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In situ Re-Os geochronology by LA-ICP-MS/MS was previously demonstrated by reacting Os with CH, or N,O reaction gasses.
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However, for both reactions, a minor proportion of the Re parent isotope also reacts, potentially leading to significant

isobaric interferences of ¥’Re on ¥7Os, especially for young samples with little radiogenic in-growth. Here we present an

interlaboratory comparison and compare three reaction gas mixtures (CH,+H,+He, N,0 and N,O+He) with the aim to robustly

date Palaeogene (66-23 Ma) molybdenite from the Bingham Canyon and Henderson deposits. CH, and H, gas give the highest

sensitivity, while N,O and He gas buffer Re reaction. On balance, the analytical method involving N,0+He reaction gas is

most suitable for dating Palaeogene molybdenite, resulting in age precision of 2.6% for Bingham and 5.8% for Henderson.

For older, Precambrian (> 541 Ma), CH,+H,+He may give comparatively better age precision.

Introduction

Molybdenite Re-Os geochronology is widely used in ore and
hydrocarbon exploration (e.g. ** 2). The conventional analytical
approach involves isotope dilution followed by isotope ratio
measurements with a Thermal lonization Mass Spectrometer
(TIMS), which is a laborious and time-consuming method that is
conducted at highly specialized laboratories 3 4. Recent
developments in reaction gas mass-spectrometry now allow Re
and Os isotopes to be rapidly measured in situ using laser
ablation inductively coupled plasma tandem mass-
spectrometry (LA-ICP-MS/MS) at high spatial resolution>7.
Hogmalm et al. > and Tamblyn et al. ® demonstrated that Os
efficiently reacts with CH, to form OsCH,*, inducing a +14 amu
mass-shift. This reaction occurs at a much higher rate (ca.
1200x) compared to isobaric ReCH,* production. However, the
ca. 1-2% Re reaction accounts for potentially significant
interference on mass 201 (870s'2C'H,, referred here as
187+140s), especially for young samples with relatively low 1870Os
ingrowth. More recently, Simpson et al. 7 showed that Os reacts
with N,O to form OsO,4*, inducing a +64 amu mass-shift for
187051604 (referred here as 187+640s). The equivalent reaction of
Re can be reduced to ca. 0.15%, which is about an order of
magnitude lower than for the CH, method . However, while the
interference correction is larger, generally, higher sensitivity
(count rates) can be achieved with the CH, method. The
obtainable precision on the resulting Re-Os date is a balance
between increasing sensitivity and better counting statistics,
and reducing the interference correction, which also reduces
count rates. Here we explore the limitations of the LA-ICP-
MS/MS method on Cenozoic (< 66 Ma) samples, with both the
N,O and CH,4 reaction gas methods. In addition to published
reaction gas methodologies, we also explore the effects of
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mixing reaction gasses by adding H, and/or He to CH, or N,O in
the reaction cell. We further present the first interlaboratory
comparison for the in situ Re-Os molybdenite dating method.

Sample descriptions
Bingham Canyon Molybdenite

Molybdenite was sampled from the high-grade ore zone of the
Bingham Canyon porphyry deposit in Northern Utah. This
sample is a porphyritic intrusive that contains the following
minerals: quartz (45%, 2 to 10 mm), altered feldspar (40%, 2 to
5 mm), biotite (~2%, 0.2 to 0.5 mm), chalcopyrite (~1%, <0.2
mm) and molybdenite (~¥12%, 0.5 to > 5 mm). Molybdenite
occurs as aggregates and veins up to 10 mm in size of several
millimetre-sized individual molybdenite crystals. The selected
molybdenite grains were 0.5 to 2 mm in size and separated from
the whole rock sample by gentle crushing and picking of grains
onto double-sided tape prior to mounting in epoxy resin. The
sample was then polished using fine SiC sandpaper (1000 and
2000 grit), finished using 1 pum suspended diamond paste and
cleaned with ethanol. The age of the molybdenite from this
deposit is dated by conventional N-TIMS Re-Os at 37.0 + 0.27
Ma 8. The reported uncertainty is 2SEM (= 2 standard error of
the mean).

