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Abstract

Oxidation of rock organic carbon (OC,exo) can exert a substantial control on atmospheric CO,
over geological timescales, yet the erosion sensitivity of this reaction has proved challenging to
isolate and quantify due to the covariation of erosion with other environmental variables in
many existing datasets. Here we apply the rhenium (Re) proxy to quantify OCpetro OXidation
across a three order-of-magnitude erosion-rate gradient in Taiwan with minimal variation in
runoff, temperature, and lithology, and use a weathering model to describe the erosion
sensitivity of OCperro OXidation. OCpero OXidation fluxes exhibit a positive non-linear scaling with
erosion, similar to sulfide mineral weathering, although with a weaker erosion rate dependence
likely reflecting slower oxidation kinetics and the presence of recalcitrant graphitic carbon.
Integrating OC,.wo OXidation with existing silicate, carbonate, and sulfide weathering carbon
budgets reveals erosion-dependent transitions in the net weathering carbon balance. Moderate
erosion rates around 0.1 mm yr' maximise CO, drawdown, whereas higher erosion rates
produce net CO, release due to oxidative weathering of OCero and sulfide minerals. Accounting
for OC,etro OXidation increases CO, emissions at high erosion rates and dampens CO, drawdown
at moderate erosion rates relative to previous characterisations that considered emissions only
from sulfide oxidation. Unlike sulfide oxidation, CO, emissions from OCe, OXidation remain a
relevant carbon source on timescales of 10 Myr or more, extending the CO, drawdown optimum
over longer timescales. Erosion and burial of biospheric organic carbon (OCy;,) may provide an

erosion-sensitive CO; sink that could partially offset oxidative CO, release at high erosion rates.
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Highlights

Rhenium proxy used to assess erosion sensitivity of rock organic carbon oxidation.
Rock organic carbon oxidation scales with erosion with a square-root relationship.
OCetro Oxidation is not wholly supply-limited, kinetic factors are also important.

Rock organic carbon oxidation diminishes CO, drawdown potential of mountain ranges.

Terrestrial organic carbon burial partially offsets rock organic carbon CO, release.



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Alcock et al., non-reviewed preprint submitted to EPSL

1. Introduction

The chemical weathering of rocks at Earth’s surface moderates atmospheric CO,, and therefore
global climate on million-year timescales (Urey, 1952). Since erosion increases the supply of
unweathered mineral surfaces, there exists an intrinsic link between erosion, weathering, and
long-term climate (e.g. Gaillardet et al., 1999; West et al., 2005). This link is typically viewed in
terms of silicate weathering, where increased erosion could enhance sequestration of
atmospheric CO; (e.g. Raymo and Ruddiman, 1992) provided climate conditions are favourable

for weathering (West et al., 2005).

However, recent studies emphasise the importance of coupled sulfide and carbonate
weathering reactions in active orogens with high erosion rates (Kemeny et al., 2021; Torres et al.,
2016). Meanwhile, some studies report a plateau or decline in silicate weathering at high
erosion rates, while sulfide and carbonate weathering may remain sensitive to erosion (e.g. Bufe
etal., 2021; West et al., 2005). Coupled sulfide-carbonate weathering is a transient CO, source
on timescales up to the oceanic residence time of sulfate (~107 years (Canfield, 2004)),
conflicting with hypotheses that major orogenies drive atmospheric CO, sequestration and
global cooling (e.g. Raymo and Ruddiman, 1992). Instead, CO, drawdown from weathering may
be optimised at moderate erosion rates of around 0.07 mm yr' (Bufe et al., 2024). Below this
optimum silicate weathering is supply-limited, suppressing CO,drawdown, and above it,
silicate weathering becomes insensitive to erosion while CO, release from sulfide-carbonate

weathering continues to increase (Bufe et al., 2024).

The emerging view on the relationship between erosion, weathering, and long-term climate is
further complicated by the consideration of oxidative weathering of rock (petrogenic) organic

carbon (OCgetro), Which constitutes an additional CO, source to the atmosphere (Petsch, 2014).

CO, emissions from oxidation of OCpeyo are estimated to be 62 - 86 Mt C year” (Zondervan et
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78 al., 2023), comparable to the input from volcanic degassing of 70 — 88 Mt C year™ (Plank and

79 Manning, 2019) and drawdown from silicate weathering (90 — 140 Mt C year™ (Gaillardet et al.,
80 1999; Moon et al., 2014). Recent work has demonstrated that CO, release from oxidation of

81 OCyeiro can negate the CO; sink from silicate weathering, and identifies basins with high

82  denudation rates as hotspots for net CO, release through OC.t, Oxidation (Zondervan et al.,

83 2023). There is growing evidence for a positive relationship between OCpewro OXidation and

84 erosion rate (e.g. Ghazi et al., 2022; Hilton et al., 2014; Horan et al., 2017; Ogri¢ et al., 2023),
85 however this behaviour has not been quantified independent of other influential variables such
86 as runoff, temperature, or lithology. In oxic environments OCyetro OXidation occurs at faster rates
87 than silicate mineral dissolution (Chang and Berner, 1999; White and Buss, 2013) and is

88 therefore better able to keep pace with an enhanced supply of fresh materials. OCpeuo Oxidation
89 could therefore diminish the magnitude of the CO, drawdown optimum observed by Bufe et al.,
90 (2024), shift the optimum to lower erosion rates, and or extend the drawdown optimum

91 behaviour beyond the timescale of the sulfide-carbonate weathering CO; source.

