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ABSTRACT

The rhenium-osmium (187Re-187Os) system 
is a highly versatile chronometer that is reg-
ularly applied to a wide range of geological 
and extraterrestrial materials. In addition to 
providing geo- or cosmo-chronological infor-
mation, the Re-Os system can also be used as 
a tracer of processes across a range of tempo-
ral (millennial to gigayear) and spatial scales 
(lower mantle to cryosphere). An increasing 
number of sulfide minerals are now routinely 
dated, which further expands the ability 
of this system to refine mineral exploration 
models as society moves toward a new, green 
economy with related technological needs. An 
expanding range of natural materials amena-
ble to Re-Os geochronology brings additional 
complexities in data interpretation and the 
resultant translation of measured isotopic ra-
tios to a properly contextualized age. Herein, 
we provide an overview of the 187Re-187Os sys-
tem as applied to sedimentary rocks, sulfides, 
and other crustal materials and highlight 
further innovations on the horizon. Addi-
tionally, we outline next steps and best prac-
tices required to improve the precision of the 
chronometer and establish community-wide 
data reduction procedures, such as the decay 
constant, regression technique, and software 
packages to use. These best practices will 
expand the utility and viability of published 
results and essential metadata to ensure that 
such data conform to evolving standards of 
being findable, accessible, interoperable, and 
reusable (FAIR).

1. INTRODUCTION

The modern iteration of the rhenium-
osmium (187Re-187Os) isotopic system, which 
developed following fundamental technical 
advancements during the 1990s, has joined 
the Ar-Ar and U-Pb systems as a reliable and 
robust geochronometer capable of providing 
accurate and highly precise age constraints 
across a wide variety of geologic settings and 
materials. The Re-Os system is unique among 
radiogenic isotopic systems because both Re 
and Os are classified as siderophile, chalco-
phile, and organophile elements. As a result, 
Re can be incorporated into minerals (e.g., 
sulfides) and crustal materials (e.g., organics) 
that are not typically amenable to chronom-
etry with lithophile element isotopic systems 
(i.e., U-Pb, Rb-Sr, and Lu-Hf). With its long 
half-life (∼42 Gyr) and distinct geochemical 
characteristics, the 187Re-187Os system is ideal 
for constraining the ages and rates of key geo-
logical processes over a range of time scales, 
from the Pleistocene to the Archean (e.g., 
Stein et  al., 1998; Anbar et  al., 2007; Yang 
et al., 2009; Kendall et al., 2015; Jansen et al., 
2017; Table 1). A non-exhaustive list of in-use 
Earth materials suited to the 187Re-187Os sys-
tem includes organic-rich sedimentary rocks, 
graphite, petroleum products, sulfide minerals, 
and macroalgae for applications ranging from 
economic geology, parsing the co-evolution of 
life and Earth history, to isotopic chemostratig-
raphy, and tracing anthropogenic activities. 
Additional applications involve constraining 
the age, composition, and evolution of Earth’s 
mantle as well as the chemistry of terrestrial 
planets. The latter topics have been compre-
hensively reviewed (Shirey and Walker, 1998; 
Gao et al., 2002; Carlson, 2005; Carlson et al., 

2005; Aulbach et al., 2016; Day et al., 2016; 
Luguet and Pearson, 2019).

The modern implementation of the Re-Os 
system was fueled by the development of iso-
topic analysis via negative thermal ionization 
mass spectrometry (N-TIMS) and the use of 
borosilicate Carius tubes for sample digestion/
sample-spike equilibration in the early 1990s 
(Creaser et  al., 1991; Völkening et  al., 1991; 
Shirey and Walker, 1995). These advances led 
to a revolution in the field of Re-Os geochro-
nology and geochemistry by greatly improving 
analytical yields and lowering blank levels, 
which in turn led to greater precision and novel 
insights into crustal processes. By applying 
protocols of modern chemistry, new analytical 
techniques (Morgan et al., 1991; Roy-Barman 
and Allègre, 1995; Cohen and Waters, 1996; 
Shen et al., 1996; Birck et al., 1997; Selby and 
Creaser, 2001a, 2003; Cumming et al., 2013; 
Hnatyshin et al., 2016, 2020; Li et al., 2017b), 
and appropriate sampling practices (e.g., field 
mapping and petrographic studies), the total 
age precision has approached <0.2% for sul-
fides and 0.5% for organic-rich sedimentary 
rocks (Stein et  al., 1997a, 1998; Selby and 
Creaser, 2001a; Kendall et al., 2006; Rooney 
et al., 2014).

The goal of this review is to inform the wider 
Earth sciences community of the most recent 
advancements in the Re-Os system with an 
emphasis on crustal systems and the applications 
suited to Re-Os geochronology and geochem-
istry. We review the predominant uses for the 
Re-Os chronometer in crustal settings, as well 
as optimal sampling and chemical procedures, 
data processing, and interpretation. Lastly, we 
suggest a range of future tasks that would be 
useful for integrating the Re-Os isotopic system 
into EARTHTIME initiatives.†alan .rooney@yale .edu
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2. FUNDAMENTALS

2.1. Geochemical Characteristics of Re and Os

Both Re and Os are highly siderophile and 
chalcophile elements that display extreme parti-
tioning (Kd > 104) into the metal or sulfide phases 
relative to the silicate or oxide phases (Burton 
et al., 2002; Brenan et al., 2003; Pearson et al., 
2004; Becker et al., 2006; Bennett and Brenan, 
2013; Mungall and Brenan, 2014; Liu and Li, 
2023). During partial melting of Earth’s mantle, 
Os is more compatible than Re, resulting in con-
siderable variations in the elemental abundances 
of Re and Os and resultant isotopic characteris-
tics (i.e., 187Re/188Os and 187Os/188Os) in different 

terrestrial and planetary reservoirs (Table 1). As 
Re is mildly incompatible whereas Os is strongly 
compatible, these properties result in distinctive 
Re/Os ratios between the depleted upper mantle 
and the products of partial melting. Over geologi-
cal time, the decay of 187Re in the crust to 187Os 
results in discrete crustal and mantle reservoirs 
having distinctive Os isotopic signatures (e.g., 
continental crust 187Os/188Os = 1.4 versus primi-
tive upper mantle 187Os/188Os = 0.13; Meisel 
et  al., 2001; Peucker-Ehrenbrink and Jahn, 
2001). Rhenium and Os also display an affinity 
for organic matter (i.e., they are organophilic), 
which thus leads to an enrichment in sedimen-
tary rocks deposited under reducing conditions 
(Koide et al., 1991; Ravizza et al., 1991; Colodner 

et al., 1993; Crusius and Thomson, 2000; Mor-
ford et al., 2005), as well as hydrocarbons (e.g., 
Creaser et al., 2002; Selby et al., 2005, 2007a; 
Selby and Creaser, 2005a; Finlay et al., 2010a, 
2011; Rooney et al., 2012; Mahdaoui et al., 2013; 
Lillis and Selby, 2013; Cumming et al., 2014; 
Stein and Hannah, 2015; Georgiev et al., 2016, 
2019, 2021; DiMarzio et al., 2018; Liu and Selby, 
2018; Liu et al., 2018, 2019a, 2022; Corrick et al., 
2019; Hurtig et al., 2019, 2020; Sai et al., 2020; 
Wu et al., 2021; Zhao et al., 2021; Rotich et al., 
2023). The distinct geochemical behavior of Re 
and Os has led to considerable advances in our 
chronological framework and mechanistic under-
standing of processes in the mantle, lithosphere, 
hydrosphere, and cryosphere.

TABLE 1. TYPICAL Re AND Os ABUNDANCES AND Re/Os RATIOS IN CRUSTAL MATERIALS

Reservoirs Re
(ng/g)

Os
(pg/g)

187Re/188Os 187Os/188Os References

Seawater 0.007 0.006–0.014 >2500 1.05 1–6
Marine sediment

Fe-Mn nodules/crusts — 100–1000 — 0.12–1.1 6–8
Metalliferous sediments <0.1 10–1000 — 0.12–1.1 9
Pelagic carbonate/siliclasts 0.1–20 25–360 — 0.12–1.1 10, 11

Riverine
River water 0.003 0.003–0.084 — 1.45 13–18
River sediment <1.2 3–173 — 0.18–7 19–21

Aeolian and periglacial
Loess 0.20 31 35 1.4 12

Crust and mantle
Upper continental crust 0.25 0.1–30 20–35 0.8–1.4 12, 22
Oceanic crust 0.74 45 >200 0.146 23, 24
Primitive mantle 0.1–0.5 2.9 ∼0.4 0.1296 25, 26

Organic-rich sedimentary rocks*
Marine shale 0.01–3000 0.2–4000 0.4–4400 0.11–70 27–32
Terrestrial shale 0.1–100 20–600 8–2000 0.6–21 33–38

Hydrocarbons*
Marine coal 0.1–130 14–600 30–5100 0.5–30 39, 40
Terrestrial coal 0.01–5 1–100 1–500 0.4–4 33, 41
Bitumen 0.03–2300 1–9200 50–32,000 0.6–14 42–46
Oil 0.02–300 2–4400 40–12,000 0.6–8 44, 47–49
Asphaltene 0.04–2600 0.03–490 40–57,000 0.8–10 44, 50–51
Maltene 0.3–90 0.01–60 160–17,000 1–8 44, 52

Graphite*
Hydrothermal 0.02–70 2–7600 11–4100 0.5–40 53
Metamorphic 0.6–1500 290–20,000 30–820 0.6–20 53
Meteoritic 90 — — — 53

Sulfides*
Molybdenite 0.02–210,000† 0.02–1·107§ — — 54–57

Pyrite 0.1–6000 0.5–24,000 20–2·10⁷ 0.2–10,000 58–63
Arsenopyrite 0.2–500 0.2–250,000 4–34,000 0.3–1120 63–66
Chalcopyrite 0.4–5000 0.7–21,000 900–3·10⁷ 0.2–200 58, 62, 67–69
Chalcocite 0.2–250 0.2–600 76–18,000 1.3–730 62, 67
Bornite 2–3100 10–13,000 200–30,000 2–250 67, 70
Cobaltite 0.1–3 0.2–60 500–2000 17–40 66
Carrollite 9–600 90–2200 800–25,000 8–250 70, 71
Rammelsbergite 60–1700 0.8–20# 440–2·106 90–3400 72
Gersdorffite 11–260 12–650# — — 73–74
Sphalerite 0.6–11 0.01–200 100–600 1.2–5 75–76

Note: References—(1) Anbar et al. (1992); (2) Chen and Sharma (2009); (3) Dickson et al. (2021); (4) Levasseur et al. (1999); (5) Racionero-Gómez et al. (2017); (6) 
Koide et al. (1991); (7) Burton et al. (1999); (8) Klemm et al. (2005); (9) Peucker-Ehrenbrink et al. (1995); (10) Dalai et al. (2005); (11) Dalai and Ravizza (2006); (12) 
Peucker-Ehrenbrink and Jahn (2001); (13) Hodge et al. (1996); (14) Martin et al. (2001); (15) Chen et al. (2006); (16) Gannoun et al. (2006); (17) Sharma et al. (2007); 
(18) Miller et al. (2011); (19) Dalai et al. (2002); (20) Singh et al. (2003); (21) Rahaman et al. (2012); (22) Chen et al. (2006); (23) Peucker-Ehrenbrink and Ravizza (2012); 
(24) Peucker-Ehrenbrink et al. (2003); (25) Meisel et al. (2001); (26) Gao et al. (2002); (27) Siebert et al. (2005); (28) Yang et al. (2009); (29) Rooney et al. (2010); (30) 
Kendall et al. (2015); (31) Georgiev et al. (2017); (32) Sheen et al. (2018); (33) Baioumy et al. (2011); (34) Cumming et al. (2013); (35) Cumming et al. (2014); (36) Tripathy 
and Singh (2015); (37) Cumming et al. (2014); (38) Pietras et al. (2020); (39) Tripathy et al. (2015); (40) Rotich et al. (2020); (41) Goswami et al. (2018); (42) Selby et al. 
(2005); (43) Wang et al. (2017); (44) Georgiev et al. (2019); (45) Su et al. (2020); (46) Shi et al. (2020); (47) Selby et al. (2007a); (48) Finlay et al. (2011); (49) Lillis and 
Selby (2013); (50) Liu et al. (2018); (51) Ge et al. (2020); (52) Liu and Selby (2018); (53) Toma et al. (2022); (54) Suzuki and Masuda (1993); (55) Zhai et al. (2019); (56) 
Myint et al. (2021); (57) Katz et al. (2021); (58) Lawley et al. (2013); (59) Ying et al. (2014); (60) Hnatyshin et al. (2015); (61) Hnatyshin et al. (2016); (62) Barra et al. 
(2017b); (63) Saintilan et al. (2020a); (64) Morelli et al. (2005); (65) Lawley et al. (2015); (66) Saintilan et al. (2017b); (67) Selby et al. (2009); (68) Chen et al. (2015); (69) 
Saintilan et al. (2021); (70) Saintilan et al. (2019); (71) Saintilan et al. (2023); (72) Chernonozhkin et al. (2020); (73) Kiefer et al. (2020); (74) Majzlan et al. (2022); (75) 
Morelli et al. (2004); (76) Paradis et al. (2020).

*Crustal materials used for Re-Os geochronology.
†Re (ug/g).
§187Os (ng/g).
#187Os (pg/g).
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2.2. Re-Os Decay Equation

The 187Re-187Os chronometer is based upon 
the beta-decay of 187Re to 187Os:

 
eRe Os e v .187 187⇒ + +−

 
(1)

This scheme has a decay constant of 
1.666 ± 0.005 × 10−11 a−1 (2σ, ± 0.31%), and 
a half-life of 41.61 Gyr (Smoliar et al., 1996). 
The abundance of 187Os in a sample measured 
today reflects any initial 187Os when the sample 
formed (i.e., at time = 0) and the accumulation 
of radiogenic 187Os* through the radioactive 
decay of 187Re over some time since forma-
tion, t (i.e., the age of the sample = t). The 
measured 187Os resulting from this process is 
given by:

 
measured intialOs Os Re e .187 187 187 1= + −( )λt

 
(2)

In practice, all Os isotopic ratios are measured 
and normalized to the stable isotope 188Os, yield-
ing the following equation:
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where “measured” refers to the ratio measured 
via mass spectrometry, 187Os/188Osinitial is the 
187Os/188Os incorporated by the mineral/rock 
at the time of isotopic closure, t is the time 
elapsed since the system became closed, and 
λ is the decay constant for 187Re. Typically, 
both t and 187Os/188Osinitial are unknown. This 
equation is in a linear form, which allows for 
both the 187Os/188Osinitial (y-intercept) and age 
(slope = eλt − 1) to be determined through vari-
ous forms of linear regression, some of which 
are discussed later in this review.

3. Re-Os ISOTOPE DILUTION

3.1. Overview

Calculation of an age requires measuring 
187Re/188Os and 187Os/188Os ratios using isotope 
ratio mass spectrometry (IRMS) via the isotope 
dilution (ID) method (Fig. 1). The ID method 
employs a precisely calibrated tracer solution, 
commonly called a spike solution, which is 
enriched in selected stable isotopes (primarily 
185Re and 190Os but also with 188Os for sulfides 
with little or no common Os; see Section 3.2). 
By adding a tracer solution to the sample, it is 
possible to quantify the relative abundance of 
each isotope measured by IRMS more accu-
rately than any other analytical method. When 

this spike solution is added to the sample, it 
must be isotopically equilibrated using spe-
cific digestion protocols. One widely applied 
digestion protocol is the disposable Carius 
tube technique (Shirey and Walker, 1995) that 
consistently (1) produces low and controlled 
blanks, (2) eliminates the potential of cross-
contamination among sample sets, (3) ensures 
full spike to sample equilibration in terms of Re 
and Os budgets during sample digestion, and (4) 
permits controlled and quantitative oxidation of 
volatile Os.

Chemical procedures have been designed to 
separate Re from Os after sample-spike equili-
bration for independent analysis (Fig. 1). These 
procedures are designed to remove impurities 
that could negatively affect the ionization poten-
tial of these elements, while also maintaining 
low blank levels. For shale geochronology, cur-
rent recommended methodologies are based 
upon the work of Ravizza and Turekian (1989), 
Selby and Creaser (2003), Kendall et al. (2006), 
and Cumming et al. (2013). Similarly, the pro-
tocol for sulfide Re-Os geochronology is based 

Figure 1. Schematic flowchart of Re-Os workflow showing estimate of steps and timing 
required to complete Re-Os geochronological analysis with selected metadata and consid-
erations associated with each stage. Duration of each step is estimated and varies based 
on number and nature of samples and accessibility to mass spectrometers. Adapted from 
Schaen et  al. (2021). ID-N-TIMS—isotopic dilution–negative thermal ionization mass 
spectrometry.
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on work spanning more than two decades (Stein 
et al., 1997a, 2001; Selby and Creaser, 2001a; 
Selby et  al., 2002, 2009; Stein and Hannah, 
2015; Hnatyshin et  al., 2016, 2020; Saintilan 
et al., 2020a).

The IRMS measurements provide 185Re16O4
−/ 

187Re16O4
− and 187Os16O3

−/188Os16O3
− values 

for the sample + spike mixture. The IRMS 
values are then corrected for oxide isobaric 
interferences and mass fractionation, and then 
“unmixed” from the spike using in-house data 
reduction spreadsheets, and then corrected 
for blank contributions and other uncertain-
ties caused by IRMS (such as instrument drift 
and noise) prior to yielding 187Re/188Os and 
187Os/188Os compositions.

3.2. Spikes and Standards

In Re-Os isotopic geochemistry, there are 
generally three types of spike solutions used: 
(1) a spike enriched in 190Os and 185Re for 
samples containing common Os (i.e., shales 
and most sulfides); or (2) a solution enriched in 
190Os, 188Os, and 185Re, which is known as “a 
mixed, double-Os spike” or “a triple spike”; or 
(3) a solution enriched in 185Re that possesses a 
natural osmium isotopic composition for sam-
ples without common Os (e.g., molybdenite). 
These spikes are precisely (2σ < 0.1%) cali-
brated using reverse isotopic dilution, whereby 
the spike solution is treated as a sample, and 
the spike solution is “spiked” with a gravi-
metrically prepared standard solution. Rhe-
nium standards used for spike calibrations are 
created by dissolving high-purity (>99.99%) 
Re metal in ∼16 M HNO3 and then diluting 
it to an appropriate Re concentration in 2 M 
HNO3. Osmium metal cannot be used to create 
a stable standard solution because dissolution 
of Os metal requires highly oxidative acids and 
can result in ongoing loss of Os in solution due 
to the low vapor pressure of Os in an oxidized 
state (see Shen et al., 1996, for details). There-
fore, an Os standard is created by dissolving 
Os salt in hydrochloric acid, which is diluted 
to an appropriate concentration in 2 M HCl. 
Calculation of the accurate stoichiometry of 
the Os salt, which is known to vary by ∼1% 
from ideal stoichiometry, is required to prop-
erly calibrate a gravimetric Os standard (Pap-
anastassiou et al., 1994; Morgan et al., 1995; 
Shen et al., 1996; Selby and Creaser, 2001a; 
Yin et al., 2001). By reducing a commercially 
available Os salt (ammonium hexachloroos-
mate) to metallic Os in 98% N2 and 2% H2 gas 
at 500 °C for 2 h, it is possible to gain a con-
sistent and precise measurement of the metallic 
Os weight fraction found in the salt (Selby and 
Creaser, 2001a; Markey et al., 2007).

Optimal spiking of a sample is required to 
minimize error magnification and itself requires 
an estimate of the Re concentration of the sam-
ple to ensure that all sample-spike unmixing 
calculations are done with the highest possible 
accuracy. If sample mass permits, a rapid assay 
of the Re content can be completed whereby a 
small amount of sample (e.g., 10 mg for shale, 
1 mg for molybdenite, and 50 mg for other sul-
fides) and a tracer containing 185Re are equili-
brated together, typically in inverse Aqua Regia. 
The Re is chemically isolated and purified prior 
to analysis of the sample spike 185Re/187Re value 
using an inductively coupled plasma–mass spec-
trometer (ICP-MS). From start to finish, this 
chemistry will take about five days and provides 
the analyst with a robust estimate of the Re con-
centration.

The 185Re/187Re ratio that should be created in 
the sample-spike solution to optimize accuracy 
can be calculated using the following equation:
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(4)

where “natural” is the 185Re/187Re value of 
0.5974 (Gramlich et al., 1973). At the discretion 
of the analyst, and depending on sample age, 
matrix, and required precision, among other fac-
tors, the sample may or may not have suitable Re 
contents for full ID-N-TIMS analysis. Individual 
projects will have distinct cut-offs for Re con-
centrations. Factors for consideration include: 
do the samples have high-enough Re concentra-
tions (e.g., > 1 ng/g) to ensure precise isotopic 
ratios are generated via N-TIMS, and is there a 
range in the Re concentrations that will generate 
a spread in the 187Re/188Os ratios that are vital for 
a precise isochron?

There are no strict guidelines based on these 
questions, but they should be considered for 
every project. Another factor is that the deci-
sion to use mixed spikes (e.g., 185Re + 190Os or 
185Re + 188Os + 190Os), which is required for 
accurate long-term geochronology to eliminate 
differential evaporative effects of mono-isotopic 
spikes, is typically made based on compromise 
considering the range in age or concentration of 
the matrices used. For example, at the Univer-
sity of Alberta, low Re/Os spikes (UA1) are uti-
lized for mantle materials, meteorites, and some 
unusual sulfides, while high Re/Os spikes (UA3, 
UA5, and UA6) are used for most crustal matri-
ces, and a mixed double-Os spike (UAMD1) 
is used for molybdenite of all ages. In the lat-
ter case, trade-offs between under-spiking and 
over-spiking are necessary for especially young 
or old samples, or those with unusually high or 
low Re content.

3.3. Analytical Blank Considerations

Modern Re-Os isotopic geochemistry labora-
tories (e.g., those with class 10,000/ISO 7 or bet-
ter clean rooms), which use purified trace metal 
grade reagent and ultrapure (18 Ω) water, consis-
tently produce full procedural blanks of <10 pg 
and <0.1 pg, for Re and Os, respectively. With 
blanks at these levels, it is possible to accurately 
measure the isotopic ratios of mineral or shale 
samples containing sub-parts-per-billion (ppb) 
Re concentrations and parts-per-trillion (ppt) Os 
(e.g., Rooney et al., 2014; Strauss et al., 2014; 
Paradis et al., 2020; Saintilan et al., 2020a). Fur-
ther cleaning procedures have been employed to 
produce even lower full procedural blanks for 
ultralow-concentration samples such as river, 
snow, or seawater (e.g., Chen et al., 2009; Chen 
and Sharma, 2009; Sharma et  al., 2012; Seo 
et al., 2018). Table 2 outlines the major sources 
and typical concentrations of Re and Os in lab 
reagents and materials as well as the approxi-
mate recommended frequencies of testing such 
materials.

