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ABSTRACT

L aser-ablation quadrupole ICP-MS analyses of molybdenite samples from Preissac, Quebec, and Mokrsko, Béltice and
Kadperské Hory gold deposits in the Bohemian Massif, Czech Republic, for Re and radiogenic 1870s suggest the presence of
strong zoning in Re and in ¥70s/*8"Re values within grains. The zoning patterns indicate decoupling of daughter 87Os from
parent 87Re after molybdenite crystallization. Whereas Re is not homogeneously distributed in the molybdenite grains studied,
the lack of correlation between the calculated 1870s/2¥’Re value and the Re content also reflects the mobility of *87Os within
individual grains of molybdenite. Such decoupling of Re and Os could affect the accuracy of Re-Os agesif disturbed portions of
molybdenite are sampled for dating by conventional isotope-dilution N-TIMS or ICP-M S techniques. The results re-emphasize
the critical need for homogeni zation of quantities of molybdenite sufficiently large to capture the bulk Os/Re of the sampleto be
dated by these methods. L aser-ablation sampling, when used with a multicollector magnetic-sector ICP-MS instrument, is able
to produce Re-Os ages with a precision better than 2% (1oy,) from single spotsin certain old and Re-rich molybdenite grains, but
would be difficult to use as a dating tool given the extreme 18’0s/*8"Re heterogeneity seen in individual grains.

Keywords: laser-ablation ICP-M S, molybdenite, Re—Os, age dating, element decoupling.
SOMMAIRE

Les analyses d’ échantillons de molybdénite pour le Re et I’ isotope radi ogénique 187Os par latechnique | CP-M S aquadrupole
avec ablation au laser (échantillons prélevés a Preissac, Québec, et les gisements d’or a Mokrsko, BeélCice et KaSperské Hory,
dans le massif bohémien, en République Tchéeque), montrent la présence d' un forte zonation intragranulaire en Re et en valeurs
du rapport 870s/'8Re. Une telle zonation indique un découplage de I’isotope engendré 18’Os du parent '8’Re aprés la
cristallisation de la molybdénite. Tandis que le Re n’est pas réparti de fagon homogéne dans les cristaux de molybdénite, le
mangque de corré ation entrelavaleur 1870g/'87Re cal cul ée et lateneur en Reillustre aussi lamobilité del’isotope ¥7Osal’ intérieur
desgrains. Untel découplage de Re et Os pourrait bien diminuer lajustesse des ages Re-Ossi des portions al térées des échantillons
sont prises pour datation par méthodes conventionnelles N—TIM S avec dilution des isotopes ou bien par ICP-MS. Les résultats
soulignent |e besoin essentiel d’ une homogeénisation de quantités de molybdénite suffisamment grandes pour évaluer le rapport
Os/Re global de I’ échantillon & dater par ces méthodes. Un échantillonnage par ablation au laser, utilisé de concert avec un
instrument |CP-M S multicollecteur & secteurs magnétiques, peut fournir des ges Re—Os avec une précision supérieure a 2%
(1o7m) dans le cas de prélévements a des sites ponctuels dans certains échantillons de molybdénite assez vieux et relativement
riches en Re. Par contre, il semble difficile de se servir de cette technique de datation vue I hétérogénéité extréme en valeurs de
1870g/*8"Re des grains individuels.

(Traduit par la Rédaction)
Mots-clés: ablation au laser, ICP-M S, molybdénite, Re-Os, datation, découplage d’ éléments.
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INTRODUCTION

Defining the precise age of mineralization within an
ore-forming system isessential to understanding genetic
processes and in locating economic deposits. Sulfide
deposits commonly lack mineralstypically used in geo-
chronology, such as zircon and monazite (U-Th—Pb
system). In addition, most sulfide minerals themselves
do not contain high concentrations of elements used for
radiogenic isotope dating, or have low initial parent—
daughter isotope ratios. Thus, sulfide ores are difficult
to date directly. The most commonly used technique for
direct dating of sulfide deposits is Re-Os geochronol-
ogy, which is based on radioactive decay of 1®'Re to
radiogenic 18’0s. The Re-Os isotopic system is particu-
larly powerful where the age of Re-bearing mineral
phases can be related to discrete episodes of hydrother-
mal activity. The mineral most widely used for Re-Os
dating is molybdenite (M0S,) because it contains low
ppm to percent concentrations of Re and only ppt
amounts of initial, non-radiogenic Os. Molybdenite is
also acommon accessory phase in many sulfide depos-
itsaswell asin many differentiated granites (e.g., Stein
et al. 2001, and references therein). Owing to thetrivial
contents of non-radiogenic Os in molybdenite, its age
(T) can be derived from thesimpleequation T =I/\ * In
[(*]"0¢/*®"Re) +1], where \ corresponds to the ¥’Re
decay constant (1.666 * 1011 yr=; Smoliar et al. 1996).

The spatia distribution of Re within molybdenite
grains has been previously studied with electron-micro-
beam techniques (McCandless et al. 1993, and refer-
ences therein). The low to sub-ppm concentrations of
radiogenic 8Os in most natural samples of molybden-
ite, however, precluded its quantification by the elec-
tron microprobe, making assessment of potential Reand
Os decoupling (see below) difficult. Laser-ablation in-
ductively coupled plasma — mass spectrometry (ICP—
MS) possesses the spatial resolution required to assess
mobility of Re and 87Os on afine scale within mineral
grains. We have therefore used this method to study Re
and 1870Os distributions in molybdenite from localities
where the assemblages have been dated by negative-
thermal ionization mass spectrometry (N-TIMS) and
|CP-MS isotope-dilution techniques. The implications
of post-crystallization inhomogeneitiesin Re and 1870Os
in molybdenite on Re-Osisotopic dating are discussed.
Multicollector (M C) magnetic sector ICP-M S measure-
ments of Re and Os in molybdenite were aso carried
out to assess theimprovement in precision over quadru-
pole measurements, with a view toward the develop-
ment of in situ Re-Os dating. Preliminary results of this
study were presented by Ko3ler et al. (2000).

