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Abstract This paper is the first comprehensive synthesis of what is currently known about the different
natural and anthropogenic fluxes of rhenium (Re) on Earth's surface. We highlight the significant role of
anthropogenic mobilization of Re, which is an important consideration in utilizing Re in the context of a
biogeochemical tracer or proxy. The largest natural flux of Re derives from chemical weathering and riverine
transport to the ocean (dissolved = 62 × 106 g yr−1 and particulate = 5 × 106 g yr−1). This review reports a new
global average [Re] of 16 ± 2 pmol L−1, or 10 ± 1 pmol L−1 for the inferred pre‐anthropogenic concentration
without human impact, for rivers draining to the ocean. Human activity via mining (including secondary
mobilization), coal combustion, and petroleum combustion mobilize approximately 560 × 106 g yr−1 Re, which
is more than any natural flux of Re. There are several poorly constrained fluxes of Re that merit further research,
including: submarine groundwater discharge, precipitation (terrestrial and oceanic), magma degassing, and
hydrothermal activity. The mechanisms and the main host phases responsible for releasing (sources) or
sequestrating (sinks) these fluxes remain poorly understood. This study also highlights the use of dissolved [Re]
concentrations as a tracer of oxidation of petrogenic organic carbon, and stable Re isotopes as proxies for
changes in global redox conditions.

Plain Language Summary This study examines how the rare element rhenium (Re) moves
throughout the Earth's surface. The largest natural source of Re is rock weathering, but human activities such as
mining, coal combustion, and petroleum combustion have accelerated the natural Re cycle. Understanding the
behavior of Re in a variety of Earth surface environments helps us to evaluate fundamental biogeochemical
questions about Earth's carbon and oxygen cycles.

1. Introduction
Rhenium (Re) is one of the rarest elements on the Earth's surface, with an average concentration in the upper
continental crust estimated to be 200–400 pg g‐1 (Esser & Turekian, 1993; McLennan, 2001; Peucker‐Ehrenbrink
& Jahn, 2001; Taylor & McLennan, 1985; Wedepohl, 1995) (Table S1 in Supporting Information S1). Walter
Noddack, Ida Noddack‐Tacke, and Otto Berg are generally considered to have discovered the last naturally
occurring element using x‐ray emission lines (Noddack et al., 1925; Noddack & Noddack, 1927). The element,
which they named in honor of Europe's Rhine River, was isolated from the minerals columbite, gadolinite and
molybdenite (Noddack et al., 1925). However, it has also been suggested that Re was first discovered by Masataka
Ogawa in 1908 when he isolated what later became known as Re from thorianite (ThO2) and identified the
unknown material using x‐ray spectra (Hisamatsu et al., 2022). Upon this discovery, Ogawa identified this
element as the missing element 43 (now known as technetium) and gave it the name nipponium (Ogawa, 1908a,
1908b). Contemporary examinations of the chemical and physical characteristics of nipponium revealed the
similarity between nipponium and Re, but due to lack of access to sophisticated scientific infrastructure and
resources for follow‐up studies, the tentative discovery of nipponium as the element Re is considered later his-
torically. Subsequently, studies and attempts at mass production confirmed that few Re dominated minerals exist.
Rheniite (ReS2) is the only mineral known to contain Re as its primary metal constituent (Znamensky
et al., 2005); however, this mineral typically does not appear in sufficient quantities to facilitate economic
extraction; thus, Re metal is mainly extracted from molybdenite and copper sulfide minerals (Naumov, 2007).
Porphyry copper mines in Chile account for about 55% of global Re production (John et al., 2017). There is little

REVIEW ARTICLE
10.1029/2024GB008254

Special Collection:
The Elements Collection

Key Points:
• We compile existing rhenium (Re)

concentration data and flux estimates
in Earth's surface reservoirs

• Although rhenium is one of the rarest
elements in the Earth's crust, human
activity has enhanced Re mobilization
by around 3‐ to 4‐fold

• Rhenium may help track the oxidation
of rock‐bound organic carbon, track
anthropogenic pollution, and recon-
struct paleoredox conditions

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
L. Ghazi and J. C. Pett‐Ridge,
ghazil@oregonstate.edu;
Julie.Pett-Ridge@oregonstate.edu

Citation:
Ghazi, L., Grant, K. E., Chappaz, A.,
Danish, M., Peucker‐Ehrenbrink, B., &
Pett‐Ridge, J. C. (2024). The global
biogeochemical cycle of rhenium. Global
Biogeochemical Cycles, 38,
e2024GB008254. https://doi.org/10.1029/
2024GB008254

Received 14 JUN 2024
Accepted 11 SEP 2024

Author Contributions:
Conceptualization: L. Ghazi, J. C. Pett‐
Ridge
Data curation: L. Ghazi, K. E. Grant,
A. Chappaz, M. Danish, B. Peucker‐
Ehrenbrink, J. C. Pett‐Ridge
Formal analysis: L. Ghazi, K. E. Grant,
A. Chappaz, M. Danish, B. Peucker‐
Ehrenbrink, J. C. Pett‐Ridge
Investigation: K. E. Grant, A. Chappaz,
M. Danish, B. Peucker‐Ehrenbrink,
J. C. Pett‐Ridge
Project administration: L. Ghazi
Visualization: L. Ghazi, K. E. Grant,
A. Chappaz, M. Danish, J. C. Pett‐Ridge
Writing – original draft: L. Ghazi,
K. E. Grant, A. Chappaz, M. Danish,
B. Peucker‐Ehrenbrink, J. C. Pett‐Ridge

© 2024. American Geophysical Union. All
Rights Reserved.

GHAZI ET AL. 1 of 25

https://orcid.org/0000-0002-1286-8910
https://orcid.org/0000-0003-4815-9718
https://orcid.org/0000-0001-8713-8456
https://orcid.org/0000-0002-9100-8176
https://orcid.org/0000-0002-3819-992X
https://orcid.org/0000-0002-5276-8084
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1944-9224.ELMNTS
mailto:ghazil@oregonstate.edu
mailto:Julie.Pett-Ridge@oregonstate.edu
https://doi.org/10.1029/2024GB008254
https://doi.org/10.1029/2024GB008254
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GB008254&domain=pdf&date_stamp=2024-10-04


demand for pure Re objects, but Re is highly desirable as an addition to alloys because it has an extremely high
melting point (3185°C) and it enhances metal strength and ductility (Anderson et al., 2013). Rhenium alloys are
used in nuclear reactors, semiconductors, electronics, filaments, and aerospace applications (John et al., 2017;
Kablov et al., 2006; Naumov, 2007). Rhenium also plays an important role in the chemicals industry as a highly
selective catalyst in hydrogenation reactions of fine chemicals (Broadbent et al., 1959; John et al., 2017).

Table 1 highlights some of the key chemical characteristics of Re. Rhenium oxidation states range between −1
and +7 (Maun & Davidson, 1950), but +4 and +7 are the most common at the Earth's surface (John et al., 2017;
Yamashita et al., 2007). There are two naturally occurring isotopes of Re: 187Re (62.6%) and 185Re (37.4%)
(Gramlich et al., 1973; White & Cameron, 1948). The 185Re isotope is stable; however, the 187Re isotope is
metastable (Naldrett & Libby, 1948) and β‐decays to 187Os with a half‐life of 4.16 × 1010 years (Herr et al., 1954;
Selby et al., 2007; Shen et al., 1996; Smoliar et al., 1996). This radiogenic production of 187Os forms the basis for
using Re‐Os isotope systematics as a geochronometer (Geiss et al., 1958; Yin et al., 1993). The 187Re–187Os
geochronometer has been applied to the determination of depositional ages of sulfide‐rich and organic‐rich
sediment, coal, timescales of petroleum generation, origins and ages of extraterrestrial objects, and periods of
changes in the Earth's carbon cycle (Allègre & Luck, 1980; Anbar et al., 2007; Cohen et al., 1999; Esser &
Turekian, 1993; Herr et al., 1962; Hintenberger et al., 1954; Kendall et al., 2004; Luck et al., 1980; Naldrett &
Libby, 1948; Ravizza & Turekian, 1989; Riley, 1967; Riley & Delong, 1970; Rooney et al., 2012; Selby &
Creaser, 2003, 2005; Selby et al., 2007; Shirey & Walker, 1998; Suttle & Libby, 1954; Tripathy et al., 2015;
Turekian & Luck, 1984). Although the specific use of the Re‐Os as a geochronometer and in high‐temperature
geochemistry is beyond the scope of this paper, we note that these fields have contributed to the advancement
of analytical methods used to precisely measure Re and its isotopes.

