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henium-osmium geochronology of sulfides and its Os tracer accompa- present is 137Os, the product of in
i 187 :

niment have taken their place among geochronometers, although the Situ decay of parent ®'Re (Toolkit,
R . . . . . . F1G. 2). Thus, there is essentially no
journey was notwithoutdoubters and disparagers. Thisreview highlights ;... .0 1mon Os to be consid-
several historical hurdles overcome in dating sulfides. The opening act was the ered, greatly simplifying the age
debut of molybdenite, which provided an accessible radiometric clock and ¢quation (compare equation with

ly insight into th fthe '%7Re d tant. O t . Toolkit, F1G. 6A). The molybdenite
early insight into the accuracy of the e decay constant. Once controversies ..., .\ pe calculated from
surrounding newly minted and game-changing Re-Os molybdenite ages died the following simple expression,

down, the door flung wide open to begin dating other sulfides, most notably, Wwhere the '®'Re decay constant is

arsenopyrite and pyrite. Applications sprinted from the ore geology community represented by 2:

to constraining the timing of important events, from Earth’s oxygenation to 1¥70s = 1%Re (™ - 1)

the amalgamation of tectonic terranes. The power of Re-Os sulfide dating in ;. couldbe so simple and yet so
crustal environments was unleashed. elegant? Molybdenite can be found

in many felsic-silicic terranes,
even where previously unreported,
and in nearly all Cu-Au-Mo(-Ag)
porphyry-style deposits (F1G. 3).
INTRODUCTION . Molybdenite is a common accessory
In the beginning, there was molyb- MOlybdemte was dubbed mineral in Au deposits, in contact
denite (MoS,;, molybdenum disul- the zircon of ore geology. metamorphic aureoles, and in skarn-
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Homestake, Hemlo

fide), a mineral that few beyond ore related ore deposits. It may be an
deposit geologists would think about

or even know. But molybdenite is in fact not so rare, and 4 . . "0
its importance as a critical host for rhenium (Re) has put it Number of rpmerals with H://’/

in the limelight. Molybdenite is the only naturally occur- element in formula ~ - Fee sie

ring mineral that carries significant Re (F1G. 1). Rhenium
substitutes into the Mo cation site in molybdenite alonga 1000
partial solid solution series with exceedingly rare rheniite
(ReSz). Rhenium typically enters molybdenite at the ppm
level and rarely reaches the percent level.

Molybdenite presents a very special case for the 87Re-1870s
chronometer (see Stein references in Toolkit). In addition 100
to significant Re, critically, molybdenite incorporates
essentially no Os upon crystallization, such that all Os
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The headwind in proving the
integrity of the Re-Os chronom-
eter in molybdenite was intense,
as early results were highly criti-
cized by some whose long-held
ore deposit models began to
unravel as new and uncomfort-
able Re-Os ages emerged. The
advent of NTIMS combined
with isotope dilution (see Toolkit,
F1G. 3) allowed molybdenite to
prevail, leaving little doubt that

MSWD =0.16,n=5

this chronometer was indeed
remarkably robust (Raith and
Stein 2000) and remained
chemically unscathed during
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metamorphism and ductile
deformation (Stein et al. 2002).

m The ratio of Re to total Os (Re:Os) at t = 0 determines
the relative Os isotope abundances after an arbitrary
120 My of '87Re radioactive decay. As the starting Re:Os ratio
increases (Lert, red boxes), the accumulation of daughter 8Os
increasingly dominates the total Os budget (lengthening green
bars). Molybdenite presents the extreme case where Re:Os >> 109,
and its Os budget is essentially 100% radiogenically derived '8 Os.
Cogenetic minerals with the varying '8’Re/'880s ratios shown
create a 5-point isochron with age 120 Ma, as illustrated using a
starting '8 0s/'880s initial ratio of 0.1270 (RIGHT).

Multi-directional molybdenite-quartz stockwork

m veining. Quartz flooding (Lerr) with bluish molybde-
nite veins cut by several reddish-brown Fe-oxide veins. Photo
shows a strong alteration overprint of a felsic porphyritic intrusion
(remnant white to tan patches) with a few quartz phenocrysts
locally visible. SAMPLE FROM CLIMAX, COLORADO, USA; PENCIL

FOR SCALE.

accessory mineral in some granites, much like zircon or
monazite, and can be found with other sulfides in shear
zones. It forms in volcanic sublimates and geothermal
systems. Molybdenite is widespread in some terranes,
particularly Precambrian shields, even if in sparse quanti-
ties, providing a tiny sentinel that records and retains
metamorphic histories.