BACKGROUND INFORMATION
The potential of the Re-Os molybdenite geochrono-

meter has been recognized for over forty years (Herr et
al. 1961, Hirt et al. 1963), but dating attempts in the
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past generally produced erroneous ages. The conven-
tional approach of isotope-dilution N-TIMS and ICP-
MS techniques of Re-Os dating requires acomplicated
procedure of sample preparation, involving chemical
separation to prevent the isobaric interference of 1%'Re
on 180s. Difficulties al so arise during the measurements
by mass spectrometry because both Re and Os are diffi-
cult to ionize by the positive-ion TIMS that is used for
most geological applications. Asaresult, very few labo-
ratories worldwide run Re-Os analyses of molybdenite
routinely.

An important issue in Re—Os geochronology is
whether Re, Os or both are inhomogeneoudly distrib-
uted and decoupled in molybdenite grains as aresult of
disturbance to the Re-Os system by thermal or aqueous
alteration events following molybdenite crystallization
(McCandlesset al. 1993, Stein et al. 1997b, 1998b). The
experimental data of Brenan et al. (2000) suggest that
the closure temperature for Os in sulfides is low
(~300°Cfor pyrrhotite), allowing diffusion of the metal
during even low-grade metamorphic events. Also, the
layered structure of molybdenite makesthe mineral par-
ticularly susceptibletoinfiltration of hydrothermal fluid
along cleavage planes, which may be widened during
deformation, enhancing permeability. Such fluids could
leach and transport Re and Os from their original sites
in the mineral. Mobility and decoupling of Re and Os
within amolybdenite grain, so-called closed-system dis-
turbance, could cause inaccurate Re-Osisotopic agesif
only a portion of a disturbed grain is analyzed, though
analysis of the whole grain might produce an accurate
age (Stein et al. 1998h). Alternatively, if the analyzed
grain behaved as an open system during an alteration
event, preferentialy losing (or gaining) Re or Os, erro-
neous ages may be derived despite analysis of theentire
grain or multiple grains.

DecourLING oF Re AND OS IN MOLYBDENITE

Discrepancies between Re-Os ages of molybdenite
as obtained by N-TIMS and ICP-MS isotope dilution
and those obtained by other chronometers, along with
the scatter of some Re-Os ages beyond that expected
from analytical procedures (e.g., Luck & Allégre 1982,
Ishihara et al. 1989, Suzuki et al. 1996, 2001,
McCandless et al. 1993) suggest that the Re-Os isoto-
pic system in molybdenite may be disturbed following
crystallization. This observation has been contradicted
by other studies that imply a robustness to the Re-Os
molybdenite chronometer (Frei et al. 1998, Stein et al.
199843, Raith & Stein 2000, Selby & Creaser 2001). The
effect of ateration on the selective loss of Re from
molybdenite has been studied both experimentally
(Suzuki et al. 2000) and on naturally altered samples
(McCandless et al. 1993) using electron-microbeam
techniques, infrared spectroscopy and X-ray diffraction.
Authors of both studies concluded that even at low tem-
peratures (ca. 150-180°C), hydrothermal alteration can
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induce Re loss from molybdenite. Xiong & Wood
(1999) presented experimental data suggesting that Re
would be particularly well mobilized in molybdenite by
high-temperature, saline and sulfide-poor hydrothermal
solutions. In addition, Suzuki et al. (2000) have shown
that radiogenic 8’Os may beleached preferentially rela-
tive to Re from molybdenite, resulting in low apparent
Re-Os ages. Loss of Re or Os (or both) in response to
the hydrothermal alteration is not associated with any
structural changes to molybdenite, and neither can it be
correlated with changesin its near-infrared transparency
(Suzuki et al. 2000).

Molybdenite forms two natural polytypes, 2H and
3R, that differ intheway Mo-Slayersare stacked above
oneanother (Wickman & Smith 1970, Newberry 1979,
b). Newberry (1979b) suggested that enhanced substi-
tution of Re** for Mo*" increases the presence of the
otherwise less common polytype 3R, and that its con-
version to the more common 2H structure is associated
with Re loss from molybdenite. Whereas this proposal
has not been confirmed by later studies, McCandless et
al. (1993) suggested that the presence of Re in molyb-
denite results in the formation of point defects and
screw-dislocation growth because of the smaller ionic
size of Re** (0.63 A) relative to Mo** (0.65 A). Such
point defects would be more proneto bond breaking and
preferential Re loss during ateration. Although it has
been documented that Re** can substitute for the octa-
hedrally coordinated Mo*", there are no crystal-chemi-
cal obstaclesfor the octahedrally coordinated Os* (0.63
A Liu & Bassett 1986) to occupy the same position in
the molybdenite structure. However, owing to the low
abundance of Os, it is not clear which sites, if any, in
the molybdenite structure are occupied by Os*. The
weak bonding of radiogenic 187Os in the molybdenite
structure may contribute to the decoupling of Re and
Os, as evidenced during alteration experiments of mo-
lybdenite (Suzuki et al. 2000). Alternatively, if the ra-
diogenic 1870s* establishes bonds with sulfur, it is
likely to form the cubic mineral erlichmanite, OsS,
(Snetsinger 1971) and hence, during the alteration, the
osmium may be decoupled from Re present elsewhere
in the molybdenite structure.