4. ISOTOPIC RATIO MASS 
SPECTROMETRY

4.1. N-TIMS

The springboard for high-precision Re and 
Os isotopic analysis was the discovery that 
generating ion beams of negatively charged 
oxides of Re and Os was possible using 
N-TIMS (Creaser et al., 1991; Völkening et al., 
1991), which built upon the earlier extensive 
work in N-TIMS of Heumann (1988). Prior 
to this development, isotopic analysis of Os, 
a metal that has very high ionization potential 
(8.7 eV), was impractical using positive ther-
mal ion techniques and relied on low-ion-yield 
methods such as secondary ion mass spec-
trometry (SIMS), resonance ionization mass 
spectrometry, ICP-MS, and accelerator mass 
spectrometry (Allègre and Luck, 1980; Fehn 
et al., 1986; Walker and Fassett, 1986). With 
the steady improvement in clean chemical pro-
cedures for the separation of Re and Os, and 
TIMS software and hardware, N-TIMS offers 
the possibility to routinely analyze nanogram 
(ng) to picogram (pg) amounts of chemically 
separated Re and Os from geological samples.

4.1.1. Loading Procedure
The Os fraction produced via wet chemistry 

is dissolved in 0.35–0.50 µL of 9 M HBr and 
loaded onto a piece of pre-crimped, single Pt 
wire (1–2 mm long, 1 mm wide) degassed under 
atmosphere using a micropipette under a micro-
scope and dried at 0.8 A (Creaser et al., 1991; 
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Hnatyshin et al., 2016). Wire is used instead of 
ribbon to minimize the loading blank, as well as 
to physically constrain the loaded sample in an 
∼1.5-mm-wide crimped area. Chemically sepa-
rated Re aliquots are dissolved in 1.0 µL of 16 M 
HNO3 and loaded onto a piece of pre-crimped 
(1–2-mm-long, 1-mm-wide), single Ni (or Pt) 
wire degassed under atmosphere and dried at 
1.1 A. A film (0.5 µL) of an activator solution 
is added to each filament to reduce the electron 
work function and aid ionization. The activator 
for Os is a saturated solution of Ba(OH)2 dis-
solved in 0.1 M NaOH, whereas for Re it is a 
saturated solution of Ba(NO3)2 dissolved in 
ultrapure water. Prior to the use of new Pt or Ni 
wire, it is important to test for the loading blank 
associated with analysis (Table 2). This is done 
by coating the wire with a small volume of spike 
and the activator solution and evaluating the ion 
current for relevant masses (typically 230–255) 
at or above typical analytical currents and tem-
peratures.

4.1.2. Analysis
Osmium isotopic ratios are measured at 

masses 240 (192Os16Os3
−), 238 (190Os16O3

−), 237 
(189Os16O3

−), 236 (188Os16O3
−), 235 (187Os16O3

−), 
and 234 (186Os16O3

−). It is common practice 
to monitor mass 233, which may represent 
185Re16O3

−, and therefore can be used to cor-
rect for the isobaric interference of 187Re16O3

− 
on 187Os16O3

−. Typically, there are very minor 
amounts of mass 233 in a typical run (e.g., <1 
cps 233 versus >103 cps for 235). Additionally, 

it is uncertain whether the observed mass 233 is 
truly an Re species, if it is isotopically normal, 
or if it is another species of unclear composi-
tion (e.g., organic interferences; Creaser et al., 
1991). During N-TIMS analysis, Pt filaments 
are heated to between 650 °C and 800 °C at a 
rate of ∼40 °C/min under a pressure of ∼2.50–
4.50 × 10−7 mbar of O2 to ensure a stable beam 
of OsO3

−, which is typically measured using a 
single secondary electron multiplier (SEM) via 
peak-hopping among masses. Larger Os signals 
typically associated with molybdenite are com-
monly measured statically using Faraday cups. 
Long-term averages of Os standards (e.g., AB-2 
or the Durham Romil Os Standard [DROsS]) are 
used to monitor reproducibility of mass spectro-
metric analysis and compared with accepted val-
ues in the 187Os/188Os ratio of 0.10685 (for AB-2) 
and 0.16092 (for DROsS; Brandon, et al., 1999; 
Nowell et al., 2008; Luguet et al., 2008; Liu and 
Pearson, 2014).

Rhenium isotopic ratios are measured at 
masses 249 (185Re16O4

−) and 251 (187Re16O4
−). 

Nickel (or Pt) filaments are heated to ∼735–
850 °C at a rate of ∼250 °C/min to create a stable 
beam of ReO4

− and measured in static Faraday 
cup mode (Creaser et al., 1991; Hnatyshin et al., 
2016) or via peak-hopping on a SEM for lower 
concentration samples. Long-term averages of 
an Re standard (185Re/187Re = 0.5974; Gramlich 
et al., 1973) are used to empirically correct for 
mass bias and monitor the long-term reproduc-
ibility and accuracy of Re isotopes measured 
using N-TIMS. Analyses of the Re standard 

solution are used to correct for mass bias frac-
tionation of samples.

4.2. ICP-MS Analysis

For crustal Re-Os geochronologic analysis, 
per-mil-level precision on 187Os/188Os is typi-
cally required for the highest precision geochro-
nology. Mass spectrometer systems with this 
capability are TIMS and multicollector–induc-
tively coupled plasma–mass spectrometry (MC-
ICP-MS) instruments that are outfitted with 
detectors designed to determine isotopic ratios at 
parts-per-million-level precision when sufficient 
sample sizes and analysis times are used. The 
primary downsides of these instruments are the 
laborious processes required to prepare samples 
and the high cost of instruments, which limits 
their accessibility. Substantial differences exist 
between MC-ICP-MS and TIMS systems, which 
are described in the subsequent sections, but both 
can produce accurate and precise isotopic mea-
surements if appropriate protocols are followed. 
Other mass spectrometers types, specifically 
quadrupole ICP-MS (Q-ICP-MS) systems, are 
more common and less expensive; however, to 
our knowledge, no dedicated study has compared 
analysis on N-TIMS and Q-ICP-MS instruments 
at an appropriate level (e.g., Nowell et al., 2008, 
for measurements by Os MC-ICP-MS versus 
N-TIMS). However, investigations on other iso-
topic systems (e.g., Pb) show that the expected 
precision of isotopic ratio measurements will be 
orders of magnitude less precise on Q-ICP-MS 

TABLE 2. REAGENT BLANKS FOR Re-Os AND MOST COMMON AMELIORATION PROCEDURES

Reagent Typical Re blank
(pg/g)

Typical Os blank
(pg/g)

Use in Re-Os Amelioration procedure Frequency of blank test

Nitric acid 0.1 <0.05 Sample digestion, anion 
chromatography

Distilling and purging using 
H2O2 (2× for best results) 
or O2

Purchase of new bottle

Hydrochloric acid 0.1 <0.05 Sample digestion, anion 
chromatography

Distilled using Savillex stills Purchase of new bottle

Hydrobromic acid NA <0.05 Back-extraction and 
microdistillation

NA Purchase of new bottle

Sulfuric acid 5 NA Sample digestion, 
microdistillations

Cleaning via resin-filled column When a new CrVIO3-H2SO4 solution 
is made

Hexavalent 
chromium oxide

5–10 NA Sample digestion, 
microdistillations

NA—can be assayed to find 
low-Re batch, then bulk 
purchased

When a new CrVIO3-H2SO4 solution 
is made

AG-1-X8 anion 
exchange resin

NA NA Chromatography Can be cleaned via HCl New lot purchased

Sodium hydroxide <0.5 <0.05 Isolation of Re from aqua regia or 
chromic acid

Cleaned with acetone Indirectly through full-procedure 
blanks

Hydrogen peroxide <0.5 <0.05 Cleaning solution (e.g. nitric acid 
purging)

NA Purchase of new bottle

Acetone <0.5 <0.05 Isolation of Re from sodium 
hydroxide

NA Purchase of new bottle

Pt wire NA <50 cps* Osmium analysis on TIMS Can be degassed with current 
of ∼2A for 40 mins

Purchase of new batch

Ni wire <50 cps* NA Rhenium analysis on TIMS Can be degassed with current 
of ∼2A for 15 mins

Purchase of new batch

Milli-Q water 18 ohm NA NA Various NA Directly after installation, indirectly 
through full-procedure blanks

Borosilicate glass 
Carius tubes

NA NA Sample digestion Oxidizing solutions Indirectly through full-procedure 
blanks

 Note: NA—not applicable; TIMS—thermal ionization mass spectrometry.
*When operating above regular analytical temperatures.
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systems than on TIMS, and potentially inac-
curate values will be produced (Barbaste et al., 
2001; Gulson et al., 2018). Unfortunately, based 
on the design of Q-ICP-MS systems, analysis of 
Re and Os isotopes would not be expected to 
produce isotopic data at the precision and accu-
racy required to determine robust Re-Os ages. In 
situ measurements using LA-ICP-MS has seen 
more dedicated research into determining com-
paratively low-precision ages and is explored in 
Section 11.2.4.

The use of MC-ICP-MS instruments rather 
than N-TIMS for analysis of the Re-Os system 
has increased in recent years given the greater 
availability of MC-ICP-MS in many geoscience 
departments. The advantage of analyzing Re in 
solution with MC-ICP-MS is that beam inten-
sity and duration are predictable, there is the lack 
of a filament blank, and time is saved because 
no heating step is required. These benefits and 
the ease of use of modern MC-ICP-MS instru-
ments have made it an attractive alternative to 
N-TIMS instruments. However, a considerable 
downside of analyzing Re, or generally any iso-
topic species on an MC-ICP-MS instrument, is 
the large mass bias corrections needed to ensure 
accurate isotopic ratios, especially compared 
with N-TIMS. This is exacerbated with Re, as 
there are only two isotopes, 187Re and 185Re, 
and therefore, there is no normalizing ratio that 
can be used to directly correct the Re data. The 
common practice is to dope the Re solution with 
an element nearby on the periodic table (e.g., 
W or Ir) to approximate the correct mass bias 
correction. Analyzing Re isotopes using an MC-
ICP-MS, therefore, is often accomplished by 
simultaneously monitoring 184W/186W, which 
has a mass ratio similar to 185Re/187Re, while 
also using standard bracketing to produce a 
corrected 185Re/187Re (e.g., Miller et al., 2009; 
Dellinger et al., 2021). Based on observations 
of other element pairs (e.g., Tl for Pb, Tl for Hg, 
and Zr for Sr), this technique may be expected 
to produce inaccurate values at the permille level 
by assuming identical mass bias behavior (Thirl-
wall, 2000; Yang et al., 2008; Yang, 2009). These 
studies have produced datasets that replicate the 
isotopic composition of reference and spike 
solutions acquired from N-TIMS. However, the 
use of MC-ICP-MS on more complicated natural 
samples may introduce additional matrix effects 
that will unpredictably affect the measured 
185Re/187Re (e.g., Poirier and Doucelance, 2009).

Analysis of Os isotopes using MC-ICP-MS 
systems has been investigated thoroughly by 
research groups primarily studying non-radio-
genic materials such as mantle rocks (e.g., 
Nowell et al., 2008; Luguet et al., 2008; Luguet 
and Pearson, 2019). The primary advantages that 
MC-ICP-MS systems have over N-TIMS sys-

tems are the ability to analyze Os+ rather than 
OsO3

−, elimination of the need for oxygen cor-
rections and the filament blank, quicker analysis, 
and potentially a more consistent ionization pro-
cess. However, the ionization and transmissibil-
ity in MC-ICP-MS systems are typically more 
than an order of magnitude less than those of 
N-TIMS (Nowell et al., 2008), therefore mak-
ing MC-ICP-MS analysis more suitable for 
samples with much higher Os concentrations 
(i.e., ng level) than is typically extracted from 
crustal material. Nowell et al. (2008) provided 
an excellent summary of the methodological 
approach for analyzing Os on an MC-ICP-MS 
and presented datasets that show differences 
in 187Os/188Os measured via N-TIMS and MC-
ICP-MS systems to be <50 ppm. In MC-ICP-
MS systems, the primary issues are the large 
mass bias effects and the isobaric interferences, 
primarily due to W and Re (e.g., 184W on 184Os, 
186W on 186Os, and 187Re on 187Os). Therefore, it 
is important to monitor 182W and 185Re for iso-
baric corrections; however, for most crustal geo-
chronology, the isobaric interferences created by 
W should be negligible because 186Os and 184Os 
are not used during standard data reduction pro-
tocols. One other key consideration for utilizing 
MC-ICP-MS analysis is potentially long wash-
out times (minutes), which can lead to memory 
effects if care is not taken (Hirata et al., 1998; 
Pearson et al., 1999; Hassler et al., 2000; Meisel 
et al., 2001; Norman et al., 2002; Malinovsky 
et al., 2004). Mass fractionation effects can be 
normalized using 192Os/188Os; however, which 
fractionation law (i.e., exponential or power law) 
better approximates fractionation appears to be 
dependent on the instrument (Pearson and Now-
ell, 2005; Nowell et al., 2008). Direct compari-
son of crustal sulfides relevant to the applications 
described in this review for MC-ICP-MS versus 
N-TIMS systems does not exist. Thus, it remains 
an open question whether additional matrix 
effects may affect the precision and accuracy of 
MC-ICP-MS analysis, but for Os-rich samples, 
it should be possible to attain datasets of similar 
quality to that of N-TIMS.

5. DATA REDUCTION

The EARTHTIME initiative was initially 
conceived during community-led workshops 
over 20 years ago, when advances in radioiso-
topic dating methods (primarily U-Pb, K-Ar, 
and Ar-Ar) resulted in techniques that were 
increasingly more precise but limited by inter-
laboratory biases and methods (see Schaltegger 
et al., 2021, for context). Under the auspices of 
the EARTHTIME initiative, successful commu-
nity-wide projects resulted in improvements in 
metrological traceability, interlaboratory repro-

ducibility, precision, accuracy, and intercalibra-
tion among systems such as the U-Pb zircon and 
40Ar/39Ar methods as well as the development of 
bespoke cyber infrastructure. Because of these 
efforts, high-precision geochronology now rou-
tinely provides insights into the rates of geologi-
cal, biological, and climatic processes across 
the full range of Earth history. Full integration 
into the EARTHTIME initiative, as was accom-
plished by the U-Pb, K-Ar, and Ar-Ar communi-
ties (Bowring et al., 2005; Jourdan and Renne, 
2007; Schmitz and Schoene, 2007; Condon, 
et al., 2015; McLean, et al., 2015; Schaen et al., 
2021), is an ongoing project within the crustal 
Re-Os community. An overview of current data 
reduction practices employed by the Re-Os iso-
topic community will be briefly described below, 
with attention given to where improvements are 
needed to better align this chronometer with 
U-Pb and K-Ar-Ar techniques. A brief overview 
of the corrections required and a list of recom-
mended parameters to be reported during publi-
cation are provided in Table 3. After raw isoto-
pic ratios are collected, they must be converted 
from oxide ratios to metal ratios, the spike must 
be unmixed, isotopic fractionation must be cor-
rected for, and the contributions from the blank 
must be removed. Furthermore, monitoring data 
for outliers and isotopic drift during analysis is 
essential. To ensure transparency and enhance 
understanding of Re-Os systematics, all sample 
analyses, even those not contributing to an iso-
chron, should be published, analogous to discor-
dant U-Pb data.

5.1. Isotopic Data Reduction

5.1.1. Oxide Correction
After raw data collection of masses 240, 

238, 237, 236, 235, 234, and mass 233 (e.g., 
185Re16O3

−), the first necessary correction is to 
remove any interference of the 187Re16O3

− on 
mass 235 (e.g., 187Os16O3). This isobaric inter-
ference is indirectly monitored by measuring 
185Re16O3

− (mass 233) under the assumption that 
mass 233 is isotopically normal 185ReO3

− and is 
corrected via
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(5)

where xM is the sum of isotopes of mass x (e.g., 
235M is all isotopes with a mass equal to 235 
amu). The next step is to convert all oxides into 
metal ratios prior to removing spike and blank 
contributions. Oxide-corrected metal ratios of 
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the combined sample (S), spike (Sp), and blank 
(B) signal can be calculated via:
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where x refers to the isotope of interest.

5.1.2. Os Spike Unmixing and Fractionation 
Correction

After the oxide correction, the spike contri-
bution of the signal must be removed, and any 
isotopic fractionation should be corrected for; 
however, complicating this correction is that the 
equations for spike removal and fractionation 
correction are functions of each other, and there-
fore, an iterative approach is commonly used to 
converge on a solution. In our approach, the 
spike is first unmixed from the isotopic ratios, 
which is then followed by a fractionation correc-
tion using the following equations derived from 
Eugster et al. (1969).
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where the values with the subscript * refer to the 
raw measured ratio (e.g., xOs/188OsS,Sp,B) for the 
first iteration, or fractionation-corrected ratios 
during further iterations (e.g., xOs/188OsFC). The 

fractionation correction is applied using the fol-
lowing equations:
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and xOs/188Os* refers to the previous xOs/188Os, 
or in the case of the first fractionation correc-
tion, it simply refers to the raw xOs/188Os. Mx 
refers to the molar mass of isotope x. Equa-
tions 7 and 8 are then iteratively solved until 
the 192Os/188OsFC converges to within 10 ppm 
of the natural 192Os/188Os (i.e., 3.08261), a level 
of precision that is negligible for further cal-
culations.

5.1.3. Re Fractionation Corrections and Spike 
Unmixing

Unlike Os, Re does not have additional 
isotopes to standardize against during in-run 
analysis. Therefore, the fractionation observed 
for the Re standard (i.e., 185Re/187Re = 0.5974; 
Gramlich et al., 1973) is applied to samples after 
analysis. However, because in-run fractionation 
of this standard is at the 1‰ level at 1 sigma, 
it is often an important source of error for Re 
isotopic ratios. This correction is applied using 
the following equation:
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The resultant 185Re/187ReFC value undergoes 
spike unmixing similar to Equation 7 for Os. A 
similar correction for 187Os/188Os is negligible, 
since 187Os/188Os can have a mass bias correction 
applied using natural isotopic ratios (see Section 
5.1.2). When applied to a standard Os solution 
with a community-agreed-upon 187Os/188Os 
(e.g., DROsS; Luguet et al., 2008; Nowell et al., 
2008), the 1-sigma uncertainty is much less than 
1‰ (∼20 ppm).

5.1.4. Blank Correction
The next step is to remove all contributions 

from the analytical blank. To create the final 
reported (R), blank corrected, spike unmixed, 
fractionation-corrected 187Os/188Os, we calculate 
the moles (n) of 187Os and 188Os in the sample 
and take their ratio, as in Equation 11:
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Here, msp and [190OsSp] refer to the spike mass 
and spike concentration, respectively. Total 
procedural blank values can be computed 
using identical formulas and should account 
for chemistry and filament loading. The value 
calculated in Equation 11 can then be used for 
geochronology, isotopic tracing, or Os isotopic 
stratigraphy. Similarly, Re blank corrections fol-
low the same process as for Os. An important 

TABLE 3. RECOMMENDED PUBLICATION PARAMETERS FOR Re-
Os GEOCHRONOLOGY AND/OR Osi WORK

Sampling
Strategy indicated (outcrop, subcrop)
Sample information (lithology, latitude-longitude, analyte targeted)
Sample preparation and subsampling procedure (mineral separation)
Micro-imaging (thin section, grain mount, trace-element mapping, computed tomography scanning), if applicable

Methodology section
Range of sample mass digested
Spike: 190Os + 185Re or 190Os + 188Os + 185Re
Digestion medium
Procedural blanks: Re and Os concentration and 187Os/188Os composition
Number of blanks for these data (e.g., two for aqua regia and three for chromic)
Reference Os solution value (Durham Romil Os Standard [DROsS] or AB-2)
Re standard value used for fractionation corrections
187Re decay constant used and whether age includes systematic uncertainties of decay constant
Regression technique—isochron, model age, Monte Carlo

Results section/data tables
Re, Os, and 192Os concentrations (range) with 2-sigma uncertainty
187Re/188Os and 187Os/188Os ratios with 2-sigma uncertainty
Number of samples analyzed (on isochron or not)
rho or equivalent error correlation
Osi values at ‘t’
Regression technique used and associated software packages (e.g., Model-1, Isoplot, IsoplotR)
Mean square of weighted deviates (MSWD) reported with ages
Probability of fit clearly stated
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consideration for crustal Re-Os analyses with 
high 187Os /188Os ratios is that the percentage of 
blank contribution to 187Os and 188Os isotopes 
typically is highly disparate. In many cases, the 
size of the 187Os blank can be <0.1%, with the 
%188Os blank being 40%–50%, which leads to 
highly correlated uncertainties in conventional 
isochron plotting and requires the use of the 
error correlation coefficient rho (ρ; Morelli 
et al., 2005).

5.2. Systematic Errors

Systematic errors, unlike the analytical errors 
stated in Section 5.1, which are always propa-
gated in data reduction to produce corrected 
isotopic ratios, must be addressed and reported 
in a separate manner. With regard to the error 
propagation of analytical uncertainties, our data-
sheets propagate the 1-sigma uncertainty for the 
measured standard Re into the total uncertainty. 
A few of the most important systematic errors 
are described below.

5.2.1. Spike Uncertainty
A key constraint on accurate spike-unmixing 

calculations, and ultimately, the analytically 
determined age of the sample, is the accu-
racy of the spike 185Re/187Re, 190Os/188Os, and 
187Os/188Os ratios. These spike solutions must 
be calibrated against gravimetrically deter-
mined Os and Re standards through reverse 
isotopic dilution. One specific improvement 
that is being targeted in the Re-Os commu-
nity is to follow the EARTHTIME example of 
using a common spike(s) and/or use the same 
standard(s) to calibrate spikes. Until a com-
mon set of solutions is created and distributed, 
spike calibration errors can become problem-
atic when comparing datasets that use different 
spike solutions, especially if they are poorly 
calibrated (Shen et al., 1996; Selby and Creaser, 
2001a; Markey et al., Selby et al., 2007b; Li 
et al., 2017b).