Molybdenite is assumed to be without measurable initial
Os, although there were early attempts to explore the
extremely small non-radiogenic Os content in molybde-
nite, among them the work of John Morgan (see Heritage,
p- 291 this issue). The assumption of negligible common Os
may be tested with implementation of an Os double spike
(Markey et al. 2003).
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The chronometer’s durability
is largely tied to the chalcophile-siderophile nature of
Re and Os, making molybdenite and other sulfides the
overwhelming hosts for these elements in crustal silicate
rocks. The extreme affinity of Re for molybdenite renders
dating of other sulfides in the presence of molybdenite
futile. In fact, when in contact with other sulfides, loss
of a tiny fraction of radiogenically derived '¥7Os from the
molybdenite does not perceptibly affect the molybdenite
age but leads to wildly older ages for adjacent sulfides with
ppb-level Re contents (Stein et al. 2003).

It quickly became evident that molybdenite Re-Os ages are
primary and robust when compared with K-Ar or 4°Ar/3°Ar
ages, which for decades were the favored methods for
dating ore deposits. Unlike such ages, which are derived
from gangue or alteration minerals (e.g., hydrothermal
biotite, sericite, adularia), Re-Os ages are not a proxy but
directly date mineralization (Suzuki et al. 1996; Watanabe
and Stein 2000). The Re-Os clock is locked in upon molyb-
denite crystallization, and even osumilite-grade contact
metamorphism (>900 °C) fails to disturb molybdenite
Re-Os systematics (Bingen and Stein 2003). This discovery
had far-reaching implications for determining not only
the timing, but also the duration of events that created
multiple superimposed ore bodies (e.g., porphyry systems).
An undeserved fixation on how long it takes to create a
porphyry-style ore deposit ensued, with estimates ranging
from tens of thousands to millions of years. Ultimately,
both Re-Os and argon-based chronologies have unique
and complementary strengths, with Re-Os providing the
absolute crystallization age and argon dating the cooling
history of ore-bearing terranes, which arguably impacts
duration of mineralization.

Historical Hats and Polytype Distraction

In the 1950s and 1960s, molybdenite, with its extraordi-
narily high Re concentrations and essentially pure 870Os
content (negligible common Os), became the subject of
study for a group of German and Swiss scientists, chief
among them W. Herr and B. Hirt. Many of these early
studies were carried out and published in association with
the International Atomic Energy Agency (Vienna), leading
to the first reliable estimates of the '8’Re half-life at 43+ 5
Gy. Using this half-life, the ages of about 30 molybdenites
were determined with precisions ranging from about £2%
for an Archean sample from Greenland to about +15%
for a 38 Ma molybdenite from the USA. Molybdenites of
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presumably known age were then used to further refine the
187Re half-life (Hirt et al. 1963), but after 1967, no further
molybdenite Re-Os age determinations were reported for
15 years.

In the 1970s, molybde-
nite studies turned toward
measuring Re concentrations
and polytype proportions
in molybdenite, attempting
to uncover a relationship
between geologic setting and
some identifiable molybdenite feature. A relationship
between molybdenite’s two polytypes (hexagonal 2H; and
rhombohedral 3R) and geologic setting or deposit type was
considered. Attempts to correlate Re concentration with
temperature or polytype proved futile. While this polytype
diversion garnered considerable interest, little progress
was made in development of the Re-Os chronometer in
molybdenite during the 1970s. Today, polytype remains an
unsettled enigma, although new technology has provided
enhanced insight into molybdenite’s complex structural
heterogeneity.

The Alteration Altercation

To bring the Re-Os chronometer out of dormancy, Luck
and Allegre (1982) redetermined the '8’Re half-life as
45.6 = 1.2 Ga, using the more precise secondary ion mass
spectrometry (SIMS) method to date 11 molybdenites.
Whereas some of their Re-Os ages agreed moderately well
with ages based on other dating methods for surrounding
rocks, others (e.g., Preissac, Canada; Climax, USA) were
impossibly old (some greater than the Solar System!).
Unfortunately, rather than considering possible complexi-
ties in the chemical separation protocols for Re and Os,
Luck and Allégre (1982) attributed their wildly aberrant
ages to Re loss during metamorphism and/or hydrothermal
alteration. The Re-Os chronometer in molybdenite, there-
fore, was labeled unreliable.