SAMPLES

We have studied four samples of natural molyhden-
ite from four localities that have been previously ana-
lyzed for Re and Os isotopes by isotope dilution
N-TIMS or ICP-MS techniques.

The molybdenite sample from the Preissac plutonin
the late Archean Abitibi Subprovince of Quebec,
Canada comes from one of the numerous molybdenite-
bearing pegmatite veins at Moly Hill. Molybdenite oc-
curs as large grains up to several centimeters across,
some of which are euhedral, and are enclosed in quartz.
Thefirst attemptsto date the molybdenite samplesfrom
the Preissac pluton yielded unredlistically old Re-Os
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agesof 5819 + 228 and 6215 + 183 Ma[Luck & Allegre
1982; ages recalculated using A\(**’Re) = 1.666*10711].
Another Re-Os study of this sample that used a differ-
ent sampling strategy and achemical technique of sepa-
ration gave an age of ca. 2750 Ma (Birck et al. 1997).
Suzuki et al. (1993) obtained isotope-dilution ICP-MS
molybdenite Re-Os ages within the range of 27662526
Mafor samples from the same pluton. This range over-
laps with U—Pb titanite and monazite ages from the
Preissac monzogranite and aplite (2681-2660 Ma;
Ducharme et al. 1997). Average Re and '87Os concen-
trationsreported by Suzuki et al. (1993) for the Preissac
molybdenite are 30 and 0.849 ppm, respectively. The
sample used in this study was part of a single grain of
molybdenite.

The molybdenite sample from Béltice comesfroma
guartz vein in an abandoned gold mine located in the
southern part of the Bohemian Massif, Czech Republic.
Thequartz veinsin BélCice are hosted by alate Variscan
granodiorite that is part of the Central Bohemian Plu-
tonic Complex. U-Pb and Pb—Pb zircon dating of this
complex define ages within the range of 356-336 Ma
(Holub et al. 1997, Dorr et al. 1998). Molybdenite oc-
curs as grains up to 2 mm enclosed in quartz. The mo-
lybdenite used in this study is taken from a mineral
separate; another portion of molybdenite separated from
this sampleyielded anisotope-dilution N-TIMS Re-Os
age of 338.5 + 1.3 Ma (Zacharids & Stein 2001).

The molybdenite sample from the Mokrsko gold
deposit, central Czech Republic, comes from a quartz
vein hosted by upper Proterozoic lower-amphibolite-
grade metasedimentary and metavolcanic rocks, adja-
cent to alate Variscan tonalite intrusion. The intrusion
has been dated at 349 + 12 Mausing Pb—Pb evaporation
of zircon (Holub et al. 1997). The molybdenite forms
up to 2 mm grains enclosed in quartz and yiel ded a con-
ventional isotope-dilution N-TIMS Re-Os age of 342.9
+1.4Ma(Zacharids & Stein 2001). The sampleusedin
this study was part of asingle grain of molybdenite en-
closed in quartz.

A fourth sample of molybdenite came from the
KaSperské Hory gold deposit, located along a regional
shear-zone in the high-grade metasedimentary rocks of
the Moldanubian Zone in the southern Bohemian
Massif, Czech Republic. Molybdenite occurs asirregu-
lar grains up to 2 mm in size in a quartz vein and com-
monly contains inclusions of gold. The molybdenite
used in this study is present as small grains and veinlets
hosted in quartz. Molybdenite separated from quartz at
the same outcrop yielded a conventional isotope-dilu-
tion N-TIMS Re-Os age of 345.3 + 1.9 Ma and aver-
aged 35 ppm of Re and 0.128 ppm of 870s (Stein et al.
19974). The Re-Os age of this molybdenite sample is
distinctly higher than the “°Ar/3*Ar cooling age for
muscovite from this suite of quartz veins (ca. 325-331
Ma; DuriSova et al. 1997) and a Re-Os age of 309.5 +
3.4 Ma for another sample of molybdenite from the
samelocality (Stein et al. 1997a). The differencesin the
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molybdenite Re-Os ages from the KaSperské Hory gold
deposit have been interpreted to reflect multiple peri-
ods of hydrothermal mineralization (Stein et al. 1997a).

ANALYTICAL TECHNIQUES
Instrumentation

Prior to analysisfor Re and Osisotopes, the polytype
abundance in the molybdenite samples was studied us-
ing a Rigaku Ru-200 automated X-ray powder
diffractometer at Memorial University. The method fol-
lowed the technique described in Frondel & Wickman
(1970): small flakes were scraped off the molybdenite
surface and sprinkled onto a double-sided tape attached
to a glass dide to prevent preferred orientation of the
sample. The rotating anode was operated at 40 kV and
180 mA, and the samples were exposed to CuKa radia-
tion. The data were acquired over the interval 26°—60°
26 in steps corresponding to 0.03° 26, with an acquisi-
tion time of 1.2 second per step.

For laser-ablation ICP-MS analysis, the molybden-
ite samples were mounted in epoxy-filled grain-mount
blocks and polished to obtain even surfaces. For this
experiment, we utilized aVG PlasmaQuad 2+ “ S’ ICP—
M S instrument coupled to an in-house-built 266 nm Nd
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YAG laser at Memoria University of Newfoundland.
The ICP-MSinstrument is equipped with afast-switch-
ing quadrupole mass filter and a single Galileo-type
electron multiplier. In laser-ablation mode, with a la-
ser-repetition rate of 10 Hz, energy of 0.5 mJ/pulse, a
focused 60 um laser spot and ablation in He gas, the
instrument has a sensitivity of at least 1-5 X 10* cps/
ppm for each monoisotopic element greater than
mass 85.

