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ABSTRACT

The molybdenum (Mo) isotope ratios (698M0) of marine sediments can preserve information on the redox state of
the past ocean. However, a robust interpretation of marine 5°®Mo records requires an understanding of the main
controls on the §°®Mo values of riverine inputs. A growing consensus suggests that secondary mineral formation
following rock weathering sets the §°Mo values of the dissolved riverine flux. However, variability in the Mo
isotope composition of the weathering lithologies, such as sedimentary rocks, might exert an additional control.
Here we assemble a dataset for large rivers spanning a wide range of sulfate abundance as a broad tracer of
sulfide oxidation, making paired measurements of river water and solid loads.

The riverine dissolved and solid Mo isotopes span a range of +0.3 to +1.9 %o and -0.1 to +1.4 %o, respectively.
Our results indicate that both source and process control the isotope composition of dissolved riverine Mo. First,
the elemental and isotope partitioning of Mo between river dissolved and solid loads is indicative of the impact of
the formation of secondary weathering products. Second, the positive relationship between the dissolved and
solid Mo isotope signatures implies the variable weathering of an additional heavy Mo isotope source above and
beyond silicate. Consistent with this, silicate weathering alone cannot explain the riverine Mo abundances,
calling for an additional Mo-rich source. Comparison between riverine dissolved Mo isotopes and potential
sulfide oxidation tracers indicates an important control by sulfide weathering on river dissolved Mo isotope
signatures. In this view, the pattern of variation of dissolved Mo isotopes across different weathering regimes
may be interpreted in terms of the greater supply-limitation control of sulfide versus silicate weathering at the
global scale. Overall, these findings indicate that changes in sulfide oxidation rates on the continents could
modify the 8°Mo of the global average riverine input to the oceans over geological timescales.

1. Introduction

et al., 2017). Though changes in the redox state of Mo involve isotope
fractionation, under the most reducing conditions Mo is quantitatively

The distribution of molybdenum and its isotopes (*®Mo/**Mo, re-
ported as 8°®Mo) in oceanic sedimentary archives has provided clear
evidence of fluctuations in redox state in the ocean-atmosphere system
over geological time (see review in Kendall et al., 2017). Molybdenum is
mobile under oxic conditions (Mo VI; forming molybdate MoOZ~ anion)
and is slowly removed from the ocean by adsorption onto
Mn-oxyhydroxides. In sulfidic environments, molybdate is quickly
converted to particle-reactive thiomolybdate species that are subse-
quently removed via scavenging or (co)precipitation as solids (Kendall
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removed from solution, potentially yielding a record of oceanic Mo
isotopes. Therefore, the quantification of the marine redox state
extracted from sedimentary Mo isotope signatures requires a detailed
understanding of the processes that control the Mo isotope composition
of rivers, which provide the main input of Mo to the oceans (Archer and
Vance, 2008). Consequently, the Mo isotope compositions of rivers have
been subject to careful investigation in order to characterise this input
(Archer and Vance, 2008; Pearce et al., 2010; Neubert et al., 2011;
Rahaman et al., 2014; Wang et al., 2015; King and Pett-Ridge, 2018;
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Fig. 1. Map of the basins sampled at their mouth for this study, as well as the details of the locations of sampling sites in the Mackenzie Basin. The “Peel tributaries”
location merges the Eagle, the Ogilvie and the Blackstone rivers. Maps modified from Dellinger et al. (2014) and Gaillardet et al. (1999a).

Neely et al., 2018; Horan et al., 2020; Nagler et al., 2020; O’Sullivan
et al., 2021; Revels et al., 2021). This work has demonstrated that the
Mo isotope compositions of some of the world’s largest rivers are
significantly different from the continental crust (Archer and Vance,
2008). The extent of Mo uptake (and attendant isotope fractionation) by
secondary phases following rock dissolution has been suggested to be
responsible for this isotope difference (Archer and Vance, 2008).

A number of studies have since provided compelling evidence to
support the important role of secondary mineral formation, and organic
matter, in controlling 5°®Mo in streams and rivers (Wang et al., 2015;
King et al., 2016; King and Pett-Ridge, 2018; Wang et al., 2018; Horan
et al., 2020; Revels et al., 2021). However, there are limited data that
allow us to quantify how weathering partitions Mo and its isotopes be-
tween the dissolved and particulate load of rivers, as opposed to parti-
tioning between the total river load (dissolved and particulate) of rivers
and soils (e.g., Wang et al., 2015). Furthermore, data compilations show
that an additional control is likely the variability of the source rocks
themselves (Horan et al., 2020). For example, since the Mo isotope
signatures of the silicate rocks of the continental crust and those of
sulfide minerals are distinct (Kendall et al., 2017; Willbold and Elliott,
2017; Fang et al., 2022), the relative amount of sulfide vs. silicate in the
catchment bedrock should, in principle, contribute to the Mo isotopic
signature of the dissolved load. The majority of riverine and soil §°Mo
data are from catchments where organic carbon and sulfide rich-shales
are insignificant, such as Iceland, Hawaii, the Amazonian plains and
shields or soil profiles in China. In contrast, ~65 % of the continental
surface is underlain by sedimentary rock (Hartmann and Moosdorf,
2012). Therefore, the potential lithological control on river dissolved
Mo isotope signatures needs to be better addressed at a global scale
(Pearce et al., 2010; Wang et al., 2015; King et al., 2016; King and
Pett-Ridge, 2018; Wang et al., 2018; Revels et al., 2021). For instance, if
sulfide mineral oxidation imparts an important control on §**Mo of
rivers, secular changes in sulfide mineral oxidation could influence the
Mo isotope mass balance of seawater. Sulfide oxidation rates have been
shown to be highly sensitive to changes in geomorphic processes
(Calmels et al., 2007; Bufe et al., 2021) and climatic variables (Walsh
et al., 2024) and appear to have varied over timescales of 10 s to 100 s of
million years (Torres et al., 2014; Rugenstein et al., 2019; Waldeck et al.,
2022).

