].
Mn and Fe oxides are important hosting phases for Mo in
freshwater sediments. Replicated pseudo-total microwave-
assisted digestion of sub-samples of these sediments by
using a mixture of aqua regia and HF demonstrated that
Mo associated with the non-detrital phase (organics and
Fe–Mn oxides) constitutes more than 95% of pseudo-total
content. Prior to leaching, the sediment samples were ashed
in order to decompose organic C. Organic material was
found to affect negatively the performance of subsequent ion-
exchange purification of Mo. The complete sequence of the
extraction procedure is as follows. Approximately 0.5 g of
powdered sample was ashed at 550◦C during∼16 h. After
cooling down, the sample was carefully transferred to a Teflon
beaker and extracted with 20 ml of∼4 M HCl acid with addi-
tion of∼20 mg of hydroxylamine hydrochloride. The beaker
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Table 2
Elution sequence for ion-exchange chromatography using Chelex-100
chelating resin, 200–400 mesh, Bio-Rad, 3 ml

Eluent Volume (ml) Purpose

8 M HNO3 15 Resin cleaning
Milli-Q water 5 Resin cleaning
0.3 M HNO3 10 Resin conditioning
0.3 M HNO3 12 Sample load
0.07 M HCl 10 Matrix elution
0.1 M HF 50 Matrix elution
6 M NH3 12 Mo elution

the purpose of cleaning, because the final elution of Mo from
the ion-exchange resin was realized using 6 M NH3. The
resin was separated by centrifugation, splashed with Milli-
Q water and transferred into the column. Further details of
cleaning, conditioning, sample loading and elution of Mo
for this chromatographic procedure are shown inTable 2.
Molybdenum was eluted from the column in 12 ml of 6 M
NH3 solution. The samples were then dried down on a hot
plate and re-dissolved in 0.3 M HNO3. These solutions are
ready for Mo isotopic analysis and require only appropriate
dilution. The efficiency of purification and yield of Mo have
been estimated on aliquots of each sample taken before and
after ion-exchange separation, and measured by ICP-SFMS.
The sample preparation and ion exchange separation of Mo
was carried out in a clean environment (class 1000). Proce-
dural blanks were prepared for all sample manipulations and
found to contain negligible quantities of Mo (<10 ng) relative
to those of Mo in samples.

It was found possible to use the columns repeatedly. A
large volume of 8 M HNO3 (20–40 ml) was passed through
the column for cleaning of the resin between sample loadings.

3. Results and discussion

3
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.3 M
H m-
as kept on a hot plate at 50◦C for 3 h. The sample solutio
as then transferred into polypropylene tubes, centrifu
nd the aqueous phase was decanted. Molybdenum re

o solution is therefore represented by fractions assoc
ith both Fe–Mn oxides and organic matter. The solut
ere dried down in Teflon beakers and re-dissolved in 0
NO3. These samples are ready for purification of Mo p

o mass spectrometric measurements.

.5. Ion exchange procedure for purification of Mo

Purification of Mo is necessary in order to eliminate po
ial spectral interferences and minimize matrix effects du
C-ICPMS measurements. Molybdenum from most geo

cal samples has to be purified because Mo is typically a m
r trace constituent of the sample matrix. The only m
xception is molybdenite, MoS2, a mineral in which Mo i
he major constituent; other elements, including Zr and
re present at negligible levels relative to Mo. Therefore
urification has been applied after decomposition of mo
enites in this study.

Effective separation of Mo from Fe and a suite of ot
oncomitant elements was realized by using chelating
xchange chromatography according to a procedure mo
rom Riley and Taylor[27]. Ion-exchange columns were p
ared from 10 ml disposable pipette tips, loaded with∼3 ml
f the ion-exchange resin Chelex® 100 held in place wit
mall plugs of cotton wool. Prior to loading into colum
he resin was aliquoted into 12 ml polypropylene tubes
llowed to equilibrate with 5 ml of 6 M NH3 over night for
.1. Performance of chelating ion-exchange
hromatography for purification of Mo

The primary challenge in purification of Mo is its se
ration from Fe; the latter is a major matrix constituen

reshwater sediments. Most of the samples in this study
urified in a single pass through an ion exchange colum
helex-100 chelating resin. Due to their importance in

ytical chemistry, iminodiacetic acid (IDA) chelating res
ave been widely studied[28–32]. At lower pH the resin
cts as an anion exchanger[31], but its structure chang
ith increasing pH. At pH from 2.21 to 3.99, the protona
ationic form of IDA group is dominant and the ligand can
xpressed as (–LH3+). At pH over 7.41 and up to 12.30, t
onovalent anionic form prevails (–LH−), and at pH ove
2.30 the stable form is the divalent anionic form (–LH2−)