Henderson Mine / RM 8599

Molybdenite was sampled from the high-grade ore concentrate
in the Henderson Mine, Colorado. This sample was measured as
individual molybdenite grains from the original porphyritic rock
sample as well as the mechanically homogenized RM 8599
powder purchased from the National Institute of Standards and
Technology (NIST). The molybdenite grains from the whole rock
sample were 0.5 to 2mm in size and separated from the rock
matrix by gentle crushing and picking of grains onto double-
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sided tape prior to mounting in epoxy resin. The sample was
then polished using fine SiC sandpaper (1000 and 2000 grit),
finished using 1 um suspended diamond paste and cleaned with
ethanol. The RM 8599 powder was prepared by pressing ~2
grams into a 11 mm pellet at 10 tons of pressure (30 second
holding time). The conventional N-TIMS Re-Os reference age of
the RM 8599 sample is 27.656 + 0.022 Ma °. The individual
molybdenite grains are assumed to be the same age as this
molybdenite powder.

Analytical methods

The molybdenite samples were analysed at the USGS Denver
Federal Centre (Geology, Geochemistry and Geophysics Science
Center), USA and Adelaide Microscopy, University of Adelaide,
Australia, for laboratory comparison purposes.

USGS

At the USGS the analyses were performed in the USGS-LTRACE
laboratory. A total of 6 analytical sessions are reported.
Analyses from 2021 and 2022 were conducted using a Photon
Machines Analyte G2 laser system with an ATL ArF excimer
source operating at 193 nm wavelength and ~5 n pulse width.
Analyses from 2023 onward were conducted using a
RESOlution-SE S155 laser ablation system also with an ATL
excimer laser source. Both laser systems were coupled to an
Agilent 8900x ICP-MS/MS. The laser fluence was varied
between 3.5 and 6 J/cm?, depending on the session, spot size
was between 80 and 120 microns, and laser repetition rate was
between 10 and 20 Hz. All analyses were performed in a helium
atmosphere and signal smoothing of laser pulses was achieved
using the ‘squid’ signal smoother. Nitrogen (N,) was added to
the Ar carrier gas before the ICP-MS to increase sensitivity.

The ICP-MS tuning was first performed in single-quad mode for
maximum heavy mass sensitivity while achieving a ThO/Th rate
of <0.2% and U/Th <1.1 for the S-155 ablation cell and ~1.2 for
the HelEx cell (Analyte G2). Tuning was performed using the
NIST612 glass with a ~40 micron square beam (38 micron beam
for the RESOlution system), 10 Hz, 3.5 J/cm? and 3 microns sec”
1line scan speed. Under these conditions, the count rate for 238U
was ~1 Mcps. Once optimized in single-quad mode, the
instrument was set to MS/MS mode with reaction gases CH, (6%
or 0.07 ml min1), He (4.8 to 6.3 ml min1) and H, (5.0 to 5.4 ml
min1). See Supplementary File 1 for further ICP-MS/MS setting
details. The 85Re’2CH,/18>Re ratio was monitored during tuning
and reaction gas flow rates and octupole settings were adjusted
to minimize this ratio (~0.3 to ~0.4) while still maintaining
sensitivity for the 18°Re signal. The MASS-3 FeS pressed powder
from the USGS was used for monitoring Os signal, but tuning
specifically for Os was not feasible due to heterogeneities in the
Os content of this material (5 to 10% variation). The isotopes
measured between  sessions

during  analysis  vary

(Supplementary File 1). Isotopes measured in each session (with

2| J. Name., 2012, 00, 1-3

dwell times in milliseconds in parenthesis) are: 5’Fe (2), 1®°Re
(20), 185+14Re (50-80), 1870s (20), 187+140s (200), 188+140s (10),
189+1405 (200).