In this contribution, we investigate the influence of the oxidation of
sedimentary rock-hosted sulfide on dissolved §®Mo values by
comparing the dissolved and solid phase Mo isotope signatures of a set of
large rivers, at their outlet, as well as some tributaries from the

Mackenzie Basin. This compilation of rivers encompasses two orders of
magnitude in dissolved sulfate concentrations, reflecting a wide range of
lithological sources including sulfide-rich-shales, which are most
important in the Mackenzie Basin (Huh et al., 2004; Calmels et al.,
2007). The data derive from multiple continents: Northern America (St
Lawrence, Skeena, Nass, Fraser and Mackenzie), South-east Asia
(Ganges, Brahmaputra, Irrawaddy and one of its tributaries: Longjiang,
Salween, Mekong and two of its tributaries: Nam Lik and Nam Hinboun,
and Hong He), China (Changjiang, Xijiang and Huang He), Australia
(Murray-Darling) and Africa (Niger).

We show that the variation in §°Mo in suspended sediment (~1 %o)
is mirrored by that in the dissolved load, but with a systematic offset of
approximately 0.4 %o that is indicative of fractionation during weath-
ering and the retention of light Mo isotopes in secondary minerals. In
addition, we demonstrate that the variability in the dissolved Mo isotope
composition cannot be explained solely by secondary weathering pro-
cesses following silicate mineral dissolution. Furthermore, the combined
river dissolved and solid loads reflect the variable contribution from
sulfide oxidation to the riverine Mo elemental and isotope budget
(Miller et al., 2011). A positive relationship is observed between 5%%Mo
and previously reported tracers of sulfide oxidation such as SO4 and
osmium isotope ratios, suggesting that weathering of organic- and
sulfide-rich shales is the additional source of Mo. Our study emphasises
sulfide oxidation as an important input to the riverine Mo isotope
budget, and that changing global rates of sulfide oxidation could modify
seawater Mo isotope composition.

2. Material and methods
2.1. Sampling locations

Mo isotope ratios were measured in the dissolved, suspended and bed
loads (where samples were available) in 17 of the world’s largest river
basins (Fig. 1). Large rivers integrate catchment geochemistry over
continental scales and provide the best estimate of the composition of
the land-to-sea fluxes at a scale relevant to global biogeochemical cycles
(Gaillardet et al., 1999a).

In addition to the dataset for the large rivers, we report the Mo
isotope composition of the dissolved and solid loads of Mackenzie Basin
tributaries (Fig. 1). The Mackenzie Basin is the fourth largest Arctic river
in terms of discharge (308 km®/yr). The basin is underlain by two main
geological provinces (excluding the Canadian Shield where weathering
fluxes are minor). The Northern American Cordillera (Mackenzie and
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Fig. 2. Dissolved Mo concentrations vs. a) sodium (Na*) and b) sulfate (SO4); c) dissolved Mo isotope composition (SQBModiss) vs. SO4/Na* ratio (“*” denotes Na
concentrations after correction for sea-salt and evaporite inputs; Gaillardet et al. 1999b). North American rivers correspond to the Nass, Fraser, St Lawrence and
Stikine; South East Asian rivers correspond to Nam Hinboun, Nam Lik, Mekong, Hong He, Longjiang, Irrawaddy, Salween, Ganges and Brahmaputra; Chinese rivers
correspond to Changjiang at low and high water stages, Xijiang, and Huang He at low and high water stages; Niger and Murray Darling are merged together.

Rocky Mountains) has a range of elevation between 1000 and 2500 m.
The main rock-types are Proterozoic to Mesozoic carbonates, dolomites,
shales and black shales (Millot et al., 2003). The Interior Platform has an
average elevation of 500 m, with bedrock comprising Cambrian to
Cretaceous shales, black shales, limestones and evaporites (Millot et al.,
2003). This study reports data for rivers draining the Rocky Mountains:
Toad, Racing, Upper Liard, Athabasca (at Hinton), Ogilvie, Blackstone
and Eagle. Two rivers drain only the Interior Platform: Hay and Little
Smoky. Data are also reported for rivers (Red Arctic, Peel, Liard, Peace,
Slave, Athabasca) that drain the Rocky Mountains as well as the Interior
Platform, and that drain into the main Mackenzie channel. Data for the
Mackenzie main channel are reported from two locations: Fort Simpson
and Tsiigehtchic.

2.2. Sampling and elemental abundance determination

The samples analysed were collected during a number of different
sampling campaigns (Gaillardet et al., 1999a; Lemarchand et al., 2002,
2003; Millot et al., 2003; Tipper et al., 2012; Dellinger et al., 2014;
Horan et al., 2019, 2020; Tipper et al., 2020; Relph et al., 2021; Char-
bonnier et al., 2022a, 2022b, 2023, 2024). These previous papers detail
sampling methods. Briefly, river waters were filtered within hours of
sampling using Teflon lined or UPVC/polycarbonate filtration units with
0.2p m filters (nylon or PES) into acid-washed polypropylene or HDPE
containers. Water samples were acidified to pH ~ 2 with ultra-pure
HNOj3 and stored in a cold room. Major element concentrations were
measured using ion chromatography (typical uncertainties are 1 to 3 %;
Lemarchand et al., 2002; Gaillardet et al., 2003; Millot et al., 2003;

Tipper et al., 2020; Relph et al., 2021). Mo concentration was deter-
mined using isotope dilution as part of this study.