Under oxic conditions, dissolved Re is thought to be present as the soluble oxyanion perrhenate (Re(VII)O4
−),

which is stable across a wide range of pH (0–14) and Eh (0.3–1 V) conditions (Brookins, 1986; Niko-
laychuk, 2022). Dissolved Re is thought to behave mostly conservatively in
oxygenated soil porewaters, groundwater, rivers, and ocean environments
(Anbar et al., 1992; Colodner et al., 1993; Hodge et al., 1996). In estuaries, Re
behavior is not well understood and exhibits both conservative and non‐
conservative mixing patterns (Anbar et al., 1992; Brookins, 1986; Colodner
et al., 1993; Koide et al., 1986; Sheen et al., 2018). In marine sediments,
dissolved Re concentrations decrease significantly across oxic‐anoxic
boundaries (e.g., Colodner et al., 1993; Helz, 2022; Morford et al., 2007).
Such gradients lead to Re‐enriched sediments in reducing environments, with
Re concentrations 100 to 1000‐fold above average crustal values (e.g.,
Bennett & Canfield, 2020; Colodner et al., 1993; Ravizza et al., 1991). This
contrasting geochemical behavior between oxic and anoxic conditions has led
to the use of Re as a paleoredox proxy for determining the redox conditions
that were prevailing at the time of deposition in ancient sedimentary systems.
Additionally, geoscientists who study the behavior of radioactive materials
use Re as an analog of technetium (Tc), a primarily artificial radioactive
element, because of their similar speciation and redox behavior (Kim
et al., 2004; Wakoff & Nagy, 2004). Given the significant positive correla-
tions between Re and organic matter enrichments in sedimentary settings
(Cohen et al., 1999; Colodner et al., 1993; Jaffe et al., 2002; Ravizza
et al., 1991), Re has been used as a proxy to trace the CO2 release from
oxidation of petrogenic organic carbon (OCpetro) in those sedimentary rocks
when they are exposed at Earth's surface (Hilton et al., 2014; Horan
et al., 2019). Recently, the potential use of stable Re isotopes as a paleoredox
proxy and terrestrial weathering proxy has been proposed (Dellinger
et al., 2020, 2021; Dickson et al., 2020; Miller et al., 2009, 2015).

This review provides a new synthesis of the reactions and fluxes of Re and its
isotopes in Earth's near‐surface environment from both natural processes and
anthropogenic activities, including the mobilization of Re from rock weath-
ering, mining, and fossil fuel combustion, the transport of Re in dissolved and
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Table 1
Summary of Important Properties of Rhenium

In the periodic table

Atomic number 75

Atomic mass 186.207 g mol−1

Electron configuration [Xe] 4f14 5d5 6s2

Oxidation states and isotopes

All oxidation states −1, 0, +1, +2, +3, +4, +5,
+6, +7

Most common oxidation states +4 and +7

Isotopes and abundance 185Re (37.40%)
187Re*(62.60%)

*187Re undergoes β‐ decay to become
187Os

Half life of radioactive decaya,b,c,d 4.16 × 1010 years

δ‐notation of stable Re isotopes

δ187Re (‰) = [(187Re/185Re, sample)/(
187Re/185Re, NIST3143) −1]∗1,000

Physical propertiese

Phase at STP Solid (silverish‐gray)

Melting point 3459 K (3,186°C, 5,767°F)

Boiling point 5903 K (5,630°C, 10,170°F)

Crystalline structure Hexagonal Close Packed (HCP)

Specific gravity 20.5 at 20°C (68°F)
aHerr et al. (1954). bShen et al. (1996). cSmoliar et al. (1996). dSelby
et al. (2007). eBrenan (2018).
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particulate form in rivers, and inputs of Re to the atmosphere (Figure 1 and Table S2 in Supporting Information S1).
We synthesize what is known about Re inputs to the oceans and Re behavior in estuaries, and also biogeochemical
controls on Re burial in ocean sediments. This study also collates what is known about Re in terrestrial and marine
biota. Additionally, we include summaries of the primary applications of Re as a tracer of Earth's surface
biogeochemical processes in modern and over geologic timescales, including its use as a paleoredox tracer, its use
in quantifying geologic respiration, the emerging use of Re isotopes to trace rock weathering processes, and the use
of Re as a tracer of anthropogenic pollution. Throughout this synthesis, we highlight the important influence of
anthropogenic activities on the modern Re cycle and also the areas of greatest uncertainty in Re cycling.

2. The Modern Biogeochemical Cycle
2.1. Terrestrial Environment

2.1.1. Rock Weathering

Geochemically, Re is classified as siderophile, chalcophile, and organophilic (Rooney et al., 2012). Among rock
types, black shales with organic carbon content >1% tend to have the highest concentrations of Re (median value
23,300 pg g−1, 1st and 3rd quartiles 14,600–51,700 pg g−1, n = 2234) (Figure 2 and Table S1 in Supporting
Information S1). Fine‐grained sedimentary rocks such as gray shales (<1% organic carbon) have the next highest
concentration of Re (median value 3,200 pg g−1, 1st and 3rd quartiles 1,700–6,000 pg g−1, n = 754). Global
lithologic mapping indicates that black shales cover 0.3% of Earth's surface rocks, while fine‐grained sedimentary
rocks cover 35% (Hartmann & Moosdorf, 2012). Therefore, while black shales are locally very important as
sources of Re weathering, more common fine‐grained sedimentary rocks are likely the dominant source of Re
released by weathering globally (Zondervan et al., 2023). Weathered black shales tend to have concentration
ranges similar to gray shales (median value 2,000 pg g−1, 1st and 3rd quartiles 1,300–33,200 pg g−1, n = 5
weathering profiles). Other sedimentary rocks have much lower Re concentrations (median value 190 pg g−1, 1st
and 3rd quartiles 40–680 pg g−1, n = 26), similar to Re concentrations in most igneous and metamorphic rocks
(Figure 2 and Table S1 in Supporting Information S1). Compared to other igneous and metamorphic rocks, acid

Figure 1. The global biogeochemical cycle of rhenium (Re) showing annual fluxes in 106 g yr−1. Estimates are presented throughout the text and in Supporting
Information S1.
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plutonic rocks have approximately 10‐fold lower Re concentrations. Relatively few studies have examined the
partitioning of Re during magmatic processes; while magnetite, garnet, and pyrite have been identified as host
phases of Re, Re is thought to be moderately incompatible with the primary silicate phases during mantle melting
(e.g., Lassiter, 2003; Righter et al., 1998; Wang et al., 2024).

Chemical weathering mobilizes Re, and there are multiple specific mechanisms that may be responsible for Re
release, including sulfide oxidation, oxidation of OCpetro, and dissolution of silicate minerals. Partitioning of source
phases for dissolved Re can be calculated using typical Na/Re ratios of silicate minerals and S/Re ratios sulfide
minerals, respectively, followed with an assumption that the remaining fraction is associated with OCpetro (Del-
linger et al., 2023; Hilton et al., 2021; Horan et al., 2019; Rout & Tripathy, 2024; Zondervan et al., 2023). In the
tropical Mahanadi River basin (India), oxidation of OCpetro is the primary source of Re, accounting for 85 ± 10% of
the total contribution. Other sources such as silicates and sulfides were found to account for only 13 ± 8% and
2 ± 2% of the total contribution, respectively (Rout & Tripathy, 2024). The same approach for rivers in the

Figure 2. Comparison of reported Re concentration values, including aqueous (blue), biotic (green) and inorganic solids (gray). The vertical line inside the bar represents
the median value, the left and right boundaries of each bar represent the 1st and 3rd quartiles, and the whiskers represent the maximum and minimum values. UCC is the
upper continental crust. This figure presents Re concentration in mass units. Throughout the manuscript, solid phase geochemistry is presented in mass units and
dissolved phase geochemistry data is presented in molar units based on discipline conventions. The full data compilation and references are listed in the Supplementary
data tables. References for these data are also included in the supplementary tables.
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Mackenzie River basin, the Rio Madre de Dios in the Andes, and small alpine streams in Switzerland and Colorado
similarly found that >75% of Re was derived from oxidation of OCpetro (Dellinger et al., 2023; Hilton et al., 2021;
Horan et al., 2019). Rhenium apportionment among different phases within rocks has also been investigated using
sequential extraction approaches, designed to distinguish, for example, Re associated with organic and sulfide
phases (presumably extracted with aqua regia) from Re associated with silicate and other more resistant phases
(extracted with hydrofluoric acid). For both suspended river sediments from the Mackenzie River basin, and for a
weathered black shale profile in China, the majority of the Re was extracted using aqua regia (Dellinger et al., 2021;
Zhang et al., 2024). This approach is somewhat limited, however, by the non‐specificity of the extractants.

Rhenium weathering has also been studied by examining patterns of Re loss with depth in soil and rock
weathering profiles. Overall, these studies show that Re is highly mobile. For example, black shale weathering
profiles from Kentucky and the Nepal Himalaya show 92%–97% Re loss during weathering (Jaffe et al., 2002;
Pierson‐Wickmann et al., 2002), black shale weathering profiles from Quebec show 25%–64% Re loss (Peucker‐
Ehrenbrink & Hannigan, 2000), and a deep gray shale weathering profile from Pennsylvania shows ∼90% Re loss
(Ogrič et al., 2023). Soil weathering profiles also show large losses of Re relative to underlying bedrock (Figure 2
and Table S1 in Supporting Information S1).

The kinetics of Re release are not well known relative to the kinetics of sulfide oxidation, dissolution of primary
minerals, and oxidation of OCpetro. However, the relative loss patterns in weathering profiles can indicate Re host
phases and their relative weathering rates. In particular, the potential use of Re as a tracer of georespiration
(Section 4.2) motivates the question of whether Re is hosted in OCpetro, and the question of relative weathering
rates of OCpetro oxidation. Weathering profiles show that loss of S driven by oxidation of sulfide minerals often
occurs at greater depth and thus more quickly than the loss of OCpetro via oxidation (Gu et al., 2020; Jaffe
et al., 2002; Petsch et al., 2000; Wan et al., 2019; Zhang et al., 2024). Two black shale weathering profiles
similarly show that S is lost more abruptly and/or at greater depth than Re (Hilton et al., 2021; Zhang et al., 2024).
The available data is still quite limited, however, and we note that a separate study of a gray shale weathering
profile in a slowly denuding landscape had indistinguishable zones of OCpetro depletion, pyrite depletion, and Re
depletion (Ogrič et al., 2023). One additional approach to identifying the relative depth and rate of Re and S
weathering is to compare the slope of concentration‐discharge relationships for dissolved Re and S in rivers. In the
Eel and Umpqua rivers in the Pacific Northwest, USA, these patterns were consistent with a deeper and distinct
sulfide depletion front, indicating that Re is not hosted in pyrite in the gray shale and sandstone weathering
profiles in those river basins (Ghazi et al., 2022).