A decade later at the University of Arizona (USA), workers
used selected K-Ar ages to evaluate accuracy for new Re-Os
ages from Arizona porphyry Cu deposits. On further study,
these workers concluded that Re loss during hydrothermal
alteration explained older Re-Os ages and recommended
a series of imaging tests for molybdenites before dating
(McCandless et al. 1993). Suzuki et al. (2000) experimen-
tally studied the effects of hydrothermal alteration on
molybdenite Re-Os systematics, and subsequently attrib-
uted five incorrect Re-Os ages for the Galway granite to
isotopic disturbance during hydrothermal fluid circulation
(Suzuki et al. 2001). However, Selby et al. (2004) dated the
same samples using ID-NTIMS and obtained accurate and
reproducible ages. The issue appeared to be the analytical
techniques (microwave digestion and ICP-MS) used by the
Suzuki team. The use of imaging to evaluate a molybdenite
for Re-Os dating was short-lived, as also was the notion that
(sulfide-stable) hydrothermal alteration rendered Re-Os
ages inaccurate. The tide of Re-Os ages just kept on rising.
The ages made geologic sense, and they were reproducible.

FROM ALKALINE FUSION TO CARIUS TUBE
DISSOLUTION

The alkaline fusion method was used for Re-Os dating in
the early years, with the greatest concern being assurance
of full sample-spike equilibration. The fusion procedure
was long, tedious, and elaborate (Markey et al. 1998).
Dissolution of the fusion product and ultimate isolation of
Re and Os employed a delicate boiling flask apparatus used
to transfer OsOy4 into an HBr or NaOH trap (FIG. 4 inset).
Introduction of the Carius tube method (see Reisberg and
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Field classification of vein types does not
provide information on relative timing
and sequencing of vein events, unless

crosscutting veins are present.

-

Stein 2025 this issue), in which sample-spike equilibration
is achieved in a HNO3(-HCI) mixture in a sealed borosili-
cate tube (held in a steel jacket at 240 °C for 12 h) was a
welcome advance. The Carius
tube method greatly reduced
the potential for operator error,
although there is some danger,
as the tube pressure must be
reduced using acetone-dry ice
after heating and tubes must
be opened with care.

With the changeover from alkaline fusion to Carius tube,
it was critical to demonstrate that, despite the procedural
complexities of the former, both methods produced like
Re-Os ages (FIG. 4). Not surprisingly, the variability in
alkaline fusion ages exceeds that of Carius tube ages.
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mixture in H,SO, solution

m Re-Os isochron ages by alkaline fusion (solid line) and
Carius tube (dashed line) for a fine-grained molybde-
nite separate from Aittojérvi, Finland. Uncertainties are two-sigma
and based only on analytical error. A996B was adopted as an AIRIE
in-house molybdenite “standard” in the mid-1990s and was shared
with other laboratories starting Re-Os isotope analyses. As the
Carius tube replaced alkaline fusion digestion as the vehicle for
sample-spike equilibration, it was important to show that both
methods produced like ages. Analytical errors are much smaller
than the size of the circles. Note the larger number of points,
scatter, and x-y spread for the alkaline fusion analyses, potentially
the result of open heating followed by open dry-down of spike,
sample, and an alkali reagent in a zirconium crucible versus equili-
bration in a sealed vessel, which the Carius tube offered. Sample
provided to AIRIE by the late O. Kouvo, Geological Survey

of Finland.