The procedure for river solid sampling is described in Gaillardet et al.
(1999a), Dellinger et al. (2014) and Tipper et al. (2020). For the
Mackenzie Basin only, river solids were collected across a depth-profile
from the river bottom to the near-surface (Dellinger et al., 2014). Such a
sampling protocol provides access to the full spectrum of solid grain size,
and by extension to the full mineralogy of river solid load (Bouchez
etal., 2011). The river solids were recovered from the filter by scraping,
or by rinsing the filter using filtered river water. River bed sediments
were sampled from the bottom of the channel using a bucket. River solid
samples were either dried at low temperatures (below 40°C) or
freeze-dried. A mass of 50-100 mg of river solid was digested for at least
48 h using an HF-HNO3 mix (3:1) in a Teflon beaker at 120°C. The so-
lution was dried down and subsequently re-dissolved using aqua regia, to
dissolve oxides and fluorides. The major and trace element concentra-
tions of river sediments from the IPGP repository (such as the Mack-
enzie, Chinese, North American, Niger and G-B rivers) were determined
at the SARM (Service d’analyse des Roches et des minéraux, INSU fa-
cility, Vandoeuvre les Nancy, France). Major elements were measured
using ICP-OES, and trace elements using ICP-MS. The typical uncer-
tainty is around 10 %. The major and trace element concentrations of
other solid samples in this study (from Cambridge University), were
determined using ICP-MS at the Institute of Geochemistry and Petrology
of ETH Ziirich.
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Fig. 3. Solid molybdenum isotope composition (§°®Mos) vs. a) Al/Mo (ppm/ppm) ratio, and b) Al/Si ratio for suspended particulate matter (spm) and river bedload
(rbl). The silicate rock endmember is inferred from Taylor and McLennan (1995), Willbold and Elliott (2017) and Fang et al. (2022) and sulfide-rich shale from Ross

and Bustin (2009) and Kendall et al. (2017).

2.3. Mo isotope measurements

Molybdenum separation and isotope ratio measurements were per-
formed at ETH Ziirich, following Bura-Nakic¢ et al. (2018). Briefly, an
aliquot of sample (between 30 and 120 mL of river water and 10 mg of
previously-digested river sediment) was spiked with an appropriate
amount of a ®Mo-""Mo double spike (1:1 spike to sample ratio). The
sample was evaporated to dryness and taken up in 1 M HCIL. Molybde-
num was separated using Re-resin (Bura-Nakic et al., 2018). Molybde-
num isotope ratios were measured using a Thermo-Finnigan
NeptunePlus (MC-ICP-MS) following Archer and Vance (2008) and re-
ported relative to SRM NIST 3134 (Nagler et al., 2014):

(98 Mo/% Mo)

%Mo = [ = 1] x 1000 +0.25 (€8]

95

<9SMO/ Mo)std

The reproducibility and accuracy of the measurements were moni-
tored via measurements of an in-house CPI standard with a range of
standard/spike ratios (from 0.2 to 5) and the NIST standard. Data are
reported here relative to NIST SRM3134 = + 0.25 %o (Nagler et al.,
2014). The double spike was calibrated relative to a §8Mo = 0 %o for the
CPI standard, and NIST SRM3134 gives +0.27+0.05 %o (average and 2
std dev, n = 155 over 7 years).

3. Results

Data for riverine dissolved and solid loads are reported in Supple-
mentary Tables 1 and 2.

3.1. Major element and osmium concentrations, and radiogenic osmium
isotope ratios

Variations in, and the lithological controls on, the major elements in
the world’s largest rivers, as well as those for the Mackenzie Basin, have
been discussed previously (e.g., Gaillardet et al., 1999b; Millot et al.,
2003). Briefly, sodium (Na) derives from silicate weathering, halite
dissolution and sea salts (Gaillardet et al., 1999b). The contribution of
sea salt is removed using the “critical” Cl value (a maximum of 20
pmol/L for large rivers; Gaillardet et al., 1999b) and the Na/Cl ratio of
seawater. For Cl concentrations higher than 20 pmol/L, a contribution of
halite/evaporite is required to explain the river dissolved Cl concen-
tration. Thus, the Na from halite is corrected using the Cl concentration

in excess of 20 pmol/L and the Na/Cl ratio of halite. Silicate Na (Na*),
ranges from 20 umol/L to 1415 pmol/L. Calcium (Ca), derived from
carbonates, silicates and evaporites ranges from 112 pmol/L to 1561
umol/L, and magnesium (Mg), originating from silicate and carbonate
dissolution ranges from 63 to 1175 umol/L. Sulfate (SO4) is derived from
aerosols, evaporites and sulfide weathering. Sulfate concentrations
range from 15 umol/L to 2281 umol/L. Sulfate is correlated with Ca and
Mg (not shown), reflecting the lithological control on SO4, Ca and Mg
(Millot et al., 2003; Calmels et al., 2007; Torres et al., 2014). Dissolved
osmium abundances range from 26 (Skeena) to 202 fmol/L (Liard,
Mackenzie Basin tributary), with the average for the Mackenzie Basin
tributaries being significantly higher (113 fmol/L) than other large
rivers (62 fmol/L; Levasseur et al., 1999; Sharma et al., 1999; Huh et al.,
2004). Osmium radiogenic isotope ratios (*¥70s/880s) span a range
from 0.65 (Mekong) to 3.9 (Racing, Mackenzie Basin tributary), again
with more radiogenic values for the Mackenzie Basin tributaries (2.0)
than average large rivers (1.3).