The sample-introduction system was modified to
enable simultaneous nebulization of a15 ppb natural W
tracer solution and laser ablation of the solid sample.
The tracer solution was aspirated to the plasma in an
argon-helium mixture asacarrier gasthrough an MCN—
100 Cetac micro-concentric nebulizer, Scott-type
double-pass spray chamber and a T-piece tube attached
to the back end of the plasmatorch. A helium gasline
carrying the ablated sample from the laser cell to the
plasmawas attached to the T-piece tube at the back end
of the ICP torch.

The laser was set up to produce energy of 0.2-0.5
mJ/pulse (measured just before the beam entered the
objective of the microscope) at a repetition rate of 10
Hz with the laser beam focused 100-200 pm above the
surface of the sample. The 50 cm® sample cell was
mounted on the microscope via a computer-driven mo-

Fic.1. A.SEM imageof thelaser-ablation rastersin the Preissac molybdenite. B. Close-up view of alaser raster in molybdenite.
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torized stage. During the ablation, the stage was moved
beneath the stationary laser beam to produce a square
laser pit (200 X 200 wm) in the sample (Fig. 1). Where
necessary, asmaller raster pit (e.g., 100 X 100 wm) was
produced by masking the laser beam and using a higher
energy, >0.5 mJ per pulse, to provide sufficient count-
rates for precise measurement. The estimated depth of
each pit ranged from ca. 50 to 80 wm depending on the
area of the raster, total power of the laser and ablation
time. Previous studies have demonstrated that both
laser-beam defocus (Jackson et al. 1996) and rastering
(Campbell & Humayun 1999) result in amore efficient
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removal of material from the ablation site and substan-
tially reducetime-dependent i nter-element fractionation.

The typical data-acquisition procedure consisted of
a 60-second measurement of the gas background and
aspirated solution just before the start of ablation
(Fig. 2). During ablation, Re, Os and W signals from
molybdenite, along with the continuous 8W and 184w
signals from the aspirated solution, were acquired for
another 180 seconds. The data were acquired in time-
resolved peak-jumping — pulse-counting mode with one
point measured per peak for masses 183 (W —flyback),
184 (W), 185 (Re), 186 (W), 187 (Re + Os), 189 (Os)
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Fic.2. A.lsotopic signalsof Re, Osand Ir and the corresponding isotopic ratios obtained from a single laser-ablation pit in the
NiS standard. B. Isotopic signals of Re, Os, Ir and W and the corresponding isotopic ratios obtained from a laser-ablation

raster in the NiS standard.
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and 191 (Os). Quadrupole settling time was 1 ms, and
the dwell time was 8.3 ms on each mass. During 240
seconds of measurement, ca. 3000 data-acquisition
cycles (sweeps) were collected.

Additional analyses of the Preissac molybdenite
were carried out using a 193 nm ArF Excimer laser
(LambdaPhysik Compex 102) coupled to the Micromass
Isoprobe multicollector magnetic sector ICP-MS
(MC ICP-MS) instrument at GEOTOP — UQAM in
Montreal. All analyses were obtained from araster area
of 200 X 200 wm using laser energy of 0.12 mJ/pulse,
arepetition rate of 15 Hz, aspot size of ca. 100 wm and
He as a carrier gas. Total ablation time was 100 sec-
onds, corresponding to 50 scans of two seconds inte-
gration each. The Faraday detector array was set to
collect masses 183 (W), 184 (W), 185 (Re), 186 (W),
187 (Re + Os), 188 (Os) and 189 (Os). Before the start
of ablation, a 60-second gas blank (“on-peak zero”)
measurement was conducted. Subsequent to the start of
ablation, two half-mass-unit baseline measurements
were obtained within the mass range 182.5 to 189.5,
bracketing the masses used for data acquisition. Unlike
the quadrupole | CP-M S measurements, no tracer solu-
tion was aspirated to the plasma source of the MC |CP—
MS during ablation of sample material because of
concerns that residual W in the instrument would com-
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promise measurements of Hf isotopes being made for
other studies.

Data reduction

Raw data from the quadrupole ICP-MS were cor-
rected for dead time of the electron multiplier (20 ns)
and processed offline using a Microsoft Excel® spread-
sheet program to integrate signals from each sequential
set of 10 sweeps. The ¥/(Re + Os) and ®°Re counts
were corrected for gas background before a correction
for instrument mass-bias that utilized a power law and
measurements of W isotopic tracer solution (186wW/184w
= 0.9279 £ 0.0034; Rosman & Taylor 1999) that was
simultaneously aspirated to the plasma. The measure-
ments by MC ICP-MS utilised the signal of W present
in the molybdenite but, asin the case of the quadrupole
ICP-MS data, the correction of 18(Re + Os)/*®°Re iso-
topic ratios for instrument mass-bias utilized the power
law and natural isotopic composition of W. During this
study, the mass bias per am.u. calculated from the mea-
surements of 18W/18%W values was up to 0.9 and 1.2%
for the quadrupole and MC ICP-MS, respectively. The
1870g/18"Re val ues were cal cul ated after subtracting the
appropriate amount of 18'Re, determined using a '¢'Re/
155Re value of 1.6738 + 0.0010 (Rosman & Taylor