5.2.2. The 187Re Decay Constant
The most widely recognized systematic error 

in Re-Os geochronology is the uncertainty in the 
decay constant. This uncertainty must be added 
to typical analytical uncertainties whenever ages 
are compared among different isotopic systems 
(e.g., Re-Os and U-Pb). The uncertainty in the 
decay constant also sets the upper limit for how 
precise an age can be. However, age differences 
among samples dated using the same isotopic 
system will be preserved. As discussed in Sec-
tion 9, the current decay constant uncertainty 
needs to be addressed to facilitate improve-
ments in certain high-precision Re-Os isotopic 
applications.

6. DATA REGRESSION APPROACHES

6.1. Model Ages

A model age is created by solving Equation 2 
or 3 for t directly. This requires that either the ini-
tial Os composition (187Os/188Osinitial) is known 
(e.g., primitive upper mantle), or the initial 187Os 
abundance is negligible compared to the radio-
genic 187Os content due to ingrowth. Samples in 
this latter case are termed “highly radiogenic” 
samples. In practice, a weighted mean average 
of duplicate/triplicate analyses of an aliquot of 
sample is recommended to ensure robustness. 
Model ages are particularly useful for the min-
eral molybdenite (MoS2; Stein et  al., 1997a, 
1998, 2001; Selby and Creaser, 2001a, 2001b), 
and occasionally for other sulfide minerals, such 
as arsenopyrite (e.g., Morelli et al., 2007; Sain-
tilan et al., 2020a) or bornite (Selby et al., 2009; 
Saintilan et al., 2018). Typically, samples with 
negligible common Os are processed through 
isotopic dilution using a mixed, double-Os spike 
(185Re, 188Os, and 190Os) to enable fractionation 
corrections.

6.2. Linear Regression Ages

Most crustal materials (e.g., sulfides, sedi-
mentary rocks, and hydrocarbons) do contain 
significant amounts of common Os, and thus, 
these materials can be dated using a linear 
regression approach. Two main regression tech-
niques traditionally have been employed: the 
isochron approach, which is based on the regres-
sion of multiple points defined by Equation 3, 
and Monte Carlo simulations, which linearly 
regress pairs of data that are used to build a sta-
tistical distribution (Fig. 2). Currently, there is no 
universally applied method for regression, and 
existing techniques produce different outputs. 
Although outside the scope of this study, it is one 
of the main areas still in need of standardization 
by the community (e.g., Li et al., 2019; Li and 
Vermeesch, 2021; Vermeesch, 2018).

6.2.1. Isochron Regression: IsoplotR and 
Isoplot

The modern implementation of isochron fit-
ting follows the protocols of Vermeesch (2018), 
and its implementation in the open-source pro-
gram IsoplotR is available online. Historically, 
isochron fitting was accomplished using the 
Excel add-in Isoplot and its subsequent versions 
(Ludwig, 2003, 2008). For Re-Os geochronol-
ogy, IsoplotR and Isoplot can be used to deter-
mine Model 1 ages or Model 3 ages (Figs. 2A 
and 2B). A Model 1 age in Isoplot is calculated 
using a modified version of the algorithm pub-
lished in York (1968), whereas the IsoplotR 

Model 1 is calculated using updates in York 
et  al. (2004) (Vermeesch, 2018). A Model 1 
age only applies analytical uncertainties to the 
regression analysis and requires an invariant ini-
tial 187Os/188Os (i.e., assumption two in Section 
6.3). If a dataset shows overdispersion, a Model 
3 age can apply additional corrections to the data 
assuming that the initial 187Os/188Os is variable 
for each data point, which results in an increase 
in uncertainty in the slope and intercept of the 
isochron. A Model 3 isochron considers scatter 
in the regression as a result of a combination of 
the assigned errors plus a normally distributed 
unknown component in the y-axis values (see 
also McIntyre et al., 1966). Model 3 ages calcu-
lated from Isoplot and IsoplotR quote the addi-
tional geological parameters (e.g., variability in 
initial Os) required to fit the data, an important 
parameter that is typically overlooked in the lit-
erature but should be scrutinized for its geologic 
feasibility (e.g., is the calculated initial Os value 
subchondritic or even a negative value?). Other 
regressions in Isoplot include Model 2 ages and 
robust regressions, but these are not widely used 
for the Re-Os isotope system. In the simplest 
terms, a Model 2 fit assigns equal weights and 
zero error-correlations to each data point, and an 
age can be derived by performing an ordinary 
least squares regression. However, this approach 
has considerable drawbacks given that (1) its 
results may differ depending on which ratio is 
chosen as the dependent variable, (2) it assumes 
that only the dependent variable is subject to 
scatter, and (3) this results in unreliable error cal-
culations (Ludwig, 2003b, p. 648; Vermeesch, 
2018). Additionally, the Isoplot add-in does not 
have an option for propagating decay constant 
uncertainties; this must be done separately by 
the user. For publication, we recommend that 
authors state which model fit was used to calcu-
late their data (Table 3).

6.2.2. Monte Carlo Simulations
A second approach to analysis was provided 

by Li et al. (2019) and uses Monte Carlo (MC) 
simulations and simple linear regression to 
determine the most statistically relevant distri-
bution of ages in a dataset (Fig. 2C). The main 
motivation of this approach was to provide a 
consistent approach to analysis, rather than a 
subjective choice to use Model 1 or Model 3 
ages in Isoplot/IsoplotR. In MC simulations two 
separate errors can be distinguished: analytical 
uncertainties and “model errors,” which repre-
sent possible open system behavior or scatter 
attributed to other geological events. Unlike the 
isochron approach, the MC approach allows for 
quick assessment of the relevant importance of 
analytical and model errors, as well as the rela-
tionships among the initial 187Os/188Os (Osi) 
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and age uncertainties. However, unlike Model 3 
ages, it does not currently provide an estimate 
of the magnitude of variations in Osi, or the age 
required to fit the data.

When comparing Isoplot and MC simulations, 
it has been shown that Isoplot tends to produce 
much smaller errors. In a test dataset, uncertain-
ties in a Model 1 regression were underestimated 
by as much as 50% and up to 60% in a Model 
3 regression, although as model uncertainties 

increase, the solutions begin to converge (Li 
et  al., 2019). To explain this behavior, it was 
suggested that regressions using Isoplot do 
not completely propagate model uncertainties, 
which results in a potentially inaccurate error 
estimation (Li et al., 2019). Although it is outside 
the scope of this review, a more in-depth statisti-
cal comparison may be needed to delineate the 
nature of the differences (e.g., Li and Vermeesch, 
2021). For the purposes of Re-Os geochronol-

ogy, the MC simulations of Li et al. (2019) pro-
vide a conservative age estimation that may be 
preferred to Isoplot/IsoplotR when the nature of 
model uncertainties is unknown (Fig. 2D).

6.3. Assumptions

Regardless of the technique chosen, produc-
ing an accurate regression requires selection 
of a suite of samples that are (1) cogenetic; (2) 

A

B

C

D

Figure 2. Visual comparison of regression techniques available for Re-Os geochronology. Data are from Jurassic (late Sinemurian–early 
Pliensbachian) shales of the Gordondale Member (Toma et al., 2020). (A) Traditional isochron regression using Isoplot (Ludwig, 2003, 
2008). (B) Data regression using IsoplotR (Vermeesch, 2018). (C) Monte Carlo regression simulation (Li et al., 2019). (D) Visualization of 
uncertainties as defined by Monte Carlo approach. MSWD—mean square of weighted deviates. Values in parentheses in panel C include 
all model uncertainties. See text for discussion.
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homogeneous in their Osi values; (3) isotopi-
cally closed, meaning there is no loss or gain of 
parent or daughter isotope after the time-inte-
grated change of 187Re into 187Os (i.e., t > 0); 
and (4) heterogeneous in their 187Re/188Os ratios. 
Satisfying these assumptions will generate an 
equilibrium dataset with a geologically mean-
ingful age; where assumptions 1, 2, or 3 have 
not been met, a disequilibrium dataset will be 
generated; restarting the geologic clock of an 
equilibrium dataset will generate a reset dataset 
(Fig. 3).

6.3.1. Assumption 1: Samples Are Formed 
Synchronously

The assumption that samples form synchro-
nously is fundamental to all regression-based 
geochronology (e.g., Re-Os, Sm-Nd, and Rb-Sr). 
If this assumption is violated, each data point rep-
resents a unique evolutionary curve, and the age 
is inaccurate. In practice, minerals do not form 
instantaneously and may be the result of distinct 
and successive episodes of mineralization that 
can take place over thousands or millions of 
years (Cathles and Smith, 1983; Garven et al., 
1993; Lewchuk and Symons, 1995; Rowan and 
Goldhaber, 1995; Cathles et al., 1997; Hnatyshin 
et al., 2015; Li et al., 2017b; Schöpa et al., 2017; 
Korges et al., 2020). However, except for spe-
cific cases (molybdenite dating of young ore 
deposits), the analytical uncertainties produce 
age uncertainties that are greater than the prob-
able duration of mineralization at a simple ore 
deposit (<1 m.y.) or the length of sedimentation 
episodes targeted in chronostratigraphic stud-
ies. Therefore, violations of synchroneity have 
negligible impact in the majority of currently 
studied cases. Furthermore, sampling practices 
must emphasize the selection of cogenetic sam-
ples associated with mineralization (or deposi-
tion) within a restricted range of the paragenetic 
sequence, which minimizes temporal variabil-
ity in the samples analyzed. However, second-
ary mineralization or alteration occurring well 
after the primary age may be identified by the 
presence of outliers in model ages, such as was 
shown in the Hawker Creek samples described 
in Hnatyshin et al. (2020).

6.3.2. Assumption 2: Samples Are Formed 
from an Isotopically Homogeneous Reservoir

A more complicated and problematic viola-
tion of the prerequisites for isochroneity could 
be heterogeneous reservoirs of Os at the time 
of formation, which cause variability in the Osi 
values and result in additional scatter in an iso-
chron. If this is suspected, the investigator may 
try to correct for this variation using a Model 
3 regression in either IsoplotR or Isoplot, but 
only if variations in Osi are geologically rea-
sonable and would be supported with evidence 
(e.g., field observations, petrological imaging, 
or other chronological data) that different data-
points could be sampling different Os reservoirs.

In hydrothermal systems, the bounds on how 
variable isotopic signatures can be during miner-
alization, and on what time scales they may vary, 
remains an open question. Isotopic variations 
in mineralizing fluids may be a major concern 
when fluid-mixing processes are responsible 
for mineralization, as dynamic mixing ratios 
will influence isotopic signatures. An example 
of how changing fluid-mixing ratios can affect 
187Os/188Os can be seen in modern-day hydro-
thermal vent systems. Moderate-temperature 
(∼300 °C) hydrothermal fluids from the Juan 
de Fuca Ridge show spatial variability in 
187Os/188Os (0.148–0.312) in active vents situ-
ated within a <1 km2 area (Endeavor location 
from Sharma et al., 2000, 2007). Fluid mixing 
with ambient seawater within 1 m of the vent 
orifice results in 187Os/188Os reaching a near-
seawater 187Os/188Os value of 0.986. Data col-
lected over an area of several square kilome-
ters by Sharma et  al. (2007) for cooler fluids 
(10–62 °C) show larger variation in 187Os/188Os 
(0.420–1.012), which suggests different mixing 
ratios between hydrothermal fluids and sea-
water. These modern-day studies clearly show 
that spatial variability in 187Os/188Os exists in 
marine hydrothermal systems, and it would not 
be surprising if temporal and spatial variations 
also exist in other hydrothermal systems in the 
continental crust.

In sedimentary rock geochronology, assump-
tion two is centered on the premise that the Osi 
reflects the isotopic composition of seawater (or 

lake water) at the time of deposition. Several 
studies have shown that organic matter in the 
photic zone (e.g., macroalgae) records the ambi-
ent Os seawater value, and upon its incorporation 
into the sediment pile, the resulting sedimentary 
unit reflects this Osi composition (Rooney et al., 
2016; Racionero-Gómez et al., 2017; Sproson 
et al., 2018, 2020). To avoid violating assump-
tion two and generate an accurate Re-Os age, the 
samples targeted must have been deposited over 
a timeframe shorter than the marine residence 
time of Os (∼20–50 k.y.) or in a basin not expe-
riencing large magnitude variations in seawater 
187Os/188Os. The ideal situation is an organic-
rich, fine-grained, competent lithology that can 
be sampled laterally on the decameter scale and 
within a vertical interval on the centimeter scale.

6.3.3. Assumption 3: Maintaining a Closed 
Isotope System

Excess scatter leading to an imprecise and 
inaccurate age may be the result of thermal and/
or chemical changes that lead to loss or gain 
of Re and/or Os after the growth of a mineral 
(Lawley et al., 2013; Ding et al., 2016; Jiang 
et  al., 2017). There are examples where oxi-
dizing conditions appear to liberate Re and/
or Os in sulfide minerals such as molybdenite 
(McCandless et al., 1993). In this study, molyb-
denite sampled from a near-surface environment 
showed alteration of molybdenite to ferrimolyb-
dite, which removed Re at a relatively low tem-
perature (<150 °C) and appeared to redeposit 
it within fine-grained clay material. Similar Re 
enrichment in clay-rich secondary material was 
also observed in the Hnatyshin et  al. (2020) 
study of sediment-hosted ores. This may sug-
gest redeposition of Re and Os after alteration is 
quite commonplace if the original sulfide mate-
rial has been oxidized. In ore systems that are 
more widely associated with oxidizing fluids, 
such as certain iron oxide-copper-gold (IOCG) 
systems, there is a concern that sulfide Re-Os 
geochronology may be particularly susceptible 
to disturbance. An example from Barra et  al. 
(2017a) showed calculated pyrite ages to be sig-
nificantly older than the host rock in an Andean 
deposit. However, until in situ microscale char-

Figure 3. Hypothetical (A, C, E) and real-world (B, D, F) isochron examples involving equilibrium, disequilibrium, and reset datasets. 
(A and B) Cogenetic samples with uniform Osi ratios that remain isotopically closed since formation (t = 0) define a slope (eλt − 1) at 
t > 0. (C and D) Cogenetic to non-cogenetic samples that have undergone partial isotopic disturbance (loss or gain of 187Re or 187Os) and/
or contain heterogeneous initial 187Os/188Os. (E and F) Cogenetic samples that originally defined a linear array at t1 but underwent isotopic 
re-equilibration and recrystallization at t2. Additional details: (B) Subsamples of a Jurassic-aged shale with Re and Os sourced from a water 
column with uniform 187Os/188Os ratios (Toma et al., 2020). These data satisfy assumptions 1–3 of Section 6.3. (D) Subsamples of pyrite 
from Irish Zn-Pb ore deposits that formed from several generations of sulfide mineralizing fluids with heterogeneous Re and Os isotopic 
compositions (Hnatyshin et al., 2020). These data do not satisfy assumptions 1–3 of Section 6.3. (F) Subsamples of Jurassic-aged graphite 
and pyrite that formed from subduction metamorphism of precursor organic-rich sedimentary rocks (Toma and Creaser, 2003). These data 
satisfy assumptions 1–3 of Section 6.3. MSWD—mean square of weighted deviates.
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acterization of dated material becomes more 
commonplace and larger datasets can be com-
pared, there will still be significant uncertainty 
about why and how Re and Os may be remobi-
lized in mineral systems.

The Re-Os geochronometer in sedimentary 
rocks has been shown to be robust following 
hydrocarbon maturation events, greenschist-
facies metamorphism, and flash pyrolysis, 
which thus suggests that the system is robust at 
temperatures approaching 650 °C and pressures 
as high as 3 kbar (Creaser et al., 2002; Kendall 
et al., 2004, 2006, 2009a, 2009b, 2009c; Rooney 
et  al., 2010). However, these events occurred 
under predominantly anoxic or suboxic condi-
tions. Disturbance to Re-Os systematics in sedi-
mentary rocks at or near the surface has been 
previously noted in multiple studies demonstrat-
ing the loss of Re and platinum group elements 
due to oxidative weathering (Peucker-Ehren-
brink and Blum, 1998; Peucker-Ehrenbrink and 
Hannigan, 2000; Jaffe et  al., 2002; Georgiev 
et al., 2012). Oxidative weathering or oxidative 
fluid-flow through sedimentary rocks is likely to 
result in open system behavior and disturbance 
to the parent-daughter ratios, and thus leads to 
inaccurate age determination (e.g., Rooney et al., 
2011; Figs. 2 and 3; Section 9.3).

7. REFERENCE MATERIALS

7.1. Isotopic Dilution

The U.S. National Institute of Standards and 
Technology (NIST) Henderson Molybdenite 
RM 8599 is a molybdenite standard widely 
used within the community to test the accuracy 
of molybdenite Re-Os protocols. This reference 
material was characterized at the Colorado State 
University and the University of Alberta labora-
tories, and published as independent, high-pre-
cision measurements that produced a precise age 
of 27.656 ± 0.022 (±0.08%) Ma (Markey et al., 
2007). The ability to replicate the known age of 
RM 8599 is crucial for any laboratory wish-
ing to date molybdenite and similarly highly 
radiogenic material. Since the creation of this 
standard, a number of publications from addi-
tional research groups have reported ages of this 
standard (Porter and Selby, 2010; Lawley and 
Selby, 2012; Tessalina and Plotinskaya, 2017; 
Ackerman et  al., 2017; Chernonozhkin et  al., 
2020; Zimmerman et al., 2022). Recent work on 
a low-level, highly radiogenic chalcopyrite refer-
ence material sourced from the Xiaotongchang 
copper deposit that is homogeneous in reference 
to Re and 187Os concentrations and model age 
determinations (229.3 ± 3.7 Ma) provides a 
major boost for non-molybdenite Re-Os sulfide 
work (Li et al., 2022).

A sedimentary rock Re-Os standard widely 
used by the community is the marine shale 
reference material SBC-1 from the upper Car-
boniferous (ca. 304 Ma) Bush Creek Shale. 
Similar to the RM 8599 standard, this material 
has been widely used to test Re-Os protocols. 
A study by Li and Yin (2019) characterized 
(n = 10) SBC-1 as having 11.0 ± 0.1 ppb Re 
and 97.9 ± 2.8 ppt Os, with a mean 187Os/188Os 
value of 5.19 ± 0.20. A major shortcoming of 
the SBC-1 shale standard is that an isochron pro-
duced from these replicates is not precise (Li and 
Yin, 2019; 318 ± 49 Ma, Osi = −0.40 ± 0.75) 
and therefore limits the usefulness of this stan-
dard beyond internal quality control through 
replicate analysis. The future development of a 
shale standard for Re-Os geochronology should 
focus on material that is known to create an 
accurate and precise isochron. Such a standard 
would enable internal checks on Re-Os proto-
cols, similar to how SBC-1 is used, and could 
also be used as an age standard to cross-calibrate 
spikes across laboratories.

7.2. Laser Ablation ICP-MS Standards

One limitation of current laser ablation meth-
ods for quantifying Re (and Os) concentrations 
at the micron scale using LA-ICP-MS is the 
lack of proper matrix-matched reference mate-
rials. Currently, several reference materials do 
contain Re and Os; however, none of these were 
designed with Re (or Os) analysis in mind, and 
therefore, a matrix-appropriate standard with 
well-defined homogeneous Re and Os values 
would be invaluable. Even without appropriate 
matrix-matched standards, valuable semiquanti-
tative data can still be produced. For example, 
the sample 8S08FW from Hnatyshin et  al. 
(2015, 2020) produced a median of 3.70 ng/g 
(standard deviation of 1.9 ng/g) Re for an LA-
ICP-MS element map, which is comparable to 
the range of values produced through TIMS 
analysis (2.52–8.10 ng/g). With the continued 
development of in situ molybdenite dating, a 
well-defined and widely available reference 
material will be required for this technique to 
fully mature into a viable method of age dating.

8. THE 187Re DECAY CONSTANT

The decay constant (λ187Re) for the Re-Os 
chronometer has been consistently refined over 
time (see Selby et al., 2007b, for a summary), 
with the most widely used value of λ187Re being 
1.666 ± 0.017 × 10−11 a−1 (±1.02%) from 
Smoliar et al. (1996). Compared to other radio-
active isotopes, λ187Re has been constrained to 
a moderate degree; it is imprecise compared to 
λ235U and λ238U, which have uncertainties of 

0.11% and 0.14%, respectively (Jaffey et  al., 
1971; Mattinson, 2010), but is better constrained 
than λ87Rb (6.44%). Improving the accuracy of 
the 187Re decay constant (λ187Re) is a major goal 
of the EARTHTIME initiative, because analyti-
cal uncertainties in a variety of Re-Os isotopic 
datasets have reached precision equal to or 
greater than that of the decay constant (e.g., 
Spencer et al., 2015; Li et al., 2017b).