3.2. Molybdenum and 5°Mo in the riverine dissolved load

Dissolved Mo concentrations (Fig. 2) range from 0.7 nmol/L (Nam
Hinboun, Mekong tributary sampled during monsoon) to 119 nmol/L
(Huang He), with an average of 15 nmol/L, similar to the range reported
for other large rivers (around a few nmol/L except for the Huang He;
Archer and Vance, 2008; Rahaman et al., 2014; Wang et al., 2015; Horan
et al., 2020; O’Sullivan et al., 2021; Revels et al., 2021), and small rivers
that have been sampled across a broad range of climate conditions
(Pearce et al., 2010; Neubert et al., 2011; Voegelin et al., 2012; King and
Pett-Ridge, 2018; Horan et al., 2020). The dissolved Mo abundance
shows a weak positive relationship with sodium derived from silicate in
log-log space (Fig. 2a), as previously shown for the Amazon Basin
(Revels et al., 2021). Similar to previous data from large rivers, the
dissolved Mo abundances show a broad positive relationship with sul-
fate in log-log space (Fig. 2b; Miller et al., 2011).

The §°®Mo of the dissolved load (Fig. 2¢) ranges from 0.3 %o (Darling)
to 1.9 %o (Ogilvie) with a non-weighted average value of 0.8 %o, within
uncertainty of the value for the global riverine flux estimated in Revels
et al. (2021). The values reported for the Huang He, Xijiang and
Changjiang are consistent with those reported in Wang et al. (2015).
This range of values is higher than that for the average continental crust
(+0.0-0.6 %o, estimated using igneous rocks and terrigenous sediments
and referred to as silicates in the figures; Willbold and Elliott, 2017;
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Fang et al. 2022), consistent with the data compilation for large rivers
(Archer and Vance, 2008; Kendall et al., 2017). The Mackenzie Basin
tributaries exhibit the highest 5°8Mo values (around 1.5 %o, Oon average).
The rivers from North America, China and South-East Asia (except G-B
and Irrawaddy) show intermediate values (between 0.8 and 1.2 %o),
while the Niger, Murray-Darling, G-B and Irrawaddy show the lowest
values (around 0.4 %o; closest to the §°8Mo value of the continental
crust). A broad positive trend is observed between dissolved load §°*Mo
and SO4/Na* ratios (Fig. 2c¢).

3.3. Molybdenum and its isotopes in the riverine particulate load

The Mo concentration in river suspended particulate matter (spm)
and bed load (rbl) of the rivers analysed ranges from 0.2 to 5.6 mg/kg,
which exceeds the range measured in silicate rocks (1.0-1.5 mg/kg;
Taylor and McLennan, 1995; Rudnick and Gao, 2013). However, the
abundance of chemical species in river solids is strongly influenced by
the quartz content (Bouchez et al., 2011), referred to as quartz dilution.
To take this quartz dilution into account, the Mo concentration in the
solid is normalised to aluminium (Al), an immobile element not hosted
in quartz. The Mo/Al of the two main models of silicate rocks that make
up the modern continental crust, namely siliciclastic sedimentary and
igneous rocks (see Taylor and McLennan, 1995; Rudnick and Gao,
2013), are merged together and plotted for comparison (referred to as
silicate rocks in the text and figures). The Mo/Al ratios of river solids are

always greater than or equal to those of silicate rocks (Fig. 3a).

The §°®Mo value of river solids ranges from —0.1 to 1.4 %o (Fig. 3a),
both lower and higher than the average of silicate continental crustal
rocks (+0.0-0.6 %o; Willbold and Elliott, 2017; Fang et al. 2022).
Overall, the Mackenzie Basin and two Chinese rivers show the highest
698Mo, while some of the South-East Asian and the other Chinese rivers
show slightly lower 5°®Mo values. Finally, the Niger, Murray, Darling
and some of the South-East Asian rivers show 5°®Mo values close to or
lower than silicate rocks. There is a broad negative trend between 5°*Mo
and Al/Mo (Fig. 3a), and a broad negative relationship between 5°*Mo
and Al/Si, a tracer of sediment grain size, with Al-rich samples corre-
sponding to fine clays and Si-rich samples to quartz and coarse, more
quartz-rich, sediments (Bouchez et al., 2011; Fig. 3b).

3.4. Mo elemental and isotope partitioning between the dissolved and
solid loads

The relative fraction of Mo transported as a dissolved species can be
estimated using:

— [Mo]diss

[Mo)] 4, + [Mo)]

o

@

spm x [Spm}

where [Mo); is the dissolved Mo concentration (in pg/L), [Mo],,, the
Mo concentration in river suspended sediments (in mg/kg), and [spm]
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the long-term suspended particulate matter concentration in g/L. The
fraction of Mo transported as a dissolved species ranges from 12 (Arctic
Red) to 89 % (Murray), with an average value of 50 % (Fig. 4a). This
result indicates the importance of dissolved Mo to the total Mo load in
rivers, consistent with findings from Revels et al. (2021). A broad
negative relationship emerges between the fraction of Mo transported as
dissolved species (wM°) and dissolved Mo isotopes (Fig. 4a), for which
high wMe coupled with low 58 Moygiss are consistent with the congruent
weathering of silicate rocks.

Given the wide range of climate regimes (runoff and evaporation)
covered by the rivers in our dataset, dilution is likely to be a key control
on all elemental abundances. To eliminate this effect, the data are pre-
sented as elemental ratios, which are independent of dilution (Fig. 4b).
Mo/Na* ratios in the dissolved load, (Mo/Na*)4iss, show a range from
0.01 (Eagle) to 0.43 (St Lawrence) mmol/mol. Here the Mo/Na ratios of
the two main models of silicate rocks making up the modern continental
crust, siliciclastic sedimentary and igneous rocks, are reported together
(see Taylor and McLennan, 1995; Rudnick and Gao, 2013). Most rivers
exhibit higher (Mo/Na*)g;;s and (Mo/Na*)s,,, (suspended particulate
load) ratios than silicate rocks (0.01-0.03 mmol/mol; Taylor and
McLennan, 1995; Rudnick and Gao, 2013). There is no clear pattern
between (Mo/Na*)giss and (Mo/Na)spm (Fig. 4b).