B.
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100

10

0.1 ' L
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Fic. 3. A.Errorson the calculated *870Os/*8"Re val ues (or age) for various corrections for the isobaric interference on mass 187
and for different precisions on measured 8(Re + Os)/*%Re values as expected from the counting statistics. B. Calculated
error curves asin A, but taking into account the uncertainty on the natural 8’Re/*®°Reisotopic composition (ca. 0.06%, 1 o).
Actud errors on the age would be somewhat larger than shown because the error in the decay constant and error associated
with the mass-bias correction are not included in the calculation.
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1999) from the total peak-intensity at mass 187. These
corrections were very large, ranging from 95-97% in
the Preissac sample to ca. 98-99% in the Bohemian
Massif samples. However, using well-characterized Os-
isotope reference materials, Pearson et al. (2002) dem-
onstrated that this approach can yield accurate and
precise corrections of up to at least 93% for 8’Re on
1870,

Because of the large isobaric interference of 18’Re
on 1870s, this correction was a major source of uncer-
tainty in the calculated ¥’0s/*®"Re values and the cor-
responding Re-Os molybdenite ages. Figure 3illustrates
how the isobaric correction affects the overall error of
the 1¥70g/%®’Re measurements. We have assumed that
the error in the calculated *¥70g/*8"Re values is mostly
controlled by the error in the measured 8’(Re + Os)/
185Re values, and the extent of the isobaric 8’Re inter-
ference on 1¥’Os is inversely proportional to the age of
molybdenite. Asan example, if the Reisobaric interfer-
ence on mass 187 is 95%, i.e., 5% of the peak intensity
at mass 187 is1870Os, and if the uncertainty on the natu-
ral isotopic composition of Re is not considered in the
error calculation, the ratio 187(Re+0s)/*®Rewould need
to be measured with a precision of 0.05% or better to
produce a final age uncertainty of <1%. Correspond-
ingly, should the uncertainty on the natural Re isotopic
composition be considered, ameasurement precision of
0.02% or better would be required to achieve the age
uncertainty of <1% (Figs. 3A, B). Because the quadru-
pole ICP-MS is not capable of such precise ¥’(Re +
09)/'®Re measurements, we use the term “apparent
age” for lower-precision dataas ameasure of the calcu-
lated 1870¢/'8"Re values.

All errorsin this study are quoted at the one sigma
confidence level and were derived from analytical un-
certainties on the measured values of the ratios *¥’(Re +
09)/*%5Re and 18W/18%W. Uncertainties in the natural
i sotopi c composition of Reand W do not contribute sig-
nificantly to the overal error of the quadrupole ICP-
MS age data, and hence they were omitted from the error
calculation. They would, however, significantly mag-
nify the errors on the more precise MC ICP-MS mea-
surements (cf. Figs. 3A, B). The error calculation aso
does not take into account the uncertainty in the 18’Re
decay constant.

Re/Os fractionation during laser
sampling and analysis

Pairs of elements may become fractionated during
laser sampling and analysis. Time-dependent inter-ele-
ment fractionation isinduced at the ablation site. It oc-
curs as a result of preferential condensation of more
refractory elements onto the walls of an ablation pit pro-
gressively deepened during laser sampling (Eggins et
al. 1998). Thus fractionation between refractory—vola-
tile element pairs occurs most rapidly during drilling of
narrow, deep pits with large areas of exposed wall rela-

313

tive to the total ablation-volume. Laser sampling by
rastering (rather than spot analysis) effectively sup-
presses the time-dependent fractionation by limiting the
rate of exposure of ablated material to steep walls. A
second kind of inter-element fractionation may occur in
the argon plasma source as a result of space-charge ef-
fects on elements of different masses or incomplete va-
porization and ionization of ablated particles (Guillong
& Gunther 2002).

In order to explore whether laser sampling and analy-
sis of sulfides produced significant fractionation be-
tween Re and Osin this study, we have synthesized and
analyzed a NiS reference material and compared mea-
sured and known ratios of Re, Os and Ir. Iridium was
added to the NiS because it has a mass similar to W,
and thus can be used for instrument mass-bias correc-
tion of Re and Os isotopic ratios (e.g., Pearson et al.
2002). Preparation of the NiS standard followed a pro-
cedure similar to that of the NiS fire-assay method out-
lined in Jackson et al. (1990). Briefly, pure nickel metal,
sulfur, borax, silica and sodium carbonate were mixed
in a clay crucible. The mixture was doped with small
amounts of a solution containing Os and Ir; Re was
added as ReS, powder in an amount exceeding the tar-
get concentration in the NiS bead by a factor of 100.
This was done to compensate for weak partitioning of
Re into the NiS (Frimpong et al. 1995). The mixture
was then heated for 90 minutes at 1100°C and formed a
NiS bead containing a portion of the added elements,
topped by a layer of silicate glass. In order to achieve
the maximum homogeneity of NiS, the entire clay cru-
cible and its contents were quenched by immersing in
cold water.

Sample homogeneity of the NiS was subsequently
tested by multiple laser-ablation analyses and was found
to be better than 5% (RSD) for individual elements.
Study of the NiS bead by back-scattered el ectron imag-
ing and electron-microprobe analysis (courtesy of L.J.
Cabri) revealed the presence of small grains (<10 nm)
of heazlewoodite (Ni3S;) and godlevskite (Ni7Sg). These
inclusions are considerably smaller than the diameter
of the laser beam, and may contribute to the minor het-
erogeneity seen in the laser-ablation measurements. The
concentrations of Re, Os and Ir in the NiS bead, as de-
termined by solution ICP-MSS, are 63, 131 and 185 ppm,
respectively, corresponding to 3, 65 and 93% recovery
for the three elements added to the experimental charge.