While Re is generally considered to remain stable in a dissolved form once released through weathering, a
laboratory study found that the perrhenate ion (ReO4

−) can form complexes with amine groups commonly found
in natural organic matter (Kim et al., 2004). No direct evidence of Re interactions with natural organic matter in
soil is available, although it has been hypothesized (Ogrič et al., 2023; Pierson‐Wickmann et al., 2002).

2.1.2. Anthropogenic Rhenium Mobilization

Human activities accelerate the mobilization of Re into the surface environment, including soils and surface
waters, through both mining activities and combustion of fossil fuels. The United States Geological Survey
estimates that total worldwide Re production via mining and smelting was 53 × 106 g in 2019 (Polyak, 2021).
Mine production of Re occurs primarily from porphyry copper (Cu) deposits, but is also sourced from strata‐
bound Cu and sandstone uranium (U)‐Cu deposits, and is currently concentrated in Chile, the United States,
and Poland (John et al., 2017; Polyak, 2021). Rhenium is obtained as a byproduct during the production of
molybdenum (Mo) as Re substitutes in molybdenite (MoS2) (Barra et al., 2017; Barton et al., 2020); in turn, the
Mo itself is generally a byproduct during the mining and production of Cu. During the roasting process, Re forms
a flue gas (Re2O7, boiling point = 360°C), which is subsequently recovered as aqueous perrhenic acid
(Re2O7(H2O)2) via scrubbing (Anderson et al., 2013). Estimates of overall Re recovery during mining, con-
centration, and processing indicate that as much as 75% of the Re contained in ore may be lost to waste streams,
predominantly tailings but also flue gases (Brainard, 2023). This implies that the 53 × 106 g yr−1 of purified Re
produced via mining may be accompanied by another 158 × 106 g yr−1 (range 65 × 106 to 326 × 106 g yr−1) of Re
mobilized in the production process (Figure 1 and Table S2 in Supporting Information S1).

The relatively high mobility of Re and the non‐reactive nature of perrhenate ions in most environments at the
Earth's surface lead to elevated Re concentrations in proximity to porphyry deposits, and in proximity to mining
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and smelting activities (Barton et al., 2020). Groundwater near natural porphyry deposits in west‐central Yukon
and northern Chile display elevated Re concentrations (up to 3,800 pmol L−1, and up to 165,000 pmol L−1,
respectively), which are ∼2–3 orders of magnitude higher than what is observed in other worldwide groundwater
(Kidder et al., 2022; Leybourne & Cameron, 2008) (Figure 2 and Table S1 in Supporting Information S1). Soils,
plants, animal blood, and dairy products analyzed near a Mo ore mining and processing plant in the north
Caucasus mountains showed elevated Re relative to nearby control areas, with cow milk showing a 47‐fold
greater Re content than cow milk from control areas (Ermakov et al., 2021). Larger regions that are downwind
of known locations of Cu smelting also indicate anthropogenic mobilization of Re. Water from 283 small lakes in
western Russia spanning a wide latitudinal transect had Re concentrations up to 11,300 pmol L−1, far higher than
concentrations in their local bedrock (Moiseenko et al., 2016). Similarly, high Re concentrations in lake sedi-
ments in eastern Canada reflect nearby smelter emissions, based on elevated Re/Al values observed in twentieth
century sediments relative to those deposited in pre‐industrial times (Chappaz et al., 2008). While coal com-
bustion contributes to Re mobilization, the role of smelting activities is particularly important given that airborne
particulate emissions from Cu smelters are extremely enriched in chalcophile elements, as compared to the
element enrichment observed in coal combustion emissions (Small et al., 1981).

Fossil fuel combustion also accelerates mobilization of Re in the terrestrial environment. Coal samples display a
wide range of Re concentrations, from 100 pg g−1 up to 3.4 × 106 pg g−1 (n = 160) (Figure 2 and Table S1 in
Supporting Information S1). Elevated Re concentrations are usually associated with marine‐influenced coals,
such as those overlain by marine shale or carbonate strata (Baioumy et al., 2011; Dai et al., 2021; Tripathy
et al., 2015). Terrestrial coals tend to contain less Re (Baioumy et al., 2011), in the same concentration range as
terrestrial plants and also similar to the average continental crust value (e.g., Goswami et al., 2018) (Figure 2 and
Table S1 in Supporting Information S1). The large range of values and limited data yield large uncertainty on the
mobilization of Re via coal combustion. Using the 1st quartile and 3rd quartile Re concentration values for coals
and combining with total global coal combustion (IEA, 2022) yields a potential coal‐derived Re mobilization
range of between 4.9 × 106 and 1,900 × 106 g yr−1 (Figure 1 and Table S2 in Supporting Information S1). Similar
to coal, the available data on the Re content of petroleum and related samples (bitumen, crude oil, and oil sands)
spans many orders of magnitude (n = 71) (Figure 2 and Table S2 in Supporting Information S1). Using the 1st

quartile and 3rd quartile Re values for petroleum and combining with the global petroleum combustion
(IEA, 2022) yields a potential petroleum‐derived Re mobilization range of between 30 × 106 and 160 × 106 g yr−1

(Table S2 in Supporting Information S1).

2.1.3. Rhenium in Rivers

Dissolved Re in rivers occurs predominantly as an easily soluble perrhenate (ReO4
−) oxyanion under prevailing

redox and pH conditions encountered in most rivers (see Section 1). Perrhenate is so stable that filtered water
samples can be stored unacidified for years without a decrease in concentration. Dissolved riverine Re con-
centrations vary by orders of magnitude, from <1 pmol L−1 (Rio Negro, Miller et al., 2011) that are indistin-
guishable from concentrations in rainwater (see Section 2.3), to 1240 pmol L−1 (South Platte River, USA; Miller
et al., 2011). Concentration‐discharge relationships for dissolved Re have been studied in a handful of locations
globally including the Mackenzie River in Canada (Horan et al., 2019; Miller et al., 2011), the Whataroa River in
the western Southern Alps, New Zealand (Horan et al., 2017), the Erlenbach and Vogelbach rivers in the Swiss
Alps (Hilton et al., 2021); the East River in Colorado, USA (Hilton et al., 2021); and the Eel River and Umpqua
River in the Pacific Northwest, USA (Ghazi et al., 2022). There are additional data available for some of the large
rivers draining into the Arctic Ocean (Miller et al., 2011). Collectively, they exhibit average log‐log slopes in
between pure dilution (−1) and chemostatic behavior (0), indicating that increased runoff leads to higher riverine
Re fluxes.

Miller et al. (2011) have shown that dissolved Re in global exorheic rivers (open systems where surface waters drain
to the ocean) correlates well with dissolved sulfate concentrations, presumably because both elements are closely
associated with sedimentary organic matter and related sulfides that are weathered under similar environmental
conditions. Good positive correlations between Re and SO4

− were also observed in the left bank tributaries of the
Orinoco River (Colodner et al., 1993) and the Yamuna River in India (Dalai et al., 2002). In tributaries to the
Amazon River, contributions from evaporite weathering with high dissolved SO4

2‐ and low Re concentrations
weaken such correlations significantly (Colodner et al., 1993). However, Rahaman et al. (2012) observed that
dissolved Re correlates much better with K+ than with SO4

2− in Indian Peninsular rivers. These authors use this
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correlation to propose a significantly lower global dissolved natural (i.e., pre‐anthropogenic) Re concentration of
only 3 pmol L−1, a quarter of the value proposed by Miller et al. (2011) based on the Re‐SO4

2‐ correlation. Although
the Rahaman et al. (2012) global average is much more similar to the ∼2 pmol L−1 estimate by Colodner
et al. (1993), that estimate was based on only four large rivers representing 23% of the global river discharge.
Colodner et al. (1993) did not correct that estimate for the “Amazon bias” (Meybeck, 1988) when scaling up from
23% of the global riverine discharge to the global runoff, thus allowing the Re poor (1.1 pmol L−1) Amazon River to
dominate the global budget.