The correction for reacted Re with the CH,4 gas was calculated
using Os-free NIST612 glass using the mass shifted Re at masses
199 (185Re!2CH,) and 201 (!87Re2CH,) and the methodology
presented in > and ® assuming natural Re abundances
(185Re/*®7Re = 0.59738 + 0.00039 19). Subsequently, an in-house
Moly Hill molybdenite was used to calibrate the Re/Os ratio of
the Henderson and Bingham molybdenites assuming an age of
2680 *+ 90 Ma (1870s/187Re = 0.04566 + 0.00153) 11, Note that
this is a different piece of Moly Hill molybdenite to the
reference material characterised in 8. 180s/187Os ratios are not
reported for the USGS data as all 18°Os data (used as a proxy for
1880s) were effectively below detection limit. Data reduction,
involving  background subtraction, interference, drift
corrections, and ratio normalisation, were conducted using the
LADR software v. 1.1.7 2, Given interference subtracted count
rates on 187+140s in the time-resolved signals fall occasionally
below zero, LADR fails to accurately calculate the signal
precision uncertainty on the corrected !®Re/87+140s ratios.
Hence, signal precision uncertainties were calculated manually
using spreadsheets by setting negative values to zero prior to
calculating the standard deviation on the ¥7+140s signal. All
orther sources of uncertainty (Table 1) are subsequently
propagated to the calculated signal precision uncertainties.
Reported fully propagated uncertainties on the isotope ratios
are 2SEM. No correction for down-hole Re-Os fractionation was
made ©. Age calculations were conducted as weighted means in
IsoplotR from the corrected 1870s/'%7Re ratios '3 and age
uncertainties are reported as 95% confidence uncertainties.

Adelaide Microscopy

At Adelaide Microscopy, Re-Os isotope analysis was conducted
on a RESOlution-SE 193 nm laser ablation system coupled to an
Agilent 8900x ICP-MS/MS over two analytical sessions. The
molybdenites were sampled by static spot ablation at 3 J cm™2
and the aerosol was transported to the plasma in a gas
atmosphere of 1 | mint Ar, 0.38 | min't He and 4 ml min* N,.
Given the absence of Re-Os down-hole fractionation ¢, laser
beam diameters and repetition rates were variable (30-100 um,
7-10 Hz) between reference materials and samples, with the
aim to maximize count rates while keeping Re count rates under
the pulse/analog threshold for the detector (see Supplementary
File 1 for details).

For each session, the mass-spectrometer was first tuned in
absence of reaction gas to demonstrate a robust plasma (e.g.
ThO/Th rate of <0.2% and U/Th <1.1). Subsequently, for session
1, a mixture of CH,4 (0.22 ml min-1) + He (5 ml mint) + H, (6 ml
min) was used in the reaction cell, tuned to maximise count
rates. H, was used to enhance sensitivity, while He was used to
buffer 187Re'?CH, interference production. In the second

This journal is © The Royal Society of Chemistry 20xx
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session, N,O (0.32 ml min'') was used as the reaction gas, first
(session 2a) without added He (maximum sensitivity) and
secondly (session 2b) with added He (5 ml mint) to reduce the
interference. Lense parameters and reaction cell settings were
similar between both methods, detailed in Supplementary File
1. The isotopes measured during analysis vary between sessions
(Supplementary File 1). Isotopes measured in each session (with
dwell times in milliseconds in parenthesis) are: *>Mo (2), 18°Re
(20), 185XRe (50-100), 1870s (50), 187+XOs (100), 18%0s (50), 189+XOs
(100-200). 189X0s was measured as a proxy for ‘common’ 188Q0s,

The measured 185Re/87**0Os ratios (with x = 14 amu for CH,
method, x = 64 amu for N,O method) were corrected for 187+*Re
interference on 187%Qs, taking into account the mass-bias on the
187Re/185Re ratio, measured in Os-free NIST610 glass (see details
in Supplementary File 1), and subsequently calibrated to the
QMolyHill reference molybdenite (N-TIMS 870Os/*87Re ratio =
0.044699 + 0.000166, age = 2624 + 5 Ma, 2SEM uncertainties ©).
The 180s/1870s ratios were calibrated using NiS-3 4, using
measured 18%XQOs as a proxy for 880s and assuming a present-
day 1880s/'870s ratio of 6.740 + 0.004 5. Data reduction,
involving  background subtraction, interference, drift
corrections, and ratio normalisation, were conducted using the
LADR software v. 1.1.7 2. As above, signal precision
uncertainties were calculated manually using a script by setting
negative values to zero prior to calculating the standard
deviation on the 187*14Q0s signal. All other sources of uncertainty
(Table 1) are subsequently propagated to the calculated signal
precision uncertainties. Reported fully propagated
uncertainties on the isotope ratios are 2SEM. Age calculations
were conducted as weighted means in IsoplotR from the
corrected 1870s/'87Re ratios 3> and age uncertainties are