92 Here we use the rhenium proxy (Dalai et al., 2002; Dellinger et al., 2023; Grant et al., 2025;

93 Horan et al., 2019) to quantify OC,ero Oxidation across a three order-of-magnitude erosion-rate
94 gradient in Taiwan with minimal accompanying variation in runoff, temperature, and lithology.
95 We combine these results with published assessments of sulfide, carbonate, and silicate

96  weathering across the same samples (Bufe et al., 2021; Bufe et al., 2024) to investigate the

97 relative erosion sensitivities across the different weathering reactions. We quantify the carbon
98 release from OC,eo OXidation across the erosion-rate gradient, and incorporate our estimate
99 with existing carbon budgets (Bufe et al., 2021; Bufe et al., 2024) to assess the carbon cycle

100 impact of OC,.t, Oxidation across erosion regimes and reaction timescales.
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2. Materials and methods

2. 1 Study setting

Taiwan is an active mountain belt formed through the late-Cenozoic convergence of the Luzon
Arc of the Philippine Sea Plate and the eastern Eurasian continental margin (Teng, 1990). The
Central Range forms the island’s principal topography, with a northward increase in relief and
erosion rates from foothills to steeper mountain slopes with frequent landslides (Dadson et al.,
2003; Fellin et al., 2017) (Fig. 1). Taiwan has a sub-tropical climate, with most precipitation

delivered during the typhoon season between June and October (Wu and Kuo, 1999).

Our wider study area spans the length of the Central Range, but is focused on its southernmost
extent and the Hengchun peninsula (Fig. 1) where erosion rates have previously been
constrained through an extrapolated regression between erosion rates from cosmogenic
nuclides (Chen et al., 2020; Fellin et al., 2017) and the topographic metric normalised
steepness index (ksn) (Bufe et al., 2021). Estimates from this regression show a northward-
increasing erosion-rate gradient of at least three orders-of-magnitude from <0.004 to > 2 mm yr
" across the study area, with measured erosion rates ranging from 0.06 - 7.39 mm yr” (Bufe et
al., 2021). In contrast to the wide range in erosion rate, average annual runoff and rainfall vary by
less than three-fold within the study area (Bufe et al., 2024; Dadson et al., 2003; Lee et al.,

2006), and runoff and erosion rate are not well correlated (R>=0.31).

Bedrock geology across the study area is dominated by passive margin sedimentary sequences
with varying degrees of metamorphism. Most sample catchments are underlain by the Lushan
and Pilushan formations of the Cenozoic Slate Belt, composed of argillaceous deposits
metamorphosed to slate and phyllite (Lin and Chen, 2016) (Fig. 1). The southernmost
catchments include sandstone and shale sequences of the Mutan formation, while catchments
on the eastern margin of the Central Range are influenced by high grade metapelites and

limestones of the Tananao schist (Lin and Chen, 2016). The distribution of OCpew, in the bedrock
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is relatively uniform, with 0.2 — 0.4 weight % OC,e«, in both the Tananao schist and Cenozoic
Slate Belt (Hilton et al., 2010). In the northernmost samples, where bedrock has undergone
higher-grade metamorphism above ~ 450 °C, the OCy. pool can be dominated by graphite

(Beyssac et al., 2007).

2.2 Samples

Archived water and solid samples were used from prior sampling campaigns in Taiwan (Fig. 1).
Water samples (n = 215) were collected, filtered, and stored following standard procedures,
with details provided by Bufe et al., (2021). Most samples were collected from rivers and small
streams, alongside some groundwater seepage samples. Prior ion chromatography and ICP-
OES analyses of these samples has yielded an existing dataset of major anion and cation
concentrations, as well as field data including pH, temperature, and dissolved oxygen (Bufe et
al., 2021). For subsets of the samples, previous work reported normalised steepness indices,
ksn, and inferred erosion rates (n = 119), and estimated cation and anion concentrations from
silicate, carbonate, and sulfide weathering as well as cyclic and hot spring inputs (n = 103) (Bufe
etal., 2021). We note that while the water samples represent a close-to-instantaneous
measurement, the °Be-derived erosion rates to which we compare are integrated over
centennial to millennial timescales ((Fellin et al., 2017), with transient perturbations possible on

annual timescales (Chen et al., 2020).

In addition, we used archive bedrock (n = 6) and bedload (n = 4) samples that were collected,
homogenized, and stored following standard procedures (Hilton et al., 2010). Previous work
determined weight % of organic carbon by combustion with a CHN elemental analyser (Hilton
et al., 2010). Bedrock and bedload samples were used to determine the rhenium and OCpeto
composition of the source lithologies of the sampled catchments. Following convention,
bedload samples are considered here to represent the upstream catchment-averaged bedrock

composition (e.g. Galy et al., 2008b).
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2. 3 Rhenium concentration measurements

