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Abstract

Molybdenum isotope fractionation has the potential to be an important geochemical tool in ore genesis studies, and
guantifying redox conditions in various paleo-environments, particularly in biological reactions, provided high precision
mass spectrometric techniques are available to measure the magnitude of the isotope fractionation at the 0.1 per mil per v
unit level. Thermal ionisation mass spectrometry has been used to measure the isotope fractionation of molybdenum i
number of molybdenite samples. The isotope measurements were made using a multicollector ion collector system to achi
high precision measurements. The fractionation was determined by the double spiking methodtidimg'®Mo Double
Spike. The samples revealed a range of fractionation values from 0 to approximétélper mil per mass unit, where the
fractionated molybdenites are isotopically lighter than the reference sample. It is known that molybdenites are formed frol
hydrothermal solutions in the temperature range 350260@and also at higher magmatic temperatures. Further fractionation
studies on selected molybdenite samples spanning this temperature range, may provide information on the mechanism of
genesis of molybdenites.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ables, temperature being the most important, whereas
the magnitude of kinetic fractionation commonly
The isotopic composition of some elements may varies with the overall reaction rate and mechanism
be fractionated by physical, chemical or biological involved. Equilibrium isotope fractionation usually
processes, the rates or equilibrium states of which areresults in the heavier isotopes of an element be-
mass-dependent. These changes are commonly largemg concentrated in more oxidised compounds and
and more readily detected in the “light” elements H, in more condensed phases, whereas kinetic isotope
Li, B, C, N, O, S and ClI, and these mass-dependent fractionation generally results in the lighter isotopes
variations have been used in a range of studies in being concentrated in the products of the reaction and
the Earth Sciencdd]. The magnitude of equilibrium  the heavier isotopes concentrated in the residuals.
isotope fractionation depends in part on state vari- Stable isotope fractionation effects may also occur
in the heavy elements and in some cases may affect
_ the magnitude of the atomic weigft]. The IUPAC
- Corresponding author. Tek+1-403-220-3641; Commission on Atomic Weights and Isotopic Abun-
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E-mail address: mwieser@ucalgary.ca (M.E. Wieser). dances has investigated the range of variation in the
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isotopic compositions of naturally occurring materi- pecially those with magnetic sector, multi-collector
als for some elements, and ascertained the effect offacilities (MC ICP MS), are now demonstrating their
these variations on the atomic weight of the element capacity to contribute to such studies.
concerned3]. The excitement that surrounds the potential of these
There has also been an increasing interest in pos-isotope fractionation studies for both biological and
sible isotope fractionation in the transition metals non-biological systems must be tempered with ade-
because of their potential value in biogeochemical cy- quate experimental controls to ensure that the isotopic
cling. If such fractionation effects are associated with results are meaningful. Isotope fractionation effects
metabolic use of these elements they could provide in TIMS are complex and often difficult to interpret,
“biosignatures” for studying life in the geological whilst fractionation effects in MC ICP MS require
records of Earth or Margt]. further study in order to understand the nature of the
Iron is of particular interest because it is incorpo- processes involved. The double spike technique was
rated in a wide range of biochemical pathways. Beard first used by Dietz et a[9] for measuring natural iso-
et al. [5] reported the isotopic composition of sedi- topic fractionation and has been used in TIMS over a
mentary iron and bacterially-mediated iron products. period of many years to enable a rigorous correction
Modern sediments (Fe—Mn nodules) show 2—-3 per mil of instrumentally-produced mass fractionation to be
56FepP4Fe isotope abundance variations that can be ex- made. This study reports the result of applying double
plained by bacterially-produced fractionation effects spiking to TIMS measurements for Mo in a number
[5]. Natural Fe isotope variations in human blood have of molybdenite samples.
the potential to identify long-term deficiencies in di-
etary Fe absorption. In this study, t#f&e 5*Fe isotope
abundance ratio of human blood was depleted by 3.1 2. Experimental
per mil relative to an iron standard of non-biological
origin [6]. Another recent study of isotope fractiona- 2.1. Samples
tion effects in Cr in natural waters show that the lighter
isotopes react preferentially during Cr(VI) reduction A Laboratory Standard was prepared from a
by magnetite and sedimer{g. 99.993% pure molybdenum metal rod obtained from
Results of this nature are of great potential impor- Johnson Matthey Chemicals Ltd. (JMC 726 Lab-
tance, because they provide the possibility of a new oratory No. S-8555). The molybdenum metal was
experimental window on the biological use of transi- cleaned in HNQ@, washed, weighed and dried. The
tion metals in modern environments. However, it must sample was then dissolved in a mixture of ultra-high
be recognised the non-biological processes can intro- purity 3:1 HCI:HNG; in acid-cleaned PFA Savillex
duce isotope fractionations of the same order of mag- vials. The solution was evaporated to dryness. The
nitude and these effects may limit the interpretation of residue was taken up in 4 M HCI to give a molybde-
isotope abundance variations resulting from biological num concentration of Lg/mg of solution. This was
activity. Interest in isotope fractionation of the “heavy” the same Laboratory Standard as used by Wieser and
elements has come not only from the atomic weight de Laetef10] and details of its isotopic composition
and biogeochemical communities, but also from the measurement are given in that paper.
cosmochemical community (e.g., from isotopic stud-  Five molybdenite samples from Bencubbin, the
ies of lunar soil48]). In part, technological advances Edna May mine, India, Kingsgate and Spencer’s
in mass spectrometry have stimulated the resurgenceBrook were selected for analysi§able 1gives de-
of interest in isotope fractionation studies. In addi- tails of the location and a brief description of these
tion to thermal ionisation mass spectrometry (TIMS), samples. These five molybdenite samples were anal-
inductively coupled plasma mass spectrometers, es-ysed by Wieser and de Laet§t0], and the mass