A new era opened for Re-Os analysis. The challenges
endemically associated with open-system Re-Os alkaline
fusion chemistry and operator variability slipped into the
background, and sample-spike equilibration was assured
with the introduction of the simpler and cleaner Carius
tube technique. Streamlining the chemical procedure
opened new possibilities, but several issues had to be
addressed before the potential of the technique could be
fully realized. These included reducing blanks (Yang et
al. 2015), improving mass spectrometry measurements
(Zimmerman et al. 2014), evaluating the accuracy of the
187Re decay constant, and standardizing the treatment of
uncertainties among Re-Os laboratories.
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single events

events and overprinting

Unspun Uncertainties

As Re-Os emerged as a powerful dating tool in the
mid-1990s, AIRIE’s Re-Os ages for molybdenite from high-
temperature skarn mineralization yielded ages consistently
~1.5% older than corresponding zircon U-Pb ages. Key to
understanding this peculiarity was the high-temperature
contact metamorphic setting and supporting petrog-
raphy, suggesting zircon and molybdenite were contem-
poraneous. This puzzling and consistent mismatch was
resolved with a significantly revised '8’Re decay constant,
still in use today (see Toolkit). A later study showed Re-Os
ages for Cenozoic to Proterozoic molybdenites in agree-
ment with zircon U-Pb ages,
further affirming the Smoliar
etal. 17Re decay constant value
(Selby et al. 2007). The uncer-
tainty on the improved 87Re
decay constant, however, is
about two times larger than for the U-Pb isotopic system.
Nevertheless, when comparing Re-Os model ages among
molybdenites, the uncertainty on the 87Re decay constant
can be removed, as it is simply an error magnifier shared
by all analyses. However, when comparing Re-Os ages with
radiometric ages derived from other isotopic systems (e.g.,
U-Pb), itis essential that all ages include the decay constant
uncertainty for their associated parent isotope.

Re-Os molybdenite ages should not be
expected to match U-Pb zircon ages.

Employing the revised '®’Re decay constant, the new
mantra for evaluating Re-Os ages became a tight matchup
with a presumed corresponding U-Pb zircon age. When the
match was less than perfect, this gave an opening for the
critics of Re-Os dating. We cannot assume, however, that
U-Pb zircon ages should correspond to Re-Os ages under all,
or even most, geologic circumstances. There is no better
example than porphyry-style mineralization to confront
this unfounded assumption (F1G. 5).

Multiple Re-Os ages from a single sample or site may
reveal unexpected discrepancies that require thoughtful
interpretation and evaluation in geologic context; none
of the ages should be discarded
for a “preferred age” based on
agreement with a U-Pb age.
The misalignment of U-Pb and
Re-Os ages in porphyry systems
is to be expected (F1G. 95).
Multiple (explosive) pulses of volatile-rich fluid may travel
far from their magmatic source to create molybdenite-
bearing stockwork veining that may be brittlely emplaced
into older units (F1G. 3), trapped in magma mushes, and/
or expelled into the country rock. In contrast, magmati-
cally crystallized zircon and inherited zircon cargos are
common, even as hydrothermal zircon is also possible. In
sum, molybdenite is generally the (late) product of volatile-
rich fluids at any scale, whereas zircon is most often associ-
ated with (early) magmatic crystallization.

| The U-Pb and Re-Os data in FIGURE 5 from
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"1 their zircon-bearing host rocks. Together

YOLATILES (MOLYBDENITE) with an early AIRIE study in 2002 at Los
Type 4 (LH) Pelambres (Chile), it was shown that
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) f g N ‘ i relative time of vein emplacement (see

Stein reference in Toolkit). The economic
geology community did not accept the

new Re-Os ages for many years, as the
"""" gLl ages demanded a re-examination of long-
held models for porphyry-style mineral
deposits.

It is not clear that laboratories publishing
Re-Os data use the same rigor in calcu-
lating uncertainties, particularly errors
associated with substantial over- or under-
| spiking of samples, which can lead to

Age (Ma) 6

m Magmatic crystallization (zircon) and volatile degas-
sing (molybdenite) are two different physical and
chemical phenomena that should not be assumed to be contempo-
raneous. Maksaev et al. (2004; data below dotted line) presented
zircon U-Pb ages from intrusions and Re-Os ages from presumed
contemporaneous molybdenite mineralization from the El Teniente
porphyry Cu system, Chile. Data above the dotted line are Re-Os
ages from Cannell (2004). We show steep tie lines connecting U-Pb
ages from presumed causal intrusions with their molybdenite vein
ages. Except for one case (~0y), zircon and molybdenite ages differ
by hundreds of thousands of years. Listed vein types adopted from
Cannell (2004) define early magmatic (EM), late magmatic (LM),
principal/late hydrothermal (PH/LH), and the demise and cooling
(CL) stages for the El Teniente system. This study exposed fallibility
in assumptions of like ages for zircon and molybdenite, and
provided one of the first direct estimates of the longevity of
ore-forming process in a giant Cu porphyry system.