There is a positive relationship between 698Modiss and 698M0spm
(Fig. 4c). The slope of the linear correlation is greater than 1, and it is
displaced from a 1:1 line towards higher 5% Mogiss, indicating that the
dissolved load is systematically enriched in *®Mo relative to suspended
particulate matter.

4. Discussion

Most of the river dissolved and solid loads show elevated 5°®Mo
relative to average silicate rocks. The fact that the Mo elemental and
isotope ratios are distinct between the river dissolved and solid loads
suggests fractionating processes in the weathering environment (Archer
and Vance, 2008; Wang et al., 2015; Horan et al., 2020; Revels et al.,
2021). However, no single relationship emerges between dissolved
Mo/Na* and §°®Mo (see Supplementary Fig; Revels et al., 2021).
Moreover, the higher Mo values are accompanied by elemental
enrichment of Mo in both river dissolved and solid loads. Such a sys-
tematic enrichment in riverine Mo, coupled to heavy Mo isotopes also,
therefore, hints at an additional Mo source beyond silicate, with a
different Mo isotope signature.

The broad positive relationship between dissolved Mo isotopes and
SO4/Na* ratio suggests that sulfate sources, such as organic-rich, sulfide-
rich shale or gypsum could provide this heavy isotope Mo source
(Fig. 2c). Overall, the results suggest a role for both weathering process
and source in setting riverine fluxes of Mo and Mo isotopes, the latter
especially clear for the Mackenzie Basin, as has already been highlighted
(Horan et al., 2020). Herein, we seek to address the relative importance
of source and process by investigating first the variation of Mo isotopes
in river solid loads, and second the complementarity between river
dissolved and solid loads. After demonstrating a lithological control on
riverine Mo isotope signatures, we show that sulfide oxidation contrib-
utes to the higher dissolved §°®Mo for the largest rivers in the world and
could impact the global Mo isotope mass balance of seawater.

4.1. Lithological versus weathering fractionation controls on riverine
Mo

Previous studies (e.g., Archer and Vance, 2008; Neubert et al., 2011;
King et al., 2018; Revels et al., 2021) have generally used only dissolved
load Mo and Mo isotope data to assess the controls on riverine Mo. Here,
we also examine river bedloads and suspended particulate matter to
provide further insight into the source control, via the elemental and
isotope compositions of the weathered bedrock (e.g., Bouchez et al.,
2011; Dellinger et al., 2014; Fig. 3).
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The pattern of variation observed between Al/Mo and §%®Mo
(Fig. 3a) could reflect binary mixing, between a silicate end-member
with high Al/Mo and an inferred 5°®Mo of 0.0-0.4 %o consistent with
the literature (see estimate in Willbold and Elliott, 2017 and Fang et al.,
2022), and an end-member with lower Al/Mo ratio representing con-
tributions from a Mo-rich source with a heavy isotope signature. As for
the Mo/Na ratio of the silicate endmember, the modern silicate crust is
made up of recycled sedimentary silicate and igneous rocks (e.g., Gail-
lardet et al., 1999a) for which 1) individual §°®Mo values for rock
samples vary widely and 2) could be distinct between igneous and
sedimentary rocks due to past weathering cycles (see the variability for
individual samples in e.g., Kendall et al., 2017; Willbold and Elliott,
2017; Ye et al., 2021 and Fang et al., 2022). The relatively restricted
range of extrapolated silicate 5°*Mo using river solid load is attributable
to the fact that large rivers represent the weighted average of source
rock compositions, thereby mitigating the variability of individual
igneous and sedimentary silicate samples reported in the literature.
Regarding the additional Mo endmember, it seems more dominant
across the Mackenzie Basin tributaries (Fig. 3a). The Mackenzie Basin is
known to be highly influenced by weathering of carbonate and sulfide-
or organic-rich shale (Millot et al., 2003; Huh et al., 2004; Horan et al.,
2019; Charbonnier et al., 2022a, 2023). Given the low concentration of
Mo in carbonate (Clarkson et al., 2020), and the relatively low carbonate
content of river sediment (compared to silicate-derived phases), it is
unlikely that carbonate could represent this additional source. Hence,
the second endmember is more likely to be sulfide- or organic-rich shale
(Neubert et al., 2011). The range of 5°8Mo values for sulfide-rich shale is
narrow in comparison to the entire range of individual rock samples (see
compilation in Ye et al., 2021). Again, the extrapolated endmember is
likely to reflect the weighted average of the sulfide-rich shale end-
member at the global scale. We return to this point later in the
discussion.

A negative relationship between particulate 8°*Mo and Al/Si ratio
also sheds light on the composition of average rocks undergoing
weathering in the catchments. Samples with lower Al/Si ratios, mostly
found in the bedload (Fig. 3), correspond to coarse and less weathered
river solids. Lower §°®Mo are mainly found for the highest Al/Si ratios,
thought to represent the most secondary weathering product-rich sam-
ples (Bouchez et al., 2011). Though the dataset in Fig. 3b is small, there
may be greater scatter in the Mo isotope composition of the low Al/Si
particulate load samples (bedload, most representative of the bedrock
source), also suggesting variable contributions from more than one
bedrock source.

These conclusions from the suspended load data are re-enforced by a
further comparison between Mo and Mo isotopes of the suspended and
dissolved loads (Fig. 4b,c). The positive relationship between 5”8 Mogiss
and 698M05prrl extends away from the low §°®Mo values expected of
silicate minerals. The co-evolution of both dissolved and solid phases
supports a role of a sulfide-rich shale input whose contribution differs
across the sample set. Further, the range of dissolved Mo abundances in
most rivers (relative to that of Na, a soluble element deriving from sil-
icate and not influenced by secondary mineral formation) also indicates
that silicate weathering on its own cannot explain the dissolved Mo
abundance in rivers (Fig. 4b).