The effect of laser sampling in single spot and raster
modes on fractionation of Re, Os and Ir is best demon-
strated by comparing theisotopic signalsplotted in Fig-
ures 2A and B. Measured ®Re/*®0s and 1#°Re/1%r
values acquired from single laser-spot analysis display
laser-induced fractionation, i.e., there is an increase in
the values when plotted against ablation time (number
of laser shots applied). Corresponding 18°Re/18°0s,
185Re/19r and 1890g/19 r values acquired in raster mode
do not show any significant increase with ablation time,
suggesting that rastering the laser beam over asmall area
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of sample surface suppressed laser-induced fraction-
ation of elements almost completely. Accordingly, no
fractionation correction was applied to the 18(Re + Os)/
185Re values measured by laser-beam rastering of the
molybdenite samples studied. Element fractionation in
the ICP source of the mass spectrometer also did not
appear to be asignificant problem inthisstudy. Guillong
& Gunther (2002) reported that element ratiosin NIST
612 silicate glass, sampled by rastering, were signifi-
cantly different from the known values, requiring large
corrections. However, in this study, accurate 1%°Re/*®°0s
values were obtained for the NiS reference material af-
ter correction of the measured ratios for the instrument
mass-bias.

Singlelaser-spot and laser-raster analyses (Figs. 2A,
2B) were acquired using different conditions of instru-
ment tuning and, unlike the single laser-spot analysis,
the laser-raster analysis was performed with the simul-
taneous aspiration of W tracer solution to the source of
ICP-MS. Wetherefore attribute different measured iso-
topic ratios of Re, Os and Ir in Figures 2A and 2B to
different instrument mass-bias conditions during thetwo
analyses. Given the high intensity of the %W signal
from the aspirated tracer solution (Fig. 2B), and the low
natural isotopic abundance of 180s in the NiS (ca.
1.58% of the total Os), the contribution of 1860s from
the ablated NiS sample to the measured intensity of the
186 mass peak is trivial. Rather, the shift in measured
186\\/184 values from ca. 0.9 to 1.1 at the start of laser
ablation in Figure 2B suggests that a matrix-induced
space-charge effect accountsfor asignificant part of the
mass bias.

A problem that remains to be addressed quantita-
tively is whether the different ionization potentials of
Re(7.88¢eV), Os(8.7eV) and W (7.98 €V) significantly
affect the ionization efficiencies of those elements in
the ICP and hence the accuracy of the derived Os/Re
values. Three lines of evidence, however, suggest that
this effect is small relative to the other errors consid-
ered above. First, after correction for instrument mass-
bias using measurements of the W tracer solution, we
were ableto arrive at the expected 18°Re/'#°0s val ue of
1.14 for the NiS reference material (cf. Fig. 2B). Sec-
ond, the range of calculated apparent ages for each of
the samples studied overlaps with the previously estab-
lished isotope-dilution N-TIMS ages. Third, the results
of Pearson et al. (2002) demonstrated that differential
ionization of Re and Os leads to an inability to derive
accurate Os-isotope ratios for known reference materi-
as by laser-ablation ICP-MS.

Mo-dimer interferences

The very large quantities of Mo introduced to the
I CP during ablation of molybdenite could produce Mo-
dimers (Moy) that would interfere with analytes of in-
terest at masses 184 (W), 186 (W) and 187 (Re + Os).
We have evaluated this possibility by monitoring the
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size of the potentially largest dimer, %Mo, at mass 196,
during ablation of the Preissac molybdenite. For abla-
tions at four separate spots, only small signals of about
10-30 cps were observed. Even if thesetiny signalsare
indeed produced by %Mo (trivial amounts of Pt in the
molybdenite would be another possible cause, as peaks
of broadly similar sizeto that at mass 196 were observed
at masses 194 and 195), the maximum contribution of
92Mo-*Mo dimer to the intensity of the pesk at 187
mass would be insignificant (less than 3%o), i.e., well
within the errors of our measurements. The correspond-
ing contributionsto signal intensities at masses 184 and
186 would be even smaller.

ResuLTSs

The X-ray-diffraction analyses suggest that all mo-
lybdenite samples studied correspond to the more com-
mon 2H type; no diffraction peaks indicating the
presence of even small amounts of the 3R polytype were
identified in the samples.

Re and Os isotopic data from quadrupole ICP-MS
and MC ICP-MS for molybdenite samples from
Preissac, Bétice, Mokrsko and Kasperské Hory are
given in Table 1 and Figures 4, 5 and 6. Calculated
1870g/187Re values for the individual laser-ablation ras-
tersin each sample of molybdenite have a greater range
than analytical error at 1o for the quadrupole ICP-MS
measurements. At 2o, therangein 8’0g/'’Reis greater
than analytical error for the Mokrsko and KaSperské
Hory samples, and for the measurements on the Preissac
samples performed by MC ICP-MS. The range of ap-
parent ages based on the calculated 1870g/'8"Re values
for each sample overlap the Re-Os age obtained by con-
ventional isotope-dilution N-TIMS and |CP-M S meth-
ods (Figs. 4A, 5A). There is, however, no systematic
bias of our laser-ablation ICP-MS data toward higher
or lower values of apparent age compared to the iso-
tope-dilution N-TIMS and ICP-MS ages. The calcu-
lated ages for the Preissac and Béltice samples tend to
be lower than the conventional isotope-dilution ages,
whereas most of the apparent ages for the Mokrsko and
Kasperské Hory samples are significantly higher than
their corresponding isotope-dilution N-TIMS ages.