(3]
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enormous age uncertainty. Uncertainties
4 that must be propagated into the precision
of a Re-Os age include: (1) uncertainty of
spike calibrations, (2) weighing errors (when using separate
versus mixed Re and Os spike solutions), (3) uncertainty
related to blank reproducibility (reported data should
always be blank-corrected), and (4) uncertainty of mass
spectrometer measurements. Blanket uncertainties should
never be applied to all data, and an uncertainty should be
calculated for each data point.

Certainty with Reference Materials

In the late 1990s, AIRIE adopted the HLP-5 milled
powder from the Huanglongpu Mo-HREE deposit as an
in-house reference material for tracking reproducibility.
Multiple prepared HLP-5 separates were provided by
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Prof. Du Andao (cf. Heritage, p. 290 this issue) for
inter-laboratory comparison. Many start-up Re-Os
laboratories requested aliquots of this molybdenite,
and it was easier to get them through AIRIE than
through China. As a consequence, AIRIE’s supply
began to run low, and another in-house reference
material from a molybdenite-bearing leucosome
at Aittojarvi (Finland) was adopted (F1G. 4). While
sharing in-house reference materials was a first step,
the community needed a certified NIST (National

2676

2672

2664

Age, Ma

2656

2652

2668 -

2660

2648

Institute of Science and Technology, USA) refer-
ence material (RM) that could be globally accessed
for true interlaboratory comparison. While at the
United States Geological Survey (USGS), Holly Stein
obtained a large sack of molybdenite powder from
the Henderson Mill (Colorado, USA) which was the
ore feed entering the mill on that day. Bringing the
sack back to the USGS-Reston, she and John Morgan
washed all reagents associated with the froth flota-
tion process to recover a cleaned molybdenite. The
NIST employed a robust procedure to physically
mix and split the molybdenite, providing numbered
bottles for testing by the only two laboratories that
were successfully dating molybdenite in the early
2000s (Markey et al. 2007). The Henderson RM thus
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went to market as RM#8599 with an accompanying
NIST certificate of investigation. The Henderson
RM is for ages only, not for Re and Os concentrations,
as paired concentrations of Re-Os vary slightly between
analyses but remain coupled such that the 187Re-1870Os age
is reproducible.

Double Os Spike

The question of common Os in molybdenite came to the
forefront when, while using individual ®5Re and '°°Os
spike solutions, certain molybdenites were found to have
significant common Os. Thus, the idea of using a single
solution with 85Re-1880s-100s spikes ensued (Markey et
al. 2003). The mixed Re-double Os solution eliminates
weighing errors, as deviation from true weight affects all
spike isotopes equally. Not only could a more accurate
determination of '870Os be made using the 1880s spike, but
the 1°90s spike could be used to accurately measure 1°2Os,
the most abundant Os isotope.
Finally, the invariant (stable)
18805/1990s ratio provides an
internal correction for instru-
mental mass fractionation.
Thus, precise evaluation of
the common Os in molybdenite could be routinely deter-
mined with the mixed Re-double Os spike. Laboratories not
employing a mixed Re-double Os spike risk reporting Re-Os
ages that are slightly, or even significantly, compromised
for certain molybdenites.

The Decoupling Enigma

Early in the development of molybdenite geochronology it
was empirically established that some Archean molybde-
nites yielded different Re-Os ages for different size fractions
of mechanically separated grains. This was the first indica-
tion that the daughter '870Os may migrate within a molybde-
nite crystal, as Os is not a good crystallographic fit (hence,
no common Os in molybdenite). The first LA-ICP-MS inves-
tigation of this phenomenon yielded both >3 Ga and future
spot ages (Stein et al. 2003). Osmium was clearly migrating
and taking residence in dislocation features and delamina-
tion cracks. Decoupling was linked to older molybdenites
with orogenic overprints. Based on additional LA-ICP-MS
work, it was advocated that 40 mg aliquants from a large
mineral separate were necessary to overcome decoupling
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The integrity of the Re-Os clock in
molybdenite is not temperature limited,
but rather, decided by oxidation.