In light of these conflicting findings, we have expanded the global river database (Peucker‐Ehrenbrink, 2018) to
include dissolved Re (n = 108) and major ions in rivers that drain directly to the ocean. This compilation includes
data from the Orinoco (Colodner et al., 1993), Japanese rivers (Tagami & Uchida, 2008; Uchida & Tagami, 2008),
Indian and East Asian rivers (Hilton et al., 2014; Rahaman et al., 2012), rivers in New Zealand (Horan
et al., 2017), rivers draining into the Black Sea (Colodner et al., 1995) and some other smaller rivers along the
North American West coast (Ghazi et al., 2022) that were not considered by Miller et al. (2011). New long‐term
water discharges of large Arctic rivers from Tank et al. (2023) replaced those used by Miller et al. (2011). We
found no strong global correlation between Re and potassium (K+), but a notable positive one between Re and
sulfate (SO4

2−). This finding is consistent with the observation by Tagami and Uchida (2008) that K+ is not
among the dissolved elements in major Japanese rivers that exhibit correlations with Re with correlation coef-
ficient (R) exceeding 0.4 (at p < 0.01). In the Tagami and Uchida (2008) data set, log‐normalized correlations
with SO4

2− (R = 0.72) and Mo (R = 0.62) are the tightest of all elements investigated. Our expanded global
exorheic river database (n = 2110) contains data on exorheic rivers from all large‐scale drainage regions (Graham
et al., 1999) except East Africa, the Baltic Sea and the Hudson Bay. Using the same regional averaging procedure
that Miller et al. (2011) introduced to limit the “Amazon bias” (Meybeck, 1988) when upscaling to global
discharge and fluxes, we calculate a global average dissolved Re concentration of 16 ± 2 pmol L−1 based on
almost 40% of exorheic river water discharge (Table 2). The greater number of available data for major ions
means that the averages presented in Table 2 are based on almost 60% of the global exorheic river water discharge.

Due to the elevated Re concentrations in sedimentary rocks rich in organic matter (Section 2.1.1, Figure 2),
weathering can elevate dissolved Re concentrations seen in rivers draining areas with those rocks (Colodner
et al., 1993; Dalai et al., 2002; Miller, 2009; Pierson‐Wickmann et al., 2002). However, elevated riverine Re
concentrations can also be driven by industrial use and inadvertent release of Re as a byproduct of human ac-
tivities. Some of the highest dissolved Re concentrations are related to mining activities, such as the Berkeley Pit
porphyry Cu‐Mo‐Ag mine in Butte, Montana, USA (12,000–13,000 pmol L−1) (Miller, 2009), mine waters at the
Maldeota phosphorite mines in India (87 pmol L−1) (Dalai et al., 2002) and the black‐shale hosted Kupferschiefer
mine at Mansfeld, Poland, with concentrations up to 37,000 pmol L−1 Re (Miller, 2009). Miller (2009) suspects
that high Re concentrations in the South Platte River in the western USA are caused by intense pumping and

Table 2
Globally Averaged Actual and Natural Dissolved Rhenium Concentrations in Exorheic Rivers*

Re n = Exorheic H2O flux Na n = K n = Mg n = Ca n = Cl n = SO4 n = SiO2 n =

units → pM % µM µM µM µM µM µM µM

This review, modern 16±2 108 40 379 297 41 302 190 299 440 304 295 306 150 294 126 106

This review, pre‐anthropogenic 10±1 108 40

Miller et al. (2011), modern 16.5 38 37 270 34 38 34 193 34 470 34 190 31 190 35

Miller et al. (2011), pre‐anthropogenic 11.2 38 37

Colodner et al. (1993), modern 2.3 4 24

Livingstone (1963) 270 59 170 370 220 117

Meybeck (1979), modern 313 35.8 150 367 233 120 173

Meybeck (1979), pre‐anthropogenic 224 33.2 138 334 162 85.9 173

Meybeck and Helmer (1989), pre‐anthropogenic 159 32 130 335 86 81.5 173

Note. *Similarly averaged concentrations of major ions are also listed (from publications with Re concentration data and Gaillardet et al., 1995; Meybeck & Ragu, 2012;
Tank et al., 2023), together with a few historic global averages for comparison. n represents the number of rivers used to determine the estimate. For Re, our new estimate
represents 40% of the global exorheic water discharge, compared to 37% (Miller et al., 2011) and 24% (Colodner et al., 1993) in previous assessments.
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subsequent evaporative enrichment of groundwater with high Re concentrations (Hodge et al., 1996; Leybourne
& Cameron, 2008) that is used for irrigation in a dry interior climate (Miller, 2009). The 2018/9 time‐series data
on dissolved Re concentrations in the Yangtze River (Wang et al., 2024) indicate 1.5–3 times higher concen-
trations compared to those reported in Miller et al. (2011) on a sample collected in 2007. The increase in dissolved
Re is accompanied by a similar increase in sodium (Na+) and SO4

2−, but not calcium (Ca2+), concentrations. This
increase may reflect significantly increased recent pollution that brackets in time the full operation of the Three
Gorges Dam in 2012. Miller (2009) also reports periodic release from an unidentified Re source upstream of the
Federal Dam at Troy on the Hudson River, USA. This transient pollution causes non‐conservative mixing re-
lationships in the salinity gradient of the Hudson River estuary that can occasionally lead to dissolved Re con-
centrations of up to 440 pmol L−1 in the freshwater end of the profile. Such concentrations exceed the Re
concentration in seawater (40 pmol L−1) by an order of magnitude, and that of uncontaminated Hudson River
water by two orders of magnitude. Transient releases of Re in the freshwater portion of a salinity profile can
mimic non‐conservative release of Re from river sediments in the intermediate portion of an estuarine salinity
profile.

In an effort to quantify the extent of anthropogenic Re pollution in rivers, we correct the modern average dissolved
Re concentration in global rivers using the good correlation between dissolved Re and SO4

2− (Miller et al., 2011).
Meybeck (1979) and Meybeck and Helmer (1989) estimate that ∼30% of the actual dissolved SO4

2− concen-
trations in rivers are of anthropogenic origin. This estimate yields a pre‐anthropogenic dissolved riverine Re
concentration of about 10 ± 1 pmol L−1 (Table 2).

Rhenium is also transported by rivers in suspended particulate matter and bedload. Our compilation of river
sediment data indicates that the Re concentration of river sediments essentially matches that of the UCC (median
value 375 pg g−1, 1st and 3rd quartiles 212–832 pg g−1 n = 296, Figure 2 and Table S1 in Supporting Infor-
mation S1). Combining our median Re concentration in river sediments with the global pre‐anthropogenic
sediment flux to the oceans (Syvitski et al., 2005) yields a flux of 5 × 106 g yr−1 (estimated range of 3–
12 × 106 g yr−1 using 1st and 3rd quartiles of Re concentration). Compared to the natural dissolved Re riverine
flux of 62 × 106 g yr−1 (based on the natural concentration established above, combined with global river
discharge (Berner & Berner, 2012), the natural dissolved Re flux exceeds the particulate flux by a factor of ∼12,
making Re an element with one of the highest chemical mobility indices (cf. Figure 2 in Gaillardet et al., 2003).

2.2. Marine Environment

2.2.1. Rhenium Input in Near‐Shore Environments

The estimated marine residence time of Re with respect to our new calculation of the pre‐anthropogenic river
input flux (62 × 106 g yr−1, Table S3 in Supporting Information S1) is 1.6 × 105 years, given the Re concentration
of seawater (Table S1 in Supporting Information S1) and ocean volume of 1.332 × 1021 L (Charette &
Smith, 2010). This computation assumes that the dissolved Re transported by rivers to the ocean behaves
conservatively. While the seawater Re end member is well established, the riverine end member is dynamic and
dependent on the hydrographic conditions that control the natural mobilization of Re (e.g., Figure 3e). This could
potentially cause the relationship between Re concentration and salinity along a river to estuary to ocean transect
to deviate from a linear mixing line even if the behavior is conservative. Furthermore, given the high mobilization
of Re from anthropogenic activities (Section 2.1.2), some rivers like the Mississippi and Hudson rivers in the
USA, the Krka River in Croatia, and the Narmada and Tapi rivers in India have riverine Re concentrations greater
than the global river average of 16 ± 2 pmol L−1 (Figures 3c–3f, and 3j). For multiple estuaries, a simple mixing
behavior of Re between river water and ocean water is observed, for example, in the Mississippi River estuary in
the USA, estuaries of the Mandovi and Hooghly rivers draining into the Arabian Sea, estuaries of the Narmada
and Tapi rivers draining into the Bay of Bengal, and the Jiulong River estuary in the Taiwan Strait (Figures 3a–3f)
(Ho et al., 2019; Miller, 2009; Rahaman & Singh, 2010; Zhu & Zheng, 2017). Data from other locations display
more complicated mixing patterns (Figures 3g–3k), which could potentially lead to an overestimation or un-
derestimation of the residence time of Re in the ocean, but the reasons for this disparity remain unclear. In the
Amazon estuary, dissolved Re had near‐conservative behavior except for three elevated dissolved Re concen-
trations at low salinity (Figure 3g). The authors suggest that either desorption of Re from suspended sediments or
remobilization of Re from reduced phases in bottom sediments may be responsible (Colodner et al., 1993).
Deviations from conservative behavior of dissolved Re were also observed in the Chilika Lagoon in India
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(Figure 3k) and are attributed to processes such as clay adsorption and biological uptake by macroalgae (Danish
et al., 2021). Biological uptake of Re by macroalgae has also been widely reported in other marine settings
(Section 3.2), and evidence of this is seen in a salinity gradient along the Icelandic coastline (Figure 3i) (Sproson

Figure 3. Dissolved Re and salinity data from various coastal regions worldwide. The black square represents the global Re seawater average. Data in the panels are
reproduced from different studies. Panels (a, b, c, and f) represent data from (Rahaman & Singh, 2010). Panel (d) is data from (Zhu & Zheng, 2017). Panels (e, j)
represent data from (Miller, 2009). Panel G is data from (Colodner et al., 1993). Panel (h) is data from (Nakić et al., 2021). Panel I is data from (Spronson et al., 2018).
Panel (k) is data from (Danish et al., 2021).
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et al., 2018).The Hudson River estuary has the greatest deviation from simple mixing (Figure 3j), which is mostly
attributed to transient anthropogenic Re inputs in the highly industrialized area (Miller, 2009). Similarly, a small
positive deviation from simple mixing in the Krka River was also attributed to anthropogenic inputs (Nacik
et al., 2021). These findings highlight variations in behavior of Re during river‐seawater mixing in coastal regions
that may alter its true fluxes into the ocean. This underscores the need for more comprehensive research to
accurately quantify both the ultimate fluxes of Re into the ocean and its residence time. Beyond the subtleties of
the Re behavior reported for different types of water column, a recent study shows that the global Re budget is still
being resolved (Hong et al., 2024). Their analysis suggests that the importance of reductive removal of Re in shelf
sediments as a Re sink has been underestimated. This removal flux would likely vary through glacial‐interglacial
periods, depending on the exposure of the continental shelf.