32].
The sample solutions loaded onto the columns in 0

NO3 have pH∼0.5. Under these conditions, Mo is presu
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ably present in solution as heptamolybdate ions (Mo7O24
6−)

[33] that will be efficiently retained on Chelex-100 in its
anion exchanger form. Elutions with 0.07 M HCl and 0.1 M
HF essentially removes concomitant matrix elements co-
adsorbed with Mo. Elution with 0.1 M HF is particularly effi-
cient in removing Fe and Zr. Molybdenum is eluted with 6 M
NH3. Under these strongly alkaline conditions the speciation
of Mo is MoO4

2− anion[34] and it is eluted quantitatively
from the resin while residual Fe remains immobile on the
column.

A feature of the Chelex resin is that its volume changes
when its ionic form is altered. The water uptake, or swelling,
is pronounced because of low cross-linking of the resin. Sub-
stantial swelling of the resin occurs during the elution of Mo
with 6 M NH3. During initial stages of this work we observed
that if ashing of organic matter was not applied, the organic
C of sample solutions interacted with the resin and elution of
Mo with 6 M NH3 resulted in “clogging” of flow through the
column. Elimination of organic matter by ashing has been
found to be an efficacious solution to this problem.

For some samples, however, a second pass through the
column was necessary in order to get rid of traces of Zr and
to reduce the concentration of Fe to an acceptable level. In
such cases, the ammoniacal Mo fraction eluted after the first
run was dried down on a hot plate, re-dissolved in 0.3 M
H pre-
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potential interferences on Mo isotopes as well as on104Pd+

and105Pd+ are given inTable 3.
As seen inTable 3, critical elements prone to formation

of severe interferences on Mo isotopes and on the normal-
izing 105Pd/104Pd ratio include Zr, Ru, Fe, Mn, Zn, Cu, Ni,
Co and Cr. Except for Ru, which has extremely low con-
centrations in most matrices, these elements are abundant in
natural geological samples. Moreover, most of the interfer-
ences originating from these elements could not be resolved
instrumentally even if high resolution mode is utilized. This
highlights the importance of the off-line chemical purifica-
tion scheme for samples in order to minimize the possibility
of interference formation from Zr, Fe, Mn, Cu, Ni, Zn, Co
and Cr. We believe that Mo purification procedure described
above is adequate for reducing the aforementioned elements
to insignificant concentration levels.

To quantify the influence of residual Fe in sample solu-
tions following purification, interference experiments have
been carried out using synthetic solutions of our in-house
Mo standard and Fe mixed with varying Fe/Mo ratios. As
105Pd/104Pd ratio was utilised in this work for mass bias
correction, it is important to ensure interference-free mea-
surement of this isotope ratio as well. The same interference
experiments have been performed using Mo solutions doped
with equal Pd and varying Cu concentrations in order to evalu-
ate the influence of the65Cu40Ar+ interference occurring with
1 ation
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f the
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m
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a
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d frac-
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b level
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d ese
e S in
NO3 and loaded again on the same column that was
onditioned by 0.03 M HNO3 prior to the load. The elutio
equence described inTable 2was repeated. The criteri
or acceptable purification of Mo from Fe was Fe/Mo rati
ample solutions <1. After purification, matrix compone
n sample solutions consisted of traces of Fe, Na, K, Ca
l, but may contain elevated concentrations of Si relativ
o. Silicon was released into solution during Mo elution
mmonia solution. The allowable levels of Si in solutions
recise Mo isotope ratio measurements will be discuss
ection3.3.
Confirmation that the yield of Mo from the separat

rocess is quantitative is very important in light of the fi
ng that Mo isotopes can be fractionated during elutio
on-exchange chromatography[11]. The quantitative recov
ry of Mo was therefore ensured during the ion-excha
eparation in this study. Absence of artificially introdu
sotopic fractionation of Mo due to its incomplete rec
ry after the ion-exchange chromatography was confi
y replicated processing of Mo standard and some sed
amples through the ion-exchange purification procedur
easurements of Mo isotopic composition by MC-ICPM

.2. Spectral interferences

The determination of Mo isotope ratios can be dram
ally affected by spectral interferences. Potential interfe
ons could be present in the sample or formed during
rocess of the measurement itself. Interferences can a

rom isobaric overlapping, polyatomic ion formation, d
ly charged ions and refractory oxide formation. The m
r

05Pd on the measured Mo isotope ratios after normaliz
o the105Pd/104Pd ratio.