M.E. Wieser, J.R. de Laeter / International Journal of Mass Spectrometry 225 (2003) 177-183 179

Table 1
Details of the molybdenite samples analysed
Sample nante Locality Description
Bencubbin 9646-50 Waddouring Dam, South West of Western Australia Found associated with pyrite in small schlieren
in granitic rocks
Edna May S1743 B Westonia gold deposit, Western Australia Found in quartz veins; the mineralisation is
considered to be due to primary magmatism
India WAM 92 Unknown Unknown
Kingsgate G1343 New England Fold Belt, New South Wales Post-Orogenic magmatism
South East of Glen Innes Molybdenite found in pipes and veins in
leucogranites
Spencer’s Brook S4516 South West of Western Australia, 3km south Found in quartz veins associated with gneissic
of the Spencer’s Brook Railway Station granite

aThe numbers with each sample are Western Australian Museum Catalogue numbers.

spectrometrically-determined isotopic composition of the filament and dried. Finally, the filament was heated
these samples are listed in that paper. No molybde- to a dull red colour for 5s. Molybdenum isotopic ion
num isotope abundance anomalies were observed incurrents were measured on a VG 354 thermal ioni-
the uncorrected isotopic data with respect to the Labo- sation mass spectrometer equipped with nine move-
ratory Standard; neither were any obvious effects due able Faraday cup detectors and an axial Daly detector.
to mass-dependent isotope fractionation observed.  Seven of the Faraday cup collectors were arranged to
collect the molybdenum isotopes simultaneously. A
2.2. Chemical separation strict heating and analytical procedure was followed to
ensure that all samples were analysed under identical
Approximately 0.4 mg of each of the molybdenite conditions, all of which behaved in a consistent and
samples was dissolved in a 3:1 mixture of high pu- predictable manner. Th¥Zr ion current was moni-
rity HCI:HNOg3 in acid-cleaned PFA vials (Savillex). tored before and after the measurements, as was the
The dissolved solutions were evaporated to dryness, possible presence 8fRu. No corrections to the data
redissolved in 11 M HCI, evaporated to dryness and were required for either isobaric element. Further de-
redissolved in 4M HCI to obtain molybdenum con- tails of the mass spectrometry of molybdenum are
centrations of approximatelydg/mg of solution. An given by[10].
aliquot of the?*Mo—1°Mo Double Spike was added to
the samples. Molybdenum from these molybdenite ~ 2.4. Double spiking
Double Spike solutions was isolated by ion-exchange
chemistry, details of which are given by Wieser and By adding to each sample a molybdenum spike

de Laeter[10]. enriched in two isotopes, it is possible to correct
for isotope fractionation that occurred during sample