The Smoliar et al. (1996) decay constant was 
back-calculated using an Re-Os isochron from 
a type IIIAB iron meteorite, which had its age 
indirectly constrained by equating it to a simi-
larly aged meteorite group (i.e., angrites) that 
had robust Pb-Pb ages (i.e., 4557.8 ± 0.4 Ma; 
Lugmair and Galer, 1992). The assumption that 
these meteorites have an age difference that is 
negligible for calculation of the decay constant 
was tested by assessing the isotopic history of the 
short-lived 53Mn-53Cr isotopic system (Hutcheon 
and Olsen, 1991; Hutcheon et al., 1992). Smoliar 
et al. (1996) concluded that the ages are likely 
identical within ±5 m.y. If true, this small dif-
ference of ∼0.2% in age would be negligible for 
the calculation made in Smoliar et al. (1996). 
However, the validity of this assumption is 
dependent on another assumption, which is that 
that the now-extinct 53Mn-53Cr isotopic system 
was homogeneous in the solar nebula, which is 
debated in the literature (e.g., Trinquier et al., 
2008, and references therein). Furthermore, a 
study by Sugiura and Hoshino (2003) on the 
53Mn systematics of IIIAB iron meteorite stud-
ies suggests that a more protracted history of clo-
sure events in IIIAB meteorites is possible and 
suggests that Re-Os ages may postdate angrite 
ages by >5 m.y. but are still unlikely to greatly 
affect the decay constant calculation. Using their 
assumptions, Smoliar et al. (1996) calculated a 
λ187Re of 1.666 ± 0.005 × 10−11 a−1 (±0.31%). 
However, due to the unknown degree of non-
stoichiometry of the Os salt standard used for 
their spike calibration, they recommend using 
a more conservative 1.666 ± 0.017 × 10−11 
a−1 (±1.02%) for λ187Re. By using modern 
calibrated spikes and the methods of Smo-
liar et  al. (1996) the reported precision of 
1.666 ± 0.005 × 10−11 a−1 (±0.31%) would be 
obtainable. More recently, the λ187Re was reeval-
uated by dating magmatic ores using molyb-
denite Re-Os and cross-calibrating the results 
against zircon U-Pb geochronology (Selby et al., 
2007b). Importantly, this study provided an inde-
pendent calculation of λ187Re using what are 
widely regarded as the most robust geochronom-
eters for the Re-Os and U-Pb systems as well 
as tracer solutions that were calibrated against a 
standard Os solution created from Os salts that 
had a known, rather than assumed, abundance 
of Os determined by gravimetric reduction. The 
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λ187Re was back-calculated from the isotopic 
data of 11 different intrusions that spanned from 
92.9 Ma to 2674.8 Ma in age and resulted in a 
mean λ187Re value of 1.6668 ± 0.0034 × 10−11 
a−1 (±0.21%). However, the U-Pb zircon data 
used in this study was legacy data generated prior 
to the advent of chemical abrasion and EARTH-
TIME tracer calibration experiments, and thus, 
the relatively imprecise U-Pb data used in this 
study accounted for 28%–81% of the error in 
individual calculations of λ187Re. A significantly 
more precise and accurate value of λ187Re, per-
haps approaching that of λ235U and λ238U, is 
possible using currently available chemical abra-
sion–isotope dilution (CA-ID)-TIMS U-Pb and 
ID-N-TIMS Re-Os analytical techniques and 
is a high priority for the community. Notably, 
zircon and molybdenite crystallization ages are 
not expected to be identical but are thought to be 
close enough temporally that any errors intro-
duced are negligible because these systems, 
where hydrothermal phases formed from cooling 
magma, likely only existed for tens to hundreds 
of thousands of years (e.g., Spencer et al., 2015; 
Jansen et al., 2017). We recommend using the 
λ187Re of 1.666 ± 0.017 × 10−11 a−1 with the 
uncertainty of 1.02% when comparing Re-Os 
ages with those generated using other systems.

9. Re-Os SEDIMENTARY ROCK 
GEOCHRONOLOGY AND ISOTOPIC 
CHEMOSTRATIGRAPHY

The opportunity afforded by the 187Re-187Os 
system to date fine-grained sedimentary rocks 
has greatly advanced our ability to parse out time 
in strata of Archean, Proterozoic, early Paleo-
zoic, and Mesozoic age (e.g., Selby and Creaser, 
2003, 2005b; Hannah et  al., 2004; Xu et  al., 
2009, 2014; Rooney et al., 2010, 2011, 2018, 
2020a, 2022; Georgiev et  al., 2011; Kendall 
et al., 2013, 2015; van Acken et al., 2013, 2019; 
Bertoni et al., 2014; Sperling et al., 2014; Gib-
son et al., 2018; Philippot et al., 2018; Tripathy 
et al., 2018; van Acken et al., 2019; Greenman 
et al., 2021; Rainbird et al., 2020; Toma et al., 
2020; Maloney et al., 2021; Mandal et al., 2021; 
Millikin et al., 2022; Yang et al., 2021; Busch 
et al., 2023; Planavsky et al., 2023; Zhang et al., 
2023). Radiometric age control for Snowball 
Earth events and the evolution of complex life 
during the Neoproterozoic Era greatly benefit-
ted from deployment of the 187Re-187Os system 
for direct dating of sedimentary rock deposition 
(Kendall et al., 2004, 2009c; Rooney et al., 2014, 
2015, 2020a, 2020b; Strauss et al., 2014; Cohen 
et al., 2017; Yang et al., 2022).

In sedimentary rocks, the generation of a 
geologically meaningful and precise isochron 
relies upon three crucial requirements: (1) the 

Re and Os are hydrogenous (i.e., derived from 
contemporary seawater during deposition and 
thus authigenic), (2) the samples are cogenetic 
(i.e., possess a very similar Osi composition at 
the time of deposition), and (3) the Re-Os system 
has remained closed since deposition. The sedi-
mentary rock Re-Os chronometer is primarily 
employed on powdered splits of a series of coge-
netic whole-rock samples. Building upon early 
applications of the Re-Os system to sedimen-
tary rocks by Ravizza and Turekian (1989) and 
Cohen et al. (1999), Selby and Creaser (2003) 
pioneered the digestion of sedimentary rock 
samples using a solution of CrVIO3 in 4NH2SO4, 
a technique previously utilized in the meteoritic 
community (Shen et al., 1996). In sedimentary 
rocks, this chemical digestion technique pref-
erentially liberates the hydrogenous Re and Os 
from organic matter, thus avoiding incorporation 
of Re and/or Os possibly held in detrital silicate 
phases or iron oxides, which is a concern when 
digesting samples using inverse aqua regia 
(e.g., Schaefer and Burgess, 2003). As a result, 
the CrVIO3-H2SO4 digestion technique yields a 
more accurate and homogeneous composition 
of contemporary seawater (Osi on the isochron 
diagram), and hence the data provide a more 
accurate age of deposition (Selby and Creaser, 
2003; Kendall et al., 2004; Rooney et al., 2016).

9.1. Osmium Isotopic Stratigraphy

Over the past 30 years, Os isotopes have 
proven to be a powerful tool for tracking changes 
in oceanic chemistry and related events through-
out Earth history. The calculation of a 187Os/188Os 
value at a known time, t, is referred to as the Osi 
value. This term is used in chemostratigraphic 
studies or when evaluating the chemical makeup 
of the reservoir in which the mineral formed, or 
sedimentary rock was deposited. The Osi can be 
calculated from measured isotopic ratios:

 

Osi
Os
Os

Re
Os

e ,
p p

= − × −
187

188

187

188 1[ ]λt

 

(14)

where subscript p refers to the present-day iso-
topic ratios as measured on the mass spectrom-
eter, λ refers to the 187Re decay constant, and t is 
time in millions of years. For chemostratigraphic 
studies, the Osi can be calculated for a range of 
t if sedimentation rates are known or can be 
accurately estimated. Given the very long half-
life of 187Re, changes in t across tens of meters 
of stratigraphy result in minimal variations in 
calculated Osi values (e.g., fig.  3 in Rooney 
et al., 2022).

The residence time of Os, which is estimated 
to be between 20 k.y. and 50 k.y., is longer than 
the mixing time of the ocean, yet shorter than 

that of other isotopic systems (e.g., Sr and Li) 
that are often used to track variations in conti-
nental weathering (e.g., Peucker-Ehrenbrink 
and Ravizza, 1996; Sharma et al., 1997; Levas-
seur et al., 1999; Oxburgh, 1998, 2001; Paquay 
et al., 2008; Rooney et al., 2016). This property, 
along with the large natural variation in isoto-
pic composition of surficial reservoirs, make Os 
isotopes particularly suitable for examining the 
Earth system’s rapid response to events such as 
hyperthermals, emplacement of large igneous 
provinces (LIPs), impact events, and glaciation.

Records of seawater Os isotopic change 
across the Cenozoic through analysis of Fe-Mn 
crusts and organic-rich sediments have revealed 
both short-term disturbances and long-term 
secular variation (Peucker-Ehrenbrink and 
Ravizza, 2020, and references therein). In con-
trast to the high-resolution and near-complete 
Phanerozoic seawater Sr isotopic record, the Os 
isotopic record is predominantly event-specific 
and largely focused on evaluating causalities 
and forcing relationships between volcanism/
LIP emplacement, climatic perturbations, and 
carbon cycling (e.g., Cohen and Coe, 2002; 
Klemm et al., 2005, 2008; Turgeon et al., 2007; 
Turgeon and Creaser, 2008; Tejada et al., 2009; 
Finlay et al., 2010b; Bottini et al., 2012; Wiec-
zorek et al., 2013; Du Vivier et al., 2014, 2015; 
Dickson et al., 2015; Liu et al., 2019b, 2020a; 
Sproson et al., 2022; Frieling et al., 2024). Most 
studies have focused on intervals of major per-
turbation to the Earth system, not only because 
they are intriguing targets, but because these 
intervals often have better age control (Peucker-
Ehrenbrink and Ravizza, 2020). Calculation 
of Osi without an isochron requires correction 
for radiogenic Os in-growth based on mea-
sured 187Re/188Os and independent age assign-
ment. If possible, it is best practice to combine 
chemostratigraphic profiles with the isochron 
approach (via lateral sampling) to evaluate the 
assumption of closed system behavior funda-
mental to this correction and use of the proxy 
(Fig. 4; Section 9.1.2).

Beyond specific events, the only time intervals 
that have been analyzed at a resolution greater 
than the marine residence time of Os are the 
Holocene and Pliocene (Dalai and Ravizza, 2010; 
Paquay and Ravizza, 2012; Kuroda et al., 2016; 
Rooney et al., 2016; Marquez et al., 2017; Own-
sworth et al., 2023; Pei et al., 2023). Expanding 
“background” Os isotopic records with higher-
resolution sampling is required by the commu-
nity to unravel the feedback mechanisms more 
confidently among volcanism, oscillating redox 
conditions, and changes in silicate weathering 
and their impacts on the biosphere. The grow-
ing number of laboratories and research groups 
employing the Re-Os system suggests that this 
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Figure 4. Schematic hypothetical Osi profiles for three horizons tested for closed system behavior using an isochron within 
each section. For each “formation,” two sample sets were taken: a vertical one for the Osi profile and one that was sampled 
horizontally at the height of the red arrow in each profile. See text for full discussion of profiles from formations A, B, and 
C. Mantle Os flux is from Meisel et al. (2001), and riverine flux is from Peucker-Ehrenbrink and Ravizza (2000).
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is a readily achievable goal, and expectations are 
high for exciting geochemical discoveries in the 
coming decades.

9.1.1. Osmium Isotopic Mass Balance
Broadly, the Os isotopic composition of sea-

water reflects a balance between radiogenic 
continental and nonradiogenic mantle/hydro-
thermal/meteoritic sources (187Os/188Os of 1.4 
versus 0.13; Esser and Turekian, 1993; Peucker-
Ehrenbrink and Ravizza, 1996, 2000, 2012; Peu-
cker-Ehrenbrink and Jahn, 2001; Meisel et al., 
2001; Chen et  al., 2006; Sharma et al., 2007; 
Georg et al., 2013). This section provides a broad 
overview of the sources and sinks of oceanic Os 

(Fig. 5; Table 4) relevant to the application of 
Os isotopic chemostratigraphy. For a thorough 
review of Os isotopic mass balance, see Peucker-
Ehrenbrink and Ravizza (2000), Georg et  al. 
(2013), and Lu et al. (2017).

Although Re and Os are ultra-trace elements 
in seawater (Table 1), they are complexed with 
organic matter and concentrated when preserved 
under suboxic to anoxic conditions in fine-
grained sedimentary rocks (Ravizza et al., 1991; 
Ravizza and Turekian, 1992; Colodner et  al., 
1993; Martin et  al., 2000; Racionero-Gómez 
et al., 2016, 2017; Sproson et al., 2018, 2020; 
Pietras et al., 2022) and in ferromanganese crusts 
and metalliferous sediments under oxic condi-

tions (Koide et  al., 1991; Dalai and Ravizza, 
2006). The isotopic fractionation between sea-
water and marine sediments is negligible for 
Os, and therefore, the Os isotopic composition 
of marine sinks can be used to track changes in 
seawater.

Much like the Sr isotopic system, evolved 
continental-derived and juvenile mantle-derived 
sources have distinct Os isotopic compositions 
that arise from partitioning of the less compat-
ible parent isotope, Re, into partial melt, which 
enriches continental crust in radiogenic 187Os 
through 187Re decay (Shirey and Walker, 1998). 
Radiogenic sources of Os found in the ocean 
include rivers, groundwater discharge, and aeo-
lian dust (Fig. 5). Despite the low Os concentra-
tion in river water, which ranges from 4.6 pg/
kg to 52.1 pg/kg with an average of 9.1 pg/
kg (Levasseur et al., 1999; Woodhouse et al., 
1999; Peucker-Ehrenbrink and Ravizza, 2000), 
riverine flux is the most significant source of 
Os found in the ocean. Various estimates of the 
riverine flux between 267 kg Os/yr and 350 kg 
Os/yr are in broad agreement (Levasseur et al., 
1999; Peucker-Ehrenbrink and Ravizza, 2000; 
Sharma et al., 2007; Georg et al., 2013). Riv-
erine 187Os/188Os is sensitive to regional geol-
ogy and ranges from 0.6 to 2.9, averaging 1.4 

Figure 5. A schematic overview of the marine Os isotopic system. For sources, see Tables 1 and 4. Modified after Peucker-Ehrenbrink and 
Ravizza (2000) and Stein and Hannah (2015). T—temperature.

TABLE 4. FLUX AND COMPOSITION VALUES FOR MAJOR SOURCES IN THE GLOBAL Os MASS BALANCE

Source 187Os/188Os 187Os/188Osavg [Os]
(pg/kg)

[Os]avg
(pg/kg)

Annual Os flux
(kg/yr)

References

Riverine 1.1–2.9 1.4 4.6–52.1 9.1 350 1, 2
Groundwater 0.96–2.8 2 16.9–191.5 70 180 5
Aeolian dust 0.8–1.4 1.05 30–60* 30* 28 2, 6
Cosmic dust 0.125–0.13 0.13 0.27–8.8† 2.6† 15 2, 7–9
Low-T hydrothermal 0.88 3–100 5 30 3, 4, 10, 11
High-T hydrothermal 0.13 3–100 12 38 3, 4, 10, 11

Note: T—temperature. References—(1) Levasseur et al. (1999); (2) Peucker-Ehrenbrink and Ravizza (2000), 
and references therein; (3) Sharma et al. (2007); (4) Georg et al. (2013); (5) Paul et al. (2010); (6) Chen et al. 
(2009); (7) Sharma et al. (2012); (8) Luck and Allègre (1983); (9) Walker et al. (2002); (10) Lu et al. (2017); (11) 
Elderfield and Schultz (1996).

*ng/kg.
†mg/kg, avg = average.
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globally (Peucker-Ehrenbrink and Ravizza, 
2000). Discharge that is more radiogenic than 
average continental crust (187Os/188Os > 1.4) 
suggests preferential dissolution of radiogenic 
Os from crustal sulfides, Precambrian crystal-
line bedrock, and/or organic-rich sediments 
(Peucker-Ehrenbrink and Ravizza, 1996; Singh 
et al., 1999, 2003; Lu et al., 2017). The input 
from groundwater is extremely poorly con-
strained, with only a limited dataset from shal-
low (<74 m) groundwater aquifers (Paul et al., 
2010). In a Bengal Plain study, shallow ground-
water showed 187Os/188Os compositions similar 
to surface water in the area but at slightly higher 
concentrations (70 pg/kg; Paul et al., 2010). If 
such a concentration is representative of ground-
water input, then up to 182 kg Os/yr would be 
added to the ocean. Aeolian dust is thought to 
have 187Os/188Os composition (0.8–1.4) and 
concentration similar to the upper continental 
crust (30–60 ng/kg; Peucker-Ehrenbrink and 
Ravizza, 2000; Peucker-Ehrenbrink and Jahn, 
2001; Chen et al., 2006).

Continentally derived radiogenic Os is bal-
anced by a smaller flux of nonradiogenic Os 
from extraterrestrial or mantle sources, which 
results in a seawater 187Os/188Os value of 1.06. 
Nonradiogenic sources of Os include cosmic 
dust, hydrothermal fluids, and rivers draining 
mafic igneous provinces and ophiolites, all of 
which have a 187Os/188Os of ∼0.13 (Meisel et al., 
2001; Sharma et al., 2007). Modern hydrother-
mal systems are a minor source of Os because 
most Os is rapidly sequestered in sulfide miner-
als forming in vents as well as on and within 
the seafloor (Syverson et al., 2021). The flux of 
Os from high-temperature hydrothermal systems 
may have been more significant in the past within 
different seawater chemistry, as sulfide precipita-
tion in hydrothermal systems depends on sea-
water Ca/SO4 ratios (Alt et al., 1989; Alt, 1995; 
Katchinoff et al., 2021). While the background 
flux of extraterrestrial Os is low, the high con-
centration of platinum-group elements (PGEs) 
in chondritic material, coupled with their non-
radiogenic 187Os/188Os, means that Os isotopic 
records are sensitive to impact events (Ravizza 
and Pyle, 1997; Esser and Turekian, 1988; Rip-
ley et al., 2001; Lee et al., 2006; Paquay et al., 
2008; Sato et al., 2013).

9.1.2. Applications of Osmium Isotopic 
Chemostratigraphy

Osmium isotopic chemostratigraphy has been 
employed in marine and lacustrine sediments to 
tackle a range of geologic questions. This sec-
tion provides an overview of the applications 
of this tool and new developments. For a more 
comprehensive discussion of existing Os che-
mostratigraphic data, see Peucker-Ehrenbrink 

and Ravizza (2012, 2020), Lu et al. (2017), and 
Dickson et al. (2021).

In the hypothetical scenarios in Figure 4, For-
mation A represents an interval dated at 660 Ma 
with an Osi profile showing highly radiogenic 
values typical of riverine influx (187Os/188Os 
of 1.2–1.4) being dominant at the base. There 
is then a change in source, and the reservoir 
trends to nonradiogenic values (∼0.3) typical 
of a dominantly mantle influx within the first 
2 m. These data could suggest a basin initially 
dominated by weathering sources from a highly 
radiogenic source (e.g., Precambrian crystalline 
bedrock), followed by an evolution to a more 
mantle-dominated scenario as the riverine flux 
wanes before water column mixing results in 
an Osi profile approximately in steady-state at 
∼6 m. Formation B represents an interval dated 
at 650 Ma and has an Osi profile that remains 
largely constant, with 187Os/188Os values varying 
from ∼0.85 to 1.05 over the 10 m of sampled 
section. These values suggest a tectonically and 
possibly quiescent environment with little to no 
change in weathering provenance lithology. In 
the final scenario, Formation C has an isochron 
yielding a date of 640 Ma and an Osi profile 
that trends from 187Os/188Os values of 1.0 in the 
lower half of the profile with an inflection at 5 m 
and declines sharply to values dominated by a 
nonradiogenic flux. These data could suggest a 
change in weathering source from evolved con-
tinental crust to a basin dominated by weathering 
of mafic or juvenile lithologies, or a change in 
basin Ca/SO4 values. In all of these scenarios, 
there are nonunique and nonexclusive explana-
tions for these Osi profiles, and additional geo-
chemical data (e.g., Nd, Sr, or Li isotopes) will 
prove useful in deconvolving paleoweathering 
and paleoenvironmental dynamics.

Secular variation. Despite the event-specific 
nature of the existing Os isotopic record, a few 
notable long-term trends are evident from exist-
ing data, including (1) the nonradiogenic sig-
nature of seawater in the Neoarchean to early 
Paleoproterozoic record, (2) the highly radio-
genic values in the latest Neoproterozoic and 
early Paleoproterozoic, and (3) the sustained and 
gradual increase in 187Os/188Os throughout the 
Cenozoic (Pegram and Turekian, 1999; Klemm 
et al., 2005, 2008; Poirier and Hillaire-Marcel, 
2009; Peucker-Ehrenbrink and Ravizza, 2020). 
Additional trends may become clearer with 
higher sampling resolution.

Before the onset of oxidative continental 
weathering, the oceanic Os reservoir would 
have been dominated by juvenile hydrother-
mal sources, with a 187Os/188Os value of 0.11 
at 2.45 Ga (calculated from Shirey and Walker, 
1998; this is lower than the modern value due to 
less 187Re decay in the mantle at 2.45 Ga). The 

Archean to early Paleoproterozoic hydrothermal 
flux may have been even more significant before 
the development of a large seawater sulfate pool 
(Kump and Seyfried, 2005), which diminished 
the modern flux through the rapid precipitation 
of Os-bearing sulfides (Syverson et al., 2021). In 
any case, Osi values significantly greater than the 
mantle end-member have been used as a proxy 
for the onset of oxidative weathering, which is 
inherently linked to atmospheric oxygenation 
(Hannah et al., 2004; Kendall et al., 2015).

Oxidative weathering mobilizes redox-sensi-
tive elements through the continental hydrologic 
cycle, a necessary precursor to their deposition 
and accumulation in marine shales. Due to sid-
erophile and chalcophile characteristics, Os 
predominantly resides in sulfide minerals in 
the continental crust. An additional source of 
continental Os is the weathering of organic-rich 
shales (Ravizza and Esser, 1993; Singh et al., 
1999; Dubin and Peucker-Ehrenbrink, 2015), 
which are enriched in Os through previous 
cycles of oxidative weathering and deposition. 
Because Os predominantly resides in easily 
weathered phases (e.g., Greber et al., 2015), only 
minor surface oxygenation is required to mobi-
lize Os in the hydrologic cycle. Below ∼10−4 
present atmospheric level, the threshold for Fe2+ 
to Fe3+ oxidation (Crowe et al., 2013), Os is effi-
ciently scavenged by Fe2+; however, above this 
threshold it should be mobile (Yamashita et al., 
2007; Sekine et  al., 2011). Existing Osi from 
Archean–early Paleoproterozoic isochrons is 
indistinguishable from the mantle end-member, 
though two studies yielded Osi above 0.11 and 
agree with sulfur isotopic and redox-sensitive 
element evidence for an anoxic atmosphere 
until the Great Oxidation Event at ca. 2.4–2.3 Ga 
(Hannah et al., 2004; Anbar et al., 2007; Goto 
et al., 2013; Luo et al., 2016; Warke et al., 2020).