As plotted in Fig. 1a, the results show that the eff
f Fe concentration in the sample solution on the m
ured Mo isotope ratios is negligible for Fe/Mo ratios
han unity. However, the measured Mo isotope ratio sh

clear dependency on Fe when Fe/Mo >5. An intere
bservation is that the use of Pd as a normalizing ele

or mass bias correction allows substantial reduction in
rift of measured Mo isotope ratios where samples w
oped heavily with Fe. The results shown inFig. 1a imply

hat, under working conditions used in this study, red
ion of Fe concentration in sample solutions down to Fe
1 is adequate for precise and accurate Mo isotope
easurements.
Fig. 1b shows an illustration of possible artifacts in Mo i

ope ratio measurements when employing Pd as an ex
lement for mass bias correction. The effect of Cu con

ration in the sample solution on the measured Mo iso
atios is negligible for Cu/Pd ratios below unity. Deviatio
f δ-values for Mo isotope ratios become pronounced w
u/Pd ratios exceed two; further increases result in dram
rtifacts.

The probability of spectral interferences originating fr
oubly charged ions (Os, Pt, Pb and Hg) and from re

ory oxides (Se, Ge, Sr and Y) is considered very
ecause most of these elements are present at trace

n geological samples and are readily separated from
uring the purification procedure. Concentrations of th
lements in the sample solutions analyzed by MC-ICPM
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Table 3
List of major potential interferences on Mo isotopes,104Pd and105Pd

Mass Oxide ions Argide ions Nitrogen monoxide ions Chloride ions Isobars Doubly charged ions

92Mo 76Se16O+ (0.093);
76Ge16O+ (0.074);
75As17O+ (0.0004)

38Ar54Fe+ (0.00004);
38Ar54Cr+ (0.00001)

62Ni14N16O+ (0.036);
59Co15N18O+ (0.00001)

57Fe35Cl+ (0.017);
55Mn37Cl+ (0.24)

92Zr+ (0.17) 184W++(0.14)
184Os++(0.0002)

94Mo 78Se16O+ (0.24) 56Fe38Ar+ (0.0006);
54Fe40Ar+ (0.058);58Ni36Ar+

(0.002);54Cr40Ar+ (0.023)

64Zn14N16O+ (0.48);
63Cu15N16O+ (0.003);
62Ni14N18O+ (0.00007)

59Co35Cl+ (0.76);57Fe37Cl+

(0.005)

94Zr+ (0.17) 188Os++(0.13)

95Mo 78Se16OH+ (0.24) 55Mn40Ar+ (0.99);57Fe38Ar+

(0.00004);59Co36Ar+ (0.003)

65Cu14N16O+ (0.31);
64Zn15N16O+ (0.002)

58Ni37Cl+ (0.16);58Fe37Cl+

(0.0007)

190Os++(0.26)

96Mo 80Se16O+ (0.49) 56Fe40Ar+ (0.91);58Ni38Ar+

(0.0004)

65Cu15N16O+ (0.001);
66Zn14N16O+ (0.28);
64Ni14N18O+ (0.00002)

61Ni35Cl+ (0.009);59Co37Cl+

(0.24)

96Zr+ (0.03);
96Ru+ (0.06)

192Os++(0.41);
192Pt++(0.008)

97Mo 80Se16OH+ (0.49) 57Fe40Ar+ (0.06);59Co38Ar+

(0.06);61Ni36Ar+ (0.00004)

65Cu14N18O+ (0.0006) 60Ni37Cl+ (0.063) 192Pt++(0.33)

98Mo 82Se16O+ (0.08) 58Ni40Ar+ (0.68);58Fe40Ar+

(0.058)

68Zn14N16O+ (0.19) 63Cu35Cl+ (0.52);61Ni37Cl+

(0.003)

98Ru+ (0.02) 196Pt++(0.25)

100Mo 84Sr16O+ (0.006) 60Ni40Ar+ (0.261);
64Zn36Ar+ (0.002)

68Zn14N18O+ (0.0004);
69Ga15N16O+ (0.001);
70Ge14N16O+ (0.21)

63Cu37Cl+ (0.17); 100Ru+ (0.13) 200Hg++(0.23)

104Pd 88Sr16O+ (0.82) 64Ni40Ar+ (0.009);
64Zn40Ar+ (0.48)

74Ge14N16O+ (0.36) 67Zn37Cl+ (0.01);69Ga35Cl+

(0.45)

104Ru+ (0.19) 208Pb++ (0.52)

105Pd 89Y16O+ (0.99) 65Cu40Ar+ (0.31)67Zn38Ar+

(0.00003)

74Ge15N16O+ (0.001);
75As14N16O+ (0.99)

68Zn37Cl+ (0.045)

The abundance of the interfering ions was calculated using data from the recent IUPAC compilation of isotope abundances[1].
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the course of this work were below the limits of detection for
ICP-SFMS.