Dissolved rhenium concentrations were measured in Oxford by multi-Q-ICP-MS (Perkin Elmer
NexION® 5000) broadly following established methods (e.g. Hilton et al., 2021). Concentrations
were determined by direct calibration against a set of seven standards matrix-matched to
approximate river water composition. Samples and calibration standards were prepared in 2%
HNO; and doped with an internal standard of 1 ppb rhodium to correct for instrumental drift and
matrix variability. Measurement accuracy was assessed by repeated measurement of drinking
and river water standard reference materials AQUA-1 and SLRS-6. AQUA-1 (n = 16) and SLRS-6
(n=20) returned values of 11.3 and 14.6 ppt, each slightly above the ranges of prior
characterisations 10.4 + 0.8 (Yeghicheyan et al., 2021) and 13.5 = 0.2 ppt (Yeghicheyan et al.,
2019), but with overall accuracies better than 8.5%. Across the analysis, the average 2RSD of
individual measurements (across 4 replicates of 18 sweeps) was 7.5%, while the average 2RSD
of repeat measurements was 3.6%. All uncertainty metrics are small compared to the range of
[Relaiss in the samples (0.24 — 93.56 pmol L"), and sample concentrations are well above the

average Re detection limit (0.06 pmol L™ or 0.01 ppt).

The rhenium concentrations of solid samples were determined broadly following established
dissolution, purification, and measurement protocols (Dellinger et al., 2020) (section S.1).
Rhenium concentrations were analysed by multi-Q-ICP-MS following a similar procedure as for
the water samples using pure Re solutions as calibration standards. Measurement accuracy
and precision were assessed using reference materials AQUA-1 and SLRS-6, with similar results
as for the waters. USGS reference material BCR-2 (Columbia River Basalt) was processed
alongside the solid samples to establish the yield of the digestion and purification procedure.

BCR-2 returned a Re concentration of 12.56 ppb, close to the range of 11.56 = 0.74 ppb from a
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prior characterisation (Jochum et al., 2016), for a yield of 108%. The procedural blank was 3 pg,

which is < 1% of the average mass of Re in the samples.

3. Rhenium results and proxy application

3. 1 Dissolved rhenium

Dissolved rhenium, [Re]diss, ranges from 0.29 - 96.11 pmol L™, with a median of 5.49 pmolL" (n =
215). This range is similar to the global range in exorheic river waters of 1.10 - 120.00 pmol L™,
and the median of 5.79 pmol L™ (n = 2110) (Ghazi et al., 2024). The range of [Re]aiss in this study
overlaps and extends a range previously reported for a smaller set of Taiwan rivers of 4.7 - 25.4
pmol L™ (Hilton et al., 2014). Most samples (71%) had [Re]aiss below 10 pmol L7 (Fig. S2). Of
those samples with [Re]aiss > 10 pmol L™, catchments underlain by Tananao schist bedrock are
overrepresented, potentially reflecting relative Re enrichment in the Tananao schist compared
to other source lithologies. Samples with lower [Re]siss < 3 pmol L™ are mostly from the Lushan
formation. [Re]asiss shows no discernible correlation with mean annual runoff and a weak positive
correlation with the regression-based inferred erosion rate (Bufe et al., 2021) (R = 0.29),

however this relationship also exhibits substantial scatter.

3. 2 Solid rhenium and OCero

Bedrock rhenium concentration, [Re]bedrock, ranges from 0.07 — 2.60 ppb with an average of 0.69
ppb (n =9) (Fig. 2). The highest [Re]vearock Was from a Lushan formation black shale, while the
lowest [Re]pedrock Was from a Pilushan formation sandstone. The [Relbedrock range is consistent
with the median [Re] in a compilation of non-shale sedimentary rocks of 0.11 ppb (n = 16), but
lower than median values from grey and black shales of 3.20 (n = 754) and 23.25 (n = 2234) ppb
(Ghazi et al., 2024). Bedload rhenium concentrations, [R€]sedioad, Were more uniform than
[Re]bedrock, With a range of 0.24 - 0.71 ppb, and had a lower average concentration of 0.49 ppb (n

=6) (Fig. S3). This range is consistent with previous analysis of Taiwan bedloads (Hilton et al.,
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2014) and the median river sediment [Re] of 0.38 ppb from a large compilation (n = 296) (Ghazi

etal., 2024).

The mean [OC/Re]soiss across bedrock and bedload samples was 1.39 10’g g (n = 10), with a
range of 0.14-6.03 10’g g" (Fig. 2). Bedload samples lay within the wider range of bedrock
compositions, with an average [OC/Re]bedioad Of 0.62 10’g g (n = 4), and a range of 0.41-0.78
107g g". The measured [OC/Re]sqias range is consistent with a prior average from Taiwan
bedloads of 0.27 107g g (n = 3) (Hilton et al., 2014). The [OC/Re] of the black shale sample is
0.1410’g g7, which is similar to measurements of Devonian and Jurassic black shales (Cohen et
al., 1999; Jaffe et al., 2002; Selby and Creaser, 2003) (Fig. 2). Notably, bedrocks and bedloads in
this study are enriched in both Re and OC,., relative to Taiwan soils when normalised to
immobile element aluminium (Hilton et al., 2014), confirming their coupled loss during

weathering (Fig. S4) (Grant et al., 2025).