P

m Re-Os results from molybdenite from the complexly
overprinted Hemlo Au deposit, Superior Province,

Canada. Re-Os ages provided by AIRIE.

in older coarse-grained molybdenite (Selby and Creaser
2004). However, it is now widely agreed that very small
samples (sub-mg) are just as capable of yielding robust ages
as larger samples. What matters is context, not milligrams,
and taking the whole molybdenite crystal from its silicate
matrix (Stein 2006). Crystal fragments or thin sheets of
molybdenite from (older) samples with coarse-grained
molybdenite may not yield accurate ages.

Model Versus Isochron Ages

Despite the power of Re-Os molybdenite dating, interpre-
tation of Au-associated molybdenite ages can be complex,
especially in multiply metamorphosed and structurally
complex terranes. FIGURE 6
(inset) shows Re-Os model ages
for three mines in the Hemlo
district versus an isochron
age for the same Re-Os data.
The Archean terrane hosting
Hemlo contains multiple metamorphic overprints and
visibly deformed molybdenite. This setting presented an
early testing ground for molybdenite’s response to severe
overprinting. When acquired in 2002, these data were
open to an interpretation of isotopic disturbance, as Hemlo
resides in a major sinistral shear zone in a sedimentary
basin with intrusions and an amphibolite-grade metamor-
phic overprint. More than 20 years later and having dated
many varieties of Au deposits, we now know that the more
plausible explanation for small age differences is a pulsed
history of Au-formation. For Re-Os geochronology, this
was an early lesson that less precise isochrons with notably
high MSWDs are telling a story and, for molybdenites in
complex terranes, individual Re-Os model ages should be
reported rather than a weighted mean age.

THE MOVE TO ARSENOPYRITE AND PYRITE

The surprising discovery that arsenopyrite and pyrite can
have molybdenite-like Os isotopic compositions came
from the Bendigo Au deposit (Victoria, Australia), where
an arsenopyrite-pyrite isochron with a well-defined crustal
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A single quarter-core with two cut faces (A and B)
showing folded fine-grained arsenopyrite bands

(riGHT) and euhedral, coarsely crystalline arsenopyrite (Left). White
arrows connect the arsenopyrite crystals on the left to the near-
vertical cut surface on the photo to the right. The Re-Os data are

Os initial ratio provided an accurate age for Au mineraliza-
tion (Arne et al. 2001). Arsenopyrite and pyrite are widely
associated with many styles of Au mineralization, whereas
molybdenite is rare to absent. Arsenopyrite became a
mineral of choice for Re-Os dating, as explored in several
papers (e.g., Morelli et al. 2005). In a study based on a single
sample, Morelli et al. (2010) dated presumed co-genetic
arsenopyrite and pyrrhotite from the renowned Homestake
Au mine in South Dakota to “pinpoint the timing of Au
mineralization.” A precise arsenopyrite isochron resulted,
whereas the presumed co-genetic pyrrhotite data were
highly scattered. Given the amphibolite grade host rocks for
the Homestake Au deposit, Morelli et al. (2010) concluded
that the Re-Os chronometer is robust to at least 400 °C for
arsenopyrite, while pyrrhotite is disturbed at 300-350 °C.
In FIGURE 7, their Homestake data are combined with
Rochford-Homestake data (AIRIE) to illustrate the potential
limitations of looking at a single sample from a complex
Au-bearing terrane. Taken together, results from the two
labs provide a powerful analysis of multi-step processes in
forming a major Au endowment.

Pyrite on its own has been successfully used for Re-Os
geochronology in a variety of geologic settings. As one
of the most common sulfide minerals in hydrothermal
ores, the ability to date pyrite has utility for almost all ore
deposit types. Like arsenopyrite, Re and Os abundances in
pyrite are typically ppb to ppt level. High-precision Re-Os
pyrite ages have been determined from carbonate-hosted
Pb-Zn (Irish type and Mississippi Valley type), sedimen-
tary exhalative (SEDEX-type), volcanogenic massive
sulfides (VMS), orogenic gold, iron oxide Cu-Au
(IOCG), and other deposit types (see Rooney
reference in Toolkit). The first landmark
paper analyzing pyrite (Stein et al. 2000)
was followed by detailed studies producing
Re-Os pyrite isochron ages, including some
with <1% two-sigma uncertainty (Alberta
laboratory) that decisively tested competing
models of ore formation. Pyrite geochronology
has been used in metamorphic terrane studies yielding
robust Re-Os ages at ~660 °C (van Acken et al. 2014).
Rhenium incorporation into pyrite appears to involve both
lattice-bound Re as well as Re-rich micron-scale inclusions
(Hnatyshin et al. 2020).