3.3. Matrix effects

The term matrix effects used here refers to the phe-
nomenon that instrumental mass discrimination during MC-
ICPMS measurement varies with changes in the composition
of sample solutions[18]. Matrix effects can potentially shift
the Mo isotopic composition of samples along the natural
mass-dependent fractionation line. Investigations here are
focused on Si, since complete separation of this element
was not achieved after ion-exchange chromatography, and on
varying acidity levels. Interference experiments, analogous to
those described in Section3.2above, were carried out using
varying ratios of Si/Mo and concentrations of HNO3. The
results are plotted inFig. 2. As seen fromFig. 2, the effects
of Si and varying concentrations of HNO3 acid are remark-
ably distinct between measurements with and without using
Pd as a normalizing element for mass bias correction. For
measurements using normalization to105Pd/104Pd, an excess
of Si over Mo exerts no significant effect on the Mo isotope
ratio measurements up to Si/Mo ratio equal to 50. In con-
trast, where only the sample-bracketing technique is used for
mass bias correction, variation in both Si content and acidity
of sample solutions can lead to significant artifacts. How-
e g to
t r the
g on
t ten-
t s is
c aphy
a

3

tion
i tely
2 tion
w e can
b f
t rms
a cor-
r rnal
e crimi-
n ing
a t the
m ents
a rent
m ations
c rack-
e tion
f ver-
t
f pe
r a-

Fig. 1. Assessment of the effect of interfering signals on the measured Mo
isotope ratios for the in-house Mo standard doped with: (a) Fe; (b) Cu.
Filled symbols—Pd normalization using105Pd/104Pd ratio was utilized in
combination with sample-standard bracketing method for instrumental mass
bias correction; open symbols—sample-standard bracketing method without
Pd normalization was used. The uncertainties are the same size or smaller
than the data points. The width of the grey line approximates the long-
term reproducibility of the98Mo/95Mo ratio at a level of twice the standard
deviation.

surement sessions from January to May 2005, their ratios
produce well-defined linear arrays withR2 ∼0.985 (n = 115).
Note that, since no certified materials of well-known isotopic
composition are available for either Mo or Pd, the levels of
instrumental mass discrimination have been computed using
abundances taken from the recent IUPAC data compilation
ver, Si/Mo ratios in sample solutions purified accordin
he prescribed method were lower than 50. Thus, unde
iven working conditions, Si exerts no significant effect

he Mo isotope ratio measurements. A solution to the po
ial problem of high Si concentration in sample solution
hemical purification using anion-exchange chromatogr
s described by Barling et al.[13].

.4. Mass discrimination correction

Under normal operating conditions, mass discrimina
n the Mo region observed in this study was approxima
.0% per mass unit. An exponential model for its correc
as evaluated and detailed descriptions of this procedur
e found elsewhere[18,19,35]. One important property o

he exponential model is that any pair of isotope ratios fo
linear array in log–log space. Based on this property,

ection for mass bias by using normalization to an exte
lement assumes proportionality between the mass dis
ation factors,f, for analyte and normalizing elements dur
single measurement session. It is well recognized tha
ass discrimination factors for isotopes of different elem
re not identical and that they vary slightly between diffe
easurement sessions. However, these day-to-day vari

an be assumed negligible when the sample-standard b
ting is used in combination with the external normaliza

or the determination of the relative isotope ratios. Ne
heless, as seen inFig. 3, despite differences in thef-values
or 105Pd/104Pd and two most commonly used Mo isoto
atios, 98Mo/95Mo and 97Mo/95Mo, over numerous me
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Fig. 2. Plots showing the effects of matrix chemistry on the measured Mo
isotope ratios for the in-house Mo standard with: (a) varying levels of HNO3

acid matrix; (b) varying concentrations of residual matrix element, Si. Filled
symbols—Pd normalization using105Pd/104Pd ratio was utilized in combi-
nation with sample-standard bracketing method for instrumental mass bias
correction; open symbols—sample-standard bracketing method without Pd
normalization was used. The uncertainties are the same size or smaller than
data points. The width of grey line approximates the long-term reproducibil-
ity of 98Mo/95Mo ratio at a level of twice the standard deviation.

[1]. The latter values do not necessarily represent the true
isotopic composition of the standard solutions used here. For-
tunately, for the purposes of drift correction and calculation
of relative Mo isotope ratios, i.e.,δ-values, this is of no con-
sequence.