3. 3 Source of dissolved rhenium

To quantify OCpewo OXxidation fluxes from dissolved Re, [Reldsiss measurements are corrected for
atmospheric inputs (denoted [X*]) and partitioned between the candidate geological sources;
sulfides, silicates, and OC,ewro. We follow the approach of previous studies and define
endmember ratios of [Re/Cl]iin, [Re*/SO4*]suices, aNd [Re*/Na*]siicates to €Stimate and subtract
contributions to [Re]diss from rain, sulfide, and silicate sources, and attribute the remaining Re to

OCyetro, denoted [Re]ocpetro (Dellinger et al., 2023; Horan et al., 2019) (Fig. 3A) (section S.2).

Sulfide weathering fronts are generally deeper than those of other minerals (e.g. Brantley et al.,
2013), therefore samples strongly influenced by deep groundwater may be expected to reflect
sulfide protolith [Re*/SO,*]. Seepage and groundwater samples in this dataset span a two
order-of-magnitude range in [Re*/S0,4*] and define a mixing line with positive correlation (R*=

0.44), which overlaps the range spanned by Andean tributaries draining sulfur-rich rocks
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(Dellinger et al., 2023) (Fig. 3A). The [Re/S] range of Taiwan solids is compressed compared to
the range in [Re*/SO,*] of waters, with solid compositions restricted to the high end of the water
samples. The range in [Re*/SO,*] of waters therefore cannot be explained by mixing between
our solid samples. Instead, we suggest that the seepage and groundwater samples reflect the
influence of a sulfide-rich local endmember, with the lowest [Re*/SO,*] value providing a
representative endmember estimate. This sample (TWS15-92) has [Re*/SO,*] of 9 x 10° pmol

pumol” and a high [SO.*], in the 92™ percentile, indicating significant sulfide weathering.

Excluding a black shale, Taiwan solid samples plotin a cluster with [Re*/Na*] from 0.002 - 0.02
pmol pmol™. The cluster overlaps with literature silicate endmembers including silicate
minerals (Burton et al., 1999; Burton et al., 2002), Icelandic river waters (Pogge von Strandmann
et al., 2008), and Andes granites and monolithologic silicate bedloads and small streams
(Dellinger et al., 2023) (Fig. 3A). The river water sample with the lowest [Re*/Na*] (TW15HG-41)
plots at the low end of the literature data, with a [Re*/Na*] of 5x 10 pmol umol”, and [Na*] in
the 91° percentile. We note the presence of a hot spring sample with a more extreme [Re/Na]giss
of 4 x 10° pmol pmol™, however we take a conservative approach and use TW15HG-41 to
represent the silicate endmember. Acknowledging uncertainty in the choice of endmembers for
[Re*/SO4*]surfides and [Re*/Na*]siicates, We USe a Monte Carlo approach to quantify uncertainty in

the source partition (Dellinger et al., 2023) (Fig. 3A) (section S.2.3).

We find that in 95% of samples most [Re*] is derived from OCewo, With @ median proportion Fge.
ocpetro OF 0.94 (n = 212), and Fge-ocpetro > 0.80 for 83% of samples (Fig. 3B). These results are
consistent with previous studies taking this approach in the Andes, Swiss Alps, Colorado
Rockies, and the Mackenzie basin (Dellinger et al., 2023; Hilton et al., 2021; Horan et al., 2019)
and support growing consensus in favour of the Re proxy for OCetr Oxidation (Grant et al.,

2025).
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3. 4 OC,eto.0xidation flux

The OCpetro OXidation flux, Jocpetro-ox, Was quantified for each sample based on equation (1) (e.g.
Dellinger et al., 2023; Hilton et al., 2014; Horan et al., 2017; Marki et al., 2021). Since runoff data
is limited to < 50% of the samples, we first calculate Jocpewo-ox (WMol L") in per-Litre space, where
[Re]ocpetro (WMol L") is the concentration of OC,.no—derived Re (section 3.3, S.2), [OC/Re]suiids
(10’g g") is the OC:Re ratio of the weathering material (section 3.2), and faapnite is the proportion
of OC,etro present as graphite and assumed resistant to oxidation (Galy et al., 2008a). Assuming
a 1:1 stoichiometry, Jocpetro-ox also represents the molar CO; release associated with OCetro

oxidation.

oc
]OCpetroox = [Re]OCpetro X (1 - fgraphite) X [R_eLolids (1)

We make this calculation over each sample within the Re source partition Monte Carlo
simulation to propagate the simulated [Re]ocpetro and incorporate uncertainties in [OC/R€e]soiids

and fgapnite (S€CtION S.2.3).
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4. Modelling erosion sensitivity

Erosion is a first-order control on the rates of chemical weathering reactions because erosion
controls the supply of fresh minerals to the weathering zone (e.g. Gaillardet et al., 1999).
Weathering fluxes can therefore be expected to scale with erosion rate according to the erosion
sensitivity of the weathering reaction in question. However, weathering reactions are also
controlled by the availability of acidic fluids and kinetic factors linked to intrinsic mineral
reactivity and temperature (Lasaga et al., 1994; Maher and Chamberlain, 2014). These
hydrologic and kinetic effects can decouple weathering fluxes from erosion and moderate
erosion sensitivity across erosion rates (Liu et al., 2024; West et al., 2005). Weathering rates are
therefore commonly conceptualised as limited either by suppressed mineral supply at low
erosion rates (“supply-limited”, with high erosion sensitivity), or by fluid availability or reaction
kinetics at high erosion rates (“weathering-limited”, with low erosion sensitivity) (e.g. West et al.,
2005). Here, for a subset of the samples (n = 85), we fit a power law to quantify the average
erosion sensitivity of OCgero OXidation, and a multiparameter weathering model capturing the
transition from supply-limited to weathering-limited behaviour to constrain any variation in

erosion sensitivity of OCgetro across the erosion rate range.

