Earth and Planetary Science Letters 366 (2013) 1–5

Contents lists available at SciVerse ScienceDirect

Earth and Planetary Science Letters
journal homepage: www.elsevier.com/locate/epsl

Rhenium variations in molybdenite (MoS2): Evidence for progressive
subsurface oxidation
Joshua Golden a, Melissa McMillan a, Robert T. Downs a, Grethe Hystad b, Ian Goldstein b, Holly J. Stein c,d,
Aaron Zimmerman c, Dimitri A. Sverjensky e,f, John T. Armstrong f, Robert M. Hazen f,n
a

Department of Geosciences, University of Arizona, 1040 East 4th Street, Tucson, AZ 85721, USA
Department of Mathematics, University of Arizona, Tucson, AZ 85721-0089, USA
c
AIRIE Program, Department of Geosciences, Colorado State University, Fort Collins, CO 80523-1482, USA
d
Geological Survey of Norway, 7491 Trondheim, Norway
e
Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, MD 21218, USA
f
Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road, NW, Washington, DC 20015, USA
b

a r t i c l e i n f o

abstract

Article history:
Received 19 July 2012
Received in revised form
23 January 2013
Accepted 24 January 2013
Editor: T.M. Harrison

Temporal trends in Earth’s near-surface mineralogy correlate with major events in Earth’s geochemical
and tectonic history. New and published analyses of 422 molybdenite (MoS2) specimens from
135 localities with known ages from 2.91 billion years (Ga) to 6.3 million years (Ma) reveal two
statistically signiﬁcant trends. First, systematic increases in average and maximum trace concentrations
of Re in molybdenite since 3.0 Ga point to enhanced oxidative weathering by subsurface ﬂuids. In
addition, episodic molybdenum mineralization correlates with ﬁve intervals of supercontinent
assembly from  2.7 Ga (Kenorland) to 300 Ma (Pangaea).
& 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Atmospheric oxygen has increased episodically over the past
2.5 billion years of Earth history. The protracted ‘‘Great Oxidation
Event’’ (GOE) saw an increase from less than 0.001% to possibly
greater than 1% of present atmospheric levels (PAL) during the
Paleoproterozoic Era (  2.5–2.0 Ga), with additional increase to
perhaps 10% of PAL following episodes of Neoproterozoic Era
glaciation (Karhu and Holland, 1996; Farquhar et al., 2000;
Canﬁeld et al., 2000; Kump et al., 2001; Kasting, 2001; Holland,
2002; Hannah et al., 2004; Kump, 2008; Lyons et al., 2012).
An as yet unresolved question regards the rate and extent of
widespread terrestrial subsurface oxygenation, which may have
postdated the atmospheric GOE. Recent observations of transition
element distributions through Earth history (Anbar et al., 2007;
Scott et al., 2008; Konhauser et al., 2011; Planavsky et al., 2011;
Hazen et al., 2012), coupled with calculations of near-surface redox
conditions (Hazen et al., 2008, 2009; Sverjensky and Lee, 2010),
suggest that a protracted interval of near-surface (o2 km) oxidation
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dramatically expanded the range of redox conditions into the
stability ﬁelds of many previously unstable minerals, notably those
of such transition elements as Fe, Ni, Co, Mn, Cu, Mo, and U.
Accordingly, Hazen et al. (2008) estimated that approximately
two-thirds of all known mineral species ﬁrst appeared following
the GOE as a result of near-surface oxidation.
The extent and timing of this protracted subsurface terrestrial
oxidation interval can be documented through studies in mineral
evolution, which explore temporal changes in Earth’s nearsurface mineralogy, including diversity of species; relative abundances of species; and compositional ranges of major, minor, and
trace elements (Grew and Hazen, 2009, 2010; Hazen et al., 2011,
2012; Hazen and Papineau, 2012). In this contribution we
summarize data on Re as a trace element in molybdenite, which
represents a possible mineralogical proxy for shallow ( o2 km)
subsurface oxidation (e.g., White et al., 1981). We chose molybdenite to probe the extent and timing of subsurface oxidation for
4 principal reasons. First, molybdenite is a relatively common
mineral, usually of magmatic-hydrothermal origins (White et al.,
1981; Stein et al., 2003; Stein, 2006; Audétat, 2010), with more
than 4000 reported localities (http://mindat.org) spanning more
than 3 Ga. Second, molybdenite commonly incorporates Re and
other redox-sensitive transition elements as trace constituents
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and thus is likely to reﬂect changing geochemical environments
through time; both Mo and Re are insoluble in their more reduced
tetravalent forms, whereas Mo6 þ and Re7 þ are more soluble in
aqueous solutions and are thus mobilized under more oxidizing
conditions (e.g., Crusius et al., 1996; Algeo and Lyons, 2006; Miller
et al., 2011). Third, development of the Re–Os chronometer for
molybdenite permits determination of accurate ages for speciﬁc
molybdenite samples; the study of molybdenite thus avoids some
of the pitfalls associated with dating minerals whose ages depend
on the analysis of coexisting phases that may not be contemporaneous (Stein et al., 2001). And fourth, the element Mo exempliﬁes
mineral co-evolution with biology, for example in its role in the
nitrogen ﬁxation enzyme nitrogenase (Schwartz et al., 2009; Zehr
and Ward, 2002; Rees et al., 2005). Variations of Mo mineral
distribution through Earth history may thus shed light on the
biological Mo cycle.