reported as 95% confidence uncertainties.

Reference molybdenite M252 from the Merlin deposit was used
as secondary reference material to verify accuracy in isotope
ratio determinations (N-TIMS 1870s/187Re ratio = 0. 025649 *
0.000105, age = 1520 + 4 Ma °). The obtained Re-Os dates are
1505 + 16 Ma (session 1), 1500 + 20 Ma (session 2a) and 1514 +
28 Ma (session 2b), in agreement with the reference age.
Isotopic ratio uncertainties and age uncertainties are quoted as
2 standard error of the mean.

Results
Sensitivity and interferences

For the USGS sessions (all with CH4+H,+He reaction gas,
abbreviated as U-sessions), the average sensitivity measured
fora 40 um /10 Hz laser beam on 185Re (measured on NIST-612)
varied between ca. 5.7 and 10.3 kcps ppm™. For the Adelaide
sessions (with variable reaction gas mixtures, abbreviated as A-
sessions), the average sensitivity for a 50um / 10Hz spot
ablation on '8Re (measured on NIST-610) was 9.1 kcps ppm™
for A-session 1 (CHs+H,+He), 7.3 kcps ppm for A-session 2a

This journal is © The Royal Society of Chemistry 20xx
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(N,0), and 6.3 kcps ppm™ for A-session 2b (N,O+He). While the
CHs-method (U-sessions and A-session 1) produced the highest
sensitivity, it also induced the highest Re interference with ca.
0.5% (average USGS) and ca. 0.6% (average Adelaide) Re
reacting to form ReCH,* (Table 2). This is ca. 45-65% lower
compared to previously reported Re reaction rates in absence
of H, in the reaction cell & 7. For the N,O method, ca. 0.17% Re
reacts to the equivalent ReO,* reaction product (A-session 2a),
which is further reduced to 0.02% with added He (5 ml min-1;
A-session 2b). Hence, although count rates are compromised,
the N,0+He method much smaller
interference correction on 18**0s. For example, on the

requires a 187xRe

secondary reference molybdenite (M252), the interference
correction requires removal of 28% Re from Os on mass 187+14
in A-session 1, 10% on mass 187+64 for A-session 2a and 3% on
mass 187+64 for A-session 2b (Table 2). Applied to the Cenozoic
molybdenite samples, which are much younger and thus have
considerably less radiogenic ¥70s ingrowth compared to the
M252
correction accounts for ca. 87-97% in the U-Sessions, 93-95% in
A-session 1, 83-87% in A-session 2a and 49-58% in A-session 2b.