4. 1 Power law

To determine the average erosion sensitivity of Reocpetro and OCpetro OXidation fluxes we fit a
power law of the form w = AE” to the weathering flux (w) data where A and a are constants, and a
represents the average erosion sensitivity over the full erosion flux range. The best fit
parameters were identified by minimising the sum of squared residuals (RSS) in log:, space.

Best-fit parameters A and a are reported alongside their standard errors.
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4. 2 Multiparameter model

To resolve potential changes in the sensitivity of Reocpetro fluxes and associated OCewro OXidation
to erosion across the range of erosion rates, we fit a widely adopted model (e.g. West, 2012)

relating chemical weathering flux, w (t km2year™), and physical erosion flux, E (t km2year™) (2).

K rnfan ()
_ aw) (%
w= YmE <1 - exp< — L >> (2)

The variable x (-) represents the fraction of weatherable Re or OC,.uo in the bedrock. K (year”

e*1) js a constant which characterises the fundamental properties of mineral weathering and
their dependence on grain surface area. f(T) and f(q,,) are functions of temperature T (K) and
runoff g, (m year™), while z (t km™) is a length scale corresponding to the effective depth of the
weathering zone. o (-) describes the change in weathering rates with residence time of material
in the weathering zone, where o = -1 implies a linear decrease in rates with time, and o =1

implies a linear increase (West, 2012).

At low erosion rates, the exponential term is small, and the relationship is dominated by the
linear scaling with erosion, w o« x,E. At high erosion rates, the exponential term dominates the
relationship, and the variable o can allow non-linear behaviour in which the function shallows (-
1<0<0), plateaus (o =0), or declines (0 < o< 1). The deviation from a linear increase at high
erosion rates represents the transition in weathering reactions from supply-limited towards

weathering-limited behaviour.

This model has previously been used to characterise the erosion sensitivity of silicate,
carbonate, and sulfide weathering fluxes in Taiwan using a subset of samples from this study
(Bufe et al., 2024). To maximise consistency and enable comparison between our results and
results of prior work, we follow the approach of Bufe et al. (2024) to extend this model to our
results for Reocpetro and OC,ewro OXidation fluxes. The model was decomposed into four

parameters, p; = Xm, p2=[K f(q) f(T)] /[0 + 1], ps =z, and p,= 0 + 1. Following Bufe et al. (2024)
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and West (2012), we use wide but physically reasonable bounds of 0 < p;<0.3; 10" < p,<107%
10 < p3<10"; and 0 < p, < 2. Best-fit parameters were found by minimising the sum of squared
residuals (RSS) between the model and the data in log, space. Uncertainties were determined
by identifying ‘accepted’ fits in a region of parameter space for which model fits were

statistically indistinguishable from the best fit, given the noise in the data (section S.4).
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5. Discussion

5. 1 Erosion sensitivity of OCpe, OXidation

Erosion has been widely understood as a first-order control on OCge Oxidation rates. In
oxygenated weathering environments OC,.«, Oxidation proceeds faster than silicate mineral
dissolution (Chang and Berner, 1999; White and Buss, 2013), and is better able to keep pace
with increased supply of material by erosion, similar to sulfide minerals (Bolton et al., 2006).
This relationship is supported by observed correlation between [Re]qiss and suspended sediment
yields (Hilton et al., 2014), however, it has not yet been possible to quantify the erosion
sensitivity due to small sample sets (Hilton et al., 2021), and co-variation of confounding
variables such as runoff and lithology, which also impact weathering fluxes. Our study area
exhibits a three order-of-magnitude range in erosion rate, alongside a less than three-fold range
in runoff, and relatively invariant lithology. Coupled with our modelling approach, this provides a
framework in which to isolate the effect of erosion on OCe Oxidation and quantify the erosion

sensitivity of OCpero largely independent of other environmental variables.

[Re]ocpetro @and associated OC,ew, Oxidation fluxes showed a nonlinear positive scaling with
erosion rate (Fig. 4). The average erosion rate sensitivities (a) of [Re]ocpetro and OCpetro OXidation
were 0.52 + 0.06 and 0.54 + 0.06, close to a square root relation. For both [Re]ocpetro aNd OCpetro
oxidation fluxes the best-fit of the multiparameter model was indistinguishable from the power-
law fit across the erosion flux range of the samples. The similarity in the fits arises due to the
lack of curvature in the [Re]ocpetro and OC,ero OXidation flux data (Fig. 4). The multiparameter
model was unable to constrain a transition from wholly supply-limited (a = 1) towards wholly
weathering-limited (a = 0) behaviour, and instead fits [Re]ocpetro aNd OCpetro OXidation fluxes
exclusively on the transitional limb of the model while maintaining a significant erosion
sensitivity. Physically, these observations suggest that OC,., OXidation may never be either fully

supply-limited or fully weathering-limited across the constrained range in erosion rates, and



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

Alcock et al., non-reviewed preprint submitted to EPSL

that both erosion and kinetic or hydrologic factors are important throughout the gradient. This
finding is consistent with outcrop measurements of OCew Oxidation that suggest strong
temperature and hydrological controls at high erosion rates (Roylands et al., 2022; Soulet et al.,
2021), and supports the notion that OC,, Oxidation is climate sensitive, and a potential

positive feedback in the geological carbon cycle (Stow et al., 2026).