2.3. Mass spectrometry analysis, as the Double Spike provides an internal
monitor of the instrumental mass fractionation. Rus-

Molybdenum samples were mixed withud of an sell [11] showed that a geometrical interpretation of

ascorbic acid solution (20 mg ascorbic acid/g of 4M double spiking systematics could provide the dis-
HCI). The resulting mixture was deposited on out- crimination per mass unit and the concentration of
gassed rhenium filaments and dried with a 1.4 A fila- the element concerned in the sample, provided the
ment current. The filament was heated to 2 A at which element had at least four isotopes. In the case of Mo,
point the deposit fumed and became black. Three mi- three isotopic ratios are available for the calculations,
croliters of a silica-gel suspension were deposited on and any one of these four isotopes may be used as the
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reference isotope. In Russell's methodology, the three
isotope ratios are combined to form a series of vec-
tors, and linear algebra is used to calculate the frac-
tionation result$11]. This double spike technique has

been adopted in this study and a computer program
was written to calculate the magnitude of the frac-

tionation of the sample with respect to the Laboratory

Standard, together with the associated uncertainty de-

termination, which is estimated using a Monte Carlo
methodology, according to the procedures of Russell
[11].

The input data required are the measured isotope
ratios for the Laboratory Standard, the Double Spike,
the mixture of the Laboratory Standard with the Dou-
ble Spike, together with the mixture of each sample
with the Double Spike. In the case of molybdenum,
two isotopically-enriched samples were obtained
from the Oak Ridge National Laboratory, one en-
riched in%Mo and the second if®Mo. These two
isotopically-enriched samples were taken into solu-

of Mass Spectrometry 225 (2003) 177-183

3. Results and discussion

The isotopic composition of thi#Mo—-1"Mo Dou-
ble Spike used in this study is givenTable 2 together
with the corresponding isotope ratios of the Laboratory
Standard. Only the three isotope ratios required for
the fractionation calculationd 1] are given inTable
2. Two mixtures of Laboratory Standard Double
Spike were measured, and both sets of isotope ratios
are listed inTable 2 designhated DS1 and DS2, re-
spectively. Also listed are the molybdeniteDouble
Spike isotope ratios for each of the five molybdenite
samples.

The data listed infable 2can be used to calculate
the magnitude and uncertainty of the fractionation for
each of the five molybdenite samples with respect to
the fractionation of the Laboratory Standard which has
been arbitrarily set to zero. The dataTiable 3gives
the fractionation of each sample as calculated from the
two sets of Laboratory Standard—Double Spike mix-

tion in the same manner as described above, andtures DS1 and DS2 with respect to the Laboratory
then mixed to form the Double Spike solution used Standard. There is excellent correlation between the
in the experiment®®Mo was chosen as the reference two calculated fractionation values, so that the mean
isotope and the three isotope ratios employed were value for each sample is a good estimate of the frac-
94Mo/%*Mo, 8Mo/**Mo and1%%Mo/>Mo. tionation. A negative sign implies that the sample is

Table 2
Isotope ratio measuremeftfor the Laboratory Standard, the Double Spike, and two mixtures of the Double Spike with the Laboratory
Standard, and of the Double Spike with each molybdenite sample

Sample 94Mo/**Mo %8Mo/**Mo 100Mo/%5Mo
Laboratory Standafd 0.58028 (9) 1.52155 0.60791 (2)
Double Spike 30.361 (19) 0.5023 (50) 24.240 (16)
Mixtures

(1) Laboratory Standard
DS1 3.72446 (51)
DS2 5.76621 (66)

(2) Molybdenites

1.40200 (18)
1.33513 (14)

3.09186 (53)
4.72574 (66)

Bencubbin 2.96509 (60)

Edna

India

Kingsgate
Spencer’s Brook

2.96422 (52)
1.82863 (27)
1.1341 (12)