Fig. 3. Relationship between fractionation coefficients (f): (a)f(97Mo/95Mo)
vs. f(105Pd/104Pd) and (b)f(98Mo/95Mo) vs. f(105Pd/104Pd) for the in-house
Mo standard measurements obtained during separate analytical sessions over
January–May 2005.

An approach for testing the quality of MC-ICPMS mea-
surements can be applied following the general mass frac-
tionation treatment of Young et al.[36]. In this approach,
kinetic and equilibrium mass-dependent fractionation laws
for describing the partitioning of isotopes are compared. Both
laws can be formulated in the expression:

δ97/95Mo =


(

1000+ δ98/95Mo

1000

)β

− 1


× 1000 ‰

(3)

where the exponent,β, takes different forms in the case of
kinetic

β = ln[m(95Mo/m(97Mo)]

ln[m(95Mo/m(98Mo)]
= 0.670 (3a)

or equilibrium

β =
[

1
m(95Mo)

− 1
m(97Mo)

]
[

1
m(95Mo)

− 1
m(98Mo)

] = 0.674 (3b)

control of the process governing isotopic fractionation.
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Fig. 4. Three-isotope plot ofδ97Mo vs. δ98Mo for replicate measurements
of sediment samples and molybdenites in this study (n = 63). Uncertainty
bars are one standard deviation. The data have been corrected for instrumen-
tal mass bias using normalization to105Pd/104Pd. The line through the data
points was calculated using the relationship given by Eq.(3) (see Ref.[36]
and text for details). The fractionation exponent derived from the measured
data set (β ≈ bw = 0.678± 0.005,R2 = 0.9997,n = 63) is statistically indis-
tinguishable from that expected for equilibrium isotope fractionation for
95Mo, 97Mo and98Mo, i.e.,β = 0.674. The agreement of the experimentally
determined fractionation exponent with the theoretical value and linearity of
the array serve as an indication of insignificant spectral interferences on the
measured Mo isotopes and stability of mass bias over MC-ICPMS sessions.

As this relationship defines a non-linear mass fractionation
curve, linearization of the array was employed prior to linear
regression analysis using weighting of both variables[36,37]:

δ′x/95Mo = ln

[
(xMo/95Mo)sample

(xMo/95Mo)standard

]
× 1000 ‰ (4)

δ′97/95Mo = aw + bwδ′98/95Mo (5)

The weighted intercept obtained for repeated measure-
ments of samples of deposited sediments, molybdenites
and some synthetic solutions,aw = (−0.3± ≈ 13)× ≈ 10−3

(95% confidence interval,n = 63) is not significantly dif-
ferent from zero, the latter value being defined by our in-
house Mo isotope standard (δ′56Fe =δ′57Fe = 0) (Fig. 4).
The weighted slope,bw = 0.678±0.005 (R2 = 0.9997), the
experimental estimate ofβ, is statistically indistinguishable
from that expected for equilibrium isotope fractionation.
This agreement indicates the robustness of the applied mass
bias correction procedure and the interference-free measure-
ments of 97Mo/95Mo and 98Mo/95Mo ratios. The exper-
imental fractionation exponents calculated separately for
Kutsasj̈arvi and Vettasj̈arvi sediments areβ ≈ 0.679± 0.007
(n = 35) andβ ≈ 0.670± 0.03 (n = 12), respectively. These

results would suggest that partitioning of Mo isotopes in Kut-
sasj̈arvi sediment studied is determined by equilibrium frac-
tionation, whereas for Vettasjärvi sediment the uncertainty
associated with the measurements hampers determination of
the dominant control. However, it is also apparent that for
reliable determination of the dominant mass fractionation
laws in samples using the described approach a large set of
interference-free measurements is necessary.

3.5. Precision and accuracy of isotope ratio
measurements

3.5.1. Precision of isotope ratio measurements for
standard solutions

The reproducibility (2σ) of Mo isotopic measurements
has been assessed by repeated measurements of our in-house
Mo standard collected over a period of five months in nine
measurement sessions (Fig. 5). Molybdenum isotope ratios
for this standard have been calculated in per mil relative to
the same bracketing standards. The long-term reproducibil-
ity has been evaluated as 0.06, 0.04, 0.06, 0.08 and 0.14‰
for 94Mo/95Mo, 96Mo/95Mo, 97Mo/95Mo, 98Mo/95Mo and
100Mo/95Mo ratio measurements at the 95% confidence (2σ)
level. The isotopic composition of Mo in another standard
(Ultra Scientific standard, lot #D00811, N. Kingstown, RI
02852, USA) available in our laboratory was identical, within
t
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he limits of instrumental precision (Table 4).
Variations in Mo isotopic composition of synthetic m

ures with the in-house Mo standard, after purification
hromatographic column processing, are also within the
ision limits stated above. This also provides further co
ation of the lack of artificially induced fractionation of M
y the developed separation method.