ELEMENTS

2002 Other Sulfides, Isochrons — Os tracer
2000 Arsenopyrite-Pyrite Chronometer — Os tracer
1997 Molybdenite Chronometer — “zircon” of Re-Os

1989 Black Shales, Hydrogenous Organics — Seawater Os

Meteorite and Mantle Community

A

Re-Os Data, AIRIE Program data-point error ellipses are 2

2.8 Rochford (Homestake) Au, South Dakota
12 arsenopyrites with older model ages (>1750 Ma)
24 - o]
20 >
a
8 16|
=
8 g
12 i
s &
08 - a’ LLHR Arsenopyrites, Older
Model 1 Age =1757.8 + 1.7 Ma
04 - o Initial *¥7Os = -9.23E-06 + 2.4E-04
ﬁ," MSWD=1.7,n=12
00 “ L :
0 20 40 60 80 100

"®’Re (ppb)

LLHR (low level-highly radiogenic; Stein et al. 2000) and are simply
plotted in '8”Re versus '¥Os space, as there is essentially zero '880s.
Two highly precise Re-Os isochron ages show an older and younger
arsenopyrite generation, 1758 and 1737 Ma. Re-Os age uncertain-
ties are two-sigma.

Arsenopyrite, pyrrhotite, and pyrite studies have revealed
temperature limits for the stability of the Re-Os chronom-
eter in particular cases. However, no two ore-forming
environments are alike and the role of chemistry, especially
oxidation, may be underestimated. For molybdenite, it
appears that oxidation, not temperature, decides the fate of
its radiometric clock (see Stein references in Toolkit), which
remains stable through very high-grade metamorphism
(>900°C).

Sky’s the Limit

From pyrite and arsenopyrite, the sky opened, and any
sulfide could now be considered for Re-Os dating. However,

except for molybdenite, sulfides should not be labeled as
“good for dating” or “not good for dating.” In fact, many
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2019 Whole Petroleum Systems, Oil-Water Mixing

2017 Light Oils, Asphaltene-Maltene Fractions
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2015 Leached Hydrocarbons, Residues, Coals, Tars
2011 Black Shales, Organics - Paleoclimate, Extinctions

2004 Black Shales, Pyrite, Bitumen, Solid Hydrocarbon
2002 Black Shales, Effect of Hydrocarbon Maturation

m Sulfides carried the Re-Os chronometer from the
mantle and meteorite community to those working in
crustal environments. Concomitantly, early testing of the Re-Os
system on black shales continued, ultimately expanding to include
hydrocarbons in their many forms. As organic material contains
sulfide, and both phases sequester Re and Os, the importance of
the relationship between these media grew increasingly apparent.
Re-Os dating led to new interpretations from paleoclimate charac-
terization to speculation on causes for mass extinctions.
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arsenopyrites and pyrites do not deliver good age results
for many different reasons. What matters is (1) the sample’s
ability to include and retain Re-Os, (2) potential post-
depositional exposure to oxidation (which is fatal for Re-Os
dating), and (3) the strategy for extraction of the material to
be dated. Meaningful geochronology also requires under-
standing of the local and wider geologic context of the
samples, which is true for any geochronometer.

The Re-Os geochronological potential of many other
sulfide minerals has been explored, including the Cu
and/or Co minerals bornite, chalcopyrite, and cobaltite,
as well as arsenides and sulfarsenides such as safflorite,
gersdorrfite, and rammelsbergite (see Rooney reference
in Toolkit). Many of these are critical minerals containing
Co and Ni, needed in current battery technology for the
energy transition towards decarbonation. This is also true
of both metamorphic and hydrothermal graphite, whose
Re-Os systematics have been investigated recently (see
Toma reference in Toolkit). Also very recently, Re-Os has
been used to define and correlate episodes of supergene
(metal) enrichment in Cu porphyry deposits (AIRIE). As was
the case for molybdenite, such studies are opening a new
era of resource geoscience research that is already finding
new applications in the broader geosciences (FIG. 8).