Submarine groundwater discharge (SGD) is recognized as a significant source of chemical elements to the ocean,
impacting their marine budgets (Burnett et al., 2006; Mayfield et al., 2021; Moore, 1997; Mulligan & Char-
ette, 2006; Schopka & Derry, 2012). In some instances, such as for barium (Ba) and vanadium (V), SGD may
exceed riverine fluxes (Ho et al., 2019). However, individual estimates of elemental SGD fluxes are relatively
limited, especially for Re. For certain elements, such as uranium, SGD is considered a net sink because seawater
uranium is removed to anoxic sediments during seawater recirculation in coastal aquifers (Charette & Sholko-
vitz, 2006; Santos et al., 2011). Concentrations of chemical elements in SGD vary depending on the lithology of
the aquifer, biogeochemical reactions, and redox conditions influencing solid‐liquid exchange (Burnett
et al., 2006). Consequently, the abundance of Re in coastal aquifers is primarily influenced by the weathering of
organic matter‐rich shales and anthropogenic sources. Given the redox‐sensitive nature of Re, it is possible that
SGD serves as a sink for this element from oceanic sources as observed for U. The only study available for
determining the SGD‐associated Re fluxes is from the subterranean estuary of the German North Sea (Reckhardt
et al., 2017). In this study, the authors estimated a negative Re flux of 24.7 nmol day−1 m−2 along the shoreline,
suggesting that SGD acts as a sink for Re. Therefore, further studies are necessary to refine estimations and
elucidate the role played by SGD in controlling Re transport and cycling within coastal environments and marine
budgets.

2.2.2. Rhenium Burial in Ocean Sediments

In the modern ocean, Re speciation is thought to be dominated by the geochemically inert perrhenate Re(VII)O4
−

anion at a concentrations of ∼40 pmol L−1 (Table S1 in Supporting Information S1). Within oxygenated pore-
water, Re does not react directly with Al‐, Fe‐, Mn‐ oxyhydroxides, clay minerals, or recalcitrant particulate
organic substances (Chappaz et al., 2008; Koide et al., 1986; Morford et al., 2009; Yamashita et al., 2007).
Rhenium concentrations in oxic sediments are similar to those of the upper continental crust (200–400 pg g−1,
Figure 2 and Table S1 in Supporting Information S1) (Poirier & Hillaire‐Marcel, 2011; Wagner et al., 2013),
signifying no significant authigenic enrichment under these conditions. The estimated Re burial rate in oxic
environments (∼84% of total seafloor area) with large O2 penetration depth below the sediment‐water interface is
4.9 × 106 g yr−1 of Re (Sheen et al., 2018) (Figure 1 and Table S2 in Supporting Information S1).

Rhenium burial in reducing conditions is complex because several pathways are likely involved (Figure 4).
Although the mechanisms involved in Re burial are unknown, they are widely believed to involve a reduction step
from Re(VII) to Re(IV). The Re precipitate most likely to form in ferruginous or manganous environments may
be Re oxide (Re(IV)O2(s)) as demonstrated by XANES data (Yamashita et al., 2007). Microbial experiments
involving Re(VII)O4

− in the presence of Fe(III) reducing strains yielded no Re loss in one week, suggesting no
direct or short term indirect microbial‐mediated removal process (Dolor et al., 2009). A recent study by Kilber
et al. (2024) reexamines the fate of oxidized Re in the presence of Fe(II)‐bearing minerals, which are known as
green rusts and are commonly observed following microbial Fe(III) reduction in the lacustrine or marine sedi-
ment. Using XANES measurements to characterize experimental samples, they found that Re may be reduced
only when reacting with magnetite (Fe3O4). Clearly, additional research is needed in this area. Several authors
(Dellwig et al., 2002; Nameroff et al., 2002; Sundby et al., 2004) hypothesized that Re sequestration is kinetically
controlled, thus it is likely a slow reaction. Prior studies reported that Fe2+ associated with oxide surfaces may be
a more potent reducing agent than free Fe2+ (Stumm & Sulzberger, 1992). For example, Fe2+ adsorbed to Fe
oxides has been shown to promote reduction of Tc(VII)O4

− (Peretyazhko et al., 2008, 2012). A similar reduction
pathway may exist for ReO4

−. Organic polymers with functional groups do not react directly with Re(VII)O4
−,

but when a cation is added to the system (NH4
+), Re can be adsorbed at the surface of these organic molecules via
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an ion‐paring mechanism (Wu et al., 2016). Under ferruginous conditions, a similar reaction could occur with
Fe2+ acting as a bridge between the anionic functional groups in natural organic matter and Re(VII)O4

−

(Figure 4).

In the presence of sulfide, the perrhenate undergoes a transformation wherein the O atoms surrounding the Re can
be substituted by S atoms, forming thioperrhenate species (Re(VII)O4‐xSx

–) in a similar way to Mo (Vorlicek
et al., 2015) (Figure 4). However, the sulfide concentrations required for this process to occur are far higher than
those required for Mo (for an equivalent amount of Mo and Re) and the reaction kinetics are again slower (Helz &
Dolor, 2012). Two thioperrhenates, Re(VII)O2S2

− and Re(VII)OS3
−, could not be detected during the experiment

designed by Helz and Dolor (2012), possibly for kinetic reasons (meta‐stable species). Rhenium profiles from
sulfidic water columns and porewaters show a decrease in Re concentration as sulfide concentration increases,
supporting the role played by sulfide in removing dissolved Re (Colodner et al., 1993; Helz, 2022; Morford
et al., 2007) (Figure 5). This behavior is especially evident in the Black Sea, where the water column is devoid of
oxygen below 85 m, which coincides with a decrease in the concentration of Re (Figure 5). The removal of Re
from modern oceans is predominantly influenced by the suboxic areas (defined as O2 penetration depth is less
than 1 cm). Sheen et al. (2018) estimated a burial rate of 70 × 106 g yr−1 in suboxic regions (∼5% of seafloor)
(Figure 1 and Table S2 in Supporting Information S1). Although covering only 0.1% of the total sea floor, anoxic
sediments account for a Re burial rate of 5.2 × 106 g yr−1 (Sheen et al., 2018) (Figure 1 and Table S2 in Sup-
porting Information S1).

Thermodynamic modeling of porewater Re profiles from a sulfidic lake suggested that Re could be buried in
sediments as Re(IV)S2 following a reduction step (Chappaz et al., 2008). Another Re‐sulfide mineral has been
proposed based on experimental work: Re2S7 (Dolor et al., 2009). Recently, a new Mo‐Fe‐S phase was syn-
thesized and characterized (Vorlicek et al., 2018). It is possible that Re could either co‐precipitate with this newly
identified Mo phase or even form its own Re‐Fe‐S mineral (Helz, 2022; Helz & Dolor, 2012). Although the role of
iron‐sulfur mineral phases (pyrite and acid volatile sulfide) was discussed in previous studies, their contribution to
Re removal to sediments has never been comprehensively studied. Sulfurized OM could also be involved during
Re fixation, as demonstrated for Mo (Wagner et al., 2017) and as suggested by Helz and Adelson (2013). More
studies of Re removal in shelf sediments are warranted.

Figure 4. Schematic representation of the potential Re burial pathways. It is important to understand that several of the processes proposed for a given quadrant probably
occur simultaneously.
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2.2.3. Rhenium in Hydrothermal Fluids and Altered Oceanic Crust

Following the discovery of hydrothermal vents along the Galapagos Islands in 1977 (Corliss et al., 1979), ex-
changes between seawater and hydrothermal fluids along mid‐ocean ridges have been recognized as important
additional sinks or sources of elements from or to the ocean. Data representing the hydrothermal Re flux is sparse.
Colodner et al. (1993) reported preliminary data for endmember hydrothermal fluids from the mid‐Atlantic Ridge
with Re concentrations below 0.1 pmol L−1, consistent with almost complete loss of Re from seawater. Four
hydrothermal fluid samples from the Manus Basin also showed lower Re concentrations (0.65–14.4 pmol L−1)
than ambient seawater, which corroborates that hydrothermal circulation acts as a Re sink from the ocean (Miller
et al., 2011). Unlike other oxyanions, there is evidence that Re does not coprecipitate with hydrothermal iron
oxides (Ravizza et al., 1996; Schaller et al., 2000). Correcting the Manus Basin fluids to zero Mg concentrations, a
widely used approach to extrapolate to pure hydrothermal fluids not contaminated by seawater (Mottl &
Wheat, 1994; Von Damm et al., 1985), revealed that dissolved Re is more rapidly lost from circulating fluids than
Mg (Miller et al., 2011).