.5.2. Precision and accuracy of isotope ratio
easurements for geological samples
A number of natural samples have been analyzed u

he procedures described above. These include molybd
rom different localities and deposited sediments colle
rom two lakes in northern Sweden. The results are s
arized inTable 4. δ97Mo values for molybdenites fro
ifferent localities in Sweden and China vary from−0.20 to
.21‰ relative to our in-house Mo standard, consistent

he range reported for molybdenites in previous studies[17].
n important observation is that97Mo/95Mo,98Mo/95Mo and

00Mo/95Mo ratios for sediment samples that have been
ed from concomitant matrix elements are very reproduc
nd mass dependent. But the results for94Mo/95Mo (not
hown here) and96Mo/95Mo ratios were erratic for some se

ment samples (samples from lake Vettasjärvi). We attribute
his to interferences originating from residual matrix e
ents on94Mo and 96Mo isotopes, notably54Fe40Ar+ on

4Mo+ and56Fe40Ar+ on96Mo+ (see alsoTable 3). This con-
lusion is supported by the observation that, for the sam
ith ratio of Mo to Fe higher than 5, i.e., after very effici
urification, the measured isotopic data for96Mo/95Mo are
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Fig. 5. Reproducibility of Mo isotope ratios for our in-house Mo standard during the course of nine measurement sessions. The measured solutions have
Mo concentration of 1 mg l−1 and Pd of 0.5 mg l−1. The isotope ratios were calculated in per mil relative to the same bracketing standards. The long-term
reproducibility obtained defines an external precision of 0.06, 0.04, 0.06, 0.08 and 0.14‰ for94Mo/95Mo, 96Mo/95Mo, 97Mo/95Mo, 98Mo/95Mo and100Mo/95Mo
ratio measurements at 95% confidence (2σ) level.

mass dependent relative to other Mo isotope ratios (Table 4,
samples from lake Kutsasärvi). For some samples appreciable
amounts of Zr were released to solution during the reductive
HCl leach. This Zr was reduced to a near-blank level after
purification, but not completely removed. In such cases, the
isobaric interferences with Zr isotopes can contribute to dis-
turbances of the measured94Mo+ and96Mo+ ion beams. The
results therefore demonstrate that three Mo isotope ratios,
97Mo/95Mo, 98Mo/95Mo and100Mo/95Mo, are most suitable
for precise MC-ICPMS measurements of variations in iso-
topic composition of Mo in geological materials.

3.6. Isotopic variations of Mo in freshwater sediments:
implication for global Mo isotope budget

As seen inTable 4, the variations ofδ97Mo values for
freshwater sediment columns span an entire range of∼2.2‰.
These variations show the existence of different Mo isotopic
pools in freshwater lake systems. The geochemical impli-
cation of this finding is briefly discussed below, following
characterization of sediments as revealed in this study.

The studied lakes are located in similar geomorphologic
settings, neither having any significant sources of inflowing
stream water. The difference in the depositional environments
of the lakes is mainly due to the layer of anoxic bottom water
developing in lake Vettasjärvi during winter time, when the

ice cover acts as a barrier to diffusion of O2 into the water.
Concentrations of Mo in sediments of the lakes are enriched
relative to the average upper crust abundance of 1–2 ppm[38].
This is apparently a reflection of the close proximity to cop-
per porphyry-style mineral deposits (Aitik, northern Sweden)
and abundant quartz–molybdenite veins and their dispersed
remnants in the granitic till of the area. The proximity to a
molybdenite source is known as the important factor con-
trolling the distribution of Mo in lake sediments[39]. The
dominant geochemical pathway for producing hydrous Fe
and Mn oxides in these sediments is the precipitation of Fe
and Mn from the water column or pore waters, where fer-
rous Fe and Mn(II) are oxidized. Both sediment columns
have insignificant concentrations of sulfur. For the sediments
of lake Vettasj̈arvi, sulfur concentrations range from 0.3 to
0.5%, whereas for those of lake Kutsasjärvi this range is from
0.05 to 0.2%.