Alongside [Re]ocpetro and OCyetro OXidation fluxes, the power-law and multiparameter models
were also run for silicate, carbonate, and sulfide weathering fluxes to reproduce the results of
Bufe et al. (2024) (Fig. S7). Silicate weathering fluxes have a weakly negative average erosion
sensitivity (a =-0.16 = 0.04) with a transition from the supply limit to the weathering limit at
erosion rates of ~ 0.05 mm yr'. Carbonate and sulfide weathering fluxes have stronger positive
erosion sensitivities of 0.31 = 0.03 and 0.69 = 0.05 respectively, and transition from the supply
limit towards the weathering limit at erosion rates ~ 0.1 - 0.5 mm yr™, with sulfide fluxes
maintaining a significant erosion sensitivity between limits. These results are in close

agreement with those reported in Bufe et al. (2024).

[Re]ocpetro and OC,etro OXidation fluxes behave similarly to sulfide weathering fluxes, but with a
slightly weaker erosion dependence. Sulfide oxidation can respond strongly to physical erosion
due to its rapid reaction kinetics (Williamson and Rimstidt, 1994). In contrast, OCpe, reacts
more slowly than sulfides, as evidenced in lab experiments (Chang and Berner, 1999) and the
relative depth of their reaction fronts in weathering profiles (Petsch et al., 2000). The pool of
OC,etro Can contain recalcitrant components such as graphite which is common in Taiwan
(Beyssac et al., 2007; Sparkes et al., 2020). Graphite is commonly assumed to be unreactive
(Galy et al., 2008a), however subsurface measurements from Taiwan suggest that metamorphic
OC,.tro pools could remain reactive despite potential graphitisation (Lien et al., 2025b). OCetro
can also be hosted in mineral inclusions or aggregates which offer physical shielding from

oxidation (Lien et al., 2025a). Microbial processes may also influence the relative erosion
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sensitivities of these reactions, with evidence for both microbially mediated OC,eo and sulfide
oxidation in Taiwanese catchments (Hemingway et al., 2018; Wang et al., 2024). The specific
balance of these limiting factors could impede the relative ability of OC,ey, Oxidation to keep
pace with increased supply via physical erosion when compared with sulfide oxidation, and

explain their contrasting erosion sensitivities.

The degree of contrast in erosion sensitivities of sulfide and OC,.y, Oxidation may be generally
applicable or local to Taiwan. Taiwan OCpeo could have a similar effective reactivity to
Himalayan OC,. as both locations have prevalent graphite (Galy et al., 2008a). Meanwhile
other locations have little graphite (Bouchez et al., 2010; Dellinger et al., 2023) and their OCpetro
pools could thereby have a greater effective reactivity and erosion sensitivity . Taiwan also has
amongst the world’s highest annual sediment yield, with most sediment delivered via landslides
during typhoon events (Chen et al., 2020), potentially limiting oxidative residence time and
suppressing erosion sensitivity of OCpero cOmpared to other locations. These considerations
could reconcile our results with suspended sediment yield-based estimates of OCpew, Oxidation
erosion sensitivity in compilations including the Himalaya, Southern Alps, and the Mackenzie

basin that suggest higher sensitivities with a~ 0.7 (Hilton and West, 2020; Horan et al., 2017).

5. 2 Erosion sensitivity of net weathering carbon budget

Recent work has presented a CO, drawdown optimum at moderate erosion rates over
timescales where CO, drawdown from silicate weathering competes with CO, release from
coupled sulfide-carbonate weathering (Bufe et al., 2024). However, it is hot yet clear how OCpetro
oxidation influences this drawdown optimum, or whether this behaviour persists on timescales

preceding or beyond the influence of coupled sulfide-carbonate weathering (Torres et al., 2016).

Oxidation of OC,. has also been acknowledged as a substantial CO, source that can

counteract silicate weathering, especially in regions of high denudation (Hilton et al., 2014;
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Horan et al., 2019; Zondervan et al., 2023) (Fig. 6A). However, studies that assess carbon
budgets integrating the full suite of weathering reactions including OC . Oxidation (e.g. Marki et
al., 2021; Wang et al., 2025) are comparatively rare, and the influence of erosion on complete
net budgets has yet to be quantified. Since the mechanism of CO; sourcing by OCew, Oxidation
is decoupled from the acid-hydrolysis reactions of silicate mineral weathering and is not subject
to later oceanic equilibration, CO; release is instantaneous and relevant across timescales. The
response of OCewo OXidation to erosion could therefore be a key control on the net carbon
budget of weathering across timescales. Here we integrate our model results describing the
sensitivity of OCpetro OXidation and associated CO, release to erosion with the existing CO,
budget of Bufe et al., (2024) and present the first assessment of the erosion sensitivity of the net

weathering carbon budget including OCpetro-

Following the approach of Bufe et al. (2024) we calculate the net CO; flux to the atmosphere
Fcoz (t km2yr") for each sample and for model fits from the multiparameter weathering model.
Best-fit Fco, Wwas calculated from combination of the best fit OCewo Oxidation, and silicate,
carbonate, and sulfide weathering fluxes. Uncertainties were estimated by propagating the suite
of accepted fits of the weathering model; over 3000 iterations accepted model fits were paired
at random to generate an array of accepted Fco fits, from which median and quartiles were
calculated. Fcor was calculated over three timescales in which different weathering reactions

are at play according to (3-5) (Bufe et al., 2021; Torres et al., 2016).