Thermodynamic calculations aiming to simulate Re in hydrothermal systems suggested that the formation of Re‐
Cl complexes may promote high Re concentrations (Xiong et al., 2013; Xiong & Wood, 1999). However, in the
presence of sulfide minerals, which are often present in hydrothermal systems, the formation of Re‐Cl complexes
is unlikely to occur because Re will precipitate with sulfide phases (Miller et al., 2011). Based on a very limited
data set, a removal flux of 0.22 × 106 g yr−1 was proposed for high‐temperature hydrothermal fluids (Miller
et al., 2011) (Figure 1 and Table S2 in Supporting Information S1), which represents just 0.4% of the pre‐
anthropogenic riverine Re input. The complementary Re enrichment in hydrothermally altered oceanic crust
has been observed in several locations, such as DSDP/ODP Sites 417/418 and 504 (Peucker‐Ehrenbrink
et al., 2003), ODP Sites 735B (Blusztajn et al., 2000) and 803 (Reisberg et al., 2008) and IODP Site U1527 (Ishida
et al., 2022). The global Re flux into altered oceanic crust has been estimated at 6.5 × 106 g yr−1 (Reisberg
et al., 2008). The fate of this Re in subduction zones is not well understood. Becker (2000) and Dale et al. (2007)
argued that a significant fraction returns to the subarc mantle during slab dehydration and melting, possibly
causing observed Re enrichment in olivine‐hosted fluid inclusions in some undegassed arc‐type volcanic glasses
and rocks (Sun et al., 2003). In contrast, Xue and Li (2022) present experimental evidence against slab melting
being a significant return flux to the sub‐arc mantle and instead argue that between 60 and 230 × 106 g Re yr−1 are
subducted into the deep mantle (Figure 1 and Table S2 in Supporting Information S1).

2.3. Atmosphere

2.3.1. Inputs of Rhenium to the Atmosphere

While undegassed mantle‐derived magmas are generally enriched in Re over typical mantle concentrations owing
to the moderately incompatible behavior of Re during mantle melting, degassing results in partial loss. A
sequence of submarine to subaerial lava recovered from the HSDP2 Mauna Kea drillcore shows that degassing

Figure 5. Rhenium removal in water columns and porewaters. Panels (a, b) represent data from (Colodner et al., 1993).
(a) Dissolved Re concentrations in a vertical water column profile in the Black Sea. The horizontal line marks the water depth
and salinity of the O2‐H2S interface at 85 m depth. (b) Dissolved Re concentrations versus salinity in the Black Sea.
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during subaerial eruptions can cause lava to lose at least 80% of their initial Re inventory (Lassiter, 2003).
Volcanic emissions of Re, though currently poorly constrained, can therefore be an important component of the
global Re budget. Concentrations of many trace metals, including Re, are elevated in volcanic emissions relative
to corresponding lava and relative to background air, making them of particular interest to the biogeochemical
budgets of trace metals (Hinkley et al., 1999; Zelenski et al., 2013). Rhenium concentrations have been measured
in volcanic aerosols and reactive gases from ocean island settings (Mauna Loa and Kilauea in Hawaii), from
subduction zone volcanos (Kudryavy in the Kurile arc and Etna in Italy), and from a continental rift setting (Erta
Ale in Ethiopia) (Aiuppa et al., 2003; Hinkley et al., 1999; Krähenbühl et al., 1992; Mather et al., 2012; Taran
et al., 1995; Yudovskaya et al., 2008; Zelenski et al., 2013). Flux data from the Kilauea volcano of 44–166 g Re
per day imply that, when scaled, volcanic Re emissions likely outweigh other natural fluxes of Re to the at-
mosphere (Mather et al., 2012). Enrichment of Re relative to magmatic concentrations was particularly elevated
(3.5–8 × 105) in gas condensates from the subduction zone Kudryavy volcano (Yudovskaya et al., 2008).
Exceptionally high Re enrichments have also been observed in volcanic gas condensates from Merapi volcano in
Java, Momotombo in Nicaragua, and Mt. St. Helens, USA (Bernard et al., 1990). An estimate of Re volcanic
emissions can be made based on ratios using simultaneously sampled Re and sulfur data, together with overall
volcanic sulfur fluxes. Combining the worldwide SO2 emission from volcanoes of 13 × 1012 g yr−1, (including
both quiescent degassing and explosive emissions) (Bluth et al., 1993) with the range of Re/SO2 ratios observed in
gaseous emissions from Etna, Kilauea, Kudryavy, and Erta Ale, the estimated range of global volcanic Re
emissions is 1.6–82 × 106 g yr−1 (Figure 1 and Table S2 in Supporting Information S1).

Most other natural fluxes of Re into the atmosphere are relatively small. Rhenium emissions in the form of desert
dust are uncertain because of limited data on the Re content of dust. However, using the median value for loess of
176 pg g−1 Re (n = 68) (Figure 2 and Data Set S1), combined with an estimated global dust flux of 1.5–
2.6 × 1015 g yr−1 (Cakmur et al., 2006) yields an estimated range of 0.26–0.46 × 106 g yr−1 of Re mobilized
(Figure 1 and Data Set S2). Unlike certain trace metals such as Mo, which are enriched in fertilizers (Wong
et al., 2021), Re is unlikely to have enhanced concentrations in agricultural soils, so agricultural dust mobilization
is not expected to significantly impact Re fluxes via dust. Cosmic dust inputs are on the order of
30,000 × 106 g yr−1 (Love & Brownlee, 1993; Peucker‐Ehrenbrink & Ravizza, 2000). When combined with the
abundance of Re in meteorites (Anders & Grevesse, 1989), the cosmic dust flux of Re is about 0.001 × 106 g yr−1.
A similar calculation for sea spray aerosols also yields a small flux of Re of 0.03 × 106 g yr−1 (Klee & Grae-
del, 2004) (Figure 1 and Table S2 in Supporting Information S1).

The anthropogenic flux of Re to the atmosphere is not well‐constrained by direct measurements. Based on
observed surface Re enrichment evident in soils, biota and surface waters downwind from smelting and fossil fuel
burning, we infer that anthropogenic Re inputs to the atmosphere may be substantial (e.g., Chappaz et al., 2008;
Moiseenko et al., 2016; Ogrič et al., 2023; Prouty et al., 2014). One long term record of weekly atmospheric
particulate samples from 1964 to 2010 collected in northern Finland found that more than 70% of the Re in the
filter‐captured particles was water soluble, and that there was a significant decreasing trend in Re content over
time (Laing et al., 2014a, 2014b). This suggests that Eurasian emissions of Re to the atmosphere from fossil fuel
combustion and smelting have decreased in recent decades, although the relative influence of changes in in-
dustrial practices such as scrubbing of flue gases and particulates versus changes in production is not known.

2.3.2. Rhenium in Precipitation

Only a limited number of analyses of Re in precipitation have been made (Table S1 in Supporting Informa-
tion S1). Precipitation samples from central Pennsylvania and the eastern coast of Massachusetts in the U.S., both
sites that are downwind of significant human activity, averaged 1.3 pmol L−1 Re, with a range of 0.3–5.9 pmol
L−1 Re (n = 24) (Miller et al., 2011; Ogrič et al., 2023). In contrast, a small number of samples from relatively
remote sites in the western U.S., the Southern Alps of New Zealand, and the Peruvian Andes had lower Re
concentrations averaging 0.12 pmol L−1, (range 0.03–0.20 pmol L−1, n = 4) (Dellinger et al., 2023; Ghazi
et al., 2022; Horan et al., 2017). Using the lower value of 0.03 pmol L−1 and the upper value of 5.9 pmol L−1 and
1.13 × 1017 L yr−1 of global precipitation (Trenberth et al., 2007) yields a preliminary global estimate of between
2 and 534 × 106 g yr−1 for global deposition of Re (Figure 1 and Table S1 in Supporting Information S1).
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3. Rhenium in Biota
3.1. Rhenium in the Terrestrial Biosphere

Rhenium plays no known role in biology and is not among the trace elements that are essential for living or-
ganisms. A limited number of Re measurements on terrestrial plant samples have been reported with a median
value of 344 pg g−1 (n = 22), which is very similar to the value for the upper continental crust (Figure 2 and
Data Set S1). Of the available data, mosses and lichens from northern Sweden had lower Re concentrations (<100
pg g−1) as compared to nearby shrubs and tree foliage (Rodushkin et al., 2007). Higher Re concentrations (>1,000
pg g−1) were observed in grass samples from near Moscow, Russia, and in the European Beech leaves certified
reference material (Ermakov et al., 2021; Kučera et al., 2006). Plant uptake of perrhenate ions is presumed to take
place via anion transporters on root surfaces, and Re is subsequently preferentially transported to aboveground
plant tissues (Bozhkov et al., 2007; He et al., 2018; Tagami & Uchida, 2004). Extraction tests suggest that Re
remains in perrhenate species form in plant tissue and is stored in leaf cell vacuoles (Borisova et al., 2010;
Tzvetkova et al., 2021). Almost no information is available on Re toxicity to organisms, although a plant study
found increasingly stunted plant growth and photosynthesis at high soil Re contents 7–8 orders of magnitude
larger than the crustal abundance (Novo et al., 2018).