Two dominant mechanisms of Mo removal in oxic and
anoxic waters have been established in previous studies.
These are the scavenging of Mo by Mn hydrous oxides in the
former case and formation of particle reactive oxythiomolyb-
dates (MoO4− xSx

2−) in the latter[2,4,5,40–42]. However,
the mechanism of Mo removal in suboxic systems is unclear
[40,41]. To explain Mo removal in suboxic settings, a
two-layer diffusion-reaction model has been suggested, in
which a reaction zone in the anoxic sediments, where Mo is
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Table 4
Mo isotopic composition of molybdenites and deposited sediments analyzed in this study relative to our in-house Mo standard solution High Purity, Charlston,
USA (lot #320304)

Sample δ96Mo δ97Mo δ98Mo δ100Mo

Ultra Scientific Mo
standard solution,
Kingston, USA, lot
#D00811

−0.03± 0.02 −0.04± 0.03 −0.07± 0.04 −0.09± 0.07

HLP, China −0.10± 0.02 −0.20± 0.03 −0.30± 0.03 −0.49± 0.03
JDC, China 0.06± 0.02 0.12± 0.03 0.16± 0.03 0.28± 0.03
Kåtaberget, Sweden 0.11± 0.02 0.21± 0.03 0.29± 0.03 0.47± 0.03

h (cm) Lake Vettasj̈arvi

1 n.d. −0.62± 0.03 −0.91± 0.04 −1.44± 0.08
2 n.d. −0.48± 0.03 −0.72± 0.03 −1.14± 0.05
3 n.d. −0.46± 0.03 −0.69± 0.03 −1.12± 0.05
4 n.d. −0.26± 0.03 −0.39± 0.03 −0.57± 0.05
5 n.d. −0.63± 0.03 −0.91± 0.03 −1.45± 0.05
6 n.d. −0.81± 0.03 −1.22± 0.03 −1.96± 0.05
7 n.d. −0.61± 0.03 −0.90± 0.03 −1.48± 0.05
8 n.d. −0.49± 0.03 −0.74± 0.03 −1.19± 0.09
9 n.d. −0.70± 0.03 −1.04± 0.03 −1.69± 0.05
10 n.d. −0.67± 0.03 −1.01± 0.03 −1.62± 0.05
11 n.d. −0.82± 0.03 −1.21± 0.06 −1.94± 0.07
12 n.d. −0.92± 0.03 −1.35± 0.04 −2.17± 0.06

Lake Kutsasj̈arvi
1 0.56± 0.03 1.01± 0.03 1.48± 0.04 2.43± 0.06
2 0.60± 0.03 1.10± 0.04 1.65± 0.05 2.70± 0.06
3 0.50± 0.03 0.96± 0.03 1.40± 0.03 2.31± 0.05
4 0.66± 0.03 1.26± 0.04 1.89± 0.04 3.10± 0.06
5 0.49± 0.03 0.92± 0.04 1.37± 0.07 2.26± 0.1
7 0.30± 0.03 0.56± 0.03 0.83± 0.03 1.35± 0.05
8 0.32± 0.03 0.62± 0.04 0.96± 0.04 1.61± 0.06
9 0.30± 0.03 0.55± 0.05 0.84± 0.04 1.36± 0.08
10 0.37± 0.03 0.71± 0.03 1.05± 0.03 1.71± 0.05
11 0.41± 0.03 0.83± 0.03 1.21± 0.04 1.98± 0.09
12 0.42± 0.03 0.81± 0.07 1.21± 0.08 1.95± 0.10
13 0.26± 0.03 0.40± 0.03 0.60± 0.03 0.98± 0.05
14 0.32± 0.03 0.52± 0.03 0.78± 0.04 1.30± 0.06
15 0.35± 0.03 0.64± 0.03 0.96± 0.04 1.56± 0.06
16 0.11± 0.03 0.17± 0.04 0.24± 0.04 0.46± 0.06
25 0.06± 0.03 0.08± 0.04 0.12± 0.04 0.26± 0.06

The depth of sediment layers is relative to the sediment surface. Uncertainty terms are one standard deviation.

chemically removed, is separated from the water column by
a pure diffusive zone in which there is no chemical reaction
[4,5]. An important consequence of such a model is that Mo
isotope fractionation can be driven both by a specific isotope
effect between MoO42− and MoO4− xSx

2− because of sub-
stantial differences in Mo bonding environments between
such complexes and by relative fluxes of the isotopes across
the sediments–water interface[2]. Rodushkin et al.[43]
have demonstrated that diffusion of Fe and Zn in aqueous
solution alone can cause changes in the studied56Fe/54Fe
and 66Zn/64Zn isotope ratios in excess of 0.3‰ in favour
of the lighter isotope. The same “diffusional” mechanism
might be expected for Mo isotopes as well.