2.31919 (78)

1.44323 (43)
1.44483 (39)
1.48187 (23)
1.50333 (19)
1.46521 (41)

2.55120 (90)
2.55572 (95)
1.62381 (34)
1.05614 (20)
2.02000 (62)

2Errors shown are at the 95% confidence intervals for the means.
bThese values are from Wieser and de La¢t@]. The ratios have been normalised®fMo/®*Mo = 1.52155.
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Table 3
Measurements of isotope fractionation of molybdenum in five
molybdenite samples

Samplé Mixture® Fractionation of molybdenite with
respect to the Laboratory Standard
(per mil per mass unit)
Bencubbin DS1 —0.52+ 0.15
DS2 —0.57+ 0.18
Mean —0.54+ 0.11
Edna May DS1 —0.48+ 0.16
DS2 —0.54+ 0.20
Mean —-0.51+ 0.12
India DS1 —0.21+ 0.15
DS2 —-0.27+ 0.11
Mean —0.24+ 0.09
Kingsgate DS1 —0.02+ 0.36
DS2 —0.07+ 0.11
Mean —0.05+ 0.27
Spencer’s Brook DS1 +0.07 £ 0.15
DS2 +0.02+ 0.16
Mean +0.05+ 0.11

aErrors shown are 95% confidence intervals for each analysis.
PDS1 and DS2 are two separate mixtures of the Laboratory
Standard with the Double Spike.

isotopically lighter than the Laboratory Standard, so
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high temperature end of the hydrothermal range, and
for magmatic deposits.

It is interesting to note that Siebert et |HI2] found
a fractionation of—0.3 per mil for the®®Mo/**Mo
ratio relative to a Laboratory Standard for a hydrother-
mal molybdenite, determined on a MC ICP MS using
the double spike technique. They also measured iso-
tope fractionation of fine-grained sediments between
+0.1 and—0.3 per mil on the®®Mo/**Mo ratio us-
ing the same methodolodi2]. The fractionation is
determined on four molybdenum isotope mass ratios,
and the external standard reproducibility is 0.06 per
mil on the %8Mo/%°*Mo ratio at the 2s levell12].

Anbar et al[13] have also reported isotope fraction-
ation in a molybdenite sample from the Climax mine
in the United States of America, of approximately 0.3
per mil per mass unit with respect to their reference
standard, a JMC-Specpure Mo plasma standard so-
lution. In this case the fractionation is such that the
molybdenite sample is isotopically heavier than their
referencd13]. Anbar et al[13] report that differences
in 95Mo/*8Mo ratios can be determined to a preci-
sion of 0.2 per mil at the 2s level. A MC ICP MS
instrument was used for this experiment, but Zr and

that the lighter isotopes are enriched and the heavier Ru spikes were employed to correct for instrumental
isotopes correspondingly depleted with respect to this mass bias, rather than the more conventional double

reference.

The most important result from this experiment is
that there is a range of fractionation values in molyb-
denites, from 0 to approximately-0.5 per mil per

mass unit. Kingsgate and Spencer’s Brook do not ex-

hibit any significant fractionation, whereas Bencubbin

spike technique employed by Siebert efaP] and in

the present study. Anbar et §1.3] also demonstrated
that fractionation of Mo isotopes up to 1.5 per mil
per mass unit was observed during ion exchange chro-
matography in which the earliest Mo fraction eluted
from anion resin is enriched in the heavier isotopes by

and Edna May have negative fractionations of approx- approximately 0.5 per mil per mass unit, whereas the

imately 0.5 per mil per mass unit. The molybdenite
from India gives an intermediate value 60.24 per
mil per mass unit.

Molybdenum-rich ores may form from hydrother-
mal solutions in the temperature range 350-8D0

Molybdenite can also be produced at magmatic tem-

peratures ¥700°C), in association with crystallising

last eluted fraction is enriched in the lightest isotopes
by approximately 1 per mil per mass unit.