[Feozlse = ([$04]°7 — 0.5[Cat qrp]%7 — [Cats;i]®?) + Jocpetro—ox (3)
[Feozlme = (0.5([S0,4]° — [Cats;]1°T)) + Jocpetro—ox (4)
[Feozlie = —0.5[Catgy;]°? + Jocpetro—ox (5)
On timescales shorter than marine carbonate burial (st — short timescales <~ 10 kyr (Zeebe and
Westbroek, 2003)), the net carbon budget is determined by the balance of bicarbonate

generation through sulfuric and carbonic acid weathering of silicate and carbonate rocks, and
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OC,etro Oxidation. Our data show a transition from CO, sink to CO, source behaviour with
increasing erosion rates. The model fits predict a strong CO, -drawdown optimum at

approximately 0.12 mmyr?, and a transition to net source behaviour at ~ 1.35 mm yr™ (Fig. 5A).

On timescales longer than marine carbonate burial but shorter than marine sulfate reduction
(mt-medium timescales ~ 10 kyr - 10 Myr (Canfield, 2004)) alkalinity production by weathering
is partially balanced by carbonate precipitation, and coupled sulfide-carbonate weathering
becomes a CO, source. Hence, the net budget is determined by the balance of carbonic acid
weathering of silicates, versus coupled sulfide-carbonate weathering and OCet, Oxidation. Our
data show approximately net neutral behaviour at low to moderate erosion rates, and a
transition to substantial CO, source behaviour at moderate to high erosion rates (Fig. 5B). The
model fits predict the transition to CO; source behaviour at approximately 0.16 mm yr™, but do

not resolve a convincing drawdown optimum outside error of net CO, neutral.

The form of the erosion-CO; flux function is driven by the transition of silicate weathering from
the supply limit to the weathering limit at moderate erosion rates (Fig. S7), while coupled
sulfide-carbonate and OC,., Oxidation maintain supply-limited behaviour to higher erosion
rates (Fig. 4, S5). The silicate CO; sink flux does not increase at higher erosion rates while the
oxidative source fluxes do, resulting in net source behaviour above a threshold that strengthens
with increasing erosion rates. Our results show a more modest CO, drawdown optimum than
the results of Bufe et al. (2024), because the inclusion of OCpe, translates our data and model
fits closer to the CO, source field. Even at low erosion rates where OC e Oxidation fluxes are
relatively small, they are enough to shift some samples into the CO, source field, and many
others within error of neutrality. While OCeto Oxidation provides an additional CO, source over
this timescale (10*-107 yr), we note that the CO, source from coupled sulfide-carbonate

weathering remains the largest flux overall (Fig. 6B).
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On timescales beyond marine sulfate reduction (It - long timescales > 10Myr), the net carbon
budget is reduced to the balance between carbonic acid weathering of silicates, and OCyeto
oxidation (Fig. 6A). Our model fits show a transition to CO, source behaviour at~0.52 mmyr~,
with a modest drawdown optimum at ~ 0.07 mm yr” (Fig. 5C). As for medium timescales, the
long-timescale functional form arises due to the sustained erosion dependence of OCetro
oxidation while silicate weathering reaches the weathering limit. The CO, drawdown optimum is
more pronounced on this timescale than for the medium timescale due to the absence of the
CO, source from sulfide-carbonate weathering, and the lesser erosion sensitivity of OCpetro

oxidation compared to sulfide weathering.

5. 3 Incorporating the OCy,, burial carbon sink

The erosion, export, and burial of modern particulate biospheric carbon (OCy) is a substantial
CO; sinkin the geological carbon cycle that is not captured by assessment of dissolved river
chemistry and rock weathering reactions. The global terrestrial OCy, burial flux has been
estimated between 40 — 80 Mt C yr™, similar to the OC,eu, Oxidation flux of 62 - 88 Mt C yr"
(Hilton and West, 2020; Zondervan et al., 2023). The terrestrial OCyi, carbon sink is moderated
by erosion, which governs the amount of OC,, exported from soils, and the supply of sediment
within which OCy, is preserved (e.g. Galy et al., 2015). Export and burial of OCy;, could therefore
act as an erosion-sensitive CO, sink that could balance CO, sources from OCgeto Oxidation and
coupled sulfide-carbonate weathering at high erosion rates. Due to the lack of OCy;, burial
constraints on specific samples in this study, we cannot directly incorporate this flux into our

sample-based net CO, analysis. Instead, we use a global compilation of OC,;, and suspended

sedimentyields (Hilton et al., 2025) to derive an erosion sensitivity of OCy;, burial (section S.5),
and incorporate this with our modelled carbon budgets to assess the overall response of the