Besides the variable contribution from an additional heavy Mo
isotope source, there is also a need for an additional control from Mo and
Mo isotope partitioning into secondary minerals formed in the weath-
ering environment. The §*®Moyg;ss values are systematically higher than
the corresponding 698MoSpm (Fig. 4c), indicating isotope fractionation
due to scavenging of light Mo isotopes into secondary weathering
products (e.g., Archer and Vance, 2008; Horan et al., 2020; Revels et al.,
2021). The river dissolved (Mo/Na)* ratio, though higher than that of
silicate, is often lower than the corresponding riverine particulate
matter (Fig. 4b). This confirms that a significant fraction of Mo (either
released by silicate or the additional source) is removed by secondary
phase formation (e.g. Archer and Vance, 2008; Wang et al., 2015; Horan
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et al., 2020; Revels et al., 2021).

4.2. Constraints from overall riverine mass budgets

Some of the conclusions in the previous section are potentially
compromised by the preferential retention of light Mo isotopes in soils or
regolith (Archer and Vance, 2008; Pearce et al., 2010; Wang et al., 2015;
King et al., 2018). This would act to introduce a third reservoir for Mo
released during weathering, in addition to the suspended and dissolved
loads of rivers and complicating the mass balance. In this section, we
explore the combined dissolved and particulate loads, to assess the de-
gree to which the overall riverine export flux is consistent with the dual
controls introduced in previous sections: source versus weathering
process. In this analysis (see Appendix for details), the elemental river
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mass budget is considered in terms of the total Mo/Na ratio exported by
rivers (Mo/Na);iy. The Mo isotope composition of the total river flux is
referred to as §°°Moyy.

There is a broad positive relationship between (Mo/Na), and
8% Moy, from values close to the Mo elemental and isotope composi-
tion of silicate rocks towards higher Mo riverine export combined with
heavier Mo isotope signatures (Fig. 5a). The coupled increase in the
riverine export of Mo and in heavy Mo isotopes - over and above that
expected from silicates - lie close to a theoretical binary mixing rela-
tionship between 1) silicate rocks and 2) most likely a sulfide-rich shale,
having an extrapolated Mo isotope composition of around 1.5 %eo.

Again, however, we also note that, though §°®Moy, is positively
correlated with 8% Mog;ss, 8°°Mogss is systematically higher by around
+0.4 £ 0.4 %o compared to 5°®Moy, (Fig. 5b). These findings again
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Fig. 6. Dissolved Mo isotope compositions (5% Mogiss) Vs. a) radiogenic osmium isotope ratios (*870s/'880s) and b) Os/Na* ratio. Osmium data are from Levasseur
etal. (1999), Sharma et al. (1999) and Huh et al. (2004). The dashed curves are predicted mixing relationships using end-member '870s/*80s and Os/Na* for silicate
and organic-rich shale as estimated in Levasseur et al. (1999) and Huh et al. (2004). Note that all data on these plots come from the same samples except for the
Southeast Asian rivers (green) and a few Mackenzie tributaries.
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imply that 5%®Mog;s reflects both source and incorporation of light Mo
into secondary weathering products or adsorption onto organic matter.
As with other aspects of the dataset, the Mackenzie samples in particular
show the highest §°Moy;, (indicative of a dominant contribution from
sulfide-rich shale). In contrast, secondary weathering processes are the
dominant controlling factor in basins for which Mo is sourced by silicate
weathering only (as represented by the river having a 6°®Moy;, close to
silicate values).

4.3. River dissolved Mo isotope signatures as a tracer of sulfide-rich shale
weathering?

The previous section suggests that variability in riverine dissolved
Mo isotopes can be partly attributed to the variable contribution from
silicate and sulfide-rich shale. The corollary is that dissolved Mo isotopes
could potentially be used to trace silicate weathering vs. sulfide oxida-
tion, which have contrasting roles in the geological carbon cycle (e.g.,
Torres et al., 2014).

In this section, we use data from additional tracers to investigate this
hypothesis further.

The radiogenic isotope ratio of osmium (18705/18805) is known to
exhibit distinct signatures in silicate crust (1¥70s/!%80s ~ 1.0-1.4;
Peucker-Ehrenbrink and Jahn, 2001) versus organic-rich sedimentary
rocks (¥70s/'880s > 1.5; Huh et al., 2004). The hyperbolic trends be-
tween 698Modiss vs. 1870s/1880s and 5°®Mo vs. Os/Na* (Fi g. 6) are
consistent with binary mixing between Mo and Os released from silicates
(*870s/1880s ~ 1 and Os/Na* ~ 0.4 fmol/pmol) and from sulfide- or
organic-rich shale (*80s/'880s > 1.5 and Os/Na* > 1 fmol/pmol). We
note that given the wide range of 1870s/!880s values for the silicate and
black shale endmembers, the modelled trends between §*®Moygigs vs.
1870s,/1880s only provide qualitative information. Conversely, the mix-
ing trend between Os/Na* and §°®Mogss corresponds to a mixing model
using the lowest and highest Os/Na* to define silicate and sulfide-rich
shale. Besides potential variability in the end-members, the scatter
about the theoretical mixing could also reflect the influence of second-
ary weathering processes.