Kendall et al. (2015) interpreted Osi values 
of 0.34 (±0.19) and 0.06 (±0.09) from the ca. 
2.5 Ga Mount McRae shale as a transient pulse 
of mild oxygenation prior to lasting atmospheric 
oxygenation (also see Slotznick et  al., 2022, 
2023, and Anbar et al., 2023, for a discussion). 
Although no isochron was obtained, Sekine et al. 
(2011) generated an Osi chemostratigraphic 
profile for the second of three Paleoproterozoic 
glaciations (ca. 2.43 Ga) recorded in the stratig-
raphy of the Huronian Supergroup, North Amer-
ica. The authors interpreted a rise from nonra-
diogenic values (0.1–0.2) in the Bruce diamictite 
to highly radiogenic values (0.25–1.1) in the 
1.5 m of basal Espanola Formation siliciclas-
tic sediments as evidence of oxygenation dur-
ing deglaciation (Sekine et al., 2011). However, 
while radiogenic Osi is diagnostic for oxidative 
weathering, Osi near mantle values can arise 
in an oxygenated atmosphere from weathering 
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dominated by juvenile mafic sources (e.g., Han-
nah et al., 2004; Rooney et al., 2014), and thus, 
the nonradiogenic Osi values from the Bruce 
diamictite do not preclude oxygenation prior 
to glaciation. Additional data from this interval 
have the potential to provide insight into pos-
sible causal relationships among major episodes 
of climatic change and oxygenation during the 
early Proterozoic.

The end of the Precambrian to Early Cam-
brian records the highest Osi values reported 
from marine sediments (Peucker-Ehrenbrink 
and Ravizza, 2020). The radiogenic values have 
been attributed to either an enhanced continental 
weathering flux in an increasingly oxygenated 
atmosphere (Lyons et al., 2014), although this 
is disputed (Sperling et al., 2015), or to bias of 
sampling postglacial intervals with warm cli-
mates and abundant physically weathered sub-
strate (Rooney et al., 2020b).

Despite many short-term events discussed 
below, the Cenozoic saw a gradual increase in 
Osi from a nonradiogenic minimum at the Meso-
zoic–Cenozoic boundary. This rise occurred 
concomitant with a decline in atmospheric CO2 
and global cooling. Along with other weather-
ing proxies, Os isotopes are central to the debate 
about the drivers of this climatic change. Pro-
posed mechanisms for climatic change that have 
the potential to produce the observed trends in 
paleoweathering proxies by modifying the con-
tinental weathering flux include uplift-induced 
enhanced silicate weathering (Raymo and 
Ruddiman, 1992) and sulfide oxidation (Tor-
res et al., 2014), and variation in the weather-
ability of Earth’s crust (Li and Elderfield, 2013; 
Maher and Chamberlain, 2014). Alternatively, 
changes in seawater chemistry may also mod-
ify the hydrothermal flux (Coogan and Dosso, 
2015, 2022; Antonelli et  al., 2017). Recently, 
Katchinoff et al. (2021) proposed that declining 
seawater Ca/SO4 drove the observed change in 
seawater Os isotopic composition by causing an 
increase in sulfide formation in hydrothermal 
systems and an attendant decrease in hydrother-
mally sourced Os.

Identifying meteor impacts. Although not a 
significant consideration in the modern mass 
balance of Os, extraterrestrial material with 
chondritic chemistry contains high concentra-
tions of PGEs and a nonradiogenic 187Os/188Os 
signature that should be distinctive in the Os iso-
topic record (e.g., Paquay et al., 2008; Wu et al., 
2013; Sun et al., 2021a). In addition to chondritic 
PGE ratios in sediment, excursions in the Os iso-
topic record linked to impact events have distin-
guishing characteristics, including an increasing 
Os/Ir ratio resulting from the rapid removal of 
Ir from seawater (Paquay et al., 2008), and an 
isotope profile suggestive of an instantaneous 

decrease followed by an increase to pre-impact 
187Os/188Os values (Peucker-Ehrenbrink and 
Ravizza, 2012).

The most notable mantle-like values in the 
Os isotopic record that can be unambiguously 
attributed to an enhanced extraterrestrial flux are 
those associated with the impactor at the Cre-
taceous–Paleogene boundary (Ravizza and Peu-
cker-Ehrenbrink, 2003; Robinson et al., 2009). 
Osmium isotopes and PGE chemistry have con-
tributed significantly to the long-standing debate 
over the timing of the environmental impacts of 
Deccan Traps volcanism and the impactor and 
its role in driving mass extinction. Robinson 
et al. (2009) demonstrated that weathering of the 
basaltic Deccan Traps in the Late Cretaceous led 
to a 200 k.y. Late Maastrichtian decline in Osi 
that stabilized at ∼0.4 before seawater reached 
the chondritic Osi values and high Os and Ir 
concentrations coincident with the Chicxulub 
impact crater, which supports the claim that the 
environmental effects of LIP emplacement well-
preceded the extinction event. Modeling this 
empirical record, Paquay et al. (2008) showed 
that the Os record can be used to approximate 
the size of the impactor, if the percent of solubi-
lized Os can be estimated, and the authors cal-
culated that impactors of chondritic composition 
as small as 2 km should be clear in the marine 
Os record.

The other interval of highly nonradiogenic 
values that punctuates the long-term rise in Osi 
through the Cenozoic is the late Eocene, which 
records two Osi minima (Ravizza and Peucker-
Ehrenbrink, 2003; Dalai et  al., 2006; Paquay 
et al., 2014). The first minima has been linked to 
the Popigai impact event, with Os values reach-
ing and recovering from mantle values over 
103–104 years (Paquay et al., 2014). The cause 
of a second lengthier (hundreds of thousands of 
years) minimum is unknown, despite its use as 
a global chemostratigraphic marker (Peucker-
Ehrenbrink and Ravizza, 2012). Because sedi-
ments do not contain chondritic PGE ratios or 
elevated concentrations, Paquay et  al. (2014) 
proposed that the erosion of ultramafic rocks 
(sensu Reusch, 2011) is more plausible than an 
increased cosmic dust flux (Dalai et al., 2006). 
A more subtle decrease in Osi before the Popigai 
impactor is correlated with increased 3He, which 
suggests a long-term and sustained increase in 
cosmic dust flux by interplanetary dust particles 
(Paquay et al., 2014).

Various studies have utilized Os isotopes to 
implicate extraterrestrial sources as the cause of 
important biological events, including the Great 
Ordovician Biodiversification Event (Schmitz 
et al., 2008) and Late Triassic mass extinction 
(Sato et al., 2013; Onoue et al., 2016). However, 
subsequent work largely decoupled the Ordovi-

cian radiations from impactors and instead indi-
cates internal Earth system factors (Lindskog 
et al., 2017; Rasmussen et al., 2021).

Understanding the environmental impacts 
of LIPs. The emplacement and eruption of 
LIPs are associated with climatic change, bio-
logical turnover, mass extinctions, and environ-
mental change, including ocean anoxic events 
(OAEs) throughout Earth’s history (Ernst and 
Youbi, 2017). As a weathering proxy sensitive 
to changes in lithology (isotopic composition) 
and intensity (flux), Os isotopes have been used 
to indirectly track volcanic and specifically LIP 
activity. For a review of Os isotopes as tracers of 
LIPs, see Dickson et al. (2021).

On very short time scales (<100 yr), the 
emplacement and eruption of continental flood 
basalts can perturb climate by releasing mag-
matic gasses, such as SO2, which drive immedi-
ate global cooling (e.g., Ernst and Youbi, 2017; 
Macdonald and Wordsworth, 2017). The release 
of CO2 that accompanies eruption drives global 
warming; however, on long time scales (105–107 
yr), this is counteracted by enhanced silicate 
weathering that can sequester enough CO2 to 
cause global cooling (e.g., Dessert et al., 2003). 
Many studies, from laboratory experiments to 
field observations, have found that mafic sili-
cates weather five to 10 times faster than felsic 
material under the same climatic conditions 
(e.g., Dessert et al., 2001; Louvat and Allègre, 
1997, 1998; Rad et al., 2007; Wolff-Boenisch 
et al., 2004, 2006; Ibarra et al., 2016). This work 
suggests that continental basalt weathering dis-
proportionately affects the terrestrial silicate 
weathering flux and therefore may have played 
a key role in regulating Earth’s climate and nutri-
ent availability throughout history (e.g., Dessert 
et al., 2003; Horton, 2015; Ibarra et al., 2016).

The expression of LIP activity in Os che-
mostratigraphic profiles depends on various fac-
tors, including the emplacement latitude, host 
lithology, and tectonic regime/setting. Weath-
ering of mafic and ultramafic rocks commonly 
associated with LIPs, both subaerial or subma-
rine, will increase the flux of nonradiogenic Os 
to seawater and should drive an excursion toward 
nonradiogenic mantle values (e.g., Formation C, 
Fig. 5). At the same time, subaerial exposure of 
LIPs decreases weathering of bedrock litholo-
gies, and both of these explanations have been 
used to explain shifts toward nonradiogenic Osi 
values following LIP emplacement (Ravizza 
and Peucker-Ehrenbrink, 2003; Dickson et al., 
2021). However, this Osi response will only 
occur if basaltic material is weathered and has a 
sufficient Os concentration to impact the isoto-
pic composition of the oceanic reservoir. Global 
warming resulting from LIP emplacement can 
increase silicate weathering globally and shift 
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Osi toward more radiogenic values if LIP mate-
rial is not weathered due to lithology, emplace-
ment location, or latitude. As a weathering proxy, 
the expression of LIPs in the Osi record will 
be offset from the emplacement by thousands 
of years, and potentially by tens of millions of 
years if LIP weathering only commences after 
drift into a latitudinal zone of enhanced chemi-
cal weathering, or continental breakup increases 
moisture delivery to continental interiors (Don-
nadieu et al., 2004).

As noted above, Robinson et  al. (2009) 
recorded a decrease in Osi from weathering 
of the Deccan Traps prior to the Cretaceous–
Paleogene boundary. Other clear examples of 
nonradiogenic Os isotopic signals derived from 
basaltic weathering or an increased submarine 
volcanism flux come from both OAE 2, which 
spans the Cenomanian–Turonian boundary, and 
OAE 1a during the Aptian (Turgeon and Creaser, 
2008; Du Vivier et  al., 2014, 2015; Sullivan 
et  al., 2020; Martínez-Rodríguez et  al., 2021; 
Percival et  al., 2021). The former occurred at 
the same time as the Caribbean and High Arctic 
LIPs were emplaced, and the latter is coincident 
with the Ontong-Java LIP. In both cases, Os iso-
topic records show an abrupt shift toward near-
mantle values immediately prior to the OAE and 
maintenance of this signal for its duration, which 
signals the continual supply of nonradiogenic 
Os to the ocean via subaerial LIP weathering 
or an increase in submarine Os supply as seen 
in deeper water sections. The weathering of the 
Central Atlantic magmatic province, which is 
implicated in causing mass extinction across the 
Triassic–Jurassic boundary, is also reflected in 
the decline in both Sr isotopic composition and 
Osi (Cohen and Coe, 2007).

In contrast to the examples above, although 
environmental change during the Toarcian OAE 
has been associated with the Karoo-Ferrar LIP, 
the Os isotopic signal recorded across this inter-
val reveals a transient increase in the Osi across 
multiple oceanic basins (increase from 0.3 to 
0.8) at the same time as a rise in the Sr isoto-
pic composition and Hg concentrations (Cohen 
et al., 2004; Percival et al., 2016). This signal 
is explained by enhanced continental weather-
ing from LIP-related CO2 release in the absence 
of an increased nonradiogenic flux of Os. The 
Karoo-Ferrar LIP was emplaced in a continental 
interior at high latitudes, and these are both fac-
tors that would have inhibited weathering (Per-
cival et al., 2016), whereas the Central Atlan-
tic magmatic province, the Deccan Traps, and 
Caribbean and Ontong-Java LIPs were emplaced 
at low latitudes. Additionally, the submarine 
nature of the Ontong-Java and Caribbean LIPs 
may have aided in their rapid weathering (Per-
cival et al., 2016).

With an intermediate residence time, Os 
isotopes can be used to trace a possible global 
weathering response to pulsed LIP emplacement 
or large-scale volcanic activity on the 103–104 
yr time scale (Liu et al., 2020a; Sullivan et al., 
2020; Martínez-Rodríguez et  al., 2021; Sato 
et  al., 2023). For example, Liu et  al. (2020a) 
identified multiple episodes of Siberian Traps 
weathering before and during the Permo-Trias-
sic boundary and mass extinction, as well as a 
radiogenic signal immediately following, which 
was caused by enhanced weathering in response 
to the associated hyperthermal event. High-
resolution records and multi-proxy approaches 
combining Os isotopes with Sr and/or Hg enable 
cause-and-effect interpretations (Georgiev et al., 
2020; Liu et  al., 2020b). As discussed above, 
PGE concentrations and ratios, together with 
3He/4He, can also be used to distinguish between 
mantle and extraterrestrial sources of nonradio-
genic Os (Ravizza and Peucker-Ehrenbrink, 
2003; Wu et al., 2013; Sun et al., 2021a).

Detecting changes in continental weather-
ing. Multiple studies have demonstrated that 
Os isotopes can be a useful tool for investigat-
ing changes in the continental weathering flux 
over a range of time scales. Beyond lithology, 
the Os isotopic record is sensitive to a number 
of factors that affect the continental weathering 
flux, including climate, sea-level, relief, conti-
nental configuration, and physical weathering. 
Osmium isotopes respond to changes in chemi-
cal weathering on a time scale of 100 k.y. during 
hyperthermal events such as the Eocene Thermal 
Maximum 2, the Paleocene–Eocene Thermal 
Maximum, Permo-Triassic, and OAE 1b, which 
all record transient increases in Osi to more 
radiogenic values (Ravizza et al., 2001; Dickson 
et al., 2015, 2021; Liu et al., 2020a; Matsumoto 
et  al., 2021, 2023; Jones et  al., 2023a; Jones 
et al., 2023b). Similarly, a shift to radiogenic Osi 
values across the Devonian Frasnian–Famennian 
(F-F) mass extinction indicates enhanced con-
tinental weathering rates in the absence of any 
external trigger such as volcanism or an impact 
event (Percival et al., 2019; Liu et al., 2020a). In 
this case, Osi correlates with proxies for terres-
trial input, such as Si/Al and Ti/Al. It has been 
suggested that across the Frasnian–Famennian, 
enhanced continental weathering was driven by 
the destabilization of soil through the destruction 
of plant roots during wildfires (Liu et al., 2020b). 
Rooney et al. (2022) interpreted an Osi profile 
spanning the Late Cambrian Steptoean positive 
carbon isotope excursion (SPICE) as reflect-
ing changes in weathering related to sea-level 
change, while Finlay et al. (2010b) attributed a 
radiogenic pulse at the beginning of the Ordovi-
cian Hirnantian glaciation to enhanced weather-
ing during the Taconic Orogeny.

Various studies have detected variation in Os 
isotopes across Pleistocene glacial–interglacial 
cycles, with highly radiogenic values during 
interglacial periods and radiogenic values dur-
ing glacial periods (Oxburgh, 1998; Oxburgh 
et al., 2007; Peucker-Ehrenbrink and Ravizza, 
2000; Williams and Turekian, 2004; Dalai et al., 
2005; Goss and Rooney, 2023; Ownsworth 
et al., 2023). Two explanations that have been 
suggested for these systematic patterns, which 
are not mutually exclusive, are that the conti-
nental radiogenic Os flux is diminished during 
dry glacial climates (Oxburgh, 1998) and/or that 
intense physical weathering during glaciation 
leaves a highly reactive substrate for chemical 
weathering during interglacial periods (Peu-
cker-Ehrenbrink and Blum, 1998). The signal 
of radiogenic Osi during and immediately fol-
lowing glaciation is consistent with that seen in 
the Osi records from Ordovician and Silurian 
glaciations (Finlay et al., 2010b; Sproson et al., 
2022), Neoproterozoic “Snowball Earth” events 
(Rooney et  al., 2015, 2020b; Millikin et  al., 
2022), and early Paleoproterozoic glaciation 
of North America (Sekine et al., 2011), which 
are interpreted to represent intense physical and 
chemical weathering.

Osmium isotopic chemostratigraphy in 
lacustrine sediments and restricted basins. 
Whereas Os isotopic chemostratigraphy of 
well-mixed marine sediments can provide 
information about global response to geologic 
events, analysis of samples deposited in a lacus-
trine or restricted setting can yield insight into 
local weathering conditions, regional geology, 
and basin dynamics (Cumming et  al., 2012). 
Recently, Pietras et  al. (2020) demonstrated 
that cores from the Eocene Green River For-
mation (western USA), separated by 16 km, 
record centimeter-scale variation in Osi that 
is nearly homogeneous on the basin scale and 
variation on the thousand-year time scale. This 
chemostratigraphic variability reveals that Osi is 
extremely sensitive to changes in the chemical 
weathering flux, and the variation seen in these 
cores can be explained by a <6% change in the 
end-member source, and could track changes in 
discharge, drainage area, or lithologies exposed 
to weathering. If averaged, Osi from lacustrine 
deposits could provide an independent estimate 
of the 187Os/188Os of weatherable crust at any 
given time instead of relying on modern esti-
mates derived from continental run-off or till 
(Cumming et al., 2012). In addition to providing 
information about chemical weathering, Osi can 
be used to correlate lacustrine sediments within 
the same basin.

Multiple studies have demonstrated the utility 
of Os isotopes in differentiating marine and ter-
restrial deposits and determining the timing and 
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extent of basin restriction when sedimentology 
is ambiguous by comparing Osi values with the 
penecontemporaneous global record (Cumming 
et al., 2013; Gibson et al., 2019; Lúcio et al., 
2020; Rotich et  al., 2021). Highly radiogenic 
values from the Arctic Ocean basin (Poirier 
and Hillaire-Marcel, 2009, 2011; Dickson 
et al., 2022) that are significantly above those 
of contemporaneous open ocean data (Peucker-
Ehrenbrink et al., 1995; Pegram and Turekian, 
1999) reveal that the Arctic Ocean was restricted 
from surrounding oceans starting in the early 
Eocene, which provides a precise age constraint 
that supports well-documented geochemical 
and paleontological evidence for basinal restric-
tion with implications for understanding global 
circulation and redox conditions. Using a mass 
balance model, Dickson et al. (2022) used the 
divergence of Arctic and open ocean Osi records 
to calculate the water exchange rate between the 
Arctic Basin and surrounding oceans to quan-
tify the extent of restriction and resulting salin-
ity changes. Recent work utilizing Osi records 
alongside radiocarbon and paleoenvironmental 
proxy datasets highlights the potential for the 
Os isotopic system to track changes in relative 
sea level in late Pleistocene settings (e.g., Taylor 
et al., 2024).

Other applications of Os isotopic che-
mostratigraphy. In addition to organic-rich sedi-
ments, Os isotopes are measured in Fe-Mn crusts 
and nodules to reconstruct Cenozoic seawater 
trends (Koide et al., 1991; Reusch et al., 1998; 
Burton et al., 1999; Klemm et al., 2005, 2008; 
Meng et al., 2008; Goto et al., 2023). Although 
slow growth rates (millimeters per millions of 
years) result in low-resolution records, aligning 
the Os isotopic profiles of Fe-Mn crusts with 
the global marine reference record of Cenozoic 
187Os/188Os generated from sedimentary rocks 
enables the generation of growth curves for 
Fe-Mn nodules, which are important archives 
of paleo-seawater chemistry (Josso et al., 2019; 
Peucker-Ehrenbrink and Ravizza, 2020).

9.2. Sampling for Sedimentary Rock Re-Os 
Geochronology

A fundamental requirement for the determina-
tion of an accurate Re-Os age for a sedimentary 
rock is the appropriate selection and sampling 
of materials for analysis. The sampling strat-
egy employed is driven by the types of material 
available (e.g., outcrop versus drill core). The 
benefits of drill core samples include: (usually) 
non-weathered material that is competent and 
coherent and thus resistant to oxidative weather-
ing, samples are large enough to avoid any pos-
sible nugget effect (sensu Kendall et al., 2009b), 
and the high potential for spread in 187Re/188Os. 

The major drawback is that sampling occurs 
over a vertical interval, and samples can thus be 
of a different age, which results in heterogeneous 
Osi values if sedimentation rates were very low, 
leading to imprecise and inaccurate ages. Out-
crop sampling provides additional stratigraphic 
context, access to more material, and additional 
lateral continuity to help ensure homogeneous 
Osi values. However, a major drawback to out-
crop samples is oxidative weathering, which 
can subject samples to potential open system 
behavior (e.g., Rooney et al., 2011). For outcrop 
samples, community experience has shown that 
competent and non-fissile, dark gray to black 
(fresh surface) mudrocks, carbonaceous shale, 
and micrite are most successful in producing iso-
chronous results (Xu et al., 2009; Kendall et al., 
2013; Strauss et al., 2014; Rooney et al., 2015; 
Cohen et al., 2017).

Regardless of the sampling method, all weath-
ered surfaces must be removed using a diamond-
blade rock saw and then hand-polished using a 
diamond-encrusted polishing pad to eliminate 
any potential metal contamination from the 
saw blade. Sedimentary samples are then dried 
overnight at ∼40 °C and crushed to a fine (∼100 
µm) powder using metal-free equipment (e.g., 
ceramic shatter box) to homogenize any Re and 
Os isotopic heterogeneity present in the samples 
(e.g., Kendall et al., 2009b). Additional precau-
tionary pre-analysis screening such as X-ray 
computed tomography and X-ray fluorescence 
techniques can be employed to further evaluate 
post-depositional veining or weathering (Stein 
and Hannah, 2015; Yang et al., 2022).

9.2.1. Current Limits on Precision and Future 
Approaches for Reducing Age Uncertainties

At present, the 187Re-187Os system in sedimen-
tary rocks is approximately an order of magni-
tude less precise than CA-ID-TIMS U-Pb zircon 
analysis. To identify methods and approaches to 
increase precision in an Re-Os date, Rooney 
et al. (2018) analyzed the magnitude with which 
different sources of uncertainty propagated into 
an age uncertainty following the approach taken 
by Schmitz and Schoene (2007) for CA-ID-
TIMS U-Pb zircon analyses. The Rooney et al. 
(2018) study assessed contributions to the age 
uncertainty by looking at the extent to which it 
was reduced if individual contributing uncer-
tainties were reduced. Their example shows 
that the half-life uncertainty, the mixed Re-Os 
spike weight uncertainty, and the 190Os spike 
calibration uncertainty contributed most to the 
age uncertainty. It was noted, however, that the 
analysis of uncertainties only applied to the data-
set in that paper. Future targets for improving 
precision will focus on refining the uncertainties 
associated with the 187Re decay constant (see 

Section 8) and likely generate ancillary under-
standing of the sources of age uncertainties (e.g., 
Markey et al., 2007; Selby et al., 2007b). Further, 
the uncertainty in the age is not only controlled 
by uncertainties related to analytical measure-
ments, but also by the spread in the 187Re/188Os 
and 187Os/188Os data obtained (Rooney et  al., 
2018). To improve spread in parent-daughter 
ratios, future studies could focus on new chemi-
cal separation techniques to isolate Re and Os 
from the inorganic matrix without fractionat-
ing parent and daughter isotopes. Isolating and 
directly analyzing the entire Re and Os budget 
held in the organic/hydrogenous component of 
a sedimentary sample for ID-TIMS work would 
potentially be correlative to isolating the zircon 
in a felsic rock. This increased load could poten-
tially lead to a step change in precision similar 
to the development of analysis via N-TIMS and 
the CrVIO3-H2SO4 digestion method. From a 
mass spectrometric angle, a potential avenue 
for increased precision is the use of multiple 
ion counters to measure Os isotopes statically. 
Hopefully, these efforts could lead to a level of 
precision approaching those of the Ar-Ar and 
CA-ID-TIMS U-Pb techniques.