Elevated Re concentrations in plant and animal materials may be used as biomonitors to indicate underlying Re
enrichments, which may occur in the vicinity of ore deposits and metal smelting operations (Borisova et al., 2010;
Ermakov et al., 2021) or bitumen deposits (La Flèche et al., 2021). Given the extremely low abundance of Re in
the Earth's crust and its high economic value (1000 USD per kg in 2022) (US Geological Survey, 2023), a number
of studies have investigated the possibility that biologically concentrating Re via phytoextraction may be an
economically viable means of producing Re in environments near mine tailings or smelting operations or in coal
fly ash‐amended soils (He et al., 2018; Novo et al., 2018; Tabasi et al., 2018; Tzvetkova et al., 2021).

3.2. Rhenium in the Marine Biosphere

Rhenium also plays no known biological role in the oceans (Morel et al., 2006). Dissolved Re has a conservative‐
type vertical concentration profile as opposed to the nutrient‐type profiles that are observed for metals such as Cu
and Ni that are essential micronutrients (Anbar et al., 1992; Colodner et al., 1993). Rhenium is not scavenged by
marine particulate organic matter (Prouty et al., 2014), and there is no microbial fixation of Re in marine sedi-
ments, with sediment Re sequestration instead being driven by abiotic processes under reducing conditions
(Section 2.2) (Dolor et al., 2009). Some marine biota have low Re concentrations, such as zooplankton from the
Gulf of Mexico (0.2–1.4 pg g−1) (Prouty et al., 2014) and marine cyanobacteria (Microcoleus cthonoplastes) (83
pg g−1) (Miller, 2004). In contrast, however, some marine macroalgae actively take up and concentrate Re
(Racionero‐Gómez et al., 2016; Sproson et al., 2018; Yang, 1991).

Brown algae in particular show large accumulations of Re relative to seawater (median value 22,500 pg−1, range
80–138,000 pg g−1, n = 74), and greater accumulations than what has been observed in green or red algae (median
value 600 pg g−1, range 20 to 16,000 pg g−1, n = 28 (Figure 2 and Table S1 in Supporting Information S1).
Relative to seawater, the enrichment factor for Re in brown algae can be in the hundreds or thousands (Kučera
et al., 2006). Rhenium accumulation is thought to be a coincidental byproduct of their iodine uptake (Van Sande
et al., 2003). Macrophyte Re enrichment together with their biomass abundance observed in some coastal systems
imply that macroalgae may constitute a significant coastal sink of Re (Danish et al., 2021). Variations in Re
concentrations observed in brown algae may reflect the age of the particular seaweed sample (Mas et al., 2005),
and in some cases they are correlated with variations in the dissolved Re concentrations of the water they live in
(Sproson et al., 2018). The enrichment of Re in certain macroalgae is also evident in the paleo record of marine
sedimentary rocks such as Devonian algal laminites and carbonate reefs (Miller, 2004; Saintilan et al., 2023).
Uptake of Re in brown algae is active and unidirectional, as opposed to occurring via passive diffusion
(Racionero‐Gómez et al., 2016). Rhenium uptake in macroalgae is also of interest because it serves as an analog
for Tc uptake; Tc also forms a stable oxyanion in water (TcO4

−) and is monitored as a tracer of nuclear waste
contamination in the environment (Racionero‐Gómez et al., 2016). The exact nature of Re storage in macroalgae
is not well understood but is suggested to occur in cellular membrane proteins (Melián et al., 2000; Xiong
et al., 2013).
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4. Biogeochemical Applications
4.1. Rhenium Enrichments as a Paleo‐Redox Proxy

Changes in oceanic oxygen concentrations have drastically impacted the evolution of life and global biogeo-
chemical cycles (Lyons et al., 2021). Today, dead zones (hypoxia) threaten 90% of marine coastal zones as a result
of anthropogenically induced eutrophication and global warming, which contribute to the expansion of oxygen
minimum zones in the modern oceans (Schmidtko et al., 2017). Quantifying how, when, and by how much
oxygen levels increased in the ancient ocean, and co‐evolved with life through geologic time, is an important
challenge. Given that direct measurements of oxygen in ancient systems are impossible, suitable geochemical
paleo‐redox proxies measured in sedimentary records are needed. Ancient and current redox conditions prevailing
in any aquatic system should be defined by the predominant electron acceptor during the oxidation of the organic
matter (Hlohowskyj et al., 2021). For example, manganous, ferruginous and sulfidic are associated with the redox
couples Mn(IV)/Mn(II), Fe(III)/Fe(II) and S(VI)/S(‐II), respectively. High Mo enrichment in reducing settings
are often linked to sulfidic conditions (Scott & Lyons, 2012). Rhenium often displays enrichment while Mo
remains in crustal abundance. Such disparities in enrichment are clear in downcore profiles where Re is removed
at depths shallower than Mo, where measurable sulfide is not present, at similar depths as the reduction and
formation of solid‐phase Fe and U (Morford et al., 2005, 2012). Crusius et al. (1996) suggested that Re could be
used as an indicator of suboxic conditions. The Re/Mo ratio in reducing settings can refine the characterization of
the redox conditions prevailing at the time of the deposition, particularly manganous and ferruginous redox
conditions (Helz, 2022). The most elevated levels of Re are found in euxinic settings, where concentrations of
several μg g−1 constitute the highest level of enrichment among trace elements found in black shales (Brum-
sack, 2006). Paleoredox reconstructions using Re concentrations or concentration ratios may soon be com-
plemented by the use of natural variations in the fractional abundance of Re isotopes (see Section 4.3.)

4.2. Geologic Respiration Using Dissolved Rhenium

On geologic timescales, the amount of CO2 released from the oxidation of OCpetro (also known as geologic
respiration) is uncertain but is thought to be similar in order of magnitude to volcanic degassing (Berner, 2006;
Hilton & West, 2020). In Section 2.1.1, we discuss the distribution of Re in different rock types, and approaches to
identifying the specific phase associations of Re within rocks. Much of the effort to understand which phases Re is
associated with has been driven by interest in using Re as a tracer to construct the geologic respiration part of the
global C budget.

Rhenium flux measurements can be used to estimate the OCpetro oxidation during weathering on Earth's surface
environment. Regional studies have used the Re proxy to calculate OCpetro oxidation fluxes in the Yamuna and
Ganga basins in the Himalaya, mountain belts in Taiwan and New Zealand, small alpine catchments in
Switzerland and Colorado, the Mackenzie River basin, and the Rio Madre de Dios basin in the Andes and Amazon
foreland‐floodplain (Dalai et al., 2002; Dellinger et al., 2023; Hilton et al., 2014, 2021; Horan et al., 2017, 2019).
Recently, the Re proxy has been used to attempt a first global assessment of OCpetro oxidation (Zondervan
et al., 2023). This work builds on these prior studies and calculates a global OCpetro oxidation rate of 68 Mt C yr−1

(range of 62–86 Mt C yr−1), which rivals in magnitude a major carbon sink via the global silicate weathering flux
(94–143 Mt C yr−1), especially during periods of increased tectonic uplift. Using a global data‐driven model
approach, Zondervan et al. (2023) used dissolved riverine Re concentrations corrected to Re specifically asso-
ciated with OCpetro using the ion ratio approach (see Section 2.1.1). They combine dissolved Re with Re/Corg

relationships in crustal rocks to estimate the fraction of petrogenic organic carbon that is respired upon erosion of
OC‐bearing rocks. They use global lithologic maps to determine OCpetro abundance in source rocks, compute
denudation rates based on digital elevation models and utilize oxidative weathering rates to estimate the global
flux of OCpetro. This finding, which relies on the Re tracer, refines our understanding of how orogenic periods
during Earth history affect atmospheric CO2 concentrations.

4.3. Terrestrial Weathering Using Stable Rhenium Isotopes

Redox processes that shape biogeochemical cycling of Re at the Earth's surface have the potential to fractionate
185Re and 187Re during initial burial, subsequent diagenesis (Colodner et al., 1993; Crusius & Thomson, 2000)
and eventual re‐oxidation, potentially leaving an isotopic record of past redox conditions (Miller et al., 2009,
2015). The change in the redox state of Re can induce fractionation between 187Re and 185Re by more than 1‰
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(Figure 6). The stable Re isotope system thus complements the stable U and Mo isotope systems, which have both
been used as indicators of global changes in redox conditions (Severmann & Anbar, 2009).

At the beginning of the development of the stable Re isotope system, NIST SRM 989 was the agreed upon
standard reference material (Brand et al., 2014). However, the supply of SRM 989 is exhausted and the com-
munity has shifted to NIST SRM 3143 as the normalizing standard reference material (Brand et al., 2014). Within
this paper, we convert and discuss all isotope values δ187Re (see Table 1) relative to the NIST SRM 3143 Re
solution. The variability found to date spans from −0.97 to 0.09‰ (Figure 6) (Dellinger et al., 2020, 2021;
Dickson et al., 2020; Wang et al., 2024).