When the abundance of Re (represented by the in-
tensity of the interference-free 1%°Re signal) is plotted
against the calculated age, there appears to be no sys-
tematic variation in age as a function of Re content
(Figs. 4B, 5B). Thisistrue for al of the samples stud-
ied. Thelack of correlation between low Re-content and
high Re-Os ages, consistent with Re loss, or between
high Re content and low Re-Os apparent ages, consis-
tent with Re gain, is noteworthy. It suggests that both
Re and Os have been redistributed within the molyb-
denite grainsfollowing crystallization. The nature of our
measurements and of the molybdenite samples does not
allow us to assess whether Re, Os or both may have
migrated out of the grains studied. In particular, we
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cannot reconstruct a bulk age for a single grain of mo-
lybdenite because our samples consist of fragments of
crystals. Also, our molybdenite samples are hosted by
quartz rather than minerals such as sulfides, which may
have concentrated any Re or Os lost from the molyb-
denite.

The scale of inhomogeneities in the Re content in
the Mokrsko molybdenite is illustrated by alinear ras-
ter of the laser across part of the grain studied (Fig. 7).
This analysis revealed variations of up to an order of
magnitude in the 18°Re signal on a scale of less than 50
pm. Even though these variations are large, they would
not correspond to differences in Re-Os ages between
different individua grains, provided that: (1) the varia-
tionsresult from the growth zoning, and Re and Oswere
not decoupled during post-crystallization movement
within the molybdenite grain, or that the sampling strat-
egy was sufficient to average out any within-crystal in-
homogeneity caused by elemental decoupling, and (2)
both elements remained entirely within each individual
fragment of molybdenite after crystallization or were not
decoupled from each other when leached from a grain.
Given that the scale of element decoupling is large
enough to be detected by ranges in apparent age using
laser-ablation ICP-M S analysis, and is non-systematic,
we discuss whether either of these two criteriaare com-
monly met and the possibleimplicationsfor Re-Osgeo-
chronology of molybdenite.

IMPLICATIONS FOR RE—Os DATING OF MOLYBDENITE
Experimental studies of the ateration of molybden-

ite have resulted in Re and Os leaching (Suzuki et al.
2000) and reported disturbance of the Re-Os system
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(Luck & Allegre 1982, McCandless et al. 1993, Suzuki
et al. 2001). Those studies suggest that dating bulk
samples of molybdenite may produce inaccurate ages if
significant portions of the grains have been disturbed.
In our study, variations in 1870s/'%"Re values are ob-
served between different molybdenite grains within
mineral separates from the same locality (e.g., BélCice
sample), as well as within individual grains (e.g.,
Preissac and Mokrsko samples), and reflect the presence
of inhomogeneities on the scale of afew hundred pm or
less. The lack of three-dimensional information on the
1870g/18"Re variations in the molybdenite samples stud-
ied does not alow usto determine the minimum size of
sample that, if analyzed by conventional bulk tech-
niques, would produce an accurate Re-Os age. How-
ever, the large scatter of apparent ages obtained from
the grains studied suggests that the size of a molybden-
ite sample needed for accurate Re—Os dating exceeds
the total volume sampled by the laser in each molyb-
denite grain (ca. 0.02 mg per laser raster, and up to 28
laser rasters per sample). In a similar LA-ICP-MS
study, Stein et al. (2001) and Stein et al. (in press) also
demonstrated spatial decoupling of Re and 187Os on a
scale greater than the laser spot, utilizing one of their
in-house molybdenite standards. Thus, for the Preissac
molybdenite, asample of ca. 0.5 mg would betoo small
toyield an accurate Re-Os age. In redlity, up to several
mg of molybdenite would have to be concentrated and
homogenized in order to develop a confidence that the
resulting Re—Os age will be representative of the event
that led to molybdenite crystallization. Thisposesasig-
nificant challenge to the derivation of accurate ages of
molybdenite formation through Re-Os geochronology.
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FiG. 4. A. Laser-ablation profile across part of the Preissac molybdenite grain (quadrupole ICP-MS data). B. Plot of the 18°Re
signal intensity (in pulse counts per second) ver susthe cal culated Re-Os age for the same dataasplotted in Figure 4A. Shaded
area corresponds to age obtained by conventional isotope-dilution ICP-MS analysis (Suzuki et al. 1993).
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Fic.5. A. Laser-ablation quadrupole ICP-M S analyses for three samples of molybdenite from the Bohemian Massif, plotted in
the order of increasing apparent age. B. Plot of the intensity of the 1®Re signal (in pulse counts per second) versus the
calculated Re—-Os age for the same data as plotted in Figure 5A. Dashed lines and shaded area correspond to ages obtained by
conventional isotope-dilution TIMS analysis (Stein et al. 1997a, Zacharids & Stein 2001).
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Fic. 6. Results of laser-ablation multicollector magnetic
sector |ICP-M S analysesfor the Preissac molybdenitegrain
plotted in the order of increasing apparent age. Laser pits
were randomly distributed within the molybdenite grain
studied. Shaded area corresponds to age obtained by
conventional isotope-dilution ICP-MS analysis (Suzuki et
al. 1993).