9.2.2. Minimum and Maximum Possible Ages 
for the Re-Os Sedimentary Rock Chronometer

With a half-life of ca. 42 Gyr and relatively 
limited abundances (low ng/g) in crustal rocks, 
the Re-Os geochronometer has relatively little 
resolving power in rocks younger than the 
Cenozoic. The system applied to organic-rich 
sedimentary rocks typically has a precision of 
between 0.5% and 1%, and thus even in strata of 
mid-Mesozoic age, the system may not always 
generate enough spread in parent-daughter val-
ues to provide a meaningful age. However, work 
on drill core of Permian shales from the Green-
land and Norwegian margins generated highly 
precise (<0.5% uncertainty) ages that match 
well with established biostratigraphic controls, 
which suggests that in certain situations (e.g., 
samples with high Re enrichments, low thermal 
maturity, and minimal alteration or weathering), 
the Re-Os system can be of great use (Georgiev 
et al., 2011). Expanding the system’s applica-
tion as a chronometer as well as isotopic che-
mostratigraphy in Paleozoic and Mesozoic strata 
has considerable potential to refine the tempo-
ral framework surrounding biotic evolutionary 
events and Earth system perturbations (e.g., 
Selby, 2007; Porter et al., 2013, 2014; Lu et al., 
2017; Toma et al., 2020; Park et al., 2024).

At the other end of the geological time scale, 
sedimentary rocks older than the Archean–
Paleoproterozoic boundary are potentially inac-
cessible for use in the Re-Os chronometer due 
to limited release of Re (and Os) via oxidative 
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weathering in a pre-Great Oxidation Event envi-
ronment. Without oxidative weathering, the Re 
and Os in Archean (and older) crustal units can-
not be dissolved and transported to basins for 
deposition in sedimentary rocks. However, some 
exceptions have been identified, which suggests 
that the Late Archean could be ripe for further 
investigations, especially given the transforma-
tive shifts in Earth systems (e.g., Anbar et al., 
2007; Yang et  al., 2009; Cabral et  al., 2013; 
Sheen et al., 2018). An additional concern for 
Re-Os geochronology in sedimentary rocks of 
Archean and older age would be the multitude 
of metamorphic events and potential for distur-
bance of the Re-Os systematics between the time 
of deposition and today.

9.3. Causes of Disturbance of the Re-Os 
Chronometer in Sedimentary Rocks

To better recognize and characterize potential 
disturbance to the Re-Os system in sedimentary 
rock datasets, it is useful to review the geochemi-
cal behavior of these elements. As both Re and 
Os are organophilic, they are readily complexed 
into organic matter (e.g., macroalgae) within the 
photic zone. Studies have shown that macroal-
gae are considerably enriched in both elements 
compared with ambient seawater, and there is 
no fractionation associated with this uptake. The 
macroalgae display an Os isotopic composition 
that reflects local contemporaneous seawater 
(Rooney et al., 2016; Racionero-Gómez et al., 
2017; Sproson et al., 2018, 2020; Ownsworth 
et al., 2019, 2023). Recent (younger than 1 ka) 
sedimentary core tops reveal that the majority of 
the Re and Os (>97% and 95%, respectively) 
is incorporated in the insoluble fraction of the 
organic matter (i.e., the kerogen; Rooney et al., 
2012, 2016). Additionally, early Re-Os geochro-
nology on organic-rich shale samples contain-
ing syndepositional pyrite demonstrated that the 
shale holds more than three times the amount of 
Re and Os (Cohen et al., 1999). The organic mat-
ter-centered Re and Os enrichment occurs prior 
to sedimentation, and the preservation potential 
of this initial enrichment is dependent on redox 
conditions in the water column and ultimately, 
the water-sediment interface (Yamashita et al., 
2007). Similar to Ni and V, Re and Os incorpo-
rated into organic matter are likely situated in 
metallo-porphyrins within humic or fulvic acids, 
which are precursors to the kerogen macromol-
ecule (Filby and Van Berkel, 1987; Filby, 1994; 
Czernuszewicz, 2000; Rooney et  al., 2012; 
DiMarzio et al., 2018; Liu et al., 2019a). The 
geologically rapid complexation of Re and Os 
into large molecular weight geopolymers such as 
fulvic, humic acids and humins, and then kero-
gen results in strong bonds that are resistant to 

late-stage addition (see summaries in Filby and 
Van Berkel, 1987; Filby, 1994). With lithifica-
tion, the sediment becomes a closed system, 
and the Re and Os budget remains locked up in 
the kerogen fraction of sedimentary rock. Pio-
neering work using extended X-ray absorption 
fine structure and X-ray absorption near-edge 
structure (XANES) suggests that removal of 
Re and Os from seawater occurs largely under 
reducing redox conditions (Yamashita et  al., 
2007). As a result of this reduction and removal, 
a high 187Re/188Os ratio will occur in reducing 
sediments, such as black shales. The Yamashita 
et al. (2007) study utilized a synthetic seawater-
sediment setup, as natural materials (e.g., black 
shales) have high abundances of other metals 
such as zinc and copper that have overlapping 
spectra on XANES, which thus limits the suit-
ability of this technique for mapping the resi-
dency of Re and Os in sedimentary rocks.

The Re-Os system has been shown to pro-
vide accurate and precise ages despite experi-
encing regional metamorphism, flash pyrolysis, 
and the maturation and migration of hydrocar-
bons (Creaser et al., 2002; Rooney et al., 2010, 
2011; Georgiev et al., 2012; Park et al., 2024). 
However, in terms of post-depositional distur-
bance of the Re-Os system, several studies have 
shown that interactions with oxidizing fluids 
(often associated with mineralization) can lead 
to imprecise and inaccurate age determinations 
(e.g., Kendall et al., 2009a; Rooney et al., 2011; 
Georgiev et al., 2012; Hnatyshin et al., 2020). 
Below, we attempt to broadly outline what we 
know and understand about the signs and causes 
of disturbance and identify existing gaps in our 
knowledge of why some samples generate iso-
chronous dates while others do not.

For a sedimentary rock isochron (Figs. 3A and 
3B), targeting samples that can meet the assump-
tions outlined in Section 6.3 is critical; in particu-
lar, avoiding friable shaley lithologies or samples 
with dendritic veining is key. The CrVIO3-H2SO4 
digestion method preferentially liberates the 
Os and Re associated with organic matter, yet 
minor amounts of silicate material could poten-
tially be digested along with the organic matter, 
thus adding detrital Re and Os. However, silicate 
minerals have ultra-trace amounts of Re and Os 
(Peucker-Ehrenbrink and Blum, 1998; Selby and 
Creaser, 2003). A variety of post-depositional 
processes can affect the Re-Os isotopic system, 
and thus a closed system is possibly the hardest 
to maintain for portions of geological time. Dis-
turbed samples will often yield subchondritic, 
negative, or very radiogenic (>>4) Osi values 
and may also have lower Re and 192Os concen-
trations than isochronous samples. Both aspects 
hint strongly at disturbance to the Re-Os isotopic 
system. The effect of open system behavior on 

the Re-Os system for isochron dating will result 
in the scatter of data points from an isochron 
regression (Figs. 3C and 3D).

Oxidative weathering is known to disturb the 
Re-Os isotopic systematics in a sedimentary rock 
via alteration of organic matter and the associated 
platinum group elements (Peucker-Ehrenbrink 
and Hannigan, 2000; Jaffe et al., 2002; Pierson-
Wickmann et al., 2002; Georgiev et al., 2012). In 
particular, Os with multiple oxidation states (−2 
through to +8) has been shown to be readily oxi-
dized and removed from outcrops and tills with 
biotite and magnetite identified as particularly 
susceptible to Os loss, albeit with very low con-
centrations to begin with (Peucker-Ehrenbrink 
and Hannigan, 2000; Peucker-Ehrenbrink and 
Jahn, 2001). Loss of Os or Re (or Re or Os addi-
tion) from a sample will result in either lower 
or higher 187Re/188Os values than those of iso-
chronous samples, and the disturbed sample will 
plot above or below the isochron (e.g., Fig. 3C). 
Post-lithification, the kerogen molecule can be 
oxidized, and associated metals held in por-
phyrins are susceptible to being cleaved or dis-
solved from the kerogen structure (Petsch et al., 
2000, 2001; Derkowski and Marynowski, 2016, 
2018; Marynowski et al., 2017). After oxidative 
weathering, Os can be lost from outcrop, lead-
ing to the formation of Os-rich (Re-poor) Fe-
oxyhydroxides (Jaffe et al., 2002). Additionally, 
comprehensive organic geochemical and isoto-
pic studies on Late Permian and Late Jurassic 
samples from outcrop and drill core evaluated 
variations in major and trace elements, kero-
gen maturity levels, and Re-Os abundances and 
isotopic ratios and their impacts on isochrone-
ity (Jaffe et al., 2002; Pierson-Wickmann et al., 
2002; Georgiev et al., 2011; Park et al., 2024). 
An intriguing observation was the preferential 
loss of 187Os from sites of former 187Re, which 
thus lowered 187Os/188Os values and displaced a 
sample below an isochron line (Georgiev et al., 
2012). The primary cause of disturbance to 
the Re-Os system appears to be Os and/or Re 
loss as a result of a change in redox conditions 
within the sample (e.g., fluid-flow oxidizing the 
kerogen molecule). At present, we know of no 
mechanism capable of adding Os (or Re) into 
the organic component of a sedimentary rock or 
the chelating site for these metals.

The type, maturity, and percentage of organic 
matter in a sedimentary rock can be evaluated 
using Rock-Eval pyrolysis (Peters, 1986). For 
Rock-Eval analyses, the amount of hydrocarbons 
in a sample is measured and recorded, then the 
kerogen is pyrolyzed, generating hydrocarbons, 
CO2, and water. Any residual carbon in the sam-
ple (e.g., graphite) is also measured. These val-
ues are known as the S1, S2, S3, and S4 peaks on 
a pyrogram (Tissot and Welte, 1984). Although 
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not a panacea, Rock-Eval data, coupled with 
sulfur content (S wt% versus total organic car-
bon wt%), can be a useful tool for evaluating 
the post-depositional history and potential iso-
chroneity of an organic-rich sedimentary rock 
(Rooney et al., 2010; Georgiev et al., 2012).

10. GRAPHITE Re-Os 
GEOCHRONOLOGY

Graphite has provided fundamental insights 
into Earth and planetary processes (Amari et al., 
1990; Duncan and Dasgupta, 2017; Duncan 
et  al., 2017) and major economic benefits to 
society through its refractory, electrically con-
ductive, and naturally lubricating properties 
(Aurbach et al., 1999; Jara et al., 2019). This has 
led to its exploitation in advanced technologies, 
such as lithium-ion batteries, fuel cells, and aero-
space materials (Zhao et al., 2022). These novel 
uses of graphite, which are aimed at stimulat-
ing the green revolution, have led to a surge in 
demand for battery-grade graphite that is antici-
pated to eclipse 2018 levels by up to 500% (Jara 
et al., 2019; Robinson et al., 2017; Simandl et a., 
2015). To meet these growing societal demands 
and diversify supply chains, new graphite explo-
ration initiatives are actively being pursued in the 
USA and elsewhere through such programs as 
the U.S. Geological Survey-led Earth Mapping 
Resources Initiative (Earth MRI; Day, 2019). 
However, a paucity of chronological informa-
tion has hindered the development of predictive 
models for the genesis of graphite deposits.

Graphite Re-Os dating has only emerged in 
the past several years, first with a publication on 
the Lutang graphite deposit by Li et al. (2017a). 
This was followed by more recent publications 
by Sun et al. (2021b), Toma et al. (2022), and 
Toma and Creaser (2023) on graphite associ-
ated with the Huangyangshan alkaline pluton, 
the Wollaston-Mudjatik Transition Paleopro-
terozoic shear zone, the Neoproterozoic Tan-
zanite-Tsavorite gemstone deposits, and the 
Early Jurassic Franciscan Subduction Complex, 
respectively. Although work by Li et al. (2017a) 
and Sun et al. (2021b) helped demonstrate the 
possibility of graphite Re-Os dating, both stud-
ies were obscured by low-precision Re/Os age 
results and an incomplete understanding of 
graphite Re-Os systematics. This work also 
raised the question of whether graphite could 
be considered a newly discovered reservoir for 
Re and Os in Earth’s crust or if the Lutang and 
Huangyangshan graphite deposits were outlier 
cases and not representative of other crustal 
occurrences. To answer this question, more 
graphite from disparate localities had to be 
assessed for its Re and Os contents. Similarly, it 
remained unclear whether high-precision graph-

ite Re-Os dating was possible, and if it was, then 
what were the analytical protocols necessary to 
obtain reliable age information? Resolving these 
two quandaries was a prerequisite for proving the 
validity of graphite Re-Os dating and answering 
other important questions related to the controls 
on graphite Re and Os residency.

These questions were largely resolved with 
the publication on graphite Re-Os dating by 
Toma et al. (2022), which provided a more com-
prehensive picture of graphite Re abundances in 
Earth’s crust. They surveyed 17 metamorphic 
and hydrothermal graphites formed in five prom-
inent paragenetic environments: subduction 
zones, meteorites, faults, metamorphosed sedi-
mentary basins, and the lower continental crust. 
These data revealed that graphite Re abundances 
exhibit a range of values (up to ∼1500 ppb) that 
encompasses the entire set of values found in 
other terrestrial reservoirs, such as sulfides, 
organic-rich sedimentary rocks, and hydrocar-
bons (Table 1). Similarly, two graphites selected 
from this population of 17 samples yielded 
high-precision age results (<1%, including 
decay constant uncertainty) that were internally 
consistent with other geological constraints on 
graphite formation. These graphite Re-Os dates 
were also coupled with in situ SIMS C isotopes, 
Osi estimates, and X-ray diffraction (XRD)/
Raman crystallinity estimates to constrain the 
carbon source and temperature of graphite for-
mation (Toma et al., 2022). The graphite-specific 
workflow emphasized handpicking and mag-
netic separation over traditional heavy liquid/
water treatment methods to isolate graphite, as 
the latter was shown to disturb graphite Re-Os 
systematics, and the adoption of CrVIO3-H2SO4 
for digestion of graphite. A coupled XRD crys-
tallinity-graphite Re abundance approach was 
used to evaluate Re residency in graphite and to 
obtain the first high-precision age results from 
hydrothermal graphite, while subsequent work 
proved the feasibility of graphite Re-Os dating 
associated with subduction zone metamorphism 
(Toma and Creaser, 2023). Together, these 
works established the Re-Os isotopic system 
as an effective method for obtaining reliable 
age information from terrestrial graphite and a 
necessary tool for understanding how Re and Os 
cycle through Earth.

Future studies can build on this foundational 
research by further defining the timing and rates 
of graphite formation associated with the pro-
grade and retrograde stages of orogenesis (Par-
nell and Brolly, 2021), deposit-scale to ore-field-
scale graphite events associated with magmatism 
and hydrothermal activity (Case et  al., 2023), 
and extraterrestrial graphite-forming events 
associated with the embryonic stages of solar 
system development (Rubin and Ma, 2017).

11. CRUSTAL SULPHIDE Re-Os 
GEOCHRONOLOGY

In this section, the term “sulfide,” which is 
colloquially employed for simplicity, comprises 
sulfides but also other chalcophile mineral groups 
such as sulfarsenides and arsenides. Crustal sul-
fide geochronology provides a unique window 
into certain mineralization and fluid flow pro-
cesses and has seen expansive use in economic 
geology. By exploiting the chalcophile proper-
ties of the Re-Os isotopic system, researchers 
have been able to tap into the geochronologi-
cal potential of this diverse mineral group to 
temporally link ore mineralization to tectonic, 
magmatic, and/or sedimentary processes, which 
is crucial for developing spatial-temporal mod-
els of ore genesis (Fig. 6). Seminal papers such 
as Du et al. (1995), Stein et al. (1997a, 1997b, 
1998), Raith and Stein (2000), and Selby and 
Creaser (2001a, 2001b) constrained sulfide 
mineralization in porphyry-Mo and orogenic-
Au deposits at the million-year and sub-million-
year scale. These early studies helped prove the 
efficacy of Re-Os sulfide geochronology (i.e., 
molybdenite, arsenopyrite, and pyrite), which 
has subsequently expanded into other sulfide 
minerals (e.g., bornite, chalcopyrite, cobalt-
ite, and carrollite; Selby et al., 2009; Saintilan 
et al., 2017a, 2017b, 2018) with the potential to 
expand into many more (e.g., rammelsbergite, 
niccolite, and gersdorffite; Majzlan et al., 2022; 
Fig. 6). Consequently, sulfide Re-Os geochro-
nology has been used to successfully date a wide 
assortment of ore types including orogenic gold, 
porphyry, Mississippi Valley-type and volcano-
genic massive sulfide deposits, and other types 
of sediment-hosted ores, resulting in dozens of 
publications in the past 20 years, with precision 
routinely approaching <1% (e.g., Stein et al., 
2000, 2004; Hannah and Stein, 2002; Brooks 
et al., 2004; Morelli et al., 2004, 2007; Wilson 
et  al., 2007; Zimmerman et  al., 2008, 2014; 
Bjerkgard et al., 2009; Lawley and Selby, 2012; 
Lawley et al., 2013, 2015; Hnatyshin et al., 2015, 
2016; Zhang et al., 2016; Saintilan et al., 2017a, 
2017b, 2018, 2020a, 2021; Cawood et al., 2022; 
Tassara et al., 2022). Many sulfide minerals have 
been shown to retain robust Re-Os age informa-
tion through post-mineralization thermal distur-
bances (Morelli et al., 2010; van Acken et al., 
2014; Vernon et al., 2014; Saintilan et al., 2017b, 
2018, 2023a; Fig. 7). An overview of the appli-
cability of different sulfides and related minerals 
is provided in Figures 6 and 7, and Table 1.

Establishing the timing and source of fluid 
flow in ore deposits (e.g., the interaction of min-
eralizing brines and metal-rich basement rocks 
or melts from metal-rich mantle domains) is 
critical for developing genetic models of ore for-
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mation. The Osi ratios derived from sulfide min-
eral isochrons of Archean to Phanerozoic age 
can range from between ∼0.12 to >>10 (e.g., 
Brooks et al., 2004; Morelli et al., 2004, 2007; 
Stein et al., 2004; Wilson et al., 2007; Hnatyshin 
et al., 2015; Saintilan et al., 2017a, 2017b, 2018). 
These Osi ratios can, to a first-order, be used to 
distinguish between a mantle-related or a crust-
derived source of the Os and associated metals 
(e.g., Sillitoe et al., 2015, 2017; Saintilan et al., 
2018; Tassara et al., 2022).

11.1. Mineral Species Considerations

The sulfide Re-Os chronometer has shown 
great promise for dating a wide variety of min-
eralizing systems; however, development of this 
field is still very much in its infancy due to the 
complexity of the paragenetic environments 
that result in sulfide mineralization. Pyrite, for 
example, is the most widely dispersed mineral, 
and hence the most common mineral targeted, 
having been identified in 21 distinct paragenetic 
environments, in contrast to the most success-
ful Re-Os geochronometer, molybdenite, which 
is only found in nine environments (Hazen and 
Morrison, 2022).

Most Re-Os sulfide chronometers are either 
in a trial phase with minimal published stud-
ies demonstrating their efficacy or considered 
developmentally immature, meaning they have 
yet to be systematically studied despite rou-
tinely yielding geologically meaningful age 
information (Fig.  7). Those that are further 

along in the developmental trajectory, perhaps 
reaching the status of a mature chronometer 
like U-Pb zircon, are very rare. Additionally, 
despite many attempts, some sulfide chro-
nometers have thus far failed to generate dates 
with any geological significance. This mineral 
system maturity issue is further complicated 
by the fact that most studies do not provide 
detailed information on the composition and 
modal abundance of mineral separates used in 
isotopic analysis. With the recent advancement 
of in situ analytical techniques (such as LA-
MC-ICP-MS), it has finally become possible 
to quantify Re budgets at the microscale (e.g., 
Hnatyshin et al., 2020; Saintilan et al., 2021). 
The further development of sulfide geochro-
nology will require such documentation and is 
an important caveat for the review of different 
mineral systems that follows (Fig. 8).

11.1.1. Mature Chronometers
Molybdenite. Molybdenite (MoS2) is argu-

ably the most well-studied sulfide chronometer 
to date, with a research and development heri-
tage extending back to the 1950s, when it was 
discovered that molybdenite is a carrier of the 
187Re-187Os radioisotopic pair (Hintenberger 
et al., 1954). During the intervening 70 years, 
molybdenite went from being initially perceived 
as unreliable (Luck and Allègre, 1982) to argu-
ably the most robust and reliable sulfide chro-
nometer for Re-Os (Stein et  al., 1998, 2001; 
Selby and Creaser, 2001a, 2001b; Selby et al., 
2002; Bingen and Stein, 2003; Lawley and Selby, 

2012; Zimmerman et al., 2022). The success of 
molybdenite as an Re-Os chronometer in part 
relates to the fact that Re(VI) substitutes for Mo 
up to the weight percent level in molybdenite, 
whereas Os is restricted to sub-parts-per-billion 
levels due to limited substitutions with Mo 
during molybdenite crystallization (Takahashi 
et al., 2007). As a result, nearly all Os present in 
molybdenite accumulates through the beta decay 
of 187Re into 187Os, thereby qualifying molybde-
nite as a radiogenically rich system analogous to 
the U-Pb zircon chronometer. Parts-per-million-
level Re concentrations coupled with negligibly 
low common Os (Re/Oscommon = 106) permit 
molybdenite Re-Os ages to be calculated via 
the basic decay equation (see Equation 2). By 
circumventing initial 187Os estimates, molybde-
nite Re-Os ages can be obtained from multiple 
coeval molybdenite grains reported as single 
or weighted average model ages (Stein et  al., 
1997a; Li et al., 2017b). These tend to have age 
uncertainties on the order of <1% (approach-
ing 0.2% when only internal uncertainties are 
included), and in some cases the main constraint 
on precision is the accuracy of the 187Re decay 
constant (0.31%; Smoliar et  al., 1996; Stein 
et al., 2001; Hannah et al., 2004).