Despite the potential of this tool, it is in the early stages of applications and only a handful of different earth
materials have been measured, published in only seven studies to date (Figure 6). One of these studies is beyond
the scope of this paper because it focuses on extraterrestrial samples (Liu et al., 2017). Natural Re isotope
fractionation was initially observed and quantified in a black shale weathering profile in New Albany, KY
(Miller, 2009; Miller et al., 2015). The profile exhibits a −0.3‰ difference in δ187Re between the unweathered
black shales and the residual weathered material, with an incidental loss of 75% of the OC and a 100‐fold decrease
in Re concentration, indicating that the heavier 187Re isotope is preferentially lost to the dissolved phase during

Figure 6. Composition of measured δ 187Re values in different terrestrial materials. Previously measured samples were
replotted from their original sources. The igneous rocks include Icelandic Basalt (pink star) and mid‐ocean ridge basalt
(MORB) (purple star) first published in (Wang, Dickson, et al., 2024), while black shales are designated by black triangles
and published in (Miller et al., 2015). The river samples, including suspended sediment (gray square), riverbed material (gray
diamond), and river water (blue circle), are from (Dellinger et al., 2021). Atlantic seawater (teal circles) was first reported in
(Dickson et al., 2020). Standard reference materials (green triangles) were replotted from two different studies (Dellinger
et al., 2021; Miller et al., 2009). Multiple USGS rock standard reference materials have been reported, including Devonian
Ohio shale (SDO‐1), MAG‐1 is a marine sedimentary mud, UB‐N is representative of Earth's upper mantle, BHVO‐2 is a
Hawaiian basalt, and BIR‐1 is an Icelandic basalt, while SRM989 and SRM3143 are NIST isotopic Re standard reference
materials.
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oxidative weathering and loss of the OCpetro. This finding formed the basis of the Re isotope proxy's potential use
as a tracer of the oxidation of petrogenic organic carbon. The initial observation was corroborated in the
Mackenzie River basin where dissolved Re has a heavier Re isotopic signature (−0.28 ± 0.05‰ n = 11) relative
to bedload (−0.40 ± 0.05‰, n = 10) and suspended sediments (−0.40 ± 0.05‰; n = 10) (Dellinger et al., 2021).
The ∼0.30‰ range in river water composition may indicate mixtures of isotopically distinct sources that include
OCpetro, sulfides, and silicate hosted Re. Mackenzie River water is isotopically lighter than modern Atlantic
seawater (δ187Re of −0.17‰ (Dickson et al., 2020) by ∼0.12‰, confirming the prediction that continental input
of δ187Re should be lighter than seawater because marine sinks should preferentially incorporate 185Re (Dellinger
et al., 2021; Dickson et al., 2020; Miller et al., 2015). At this time, there is only one data point for the isotopic
composition of Re in modern marine sediments, which is the MAG‐1 marine mud reference material, with a
δ187Re of −0.27‰, which is ∼0.1‰ lighter than seawater (Dellinge et al., 2020). However, the composition of
Re in such sediments can be predicted with ab initio calculations (Miller et al., 2015) together with the
composition of modern seawater perrhenate (Dickson et al., 2020). These calculations predict that modern
sediments should be fractionated toward lower δ187Re values by up to −1.5‰ relative to the δ187Re of seawater.
Marine sediments are therefore expected to display a significant range in composition spanning from −0.3‰ to
−1.5‰ depending on the Re speciation resulting from the complex burial processes involved.

Understanding how the Re isotopes behave in magmatic systems is essential for their use in quantifying the redox
state of Earth's surface, OCpetro oxidation, and to assess the global isotope mass balance of Re. Thus far, studies of
Re isotopes in igneous rocks are limited to meteorites (Liu et al., 2017), standard reference materials (Dellinger
et al., 2020) and the Hekla volcanic sequence in Iceland (Wang et al., 2024) that may serve as a much‐needed
terrestrial baseline for δ187Re of −0.33 ± 0.13‰ (2 s.d., n = 14). A study of the Hekla volcanic sequence
found that Re concentrations decrease during magmatic evolution from 1400 pg g−1 to 20 pg g−1 as Re is
incorporated into magnetite. However, Re isotopes are not detectably fractionated during this process. Wang et al.
conclude that un‐degassed and unaltered basaltic rocks can be used to infer Re isotopic composition of their
source. However, if magmatic systems have undergone degassing or hydrothermal alteration, Re isotopes may
well fractionate even in high temperature systems. This study lends valuable insights into how Re may behave in
other magmatic and high temperature systems and helps constrain the isotopic composition of the silicate end-
member. Standard reference materials from high temperature magmatic systems, such as BHVO‐2 (Hawaiian
basalt), BIR‐1 (Icelandic basalt) and BCR‐2 (Columbia River basalt), show a limited range in δ187Re (−0.44 to
−0.33‰) and overlap with a carbonaceous chondrite value (−0.29 ± 0.03‰) (Dellinger et al., 2020).

4.4. Tracing Anthropogenic Rhenium Pollution Using Dissolved Rhenium

Comparison of natural and anthropogenic elemental fluxes reveals the degree of human imprint on elemental
cycling. The expanded data set summarized in this paper indicates that Re mobilization at the Earth's surface is
significantly elevated by human activities. Assessments of natural versus anthropogenic flows for a wide suite of
elements across the periodic table have found that Re is one of the most highly human‐impacted elements (Klee &
Graedel, 2004) although less data was available previously. A comparison between Re mobilized via coal
combustion versus weathering release by Bertine and Goldberg (1971) estimated that coal combustion released 7
times as much Re. More recently, Sen and Peucker‐Ehrenbrink (2012) found that human fluxes of Re are ∼3 times
higher than the natural fluxes, a factor which exceeds that of most other metals, including, for example, vanadium,
mercury, and lead (Schlesinger et al., 2017). The new fluxes presented in this paper amount to a factor of about
three to four times higher for the sum of human fluxes relative to the sum of natural fluxes. The imprint of these
anthropogenic fluxes on Earth's surface Re cycle is evident at both local and regional scales in the atmosphere,
soils, surface waters, biota, and lake sediments (Chappaz et al., 2008; Ermakov et al., 2021; Fritsche & Mei-
sel, 2004; Laing et al., 2014a, 2014b; Moiseenko et al., 2016; Ogrič et al., 2023; Prouty et al., 2014).

The fate of anthropogenically mobilized Re is not well known. In particular, data on the fate of Re associated with
mining waste streams are lacking, although large losses are estimated during the mining, concentrating, and
processing stages (Brainard, 2023). In the case of coal combustion, large waste streams of residual coal ash (both
bottom ash and fly ash) are generated. These residues have multiple fates, including impoundment in landfills or
ash ponds, use as agricultural soil amendments, and use in cement. Some studies have highlighted that coal ash
may even serve as a potentially economically viable source of Re (Dai et al., 2015; He et al., 2018). Before modern
air pollution control regulations in industrialized countries, fly ash became airborne particulate emissions. A long‐
term study of airborne particulates in Finland indicates a decline in atmospheric Re between 1980 and 2012,
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although the relative impact of smelter operations, overall Eurasian coal combustion rates, and the implementation
of pollution control measures is not resolved (Laing et al., 2014b). Dissolved Re in river water integrates watershed
Re mobilization and thus provides a particularly useful tracer for anthropogenically enhanced Re mobilization.
Even larger anthropogenic contributions to riverine dissolved Re fluxes of >90% have been inferred in a small
catchment in central Pennsylvania, USA, and in the large Yangtze River basin (Ogrič et al., 2023; Wang
et al., 2024). Only one long‐term biogenic record of Re is available, in the form a proteinaceous deep sea black
coral from the Gulf of Mexico (Prouty et al., 2014). Interestingly, these samples had very high Re concentrations,
ranging from 1 × 106 pg g−1 in the center to over 14 × 106 pg g−1 in the outer part of the coral's skeletal growth,
with a striking increase in Re concentrations taking place in the time period representing the last 150–200 years,
coincident with the expansion of coal production in the Mississippi River watershed, and also coincident with a 4
fold increase in Mississippi River SO4

2− fluxes (Killingsworth & Bao, 2015). Taken together, the limited available
records indicate that environmental Re concentrations are a particularly sensitive tracer for human activities.

5. Conclusion
Historically, Re was an enigmatic element due to its rarity. With advances in analytical methods for measuring Re
and its isotopes, the application of Re to biogeochemical problems has proliferated. Rhenium is now used to
advance the fundamental understanding of Earth's oxygen and carbon cycles, both modern and through geologic
time.

Our calculations of the important sources and sinks of Re through Earth's surface reservoirs highlight the degree of
anthropogenic perturbation to the natural Re cycle. Enhanced Re fluxes stem from mining, coal combustion, and
petroleum combustion, and this anthropogenic mobilization of Re requires careful attention when applying Re as a
tracer of rock weathering, riverine, or estuarine processes. Natural transport of dissolved and particulate Re is
dominated by continental weathering and volcanic degassing. Several potential sources of Re in the terrestrial and
marine environment remain quite understudied and unconstrained, including submarine hydrothermal venting,
magmatic degassing, and SGD. The dominant pathway of Re removal is in marine sediments. Removal fluxes in
the oceans are dominated by those in suboxic/euxinic and anoxic conditions, despite their small area on the
seafloor. Another important potential sink of Re is subduction, but this remains poorly constrained. The fluxes
provided in this review are a potential starting point for future studies to constrain these especially unknown
sources and sinks. In addition to the use of Re as a chronometer in deep geologic time, Re is also relevant to
understanding Earth surface processes, including its value as a redox tracer, a tracer of anthropogenic pollution,
and a tracer for oxidation of petrogenic organic carbon, an important flux in the long term carbon cycle.

Data Availability Statement
All of the data used in this synthesis are available in the citations in the manuscript and in supplementary tables,
available in an online repository at Ghazi et al., 2024.
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