Stein et al. (1998b) first recognized and defined this
problem and developed a “whole-rock” approach of
molybdenite sampling, which is designed to capture the
bulk 1870g/'8"Re value of the system of interest by sam-
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Fic. 7. A portion of a time-resolved laser-ablation raster
across the Mokrsko molybdenite showing variation in the
Re content. Isotopic signal due to 18W present in the
molybdenite is plotted for comparison. Laser-raster speed
for this analysis was 25 nm/s, and the data were acquired
without the simultaneous aspiration of the W tracer solution
tothe ICP.

pling over size scales much larger than those of the Re—
Os heterogeneities. Thus, entire, individual crystals of
molybdenite may be sampled in cases where Re and Os
have not been lost from individual grains during sec-
ondary processes, whereas multi-crystal aggregates, or
even extremely well-homogenized mine-mill concen-
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trates (Stein et al. 1997b), are used to naturally over-
come problems with Re-Os mohility. In this way, Re—
Os molybdenite geochronology is fundamentally
different than the most accurate method of dating, U—
Pb zircon geochronology, which is based on identifying
and dating only pristine portions of crystals, or making
corrections for secondary ateration (i.e., lead loss us-
ing discordia relationships). Thisis not to say that Re—
Osmolybdenite geochronology cannot provide accurate
information about age in particular situations, as this
potential has been clearly demonstrated (Stein et al.
2001), only that it should be applied with due caution.
In particular, fine-scale differences in age, as might be
expected in ore systemsformed in multiple events, could
be masked by the “whole-rock” approach of molybden-
ite sampling. On the other hand, heterogeneous Re-Os
populations of molybdenite ages produced by second-
ary processes might be mistaken for distinct ore-form-
ing events.

Laser-ablation MC ICP-MS analyses

L aser-ablation sampling providesaspatial resolution
that is capable of documenting the presence of discrete
ages of sulfide mineralization in an ore system. How-
ever, when coupled to the quadrupole ICP-MS instru-
ment, it does not yield geologically useful refinements
of individual 18’0Os/'®’Re values and subsequent age-
determinations. As an alternative, we have tested the
precision of laser-ablation Re-Os analyses of molyb-
denite with a multicollector magnetic sector ICP-MS,
using the Preissac molybdenite sample. Although we
have used a different wavelength of laser (193 nm
excimer) for the MC |CP-M S analyses compared to that
of the quadrupole ICP-MS system (266 nm Nd YAG),
we have tried to match other conditions of ablation to
those of the quadrupole system used elsewhere in this
study as closely as possible (ablation in He gas, similar
energy, raster size, and repetition rate). Simultaneous
nebulization of the W tracer solution to the plasmadur-
ing laser ablation was not carried out for the MC ICP—
MS measurements. Thus, natural W in the molybdenite
itself was used to make mass-bias corrections. The data
suggest that a substantial improvement in precision of
individual laser-ablation determinations of ¥’0s/**’Re
can be achieved using the MC ICP-MS instrument.
Despite the error magnification that stems from correc-
tion of the large isobaric interference on mass 187, the
precision of calculated ages for the Preissac sample
improved from 9.0-16.1% for quadrupole ICP-MS
measurements to 1.2—1.8% for MC ICP-M S measure-
ments (loyy). Although the measurement would be less
precise for younger and Re-poor samples of molybden-
ite, the error could be further reduced by aspiration of a
W tracer solution to the plasmaduring ablation, provid-
ing larger signalsfor the W-based mass-bias correction.

A more serious problem to the applicability of laser
sampling for Re-Os geochronology of molybdenite is
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the extreme, micrometer-scale variationsin 8’0s/28’Re
that are apparently typical of thismineral (KoSler et al.
2000, Stein et al. 2001, thisstudy), at |east some of them
as aresult of secondary mobilization of Reand Os. The
particular advantage of laser sampling in altered miner-
asistheahility to target particular regionsthat preserve
primary chemical characteristics, but in the case of
molybdenite, it would be difficult to know a priori
which regions preserve primary information about age
or where such regions have been intersected. L aser sam-
pling could have auseful role in Re—Os geochronol ogy
of molybdenite either as direct dating tool in its own
right when coupled to aMC ICP-MS instrument, or as
areconnai ssance tool for identifying appropriate grains
for more precise isotope-dilution analyses, if some
grains preserve primary, homogeneous #’0g/'8’Re val -
ues. Theresultsof thisstudy suggest, however, that such
grains are not common.

CONCLUSIONS

Laser-ablation ICP-M S measurements define the
presence of inhomogeneities in the ratio 8’0s/1%7Re in
molybdenite that are outside experimental errors, and
large-scale variations in Re-contents, up to a factor of
10 over length scales of only 50 wm. Hence there is
widespread, non-systematic Re—Os decoupling within
molybdenite on a scale far greater than that of volumes
sampled (up to 0.5 mg) by laser ICP-MS analyses.
Samples significantly larger than this thus are required
for precise dating studies by isotope-dilution N-TIMS
and ICP-MS methods (Stein et al. 1998b, 2001). The
results emphasize the difficulty in designing asampling
strategy to meet the competing goals of homogeniza-
tion of 1870g/187Re variations produced by secondary
processes, and at the same time preserving primary dif-
ferencesin 1¥70s/18"Re (age) within the sample popula-
tion. Laser-ablation MC ICP-MS is, for some old and
Re-rich samples of molybdenite, capable of providing
in situ Re-Os ages with a geologically useful precision
on very small volumes in single grains. Thus, in prin-
ciple, laser sampling could be used for Re-Os geochro-
nology if some samples of molybdenite preserve
primary, homogeneous distributions of 1870Os/18'Re;
unfortunately, such grains would seem to be rare.
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