The possibility of open system behavior in 
molybdenite has been rigorously tested in a 
wide range of temperature settings (500–700 °C; 
Fig. 8) corresponding to amphibolite- to granu-
lite-facies metamorphism and has been shown 
to remain robust against disturbance across this 
entire range (Stein et al., 1998, 2001; Raith and 
Stein, 2000; Bingen and Stein, 2003). Simi-
larly, molybdenite has been shown to remain 
insensitive to resetting by high-temperature 
(∼400–500 °C) hydrothermal fluids and post-
ore events (Selby and Creaser, 2001a, 2001b; 
Selby et al., 2002).

The application of Re-Os dating of molybde-
nite extends temporally from the Neoarchean to 
the Pleistocene and younger (Moreto et al., 2015; 
Spencer et al., 2015; Jansen et al., 2017) and spa-
tially from porphyry Mo/Cu to IOCG systems 
(Moreto et al., 2015; Barra et al., 2017b), W(Mo) 
skarn (Jingwen et  al., 1999; Raith and Stein, 
2000), and lode/orogenic gold deposits (Selby 
et al., 2002; Mueller et al., 2008; Lawley and 
Selby, 2012; Lawley et al., 2013, 2015). Beyond 
these studies, molybdenite has proven to be a 
powerful petrochronologic tool for discriminat-
ing sub-million-year mineralizing events in por-
phyry systems and molybdenite mineralization 
at a range of scales (Stein et al., 1997a; Barra 
et al., 2005; Kohút and Stein, 2005; Feely et al., 
2007; Selby et al., 2008; Conliffe et al., 2010; 
Zimmerman et al., 2014; Li et al., 2017b).

Pyrite and arsenopyrite. Research into Re-Os 
pyrite (FeS2) and arsenopyrite (FeAsS) chro-

Figure 6. Schematic illustration 
of ore deposit environments 
along with typical sulfides that 
are amenable for Re-Os geo-
chronology and/or metal source 
tracing. In the magmatic en-
vironment, sulfides are inter-
preted as being major carriers 
of Re and Os. However, grain 
size prevents using the work-
flow of production of monopha-
sic mineral separates for Re-Os 
geochronology (cf. Fig.  8 and 
Saintilan et  al., 2020b). Asp—
arsenopyrite; Au—gold; Bn—
bornite; Car—carrollite; Carb. 
repl.—carbonate replacement; 
Cc—chalcocite; Cob—co-
balite; Cpy—chalcopyrite; 
Ena—enargite; IOCG—iron 

oxide-copper-gold; Lol—löllingite; Mo—molybdenite; Mrc—marcasite; Nk—nickeline; 
Pn—pentlandite; Po—pyrrhotite; Py—pyrite; Ram—rammelsbergite; Saf—safflorite; Sed. 
envir.—sedimentary environment; Sed.-hosted—sediment-hosted; Skut—skutterudite; 
VHMS—volcanic-hosted massive sulfide.
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nometry extends back to the late 1990s and early 
2000s, when the first Re-Os pyrite and arsenopy-
rite dates were obtained (Frei et al., 1998; Stein 
et  al., 1998, Mathur et  al., 1999; Arne et  al., 
2001). Confidence and technological advances 
in both methods have grown throughout this 
intervening period such that Re-Os dates rou-
tinely yield age uncertainties of <5% and have 
been applied to a variety of paragenetic environ-
ments (Hannah et al., 2004; Morelli et al., 2004, 
2005, 2010; Ootes et al., 2011; Lawley et al., 
2013; Hnatyshin et  al., 2015; Rooney et  al., 
2018; Saintilan et  al., 2020a; Cawood et  al., 
2022; Moles and Selby, 2023; Fig.  6). Both 
pyrite and arsenopyrite, much like other sul-
fides, differ from molybdenite in that they pref-
erentially incorporate Re at lower concentrations 
(the parts-per-billion level) and often contain 
significant common Os (at the parts-per-trillion 
level; Stein et  al., 1998, 2000; Morelli et  al., 
2004; Ootes et al., 2011; Kerr and Selby, 2012; 
Zimmerman et al., 2014; Torgersen et al., 2015; 
Kelley et  al., 2017; Moles and Selby, 2023). 
Consequently, these radiogenically poor sul-
fides often require a regression-based approach 
for dating (see Section 6). Applications have 
seen the implementation of single-phase chro-
nometry, such as pyrite or arsenopyrite Re-Os 
dating (Hnatyshin et al., 2015), and composite 

chronometry, such as pyrite–bornite–chalco-
pyrite (Selby et al., 2009; Ying et al., 2014) or 
arsenopyrite-löllingite Re-Os dating (Saintilan 
et  al., 2017a). However, the former approach 
is simpler and therefore reduces the chance of 
multicomponent mixing of disparate mineraliza-
tion events (Mathur et al., 2005). Controlling for 
these potentially erroneous ages can be accom-
plished by using a 187Os/188Os over 1/Os (ppm) 
plot. When done properly, it can yield meaning-
ful isochronous ages (Saintilan et  al., 2017a). 
In some circumstances, pyrite and arsenopyrite 
(± other sulfides) may behave as radiogenically 
rich systems like molybdenite and incorporate 
negligible amounts of common Os (Stein et al., 
2000; Morelli et al., 2005). In these situations, a 
mixed double-Os spike containing 188Os in addi-
tion to 185Re and 190Os is required to produce 
meaningful 187Re/188Os and 187Os/188Os values 
for high-precision geochronology (Selby et al., 
2009; Alderton et al., 2016).

The reasons why some pyrites, and more 
commonly arsenopyrites, share similar quali-
tative isotopic properties as molybdenite (i.e., 
low-level, highly radiogenic sulfides, LLHR) 
remain unresolved (Morelli et al., 2004, 2005, 
2010; Selby et al., 2009; Torgersen et al., 2015). 
However, recent advancements in the field of in 
situ LA-ICP-MS elemental mapping have pro-

vided key insights into the distribution of Re in 
pyrite. Such investigations have, for example, 
revealed both homogeneous and heterogeneous 
Re distributions across pyrite grains in carbon-
ate-hosted ores (Hnatyshin et  al., 2020) and 
black shales (Pašava et al., 2017). This bimodal 
distribution pattern has been used as prima facie 
evidence that Re in pyrite can form as both lat-
tice-bound cations (Pašava et al., 2017) and Re-
rich, micron-scale inclusions, potentially rheni-
ite (ReS2) or molybdenite (Pašava et al., 2017; 
Hnatyshin et al., 2020). This latter hypothesis 
could thus plausibly account for the LLHR char-
acter observed in some sulfides more broadly, 
but more follow-up research is required.

The closure temperatures of pyrite and arse-
nopyrite have been estimated in several geo-
logic settings by the successful dating of such 
materials exposed to post-ore metamorphic and 
metasomatic events (Stein et al., 1998; Mathur 
et al., 1999; Brenan et al., 2000; Lawley et al., 
2013; Vernon et al., 2014; Hnatyshin et al., 2015; 
Torgersen et  al., 2015). For example, Selby 
et al. (2009) were able to yield a high-precision, 
composite pyrite–bornite–chalcopyrite age of 
386 ± 3.8 Ma (<1%; mean square of weighted 
deviates [MSWD] = 0.71) despite exposure to 
greenschist-facies metamorphic temperatures 
(∼300 °C). Rhenium-osmium pyrite age infor-

Figure 7. Re-Os chronometers 
divided up as mature, imma-
ture, or failed and displayed in 
pentagon plots, with each of the 
five nodes corresponding to: 
(1) robust ages—approximate 
number of published ages us-
ing the Re-Os geochronometer 
on material (e.g., molybdenite); 
(2) in situ dating—the system 
used for in situ dating; (3) resi-
dency—the locations of Re and 
Os known within the target 
(e.g., organics for shale); (4) 
ref. material—reference mate-
rial for Re-Os geochronology 
(e.g., the Henderson molybde-
nite RM 8599 [Markey et  al., 
2007]); (5) closure temp.—the 
temperature below which the 
Re-Os system remains closed, 
with no loss or addition of par-
ent or daughter isotope (e.g., 
∼600  °C for pyrite). See text 
for full discussion and source 
references.
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mation has similarly been preserved in amphib-
olite-facies (Vernon et al., 2014) and eclogite-
facies grade metamorphism (P = 570  °C, 
T = 2.1 GPa; van Acken et al., 2014) that, when 
coupled with Os-pyrite diffusion experiments 
(Brenan et al., 2000), collectively delineated an 
apparent pyrite closure temperature of ∼660 °C 
(Fig. 7). Similar investigations into arsenopyrite 
have revealed intact Re-Os systematics during 
retrograde metamorphism (465–535 °C; Morelli 
et al., 2010), which have been replicated else-
where in other ore systems exposed to similar 
metamorphic grades (Frei et al., 1998; Saintilan 
et al., 2017a, 2017b; Fig. 7). From these studies, 
Saintilan et  al. (2017a) estimated an apparent 
arsenopyrite closure temperature of 400–450 °C. 
Comparable closure temperatures (530–600 °C) 
have also been recognized in löllingite (Sainti-
lan et al., 2017a). The robustness of pyrite and 
arsenopyrite Re-Os chronometry, however, has 
not been tested beyond greenschist-facies meta-
morphism, and therefore leaves an open question 
as to whether each of these chronometers is resil-
ient to isotopic exchange during higher-grade 
metamorphism. Disturbance in sulfide Re-Os 
systematics may relate less to closure tempera-
ture and more to crystal regrowth or alteration 
events in which isotopic heterogeneities are 
introduced with each subsequent growth stage 
(Hnatyshin et al., 2020).

11.1.2. Immature Chronometers
Copper sulfides, sulfarsenides, and arsenide 

minerals exhibit similar Re (parts-per-billion) 
and Os (parts-per-trillion) abundances and iso-
topic ratios (i.e., poorly and richly radiogenic) 
as pyrite and arsenopyrite (Fig. 1), which makes 
them feasible minerals from an analytical stand-
point. Some of these have been tested in several 
geologic settings, such as chalcopyrite (CuFeS2) 
and bornite (Cu5FeS4; Schneider et  al., 2007; 
Selby et al., 2009; Lawley et al., 2013; Saintilan 
et al., 2018, 2023a), but others, such as carrol-
lite (CuCo2S4), cobaltite (CoAsS), vaesite (NiS2), 
and millerite (NiS), have fewer studies to support 
their efficacy (Saintilan et al., 2017b, 2018; Gadd 
et al., 2019). The Re-Os systematics of the solid 
solution CoAs2-FeAs2 (safflorite-löllingite) have 
been studied to constrain the absolute timing of 
mineralization of primary cobalt resources (Sain-
tilan et  al., 2017a, 2023b). Rhenium-osmium 
Cu-S/Co-S/Ni-S dating has been successfully 
applied to stratabound Cu, sedimentary-hosted 
Cu/Co, and orogenic Au deposits (Tristá-
Aguilera et al., 2006; Selby et al., 2009; Law-
ley et al., 2013; Saintilan et al., 2017a, 2017b, 
2018), and hyper-enriched black shales (Gadd 
et al., 2020). These case studies have not only 
helped to constrain the timing of the main stage 
of Cu, Cu-Co, and Au mineralization, but also 

have helped to resolve some major controversies 
related to the genetic models of several important 
mineral systems (Saintilan et al., 2017a, 2018; 
Gadd et  al., 2020). Although promising, these 
minerals remain to be scrutinized with the same 
rigor as more mature Re-Os sulfide chronom-
eters like molybdenite, pyrite, and arsenopyrite 
(see Section 11.1.1), and therefore, the robustness 
of these minerals in different geologic settings 
remains unclear. Specific case studies of imma-
ture chronometers are listed below.

Bornite (Cu5FeS4), chalcopyrite (CuFeS2), 
chalcocite (CuS). Tristá-Aguilera et al. (2006) 
reported one of the first Cu-S ages from a four-
point mixed chalcocite and bornite isochron 
that yielded a Model 3 age (160 ± 16 Ma; 
MSWD = 1.8). Bornite has subsequently shown 
promising Re-Os age results from both mixed 
(Selby et al., 2009) and monomineralic isochrons 
(Saintilan et al., 2018, 2023a) obtained from sed-
imentary-hosted Cu-Co deposits. Saintilan et al. 
(2018), for example, were able to generate a high-
precision bornite isochron age of 473 ± 4 Ma 
(MSWD = 1.8) from Cu-Co deposits of the 
African Copperbelt. Similar success stories 
have been reported from chalcopyrite ± pyrite 
isochrons obtained from IOCG systems, oro-
genic Au deposits, and carbonate-hosted Cu 
deposits (Selby et al., 2009; Lawley et al., 2013; 
Zhimin and Yali, 2013). In one of these deposits 
(Ruby Creek Cu deposit), bornite was exposed 
to greenschist-facies metamorphic temperatures 
(between 300 °C and 400 °C) and were shown 
to be robust against isotopic exchange (Sainti-
lan et al., 2023a). Additional work is required to 
verify the closure temperature and conditions of 
these Cu sulfides more fully.

Cobaltite (CoAsS). Currently the bulk of 
what is known about the Re-Os systematics of 
cobaltite comes from the Idaho cobalt belt of the 
Belt-Purcell Basin (USA), which yielded mixed 
Re-Os age results (Saintilan et al., 2017b). Only 
one of the three deposits sampled (Haynes-
Stellite) produced a date that could be assigned, 
with reasonable confidence, to the main stage 
of Co-Cu ± Au mineralization. The other two 
deposits (Idaho and Chicago zones, USA) pro-
duced either a highly imprecise age (20% for 
Idaho) or no age information at all (Chicago). 
The isotopic scatter associated with Idaho and 
Chicago was attributed to the loss or gain of Re 
during metamorphic recrystallization of cobalt-
ite initiated by the Grenvillian (middle- to upper-
greenschist) and Cordilleran (400–520  °C) 
orogenic events. From this, cobaltite was deter-
mined to have an estimated closure temperature 
of <400 °C (Saintilan et al., 2017b). However, it 
could be argued that because the Haynes-Stellite 
deposit was subjected to broadly similar meta-
morphic (lower greenschist) temperatures as 

those of Idaho and Chicago during the east Koo-
tenay orogeny, the disparity in ages may be the 
result of post-ore alteration (e.g., Lawley et al., 
2015) rather than thermal resetting associated 
with closure temperatures.

Carrollite (CuCo2S4). Three Re-Os carrollite 
dates were obtained from sedimentary-hosted 
Cu-Co deposits of the African Copperbelt that 
yielded precisions ranging from <1% to <10% 
(Saintilan et al., 2018), which appear to geneti-
cally link mineralization to basin inversion tec-
tonics and fluid flow related to regional meta-
morphism in the African Copperbelt. In addition, 
the Re-Os carrollite ages externally validated 
previous Re-Os molybdenite ages obtained by 
Sillitoe et  al. (2017), which further helps to 
anchor carrollite as a viable Re-Os chronometer. 
A recent study refined the genetic model for the 
Ruby Creek Cu-Co-Ge deposit in Alaska, where 
carrollite was found to be paragenetically older 
than bornite. Model Re-Os ages for carrollite 
were nominally older than the Re-Os isochron 
age for bornite, thereby providing absolute 
Re-Os time stamps validated by and compat-
ible with microscopic paragenetic observations 
(Saintilan et al., 2023a).

Sphalerite (ZnS). Sphalerite Re-Os geochro-
nology has received mixed results. For exam-
ple, Morelli et  al. (2004) reported an impre-
cise sphalerite isochron age of 416 ± 75 Ma 
(MSWD = 418) that was significantly more scat-
tered than a pyrite isochron age of 338 ± 5 Ma 
(MSWD = 7.8) obtained from the same deposit 
(e.g., Red Dog Zn-Pb deposit, Alaska, USA). This 
resulted in the authors concluding that the sphal-
erite clock was reset during a late-stage hydro-
thermal or Brookian orogenic event (Morelli 
et  al., 2004). More recently, however, Paradis 
et al. (2020) published a mixed pyrite-sphalerite 
isochron age (512 ± 17 Ma, MSWD = 5.4), 
which suggests that sphalerite, in some geologi-
cal environments, can contain meaningful age 
information. However, without further study, no 
conclusive determination can be made of the effi-
cacy of sphalerite as a chronometer.

Nickel minerals. Research into rammelsber-
gite and gersdorffite Re-Os geochronology has 
also yielded promising results using both model 
ages and isochronic approaches (Chernonozhkin 
et al., 2020; Kiefer et al., 2020; Majzlan et al., 
2022). Additionally, high-precision, composite 
isochrons (∼1% uncertainty) created with pyrite, 
vaesite, and millerite, from hyper-enriched black 
shales, show promise in dating Ni minerals 
(Gadd et al., 2020).

11.1.3. Provisionally Failed Re-Os 
Chronometers

There are examples of minerals that have pro-
visionally failed to generate geologically mean-
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ingful ages. These failures have been linked to 
perceptibly low closure temperatures leading to 
isotopic exchange during secondary events, such 
as metamorphism, diagenesis, or metasomatism, 
or to their crystal chemistries precluding Re and 
Os uptake during mineral crystallization, which 
prevents them from being dated.

Attempts to date pyrrhotite (Fe(1−x) S) using 
the Re-Os system have continued to fail, with 
multiple lines of evidence from both experimen-
tal and geologic research revealing resetting and 
open system behavior (Frei et al., 1998; Lam-
bert et al., 1999; Brenan et al., 2000; Morelli 
et al., 2010; Williams et al., 2010; Soares et al., 
2021). When calibrated against other well-
established sulfide chronometers, pyrrhotite 
has routinely yielded scattered results indica-
tive of isotopic exchange from post-ore events 
(e.g., greenschist-grade metamorphism) that 
are not observed in other co-genetic phases, 
namely arsenopyrite and pyrite (Frei et  al., 
1998; Morelli et  al., 2010). Osmium isoto-
pic exchange has similarly been reported in 
pyrrhotite-bearing assemblages of the Virginia 
Formation that were proximally associated 

with hydrothermal fluids (300–400  °C) from 
a contact aureole (Williams et al., 2010). Prior 
experimental evidence demonstrates Os diffu-
sion in pyrrhotite at comparable temperatures 
over <500 k.y. time scales (Brenan et al., 2000). 
Despite this, studies relying on whole-rock 
Re-Os isotopic data, where the dominant sulfide 
phase is pyrrhotite ± pentlandite, chalcopyrite, 
and magnetite, have yielded isochronous results 
(Frick et al., 2001; Morgan et al., 2002). In such 
studies, however, it was unclear whether pyr-
rhotite was the acting host Re and Os phase 
and/or if monomineralic phases, such as pyr-
rhotite, were behaving in an open system while 
the whole rock remained closed. Other miner-
als such as magnetite and hematite, which are 
not technically sulfides but form in ore-forming 
environments, have also yielded spurious age 
results and have been abandoned by the Re-Os 
community (Davies, 2010).

11.2. Sample Collection Procedure

Rhenium-osmium sulfide geochronology, 
depending on the Re concentration of the sam-

ple, requires ∼10–400 mg of sample per data 
point. Therefore, up to a few grams of cogenetic 
monomineralic sulfide material must often be 
extracted to create a typical isochron diagram, 
model age, or Monte Carlo method calculation. 
Samples that have experienced no alteration fol-
lowing mineralization (e.g., post-mineralization 
fluid flow characterized by secondary hypogene 
mineralization) or supergene alteration minimize 
the risk of open system behavior. When select-
ing material appropriate for dating, it should 
be noted that based on the observations of 
Hnatyshin et al. (2020), macroscale observations 
are insufficient for predicting the viability of an 
individual sample for Re-Os geochronology. 
Therefore, duplicate samples should be collected 
that contain the mineral(s) of interest for detailed 
microscopic observations and mineral chemistry 
characterization. Detailed microscopic inves-
tigations should focus on determining the Re 
budget of the sample through in situ techniques 
(e.g., LA-ICP-MS) and by identifying the pres-
ence of high-Re phases (e.g., minute molyb-
denite inclusion and organics). Conversely, the 
purity of molybdenite mineral separates relies 

Figure 8. Sulfide workflow cate-
gorized into three major phases: 
mineral separation, spatial im-
aging, and chemical separa-
tion and analysis. ID—isotope 
dilution; BSE—backscattered 
electron; LA-ICPMS—laser 
ablation–inductively coupled 
plasma mass spectrometry; ID-
N-TIMS—isotopic dilution–
negative thermal ionization 
mass spectrometry.
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on careful microscopic investigation to identify 
sulfide inclusions in molybdenite. Incorporat-
ing sulfides with common Os in molybdenite 
separates has been shown to adversely affect the 
quality of model ages created from molybdenite 
separates (e.g., Ikenne et al., 2021, discussing 
data in Oberthür et  al., 2009). In conclusion, 
careful scrutinization of samples is critical for 
the successful analysis and interpretation of sul-
fide Re-Os isotopic data (Fig. 8).

11.2.1. Providing Context: Paragenesis and 
Re-Os Systematics

For each set of samples, polished thin sections 
should be investigated by reflected and transmit-
ted light microscopy to establish the paragenetic 
relationships among the various sulfides and 
gangue minerals (Fig. 8). Detailed petrographic 
investigations have two main objectives: (1) to 
determine the relative chronology of the sulfide 
species for which we aim to establish absolute 
Re-Os ages and (2) to inform the stepwise pro-
tocol for mineral separation of individual  sulfide 
species using magnetic, heavy liquid, and/or 
leaching procedures. It is highly advisable to 
follow up these petrographic investigations with 
elemental mapping, preferably Re, but at mini-
mum using Mo as a proxy, to determine how Re 
is distributed in the sample (pyrite: Hnatyshin 
et al., 2020; bornite: Saintilan et al., 2021).