Sulfate measurements provide additional support for the suggestion
that riverine §°®Mo values partly reflect oxidative weathering of shales.
A relationship between dissolved SO4/Na* and 5% Mogiss (Fig. 2¢) has
previously been linked to sulfide oxidation (Miller et al., 2011). How-
ever, sulfate in rivers derives from a number of sources: sulfide oxida-
tion, gypsum dissolution and atmospheric inputs (e.g., Spence and
Telmer, 2005). Here, we use the contribution of SO4 deriving from

sulfide oxidation from previous studies (estimated using sulfur-oxygen
or carbon isotope systems; Galy and France-Lanord, 1999; Spence and
Telmer, 2005; Calmels et al., 2007; Relph et al., 2021), where available,
and then examine sulfide oxidation derived SO4 for large and small
rivers (data from Horan et al., 2020; Revels et al., 2021; Supplementary
Table 3; Fig. 7). For rivers where such data are not available, a first-order
correction is performed to dissolved SO4 using dissolved Cl deriving
from sea salt (using the critical Cl value) and evaporites and the SO4/ClL
ratio of precipitation from Stallard and Edmond (1981) and Miller et al.
(2011) (~0.33), and the sea water ratio for gypsum.

Riverine dissolved §°®Mo shows a broad positive relationship with
both the uncorrected and corrected SO4/Mo (Fig. 7a,b). Extrapolation of
endmembers using the SO4/Mo ratios (Miller et al., 2011) gives, again, a
silicate and sulfide-rich shale 8°®Mo of 0.0-0.4 %. and 1.6-1.8 %o,
respectively, that is consistent with the endmembers inferred from other
mixing relationships (see above). Similar to the osmium vs. §°°Mo
cross-plot, secondary weathering processes likely cause the scatter in the
relationship. The range in Mo isotope composition for the inferred sul-
fide endmember is relatively narrow compared to that of the literature
(Ye et al., 2021), the latter ranging from —2.0 %o to +2.3 %o and thus
overlapping the range for silicate. It appears that large river systems
integrate and average the diversity of elemental and isotope signature of
lithological endmembers (Négrel et al., 1993).

Altogether, the Mo and Mo isotope river mass budget results, as well
as the comparison between riverine dissolved Mo isotopes and silicate
vs. sulphide-rich shale tracers, support the hypothesis that variable
contributions of silicate and sulfide-rich shale impose an important
control on the dissolved Mo isotope signatures in rivers from this study.
Therefore, dissolved Mo isotopes may help to assess the contribution of
silicate weathering vs. sulfide oxidation to the weathering budget
through Earth’s history. In the next section we address the role that
weathering regimes might play in the riverine dissolved Mo isotope
signature and, by extension, on the silicate vs. sulfide contribution to the
world’s largest rivers.

4.4. Modern and past weathering regime changes as a controlling factor of
Mo isotope fluxes

The extent to which secondary weathering processes fractionate the
stable isotope ratios of metals is thought to be controlled by the
weathering regime (e.g., Li or U, Dellinger et al., 2015b; Charbonnier
et al., 2023). In this view, a previous study has also proposed a similar
control on riverine dissolved 5°®Mo (Revels et al., 2021). However,
sulfide oxidation is itself thought to be limited by the supply of fresh
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materials (tectonic control), whereas silicate weathering is limited by
the dual control of both climate and tectonic factors (West et al., 2005;
Calmels et al., 2007). Thus, if dissolved Mo isotopes are also partly
controlled by silicate vs. sulfide weathering, a link between weathering
regime and dissolved Mo isotopes might, alternatively, be driven by this
control on sulfide vs. silicate weathering by weathering regime. To
investigate a potential causal relationship between Mo isotopes and
weathering regimes, dissolved Mo isotope compositions are compared to
the weathering intensity (W/D ratios; Bouchez et al., 2014).

The weathering intensity (W/D) corresponds to the silicate weath-
ering flux (W; estimated with the flux of silicate-derived cations in the
river dissolved load; Gaillardet et al., 1999b) relative to the total
denudation flux (i.e. the sum of dissolved and solid materials exported
by rivers). Low W/D ratios correspond to low silicate weathering flux
relative to the supply of fresh material to the weathering reactor,
because of the kinetic limitation of silicate weathering (West et al.,
2005). In contrast, high W/D ratios correspond to near-complete sol-
ubilisation of base cations from silicate rocks, so that the weathering
reactions are limited by the supply of fresh materials.

A broad negative relationship emerges between the 5% Mogiss and W/
D ratios (Fig. 8). In principle, this relationship could correspond to the
variable extent of Mo scavenging phase formation (leading to higher
8%°Mo; see Revels et al., 2021) across different weathering regimes.
Nonetheless, theoretical models, supported by evidence from lithium
isotope systematics (a tracer of secondary weathering product extent;
Dellinger et al., 2015b), suggest that kinetic limitations lead to minimal
secondary weathering at low W/D (e.g., Bouchez et al., 2013), while
intermediate and higher W/D (with some exceptions for very high W/D)
favour the formation of secondary weathering products. Therefore, the
trend between S%ModiSS and W/D is not fully compatible with a control
exclusively related to the scavenging of light Mo isotopes by secondary
weathering products.

Instead, higher 5% Moyg;ss found for low W/D, where the total export
of material greatly outpaces the silicate weathering fluxes, may corre-
spond to stronger contributions of sulfide oxidation relative to silicate
weathering to the riverine Mo budget. In contrast, the more complete

conversion of rocks into soluble cations and secondary weathering
products through chemical weathering (elevated W/D ratios) yields Mo
isotope signatures closer to that of silicate rocks. This is consistent with
the insignificant contribution of sulfide oxidation to the weathering
budget of Mo at high W/D ratios. Again, the scatter on Fig. 8, and the
shift compared to the silicate and sulfide endmembers, can be attributed
to secondary phases produced during weathering (see Fig. 5b). Some
rivers clearly lie off the main trend on Fig. 8, such as the Huang He.
However, the physical and chemical weathering rates in the Huang He
are not at steady-state (Gaillardet et al., 1999b; Charbonnier et al.,
2022b), most likely because of a recent increase in the erosion rates. This
translates into W/D much lower than expected. Furthermore, the Ganges
and Brahmaputra also shows lighter dissolved §°Mo compared to the
trend. The exact reason for this is unclear, as these rivers are known to be
influenced by sulfide weathering (Galy and France-Lanord, 1999). A
potential explanation could be the weathering of metasediments (e.g.,
Dellinger et al., 2014) with a Mo isotope composition that may be shifted
from unmetamorphosed black shales. In addition, some of the Amazo-
nian Shield tributaries lie off the trend toward heavier Mo isotope
values. Shields are virtually free of sulfide-rich shale, so that these rivers
may be exclusively controlled by secondary weathering products with
minimal source control.