2. Results and discussion
Our results are based on Re analyses of 422 molybdenite
samples from 135 localities of known ages (Supporting Materials:
Table 1 and KML GoogleMaps ﬁle). We measured molybdenite
trace element concentrations in 24 samples, using inductively
coupled plasma mass spectrometry, scanning electron microscopy,
and electron microprobe analyses. We detected signiﬁcant
amounts of Fe, W, and Re (to  1000, 4000, and 5000 ppm,
respectively), as well as elevated (420 ppm, but o1000 ppm)
Ni, Mn, Cu, Ru, Ca, and/or Co in several samples. We supplemented
these data with Re data in 398 additional molybdenite samples
described in the diverse published mineralogical and economic
geology literature.
These data must be viewed with two important caveats. First, in
some published studies that employ Re–Os dating techniques the Re
content (in ppm) may be reported for a sample in which ﬁnegrained disseminated molybdenite is mixed with other phases—a
situation not generally documented in these publications. Thus, the
Re content of the pure molybdenite in some specimens may be
signiﬁcantly greater than (but not less than) the values reported in
Supplementary Table 1. A second uncertainty relates to the possibility of multiple age components in individual molybdenite grains,
as documented by Aleinkoff et al. (2012) for Proterozoic specimens
from the Hudson Highlands, New York. However, the total age range
determined in their study (941–954 Ma) is narrow compared to
the broad temporal features considered here.
2.1. Molybdenite and subsurface oxidation
We observe signiﬁcant trends in average and maximum Re
trace element concentration in molybdenite versus time (Fig. 1;
Tables 1 and 2). In Table 1 we report the average and maximum
Re values for 6 equal sized bins of molybdenite samples arranged
chronologically. Thus, the oldest 71 samples in our compilation,
which range in age from 2.91 to 1.87 Ga, have an average Re value
of 115 ppm and a maximum value of 832 ppm. This bin contrasts
with the most recent 70 molybdenite samples, all deposited in the
last 62 Ma, which have an average Re content of 453 ppm and a
maximum of 10,424 ppm.
Table 2 records average Re concentrations in molybdenites from
six major geological time periods. The average Re concentration of
the 49 oldest specimens of Archean age (Z2.5 Ga) in our study is
71.0 ppm, with a maximum observed 832 ppm Re from the
Boddington gold mine, Australia (see Supplementary Table).
Paleoproterozoic Era data (2.5–1.6 Ga) are sparse, with only 35
specimens from 4 localities that average 134 ppm Re (maximum
623 ppm). During the Mesoproterozoic and Neoproterozoic Eras