Without this proper context, it is possible to 
misidentify the Re host within a sample, which 
can lead to a spurious interpretation of the Re-Os 
dataset. An example of this comes from the 
Hawker Creek sediment-hosted Zn-Pb deposit, 
where it was shown that primary pyrite crystals 
of ca. 1100 Ma with low Re concentrations (<1 
ppb) were overprinted by ca. 400 Ma rims with 
high Re concentrations (>100 ppb; Hnatyshin 
et  al., 2016, 2020). Due to the bulk nature of 
Re-Os analysis, most of the model ages produced 
were meaningless mixing ages. However, by uti-
lizing the careful sample preparation procedure 
outlined in this study, pristine mineral separates 
were produced and subsequently confirmed 
through elemental mapping. Another key obser-
vation of LA-ICP-MS studies is that the primary 
sulfide phases do not always contain the entire, 
or even the majority, of the Re-Os budget of a 
sample, with fine-grained (micron-scale), often 
undefined matrix minerals (e.g., clays, organ-
ics, oxides, and sulfides) frequently containing 
highly elevated levels of Re. These observations 
have been made in many sediment-hosted ore 
deposits (Mathur et al., 2005; Hnatyshin et al., 
2015, 2020). Utilizing LA-ICP-MS can also 
clarify the host of Re in LLHR sulfides (e.g., 
Barra et  al., 2003; Morelli et  al., 2007; Law-
ley et al., 2013), which—based on their highly 
radiogenic nature—may be explained in some 

cases by the incorporation of molybdenite impu-
rities. We strongly promote the use of LA-ICP-
MS mapping of Re in all sulfide studies going 
forward as it will help standardize datasets and 
ideally avoid disagreements in how to interpret 
Re-Os ages (e.g., primary versus secondary 
ages), especially in areas with complex geologic 
histories.

11.2.2. Protocol for Mineral Separation
The quality of a sulfide Re-Os geochrono-

logical dataset is directly tied to the quality of 
mineral separates used for analysis (Fig.  8). 
Careful sample preparation is critical to ensure 
that samples contain negligible impurities and 
the phase(s) of interest for geochronological 
and paragenetic contextualization. Historically, 
additional details specifically identifying what 
phases were being analyzed were not provided, 
although reporting this information is becoming 
more commonplace (e.g., Saintilan et al., 2017a, 
2017b, 2018, 2020b; Gadd et al., 2020; Paradis 
et al., 2020; Cawood et al., 2022; Tassara et al., 
2022). However, it should never be assumed by 
the investigator that mineral separation proce-
dures produce monomineralic separates, because 
commonly implemented techniques (e.g., heavy 
liquid separation and magnetic separation) 
produce mineral separates of variable quality 
(Hnatyshin et al., 2020). An additional benefit 
of proper mineral separation is that it is pos-
sible to decipher entire mineralization histories 
if several suitable mineral species co-occur in a 
single bulk-mineralized macroscopic sample. By 
producing mineral separates of each individual 
sulfide species, it may be possible to poten-
tially constrain discrete timings of precipitation 
(Mesoarchean arsenopyrite and Neoarchean 
pyrite in Saintilan et al., 2020a; Ediacaran car-
rollite and Lower Ordovician bornite in Saintilan 
et al., 2018).

The following is a generalized procedure 
adapted from recent publications (Hnatyshin 
et al., 2020; Saintilan et al., 2020a), and is rec-
ommended because it is designed to isolate min-
erals of interest, minimize the possibility of con-
tamination, and maximize spread in 187Re/188Os. 
When starting sample preparation, if possible, 
samples are cut to isolate the sulfide-rich por-
tions that contain sufficient sulfide (i.e., several 
grams), thereby optimizing subsequent crushing 
and mineral separation. Any fragment cut with 
a saw must be thoroughly cleaned using a pol-
ishing wheel, silicon carbide grit, and/or silicon 
carbide sandpaper to remove any metal contami-
nation. The sample is then crushed in a metal-
free environment (e.g., agate, alumina ceramic, 
or zirconium oxide) to a size of ∼74–210 µm 
(mesh size 200–70), i.e., a grain size chosen 
to efficiently implement heavy liquid separa-

tion and magnetic separation. Crushing can 
be accomplished by hand using a mortar and 
pestle or using crushing equipment with metal-
free components. If pre-crushing is required, 
the sample can be wrapped in a polyethylene 
(or similar) bag and broken using a duct tape–
wrapped rock hammer. A hand-held magnet may 
be used to collect any steel splinters introduced 
by hammering. Between each pass through the 
chosen crushing apparatus, the sample is sifted 
through a 70-mesh nylon sieve (210 µm), and the 
crushing process is repeated for all larger (>210 
µm) grains. Since we are interested in particles 
>74 µm (200 mesh), the material is further 
sieved until the majority of finer material (<74 
µm) is removed. To fully remove all remnants 
of finer material (<74 µm), the sample is trans-
ferred to a disposable high-density polyethylene 
container, where the sample is washed manually 
by using a drip bottle containing ultrapure water. 
Then, with repeated wetting, swirling, and set-
tling of ∼74–210 µm particles, the supernatant 
is removed. Once all fines are removed, the final 
product is rinsed with ethanol to prevent oxida-
tion of the grains.

To remove the majority of silicates and car-
bonates from a crushed sample, a heavy liquid 
separation procedure is used to exploit differ-
ences in mineral densities. Commonly used 
heavy liquids include methylene iodide and 
sodium polytungstate, which have densities of 
3.32 g/cm3 and 2.86 g/cm3, respectively. Heavy 
liquid separation involves introducing the 
crushed sample into a separatory funnel contain-
ing a heavy liquid. Minerals with higher density 
than the heavy liquid (e.g., sulfides and oxides) 
will sink, whereas minerals with lower density 
will float (e.g., calcite, dolomite, and quartz), 
allowing both aliquots to be collected. After 
extraction from heavy liquid, the sample is thor-
oughly rinsed with acetone (methylene iodide) 
or ultrapure water (sodium polytungstate). A 
final rinse of ethanol is required when sodium 
polytungstate is used to prevent oxidation and 
expediate drying. However, it is important to 
note that heavy liquid separation is not 100% 
effective due to the production of composite 
grains during crushing (Hnatyshin et al., 2020).

Potential differences in magnetic susceptibil-
ity among different minerals can be exploited 
using a Frantz isodynamic magnetic separator, 
which can be used in a stepwise manner to pro-
duce mineral separates with different bulk mag-
netic susceptibility values. For a detailed exam-
ple, refer to Bowman and Hnatyshin (2022). 
Mineral impurities, especially those of magne-
tite and pyrrhotite, strongly influence the mag-
netic susceptibility of a sample, and other more 
subtle differences (e.g., composition, grain size, 
and crystal structure) can result in variations in 
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magnetic susceptibility (Burgardt and Seehra, 
1977; Dekkers, 1988). Therefore, in practice 
it is expected that individual minerals will be 
extracted over a range of magnetic susceptibil-
ity. An advantage of this behavior is that a min-
eral (e.g., pyrite) collected in different magnetic 
separates has been shown to result in an isochron 
with an increased spread in 187Re/188Os, which 
leads to more precise age calculations (e.g., 
Hnatyshin et al., 2015; Gadd et al., 2020; Paradis 
et al., 2020). For quality control, it is important 
to verify the purity and paragenetic character of 
these separates through subsequent characteriza-
tion (e.g., petrography in epoxy mounts).

11.2.3. Considerations for Molybdenite 
Separation

Selby and Creaser (2004) provided recom-
mendations for an approximate minimum ali-
quot amount from a pure molybdenite mineral 
separate that is required for reproducible Re-Os 
age dating, as a function of molybdenite age and 
grain size: (1) as little as 1 mg of aliquant for 
geologically young and naturally fine-grained 
molybdenite and (2) as much as 40 mg of geo-
logically old and coarse-grained molybdenite. 
Given this information, we strongly recommend 
avoiding aliquant production using micro-drill-
ing techniques for the following reasons: (1) 
micro-drilling does not produce a mineral sepa-
rate but rather a powder, (2) micro-drilling does 
not offer the ability to control whether the pow-
der contains pure molybdenite or molybdenite 
with impurities (e.g., inclusion of other sulfides 
bearing common Os as in Oberthür et al., 2009), 
and (3) the drill head may introduce substantial 
Re and/or Os contamination.

11.2.4. In Situ Re-Os Sulfide Geochronology
The low concentrations of both Re and Os in 

most minerals, the lack of certified standards, 
and the infeasibility of distinguishing between 
187Os and 187Re in LA-ICP-MS systems have 
prevented most in situ studies from being via-
ble. However, in molybdenite, where Re and Os 
may exist at concentrations that modern instru-
ments can measure precisely, it is possible that 
accurate isotopic ratios can be determined. In 
early studies, mass 185 (185Re) was measured to 
determine the abundance of 187Re in the analy-
sis of mass 187 using the natural 185Re/187Re 
(Košler et  al., 2003; Stein et  al., 2003; Selby 
and Creaser, 2004). To determine the mass bias 
on Re, an approach similar to that described 
in Section 4.2 is employed, by using W found 
within the molybdenite itself or as an aspirated 
solution injected into the plasma (Košler et al., 
2003; Selby and Creaser, 2004). Laser-induced 
fractionation was investigated but was deemed 
negligible if the rastering techniques described 

in the Košler et al. (2003) study were used. The 
excess signal on mass 187, which may be as 
little as 1%, is then attributed to 187Os, and rep-
resented a large proportion of the uncertainty of 
the 187Re/187Os. The highest precision, although 
inaccurate, ages reported in these early studies 
were from Archean molybdenites and had preci-
sions of <3% and <1% in Košler et al. (2003) 
and Selby and Creaser (2004), respectively. 
Younger Phanerozoic molybdenites had more 
than an order of magnitude more uncertainty 
than Archean samples due to the uncertainty in 
the isobaric correction. More recently, reaction 
cell technology has shown promise for efficiently 
separating out parent-daughter pairs created by 
beta decay, including that of Re-Os (Zack and 
Hogmalm, 2016; Hogmalm et al., 2017, 2019). 
For example, Hogmalm et al. (2019) employed 
a technique from Shayesteh et al. (2009), using 
methane as a reaction gas to convert Os+ into 
OsCH2 while Re largely remains as Re+. The 
primary benefit of this technique is that the 
effect of isobaric interferences on 187Os by 187Re 
is not as large, which improves the accuracy of 
187Re/187Os, especially in younger samples with 
much higher 187Re/187Os. An example given in 
Hogmalm et al. (2019) showed that the isobaric 
interference on 187Os was reduced from 96.7% 
to 28.1% for 2.0 Ga molybdenite crystals. The 
natural samples analyzed in Hogmalm et  al. 
(2019) produced weighted means with a preci-
sion of >5%, with individual spots producing 
precisions of >10%. The weighted means ages 
agreed within 1% with the published N-TIMS 
data, although individual spots may significantly 
deviate from the true age. Further developments 
of this technique could include moving beyond 
the triple quadrupole system used in Hogmalm 
et al. (2019) and utilizing reaction cell technol-
ogy in MC-ICP-MS systems to enhance the pre-
cision and accuracy of isotopic measurements.

Although there have been great technical 
advances in measuring Re-Os in situ, there 
is considerable debate about the accuracy of 
molybdenite ages produced through LA-ICP-
MS. Using LA-ICP-MS, Košler et  al. (2003) 
demonstrated that Re and 187Os are not homo-
geneously distributed in molybdenite. These 
authors and Stein et al. (2003) introduced the 
notion of spatial decoupling between Re and 
radiogenic Os due to the mobility of 187Os as 
indicated from the strong zoning of the cal-
culated 187Re/187Os in the samples. In molyb-
denite, Re and Mo display identical bonding 
behavior; however, the Os-S bond lengths and 
cation charge of Os are significantly different 
than those of Re and Mo, which suggests that 
Os is much less compatible within the molybde-
nite structure than Re (Takahashi et al., 2007). 
Selby and Creaser (2004) conducted systematic 

and detailed macroscale N-TIMS and LA-MC-
ICP-MS analyses of eight natural molybdenite 
samples spanning a range of ages, natural grain 
sizes, and deposit types. Building on the work 
of Košler et al. (2003) and Stein et al. (2003), 
Selby and Creaser (2004) provided additional 
evidence of the widespread spatial decoupling 
between Re and 187Os within molybdenite 
grains. This “spatial de-coupling” manifests at 
the grain scale (∼50 µm) in molybdenites that 
are either coarse-grained or deformed and is 
positively correlated with the age of the sample 
(Stein at al., 2001; Selby and Creaser, 2004). 
The results of these early studies essentially 
ended the development of in situ molybdenite 
dating, but they did provide crucial insight 
into proper sampling protocols for dating by 
N-TIMS by informing researchers of the vol-
ume of molybdenite required to capture the 
bulk 187Re/187Os of the sample (e.g., Lawley 
and Selby, 2012). However, more recent studies 
have suggested that decoupling is not univer-
sal in molybdenite. Barra et al. (2017b), using 
electron microprobe analysis–wavelength 
dispersive spectrometer (EMPA-WDS) and 
nanoscale secondary ion mass spectrometry 
(NanoSIMS) mapping technologies, posited 
that nanoscale Re variation best accounts for 
erroneous LA-ICP-MS Re-Os dates rather than 
Re-Os spatial de-coupling. However, this study 
has been criticized for using temporally young 
molybdenite grains with 187Os abundances that 
are too low (0.1%–0.06%) to resolve the effects 
of spatial decoupling because any variations 
would be obscured by the uncertainty in the 
fractionation effects induced during analysis 
(Zhai et al., 2019; Zimmerman et al., 2022). 
Reliable in situ 187Re-187Os geochronology of 
molybdenite samples from a combination of 
igneous and hydrothermal environments pro-
duced weighted mean ages within ∼1% of the 
reported N-TIMS dates, which was the first 
demonstrable evidence of potentially accu-
rate and relatively precise (<5%) molybdenite 
ages determined by LA-ICP-MS (Hogmalm 
et  al., 2019). However, Zimmerman et  al. 
(2022) contended that Hogmalm et al. (2019) 
underestimated the errors by a few percent on 
187Re/187Os depending on the age difference 
between the sample and standard. The current 
status of in situ molybdenite ages is clearly 
contentious, but geologically reasonable ages 
at the 1%–10% precision level can be obtained, 
and the Hogmalm et al. (2019) study provides 
an important step forward. A sampling program 
to refine the screening and interpretation pro-
cess is needed before the technique can be fully 
embraced. Until then, it is likely to be used to 
gather preliminary data rather than more precise 
but costly and time-consuming N-TIMS data.
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Laser-ablation studies on non-molybdenite 
sulfides have not been published yet due to the 
typically low levels of Re (sub-parts per million) 
and Os (low parts per billion) in these types of 
materials. Diffusion estimates for Re and Os 
suggest that minerals such as pyrite may have 
diffusion profiles similar to those of molybde-
nite (Selby and Creaser, 2004). However, it is 
known that common Os is often found in signifi-
cant amounts within non-molybdenites sulfides 
(e.g., pyrite), which may indicate that Os is more 
stable within the crystal structure than in molyb-
denite. Therefore, it is possible that decoupling 
of Re and Os within the structure of other miner-
als may be less problematic than in molybdenite. 
However, without a better understanding of how 
Re and Os are bound within different minerals, 
predicting the applicability of in situ dating for 
any given mineral is speculative until the rel-
evant experiments are designed and completed.

12. HYDROCARBON Re-Os 
GEOCHRONOLOGY

Over the past two decades, the Re-Os iso-
topic system has been applied as a geochro-
nometer and a tracer to multiple marine and 
lacustrine petroleum systems worldwide, with 
potential to date crude oils and correlate them 
with their source rocks. Both Re and Os have 
been shown to display an affinity for organic-
rich sedimentary rocks, and hydrocarbon source 
rocks (e.g., oil shales) in particular have ele-
mental abundances several orders of magnitude 
higher than those of average crustal lithologies 
(Table 1). Although the uptake mechanisms for 
Re and Os into these sediments and their spe-
cific location(s) remain areas of active research, 
it is known that the kerogen (the solid, insoluble 
organic matter) hosts the dominant share of Re 
and Os in a source rock. During thermal matura-
tion, kerogen breaks down to form lower molec-
ular-weight products, including bitumen, oil, and 
gas (Tissot et al., 1974; Espitalie et al., 1977; 
Tissot and Welte, 1984). The extent of thermal 
maturation and the type of kerogen (e.g., type I, 
II, II-S, or III) controls the nature of the product. 
Leveraging the enrichment of Re and Os in the 
source rock and associated petroleum products 
(oils, bitumen, asphaltene, and maltene) has led 
to temporal constraints on the maturation and 
migration of hydrocarbons as well as refinement 
of the geological histories of sedimentary basins.

12.1. Oil and Source Rock Geochronology

Experimental work and studies on natural 
systems have demonstrated that during thermal 
maturation of kerogen, Re and Os are transferred 
to the oil, although the majority of the Re and 

Os remains in the source-rock kerogen (Barre 
et al., 1995; Woodland et al., 2001; Selby and 
Creaser, 2005b; Selby et al., 2007a; Finlay et al., 
2010a; Rooney et  al., 2010, 2012; Cumming 
et al., 2014; Georgiev et al., 2016, 2019; DiMar-
zio et al., 2018; Liu et al., 2019a). Our present 
understanding suggests that Re and Os may 
be bound in crude oil by heteroatomic ligands 
or other metallo-organic complexes (Selby 
et al., 2007a). Applying Re-Os geochronology 
directly to crude oil and the asphaltene fraction 
has yielded ages that agree with basin thermal 
evolution models and is suggested to constrain 
petroleum generation events (Selby et al., 2005; 
Selby and Creaser, 2005a; Finlay et al., 2011; Ge 
et al., 2016, 2018, 2020; Georgiev et al., 2016; 
Corrick et al., 2019; Su et al., 2020; Shi et al., 
2020; Zhao et al., 2021).

There appears to be no consistent relationship 
between 187Re/188Os values and the source rock 
and oil generated, but the 187Os/188Os composi-
tion of a source rock can be transferred to the 
oil at the time of generation (Selby et al., 2005; 
Finlay et al., 2011; Rooney et al., 2012; Cum-
ming et al., 2014; Liu et al., 2018; Rotich et al., 
2020, 2023). This can be considered a “reset-
ting of the clock” for the Os isotopes in the oil. 
Further in-growth of radiogenic Os will result in 
elevated Osi values for an oil isochron compared 
with that of its source rock at the time of mea-
surement (e.g., Selby and Creaser, 2005b; Finlay 
et al., 2011; Cumming et al., 2012, 2014; Geor-
giev et al., 2016, 2019; Liu and Selby, 2018). 
Oil-source and oil-oil tracing studies employ 
this relationship by comparing the Osi values of 
an oil at the time of generation and the source-
rock 187Os/188Os value at the time of generation 
(Finlay et al., 2010a, 2011; Sen and Peucker-
Ehrenbrink, 2014; Liu et al., 2018).

Successful Re-Os geochronology of an oil 
requires the near-complete isotopic homogeni-
zation of Os in the oil, sufficient fractionation 
of Re and Os between the source rock and its 
products, and a relatively short duration of oil 
generation. However, hydrocarbons reside in 
nonequilibrium conditions in the crust and may 
interact with basinal fluids over the span of 
many tens of millions of years and experience 
dynamic redox conditions. Further investigation 
of the Re-Os system in petroleum products has 
revealed overprinting of low molecular weight 
oils and hydrocarbon fractions (asphaltenes 
and maltenes) that results in the resetting of 
the Re-Os system in these fractions (Lillis and 
Selby, 2013; Cumming et al., 2014; Georgiev 
et al., 2016; Liu et al., 2018; Hurtig et al., 2019; 
Rotich et al., 2023).

The application of the Re-Os isotopic system 
to oils and oil-source tracing has great potential 
to constrain the timing of emplacement, and the 

source, of migrated oils and their biodegraded 
products. As stated above for sedimentary rock 
and sulfide mineral geochronology, additional 
complementary geochemical and geological 
data are often required to provide proper context 
for Re-Os geochronological constraints. Spe-
cific hurdles (or opportunities) for hydrocarbon 
Re-Os geochronology include evaluating the 
potential for particular organic solvents used in 
isolating asphaltene and maltene fractions from 
oils to disturb the Re-Os system (e.g., Hurtig 
et al., 2020). Further development of reference 
materials for Re-Os petroleum system geochro-
nology and isotopic tracing is an achievable goal 
for improving precision and accuracy, and for 
increasing our understanding of how these met-
als transfer from source to product.

13. CONCLUSIONS

Over the past three decades, the crustal 187Re-
187Os geochronometer has developed from a 
niche technique into a mature chronometer 
routinely employed to provide much-needed 
age constraints on a range of Earth materials 
and across more than 3 Gyr of Earth history. An 
increasing number of laboratories worldwide 
are establishing facilities for Re-Os geochronol-
ogy, thus helping to further our understanding 
of the systematics and tackle a wider range of 
geological questions. Areas of future research 
in the sedimentary rock realm include but are 
not limited to: (1) expanding the Phanerozoic Os 
isotopic record to something approaching that of 
Sr; (2) gaining a mechanistic understanding of 
where Re and Os are located in organic mat-
ter and from there, isolating these compounds 
for analysis without fractionating Re and/or 
Os; and (3) more robustly understanding the 
mechanisms responsible for disturbance of the 
sedimentary Re-Os system. Future endeavors to 
reduce overall uncertainties of sedimentary rock 
Re-Os ages could involve an approach in which 
multiple age constraints from one succession are 
used to develop a Bayesian age-depth model for 
that particular succession, thereby improving 
chronostratigraphic resolution. New and inno-
vative applications of the Re-Os system to Earth 
(and extraterrestrial) materials such as graphite 
geochronology are further expanding the range 
of questions that this system can address. In 
addition to molybdenite, a wide range of sulfide 
minerals is now being dated using this system to 
provide timing and source information crucial 
for successful exploration programs. We hope to 
highlight the importance of LA-ICP-MS map-
ping of Re in sulfides as a means of efficiently 
characterizing such minerals and increasing the 
likelihood of obtaining a precise and accurate 
age. Overall, our aim is to inform the wider Earth 
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sciences community about recent advancements 
particularly in optimal sampling and chemical 
procedures, data processing, and interpreta-
tion for the Re-Os system with an emphasis on 
crustal systems. Community-wide approaches 
to decay constant refinement and tracer solution 
calibration are essential to improving precision, 
promoting better integration with EARTHTIME 
techniques (e.g., U-Pb and Ar-Ar), as well as 
broadening connections among Re-Os special-
ists and wider communities of Earth scientists.
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