The oxic–anoxic interface in lake Vettasjärvi is located in
the water column. Hydrous Fe and Mn oxides produced by
oxidation of dissolved Fe(II) and Mn(II) fluxes are precipi-
tated to the sediment.Fig. 6shows that concentrations of Mo,

Fe2O3 and MnO2 increase toward the bottom of the column,
but do not exhibit large variations.δ97Mo values vary from
−0.25 to −0.95‰ and have a strong reverse correlation
with Mo concentration. Molybdenum has a high affinity for
particulate Mn oxides and is adsorbed essentially on their
surfaces. It has also been demonstrated that Mo adsorbed on
the surface of Mn oxides is enriched in the lighter isotopes
[13,16]. These studies demonstrated that the isotopic data
show a close system exchange between adsorbed and
dissolved Mo.δ97Mo values for adsorbed Mo relative to the
Mo standard at semi-neutral pH ranged between−0.5 and
−1.0‰ and a meanδ97Mo offset of ∼1.8‰ was observed
between dissolved and oxide-bound Mo[2,16]. Under anoxic
conditions, Mn oxides are subject to reductive dissolution.
Molybdenum released to pore waters upon reduction of Mn
oxides is available for diffusive transport to the deeper layers
of the sediment. The isotope effects for the dissolved Mo in
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Fig. 6. Vertical profiles ofδ97Mo values, Mo, MnO2 and Fe2O3 contents for sediment column of lake Vettasjärvi, northern Sweden. Uncertainty bars are two
standard deviations.

pore waters can be produced by diffusion as suggested above,
and interactions with solid surfaces and organic matter. The
distribution ofδ97Mo values in the sediment column of lake
Vettasj̈arvi is consistent with such explanation, though identi-
fying the dominant control is difficult due to many unknowns.

Lake Kutsasj̈arvi is a permanently oxygenated lake. The
oxic–anoxic interface in this case is situated in the sedi-
ment column. Concentrations of Fe2O3, MnO2 and Mo in
the column are subject to large variations (Fig. 7). The sharp
concentration peak of Fe2O3 at a depth of 11 cm might be
interpreted as a transition zone between anoxic and oxic envi-
ronments, where dissolved ferrous species diffusing upwards

along concentration gradients in the pore waters become oxi-
dized and precipitated as hydrous Fe oxides. An interesting
observation is that the concentration of Mo is strongly corre-
lated with Fe2O3. The remarkable peak of Mo concentration
accompanies that of Fe2O3. δ97Mo values for this column
have a tendency of decreasing toward the bottom from 1.26
to 0.08‰. Variations inδ97Mo values are coupled with those
for Fe2O3 and MnO2.

The findings of the study indicate the necessity to quan-
tify Mo isotope effects due to Mo interactions with organic
matter and Fe oxides during geochemical cycling of Mo.
Recently, a large body of evidence has appeared indicating
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Fig. 7. Vertical profiles ofδ97Mo values, Mo, MnO2 and Fe2O3 contents for sediment column of lake Kutsasjärvi, northern Sweden. Uncertainty bars are two
standard deviations.

that, apart from Mn oxides, organic matter and Fe oxides exert
a substantial role in Mo distribution in oxygenated waters
[39,42,44]. From the data presented above it might also be
speculated that geochemical processes operating during con-
tinental weathering and transport of Mo to the ocean produce
a Mo isotope signature that is significantly different from that
of the bedrock within the drainage basins. Furthermore, sys-
tematic variations in Mo isotopic composition of continental
run-off might reflect certain geochemical conditions of the
drainage basin. Variations of Mo isotopic composition due
to these processes have to be studied in detail in order to be

able to interpret the global Mo isotopic budget and make use
of stable Mo isotopes as a proxy for redox conditions existed
in geological past.

4. Conclusions

A new MC-ICPMS technique reported here make it
possible to measure four Mo isotope ratios,96Mo/95Mo,
97Mo/95Mo, 98Mo/95Mo and100Mo/95Mo, to high precision
and accuracy. Advantages of the technique over previous
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MC-ICPMS methods include (i) a novel efficient purification
chemistry of Mo that allows the efficient separation of Mo
from Fe and other concomitant matrix elements and (ii) a MC-
ICPMS measurement protocol that allows interference-free
measurement of the aforementioned Mo isotope ratios utiliz-
ing correction for mass bias using external normalization to
the105Pd/104Pd ratio. It is anticipated that this new technique
offers wide potential in geochemical and other fields of Mo
isotope research.

The isotopic analysis of Mo for two freshwater sediment
columns revealed that variations ofδ97Mo values span an
entire range of∼2.2‰. These findings highlight the necessity
to quantify isotope effects of Mo produced by geochemi-
cal processes operating during continental weathering and
transport of Mo to the oceans. Variations in Mo isotopic com-
position of continental run-off might therefore be coupled
with certain geochemical conditions of the drainage basin
and can be used in reconstructions of geochemical environ-
ments existed in the past.
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