Fig. 1. Rhenium content (ppm) is plotted versus age (Ga) for 422 molybdenite
specimens from 135 localities. The average Re concentration for 49 specimens of
Archean age ( 42.5 Ga) is 71 ppm, with a maximum value of 832 ppm Re (see
Table 1). Since 2.5 Ga, values increase systematically, reaching an average of
589 ppm and a maximum value of 10,424 ppm for 82 specimens formed during
the Cenozoic Era (o65.5 Ma).

Table 1
Age intervals, number of specimens, average values of Re content, and maximum
recorded values for Re content in 422 molybdenite samples arranged chronologically into bins of equal size (see Supplementary Table 1).
Age interval
(Ga)

] Specimens

Average Re
(ppm)

Maximum Re
(ppm)

2.91–1.87
1.87–0.528
0.528–0.155
0.154–0.092
0.092–0.062
0.062–0.006

71
71
70
70
70
70

115
144
335
508
555
453

832
2992
2772
2740
8785
10424

Table 2
Age intervals, number of specimens, average values of Re content, and maximum
recorded values for Re content in 422 molybdenite samples divided into bins
according to major geological time intervals (see Supplementary Table 1).
Age interval
(Ma)
Archean Eon (42500)
Paleoproterozoic Era (2500–1600)
Meso/Neoproterozoic Eras
(1600–542)
Paleozoic Era (542–251)
Mesozoic Era (251–65.5)
Cenozoic Era (o 65.5)

] Specimens

Average Re
(ppm)

Maximum Re
(ppm)