The above experiments indicate that isotope frac-
tionation of Mo in molybdenites does occur, and that
this effect can be measured with sufficient precision
to enable natural variations to be resolved. The double
spike technique is a proven method to determine iso-

granites and pegmatites, as an accessory mineral. Ittope fractionation, and it has been demonstrated that

is possible that molybdenites formed at the lower

it can be utilised for Mo either using MC ICP MS

temperatures may possess measurable fractionatio12] or TIMS (present study). The use of a Zr ele-
effects, whereas no fractionation is expected at the ment spike to correct for instrumental mass bias in a
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MC ICP MS instruments must be carefully examined in some molybdenites with a precision sufficient to re-
in that 9294967y are isobaric with the corresponding solve variations at the 0.1 per mil per mass unit level.
Mo isotopes, and Zr is difficult to separate from Mo Isotope fractionation studies in Mo are ideally suited to
by ion-exchange chemistifyL4]. In fact Anbar et al. the double spike techniquél], because this element
[13] noted that sporadic, unidentified interferences in possesses seven isotopes spanning the mass range
94Mo data occur in their measurements. Siebert et al. from 92 to 100. This enables possible isobaric inter-
[12] also state that the relatively higher deviations of ferences to be identified and internal consistency to be
some of the Mo isotope data are due to minute Zr con- demonstrated. Thermal ionisation mass spectrometry,
tributions that remain, even after chemical separation incorporating the double spike technique, has been
has been carried out. used successfully in this study to give a range in iso-
To ascertain the usefulness of isotope fractionation tope fractionation in molybdenites from 0 t€0.5 per
studies for our understanding of Mo-ore genesis, it mil per mass unit. Siebert et §1.2] have also demon-
will be necessary to choose a suite of samples that strated that a fractionation 6£0.3 per mil per mass
is geologically well documented, particularly regard- unit can be observed in th¥Mo/?*Mo ratio using
ing their depositional environment, and covering the MC ICP MS, again using the double spike technique,
temperature range of formation discussed above. An on a hydrothermal molybdenite. Multiple collector ion
analysis of these samples, using the double spike detection is essential to enable the degree of precision
technique, should enable the potential of isotope necessary to detect variations in isotope fractionation
fractionation to our understanding of the ore gene- of 0.1 per mil per mass unit. High precision mass spec-
sis of Mo to be evaluated, and serve as the basis totrometric measurements of isotope fractionation of
investigate other geological problems. Mo may provide new insights on a range of geological
The question of ion-exchange chemistry-induced and cosmochemical problems, as well as establish-
isotope fractionation for Mo, as discussed by Anbar ing the methodology to enable biologically-induced
et al.[13], needs to be examined with respect to the fractionation to be examined. Subsequent analyses
results of the present experiment. The double spike will focus on molybdenite samples of known age and
technique enables instrumental isotope fractionation ore-forming conditions, particularly temperature, to
to be distinguished from natural variations. In the investigate the mechanisms responsible for Mo isotope
present experiment, the Double Spike was added to fractionation.
the molybdenite sample before chemical separation Isobaric interferences with Zr occur f&#94°6Mo,
was undertaken and, in any event, the efficiency of but these can be eliminated with careful ion-exchange
the Mo separation process is greater than 7Q%. chemistry[14]. The alternative approach of element
All molybdenite samples were subjected to an identi- doping of the molybdenite samples with Zr, as adopted
cal ion exchange procedure, yet significant variations by Anbar et al.[13], relies on the assumption that
between—0.5 per mil per mass unit and O were mea- instrumental fractionation is identical for the doped
sured in the five samples. We are confident that one element and Mo, and introduces the risk of increased
can eliminate ion-exchange chemistry-induced iso- isobaric interferences. We recommend the more gen-
tope fractionation as a contributing factor to the data eral use of the double spike technique in isotope
presented in this paper. fractionation studies. In addition, there is the need
for a Mo isotope reference material that can serve
as the standard to which all Mo isotope abundance
4. Conclusions measurements are compared. Until such material is
available, meaningful comparison of data between
This study has demonstrated that naturally-occurring different laboratories (which may use a variety of
mass-dependent isotope fractionation can be measuredinalytical procedures) will be difficult to achieve.
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