Therefore, the pattern observed between W/D and the relative
contribution of sulfide oxidation vs silicate weathering — broadly traced
here using dissolved Mo isotope signatures — is consistent with previous
studies underscoring the supply limitation of sulfide oxidation (ie. pro-
moted by increases in the denudation rates; Calmels et al., 2007; Torres
et al., 2014), while the increase in silicate weathering flux relative to
total denudation (higher W/D) tends to counteract the influence of
sulfide oxidation. Though the link between sulfide oxidation and
weathering regime has been suggested in restricted areas only (e.g.,
Torres et al., 2014, 2016, 2017), evidence from our analysis might
support this link in some other large rivers, suggesting that it ought to be
investigated further in other rivers featuring low W/D.

To illustrate how these variabilities in weathering intensity might
have theoretically imprinted the sedimentary §°®Mo, we consider a
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Fig. 9. Global compilation of sedimentary 5°®Mo reported in Ye et al. (2021). The coloured bands represent 1) the riverine 8°®Mo input to the ocean for a riverine
flux wholly derived from sulfide oxidation (red) assuming that the §°*Mo value for sulfide oxidation is similar to the modern one, 2) the modern riverine §°*Mo (blue)
from Revels et al. (2021) and 3) riverine §°Mo in the case of congruent weathering of silicate only (brown), yielding values similar to the continental crust.

recent global compilation of %Mo in sediments (Fig. 9) (Ye et al.,
2021). The congruent weathering of silicates at high weathering in-
tensity should result in a riverine input close to that of silicate rocks
(698M0 close to 0.0-0.4 %o), which differs from the modern riverine flux
(0.8 %o; Archer and Vance, 2008; Revels et al., 2021). Conversely, the
transition toward lower weathering intensities - consistent with cold
climates associated with strong erosion rates - will tend to shift the
riverine Mo isotope flux upwards - in the extreme limit up to the sulfide
end-member.

Changes in the riverine Mo isotope flux driven by the factors dis-
cussed here may have occurred during the Cenozoic. The sulfur and
oxygen isotopes of marine sulfate indicate increasing sulfate fluxes from
rivers (driven largely by sulfide oxidation) by a factor of >3, from <1 to
~3 x 10'? mol/yr (Waldeck et al., 2022). These interpretations mirror
those from other isotope proxy records over the Cenozoic, which also
call for changes in sulfide mineral weathering at the global scale (Torres
et al., 2014; Caves-Rugenstein et al., 2019). Based on a simple mass
balance and assuming a S/Mo ratio of sulfide minerals of ~50-100 x
10° mol/mol (Fig.7),a3 x 10'? mol/yr change in SO4 flux from sulfide
oxidation would correspond to a ~3-6 x 107 mol/yr increase in Mo flux
by rivers, equivalent to ~10-20 % of the present-day river Mo flux ~3.1
x 108 mol/yr (Miller et al., 2011). It remains uncertain how the ratio of
sulfide oxidation to silicate mineral weathering changed over the
Cenozoic and indeed during other climate and tectonic perturbations of
Earth’s past. This work suggests that secular changes in seawater Mo
isotopes may be expected given the estimated changes in flux and the
range in isotope compositions reported here for rivers. However, given
the sensitivity of the Mo isotope system to changes in Mo outputs (see
Kendall et al., 2017 and the range of variabiliy in sedimentary §®Mo in
Fig. 9), it remains a future research goal to assess whether weathering
may be encoded in sedimentary geochemical records.

5. Conclusion

We report the river dissolved and solid isotope compositions of Mo
from a set of the world’s largest rivers as well as the Mackenzie Basin
tributaries. All rivers display significantly higher dissolved §%®Mo
compared to the silicate rocks (+0.3 to +1.8 %o), while river solid 5%%Mo
ranges from —0.1 to +1.4 %o.

10

Dissolved Mo isotope signatures are systematically heavier than their
own river suspended particulate matter, reflecting the scavenging of
light Mo isotopes into secondary weathering products. In addition, the
positive relationship between the riverine dissolved and solid 5°*Mo
suggests variable weathering from a heavy Mo isotope source. This hy-
pothesis is confirmed by the fact that heavier Mo isotope signatures in
the total load exported by rivers are associated with greater Mo export
than predicted by silicate rock weathering, a pattern that is difficult to
explain in terms of the retention of light Mo isotopes in soils.

River dissolved Mo isotope composition shows broad relationships
with silicate vs. sulfide-rich shale tracers. We find that when weathering
intensity is high, 8°®Mo values of rivers appear to approach the silicate
end member. At lower weathering intensities where sedimentary bed-
rocks are being weathered, the 5°®Mo values are higher, and reflect an
increased signal from sulfide oxidation. Secular changes in sulfide
weathering over geological time could thus impact the §*®Mo of river
inputs, impacting our interpretation of past seawater 5°°Mo, while
potentially providing a way to reconstruct this important weathering
flux, which acts as a source of CO5 to the atmosphere-ocean system.
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