WHAT LIES AHEAD?

The historical context presented in this review is just
the beginning. The Re-Os isotope system holds a critical
position in resource geosciences, providing direct informa-
tion on the timing of ore formation in base metal systems
(Cu, Pb, Zn), precious metal systems (Au, Ag), and critical
metal systems (Co, Ni, C). It was born out of the meteorite
and mantle community and step-by-step has climbed a
ladder that could not have been imagined 25 years ago
(FIG. 8).

The future will certainly see ever broadening applications.
For example, Re-Os dating of pyrite to date the rise of
oxygen in Earth’s early atmosphere (see Hannah reference
in Toolkit) has received substantial interest from planetary
scientists and geobiologists. The ability to measure increas-
ingly smaller concentrations of Os will allow the medical
community to expand its investigation of Os toxicity, as
volatile oxygenated Os species (OsO4, HOsOs™, H30sOg")
are potential health risks in communities anchored in
Os-rich ultramafic bedrock and their related groundwater
sources. Studies that pair Os-Hg may provide new insights
into extinction records. More generally, the combined use
of multiple isotopic tracers vastly improves our ability to
develop and test plausible hypotheses. The Re-Os isotope
system remains underutilized in this regard.

The chemistry and geology communities have much to
learn from one another. While chemists construct perfect
crystals and functional MOFs (metal-organic frameworks),
what nature has created with all its warts and heteroge-
neities may give chemists new insights. The hydrocarbon
and economic geology communities could work together
more effectively, as metals and hydrocarbons are intimately
associated (F1G. 9). For years, these resources have been
studied as separate subjects, but the equation is simple.
Kerogen sequesters metals. Maturation of kerogen to
generate hydrocarbons is a first step in releasing metals.
Migration of hydrocarbons transports metals, poten-
tially adding a previously unrecognized contaminant to
groundwater.

Re-Os will find increasing application in legal circles. Metal
contamination derived from mining operations, present
and past, may be fingerprinted (forensics) through its Os
isotopic composition. As rivers collect waters from many
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upstream tributaries, Os isotopes can be used to identify
the headwaters draining a contaminant source, thereby
assigning responsibility (blame) to the correct party (more
forensics), or alternatively indicating an unusually high,
but natural, background level in local soils and bedrock
(mother nature is to blame).

Rhenium-osmium molybdenite dating by LA-ICP-MS/
MS has been tested by several working groups and most
recently has led to characterization of two samples for
use as LA-ICP-MS/MS reference materials (Tamblyn et al.
2024). At present, the technique is limited to geologically
old molybdenites with relatively high Re. The advantage
of laser ablation is the rapid acquisition of large numbers
of micron-scale spot ages (to be averaged) and the poten-
tial recognition of textural domains and growth zones.
Therein lies the complication of scale (Zimmerman et al.
2022). Individual spot ages may be disparate, imprecise,
and even geologically non-sensical, but when pooled, may
provide meaningful ages matching robust, high-precision
milligram-scale ID-NTIMS ages. New reference materials
require systematically designed proof of reproducibility
using LA-ICP-MS/MS and their ages must be validated
against systematically reproduced ID-NTIMS ages. The
statistical rigor required by NIST to market the Henderson
molybdenite Re-Os reference material for its age reproduc-
ibility (Markey et al. 2007) provides a template for develop-
ment of a reference material for LA-ICP-MS/MS analyses.

CLOSING REMARKS

The historical context presented in this review and
throughout this Elements issue highlights some of the early
landmark papers and the challenges faced by several teams
working to bring the Re-Os chronometer into the crustal
realm. Different teams used their different backgrounds
to meet the new opportunities offered by the Re-Os tracer
and clock. The open cooperation in this early research
included sharing information, opening laboratories to one
another for visits, writing letters of support for one another,
and regularly catching up at meetings to learn from one
another. It was not perfect, and occasionally there were
surprises and twinges of jealousy, but sharing the excite-
ment brings out the best in everyone and moves science
forward effectively.
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