49
35
55

71
134
185

832
623
2992

46
155
82

339
425
589

3606
2740
10424

(1.6–0.542 Ga) the average Re concentration of 55 specimens is
185 ppm with a maximum of 2992 ppm in a specimen from the
Kabeliai prospect in Lithuania. The average for 46 Paleozoic Era
samples (542–251 Ma) is 339 ppm with a maximum value of
3606 ppm in a molybdenite specimen from Otjozonjati, Namibia.
The 155 Mesozoic Era (251–65.5 Ma) specimens in our survey have
an average Re content of 425 ppm and a maximum value of
2740 ppm in a sample from the Elatsite Mine, Bulgaria. The most
recent 82 samples from the Cenozoic Era (o65.5 Ma) have the
highest average value, 589 ppm, as well as the highest individual
Re content of any recorded sample—10,424 ppm in a specimen
from El Alacrán, Mexico.
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These data reveal a signiﬁcant systematic increase in the average
and maximum Re content of molybdenite from the Archean Eon
(42.5 Ga) through the Phanerozoic Eon (o542 Ma). To test the
signiﬁcance of Re content as a function of time, we conducted a
linear regression analysis of the log of the Re content as a function of
time, using indicator variables as described in Montgomery et al.
(2006). In this method the regression equation is:
logðReÞ ¼ b0 þ b1 t þ b2 x2 þ b3 x3 þ b4 x4 þ b5 x5 þ b6 x6 ,
where t is time and bi are regression parameters, and xi are
indicators variables. Indicator variables are set to 0 or 1 depending
on which era the data point is in. For example, in this analysis,
x6 represents the newest era, the Cenozoic, and a data point from
this era has x6 ¼1 while x2 ¼x3 ¼x4 ¼x5 ¼ 0. This analysis provided
the reﬁned parameters, as follows: b0 ¼  14(2), b1 ¼0.0059(8),
b2 ¼4.6(7), b3 ¼12(2), b4 ¼15(2), b5 ¼18(2), and b6 ¼19(2). In particular, the value for b1 indicates a signiﬁcant increase in average
log(Re) concentration with respect to time, with a slope 7 times
greater than its standard deviation. In addition, the other parameters
indicate that the partitioning of data into the various eras is
statistically signiﬁcant.
While the data are too few and too episodic (see below) to
document whether these changes in Re content are gradual or
punctuated, the overall increase through time is evident
(Tables 1 and 2; Fig. 1). At least two alternative explanations for this
trend should be considered. On the one hand, it is well established
that the character of major ore deposits has changed considerably
through Earth history as a consequence of changing modes of
intrusion and compositions of associated ﬂuids (e.g., Meyer, 1981).
Accordingly, increases in the Re content of molybdenite might, in
part, reﬂect systematic variations in the temperature, depth, magmatic composition, or host lithology of the mineralized zone.
However, given the strong inﬂuence of redox conditions on the
mobilization of Re, we suggest that the observed trends in Re content
of molybdenite primarily reﬂect increasing near-surface oxidation
following the GOE and Neoproterozoic glaciations. Extensive subsurface oxidative weathering may be required to mobilize signiﬁcant
quantities of Re (average concentration 0.5 ppb in the crust) compared to Mo. Our data, in concert with analyses of Mo concentrations
in black shale (Scott et al., 2008), suggest that the near-surface
geochemical cycles of Re and Mo may have been increasingly
coupled during the last 2.5 Ga. This interpretation is consistent with
conclusions reached in studies of other redox-sensitive elements
(Meyer, 1981; Nash et al., 1981; Anbar et al., 2007; Hazen et al.,
2009; Konhauser et al., 2011; Kump et al., 2011).
Our data do not yet incorporate information on depth of
molybdenite formation, which might be gleaned from mineralogical geobarometers, as well as lithologies and textures of host
igneous rocks. A plausible hypothesis is that deeper crustal zones
on average took longer to experience the inﬂuence of atmospheric
oxidation through the circulation of oxygenated ground waters.
Thus, a systematic trace element survey that also incorporates
depth information might point to stages in subsurface oxidation,
which in turn might hold the key to the timing of Earth’s postGOE mineralogical diversiﬁcation.
2.2. Molybdenite and the supercontinent cycle
Data on ages of molybdenite samples reveal episodicity, with
statistically signiﬁcant pulses of mineralization at 2.85–2.60 Ga,
1.95–1.85 Ga, 1.10–0.90 Ga, 0.60–0.50 Ga, and 0.4–0.2 Ga—all intervals that approximately correlate with periods of supercontinent
assembly (e.g., Condie et al., 2009; Santosh et al., 2009; Bradley,
2011; Hazen et al., 2012; Fig. 2). Though data are few prior to the
Neoproterozoic Era (1.0–0.542 Ga), we applied standard peak-ﬁtting
protocols to the age versus locality data in the Supplementary Table.

Fig. 2. Histogram of age versus number of mineralized districts for molybdenite
samples from 135 localities dated using Re–Os methods. These data ﬁt to
5 statistically signiﬁcant Gaussian curves with maxima at 2704 7 24, 998 7 13,
548 717, 304 77, and 847 5 Ma. Note the correlation of the ﬁrst four of these
maxima with intervals of supercontinent assembly—a pattern also observed in the
ages of zircon grains (Campbell and Allen, 2008; Hawkesworth et al., 2010; Condie
and Aster, 2010) and in the ages of Hg, Be, and B mineralization (Grew and Hazen,
2009, 2010; Hazen et al., 2012). Only 4 localities have ages between 2.50 and
1.12 Ga, and 3 of those ages fall in the period when the supercontinent Nuna is
thought to have assembled ( 2.0–1.8 Ga).