Mesoproterozoic molybdenite, the interference

Cenozoic molybdenite Re-Os dates

The extensive interference subtraction significantly affects the
accuracy and precision (as a function of count rate statistics and
age dispersion) of the in situ Re-Os dates (Table 2, Figure 1).
When CH;+H,+He is used in the reaction cell (A-session 1, all U-
sessions), the Re-Os dates for the Henderson molybdenites are
consistently over-dispersed (MSWD between 1.7 and 6.9) and
at least for one analytical session (U5), the resulting weighted
mean Re-Os date is too young (20.1 + 5.6 Ma) compared to the
IDTIMS reference age (27.66 + 0.02 Ma; Figs. 1,2, Table 2). For
the Bingham molybdenites, the CHs+H,+He method in Adelaide
(A-session 1) produced an inaccurate date of 45.4 + 2.0 Ma,
compared to the IDTIMS reference age of 37.0 £ 0.3 Ma; Fig. 1,
Table 2). Furthermore, precision is compromised with the
CH4+Hy,+He method, producing fully propagated age
uncertainties up to 13% in Adelaide and as high as 31% at the
USGS. Age precision and accuracy is improved with the N,0
reaction gas (A-session 2a), producing dates of 36.5 + 1.3 Ma for
Bingham (in agreement with reference age) and 23.3 £ 3.1 Ma
for Henderson (younger than reference age). Age dispersion
remains large for Henderson with an MSWD of 3.3. For A-
session 2b, where He is added to N,O in the reaction cell, both
molybdenite dates are accurate and at the highest precision:
37.9 £ 1.0 Ma (2.6% uncertainty) for Bingham and 27.5+ 1.6 Ma
(5.8% uncertainty) for Henderson. For both samples, the
dataset statistically constitutes a single age population (MSWD
= 0.35 for Bingham and 1.6 for Henderson). For the N,O + He
sessions, the background and interference subtracted count
rates on 187*64Q0s are < 50 cps for the Henderson molybdenite,
approaching the limits of the analytical method, while still
producing accurate and precise dates.

J. Name., 2013, 00, 1-3 | 3
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insert Fig. 1

Figure 1: in situ Re-Os dates for the Bingham and Henderson
molybdenite, analysed at the USGS, calculated as weighted
means in IsoplotR 13, Analyses are ranked by age, plotted with
2SEM uncertainties, and colour coded to 18°Re count rate (cps).
The resulting Re-Os age uncertainties are 95% confidence
intervals including overdispersion (other uncertainties are
shown in Table 1,2). MSWD = mean squared weighted deviation
on the weighted mean Re-Os date.

insert Fig. 2

Figure 2: in situ Re-Os dates for the Bingham and Henderson
molybdenite, analysed at Adelaide, calculated as weighted
means in IsoplotR 13. Analyses are ranked by age and plotted
with 2SEM uncertainties. Reported weighted mean age
uncertainties are 95% confidence intervals, without
overdispersion, with overdispersion and with added uncertainty
on the decay constant. MSWD = mean squared weighted

deviation on the weighted mean Re-Os date.

Discussion
Interference correction in function of reaction rate and age

While it's important to maximize sensitivity (total count rates),
the magnitude of the interference correction of ¥7**Re on
187+xQs exerts a dominant control on the accuracy of in situ Re-
Os age results, especially for young samples. Hence, an ability
to predict the percentage interference would be an important
screening tool prior to Re-Os analysis, increasing the likelihood
of useful age calculations. Simpson et al. 7 determined the
interference as a function of Re reaction rate and age: 187+*Re
(%) = RR x [F x (eM-1) + RR] L. Given RR (= Re reaction rate) and
F (= 1870s transmission factor) are reaction-gas specific
constants that should be largely invariable once determined for
given mass-spectrometer tuning conditions, the interference
correction can be predicted in function of age (Figure 3). For
Palaeogene (ca. 66-23 Ma) molybdenite, the interference is
predicted to vary between ca. 87% and 95% for the CHs+H,+He
reaction gas and between ca. 72% and 88% for the N,O reaction
gas. Unless very high count rates can be measured (Re-rich
molybdenite), such large correction will lead to over-dispersed
and likely inaccurate dates, assuming that the samples are
internally homogenous in terms of Re-Os ratios. For the N,O+He
method, the interference correction remains significant (ca. 35-
60%) but we demonstrate accurate and robust dates can be
obtained with this approach.

insert Fig. 3

Figure 3: Percentage 187**Re interference on 187**Os plotted as a
function of age for the three Adelaide analytical sessions with
different reaction gas mixtures. Open symbols represent

measured interference percentages (M.), while filled symbols

4| J. Name., 2012, 00, 1-3

were theorized (T.) based on a theorical formula from 7. The
curves are second-order interpolation polynomials (I.) for the
theorized values. RR refers to the Re reaction rate (ratio of
185txRe /185Re), A is the decay constant, t is age in Ma and F is a
method-specific 1870s transmission factor. For the CH, and N,O
methods, F was adapted from . For the new N,0+He method, F
was calculated as the ratio between measured and predicted
interference curves. This plot can be used to predict the
interference percentage based on age and method-specific
constants (RR and F).