(Note that while there is no theoretical justiﬁcation for employing
any particular peak shape, we employed Gaussian peak ﬁtting
procedures for convenience.) The data ﬁt to four statistically signiﬁcant Gaussian curves with maxima at 2704724, 998713,
548717, and 30477 Ma. Additionally, 3 localities cluster in ages
between 1.90 and 1.79 Ga, but are insufﬁcient to deﬁne a peak. These
5 periods of maximum molybdenite mineralization are separated by
temporal gaps at 2.50 1.90 Ga (no recorded localities),
1.78 1.06 Ga (2 recorded localities), 870570 Ma (no recorded
localities), and 510 380 Ma (no recorded localities).
The ages of maximum molybdenite mineralization correlate
with estimated times of assembly of the supercontinents of Kenorland (also referred to as Superia), Rodinia, Pannotia (including
Gondwana), and Pangaea (Condie, 1989; Barley et al., 2005; Rogers
and Santosh, 2009; Bogdanova et al., 2009; Condie et al., 2009;
Santosh et al., 2009). In addition, three molybdenite localities occur
during the presumed interval of Nuna assembly (also referred to as
Columbia) at  2.0–1.8 Ga, whereas only a single locality is
recorded for the subsequent 500 million years of Nuna stability
and breakup. We also document an as yet unexplained maximum
in the frequency of molybdenite mineralization during the interval
between 55 and 95 million years ago (Fig. 2). This feature may, in
part, reﬂect a preservational bias toward more recent deposits, but
signiﬁcant differences among B, Be, U, Hg, and Mo mineralization
patterns during the last 100 million years suggest that other as yet
unidentiﬁed factors may play key roles in this late-Mesozoic and
early Cenozoic molybdenite pulse (Nash et al., 1981; Hazen et al.,
2009, 2012; Grew et al., 2011).
More than 3 billion years of mineralogical episodicity has been
observed for zircon grains (Campbell and Allen, 2008;
Hawkesworth et al., 2010; Condie and Aster, 2010; Condie et al.,
2011); for minerals of beryllium (Grew and Hazen, 2009), boron
(Grew and Hazen, 2010), and mercury (Hazen et al., 2012); as well
as for the formation of complex pegmatites (Tkachev, 2011).
These signiﬁcant mineralization events correlate with continental
collisions and igneous activity associated with orogenies at
convergent margins. The episodic pulses of Mo mineralization
dating back to almost 3 Ga suggest that even though Mo is a trace
element in Earth’s crust (average concentration 1 ppm) it was
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cycled repeatedly through geologic processes since the beginning
of modern plate tectonics Z3.0 Ga ago (Shirey and Richardson,
2011; Van Kranendonk, 2011).

3. Conclusions
Earth’s rich record of molybdenite mineralization reveals two
important trends that reﬂect global geochemical and tectonic
evolution. First, the incorporation of Re and other redox-sensitive
trace elements changes dramatically through Earth history, with
average Re content in molybdenite increasing by a factor of 8 over
the past 3 billion years. This increase may reﬂect the enhanced
mobility of Re in a subsurface environment gradually exposed to a
more oxidized aqueous environment. Subsurface oxidation was
thus an important consequence of the atmospheric GOE, albeit
one whose inﬂuence on subsurface mineralogy may have been
delayed by hundreds of millions of years.
Secondly, the temporal distribution of molybdenite samples
ampliﬁes the growing body of data that points to the highly episodic
nature of crustal mineralization through the past 3 billion years of
Earth history. Mineralization increased dramatically during episodes
of continental convergence and supercontinent assembly, whereas
intervals of supercontinent stability and breakup were characterized
by a dearth of molybdenite and other metal deposits.
Finally, it would be of great interest to integrate the study of
these and other dated molybdenite samples with other systematic investigations. For example, correlations of locality and age
information with detailed information on host lithologies and
paleotectonic settings of these molybdenite localities might
provide insights on changing patterns of mineralization in deep
time. In addition, a number of geochemical and biological processes have the potential to fractionate the 7 stable isotopes of
molybdenum (Anbar, 2004; Hannah et al., 2007), and thus such
data, especially in concert with trace and minor element compositions, have the potential to shed new light on Earth history.
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