Limitations and advantages of in situ Re-Os geochronology

Compared to the conventional ID-TIMS approach, higher
sensitivity is required to enable accurate age determination by
LA-ICP-MS/MS for young molybdenites. Therefore, Re
concentrations need to be sufficiently high (*°Re >100k cps)
before attempting in situ Re-Os analysis. As demonstrated, an
optimized gas mixture is crucial to minimize interference from
187+xRe on 187*Qs, with the N,0+He reaction gas being most
promising. However, for older (Precambrian) molybdenites,
Simpson et al. 7 demonstrated fewer differences in obtainable
age precision comparing reaction gasses, with the CH; method
potentially giving better precision for > 1Ga molybdenites. Thus,
different reaction gas mixtures should be evaluated as some
cater better for old versus young molybdenite samples.

In contrast to ID-TIMS, which relies on bulk sample dissolution
methods, the in situ method is a micro-sampling technique that
has the ability to evaluate potential age zonation and/or
isotopic disturbance (heterogeneity) across crystals. While age
heterogeneity was not observed in the samples for this study
(within the obtainable precision of a single analysis), the in situ
technique is suitable for homogeneity assessments. Isotopic
decoupling has been described previously 3 16 but was not
observed within the resolution of our analyses.

However, the most important advantage of the in situ method
is the speed of analysis, where up to 1000 single spot dates can
be obtained within a single (ca. 24 hours) analytical session. This
opens a new window of opportunities for mineral exploration
(e.g. 7) that can now be extended to young (Palaeogene)
molybdenite systems when Re concentrations are sufficiently
high.

Conclusions

We evaluated three reaction gas mixtures for in situ (LA-ICP-
MS/MS) Re-Os geochronology of vyoung (Cenozoic)
molybdenites and demonstrate that N,O (0.3 ml min) + He (5
ml min1) is the optimal reaction gas mixture to sufficiently
reduce the isobaric interference of Re onto Os (ca. 0.02 % Re
reaction rate). Robust Re-Os dates were obtained for the Re-
rich Palaeogene Bingham Canyon and Henderson molybdenite,
validating the approach.

This journal is © The Royal Society of Chemistry 20xx
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45 Figure 1: in situ Re-Os dates for the Bingham and Henderson molybdenite, analysed at the USGS, calculated

46 as weighted means in IsoplotR 13. Analyses are ranked by age, plotted with 2SEM uncertainties, and colour

47 coded to 185Re count rate (cps). The resulting Re-Os age uncertainties are 95% confidence intervals

including overdispersion (other uncertainties are shown in Table 1,2). MSWD = mean squared weighted
deviation on the weighted mean Re-Os date.
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Figure 2: in situ Re-Os dates for the Bingham and Henderson molybdenite, analysed at Adelaide, calculated as weighted means

in IsoplotR 13. Analyses are ranked by age and plotted with 2SEM uncertainties. Reported weighted mean age uncertainties are

95% confidence intervals, without overdispersion, with overdispersion and with added uncertainty on the decay constant.
MSWD = mean squared weighted deviation on the weighted mean Re-Os date.
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30 Figure 3: Percentage 187+xRe interference on 187+x0s plotted as a function of age for the three Adelaide
31 analytical sessions with different reaction gas mixtures. Open symbols represent measured interference
32 percentages (M.), while filled symbols were theorized (T.) based on a theorical formula from 7. The curves
33 are second-order interpolation polynomials (I.) for the theorized values. RR refers to the Re reaction rate
34 (ratio of 185+xRe/185Re), A is the decay constant, t is age in Ma and F is a method-specific 1870s
transmission factor. For the CH4 and N20 methods, F was adapted from 7. For the new N20+He method, F
was calculated as the ratio between measured and predicted interference curves. This plot can be used to
36 predict the interference percentage based on age and method-specific constants (RR and F).
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