geological carbon cycle to erosion.
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Our results show that OCy, burial can substantially offset the CO, source from OCye Oxidation
at high erosion rates on long timescales (Fig. 7). The erosion sensitivity (a) of OCy, burialiis 0.62
+ 0.03, greater than the sensitivity of OCpeo Oxidation of 0.54 + 0.06 (Fig. 4, S6A). This means
that at high erosion rates OCy, burial outpaces OCeto OXidation, forcing a CO, release optimum
at high erosion rates, above which OCy;, burial dominates and CO, release declines. The overall
shape of the best fit long-term net carbon budget therefore appears to contain both a CO,
drawdown and a CO, release optimum, controlled respectively by the threshold at which
silicate weathering becomes weathering-limited while OC,.w, Oxidation continues to increase,
and the threshold at which OCy, burial overtakes OCpetro OXidation (Fig. 7). On short and medium
timescales, the CO, sink from OCy, burial is insufficient to balance the additional CO, source
from sulfide-carbonate weathering, but does diminish the magnitude of the overall CO, release

at high erosion rates (Fig. S9).

5. 4 Implications for the carbon budget of mountain building

Our results present challenges for hypotheses invoking mountain building as a driver of global
cooling, because high erosion rates favour CO, release through OCet Oxidation and sulfide-
carbonate weathering (Fig. 5). Acommon resolution is that enhanced burial of terrestrial OCy,
at high erosion rates could counteract these CO, source fluxes, and result in net CO, drawdown
or neutral behaviour (Galy et al., 2015; Hilton et al., 2014). Our results show that this
mechanism is possible, particularly on timescales beyond the influence of sulfide-carbonate
weathering. However, in mountain ranges such as Taiwan exposing sedimentary rocks rich in
OC,ero and sulfide minerals, this offset may be effective only at relatively high OCy;, preservation

efficiencies (Fig. 7, S7), suggesting that substantial offset of CO, release through OC,;, burial

may not occur in all mountain belts.

Mountain ranges within the optimum erosion rate for CO, drawdown may balance CO, release

from highly erosive settings. Upland areas with sustained moderate erosion rates within the CO,
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drawdown optimum (~ 0.05 - 2 mm yr™, Fig. 5) may represent more effective long-term CO,
sinks than rapidly eroding collisional orogens. This mechanism could be especially effective in
areas with significant exposure of mafic rocks which could have a greater erosion sensitivity
than other silicates through their more rapid reaction kinetics (Macdonald et al., 2019).
However, the CO, drawdown potential at optimum erosion rates remains less than the CO;
release potential at high erosion rates (Fig. 5), therefore requiring widespread regions favouring
CO, sequestration to counter the CO, release from highly erosive regions. Downstream
floodplain regions could provide conditions for further silicate weathering (Lupker et al., 2012),
however OC,. Oxidation can also be sustained over floodplain reaches (Bouchez et al., 2010;
Dellinger et al., 2023), and during submarine transport, enabling further CO, release (Lien et al.,
2025a). Ultimately, the net impact of downstream processes on CO; fluxes from weathering

remains poorly constrained.

Our results also imply that the net CO, budget of a mountain range could change over the
course of an orogeny as erosion rates vary (Egholm et al., 2013), and different weathering
reactions are favoured. CO, drawdown via silicate weathering could be favoured in the early
stages of mountain building before significant relief is generated, or in latter stages once
tectonic forces have waned and uplift and erosion may be reduced or sedimentary cover has
diminished. Meanwhile during periods of maximum uplift and erosion, oxidative CO, release
through sulfide-carbonate weathering and OC,e Oxidation could be enhanced, albeit

potentially offset in part through terrestrial OCy, burial.

Our quantification of the erosion sensitivity of OCpetro €xtends previous work by showing how
oxidation of OC,ero modifies the erosion-dependent carbon budget of mountain belts. Since
OC.,ero -bearing sedimentary rocks are widespread in active mountain belts inverting passive
margin sedimentary sequences (Zondervan et al., 2023), our findings could extend beyond

Taiwan. However, broader application requires improved constraints on global and site-specific
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OC.,ero abundance and reactivity, terrestrial OCyi, export and preservation efficiency, and the
role of downstream processes such as floodplain weathering in modifying the catchment-scale
carbon budget. Further work is additionally needed to constrain CO, fluxes associated with
dissolved organic carbon (DOC) transfers. Resolving these uncertainties could allow erosion-
dependent carbon cycle models to move beyond individual case studies and towards a more

general assessment of the impact of mountain building in the long-term carbon cycle.
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6. Conclusions

We apply the rhenium (Re) proxy over a three-order-of-magnitude erosion-rate gradientin
Taiwan, with minimal covariation in runoff, temperature, or lithology, to quantify the erosion
sensitivity of OCpewo OXidation for the first time. Our validation of the Re proxy confirms that Re is
derived from OCeto, thereby supporting its continued application as a proxy for OCpetro

oxidation.

OC,ero OXidation exhibits a positive erosion sensitivity described by w « E%, where a=0.52,
approximating a square-root relationship. This contrasts with the stronger erosion sensitivity of
sulfide oxidation (a = 0.69), likely reflecting faster reaction kinetics, and the weakly negative
erosion sensitivity of silicate weathering (a = -0.16), reflecting slow reaction kinetics and the

onset of weathering-limited behaviour at relatively low erosion rates (Bufe et al., 2024).

These contrasting erosion sensitivities result in a changing balance of CO; sources and sinks
across the gradient in erosion rate. While the CO, source from sulfide-carbonate weathering is
larger than from OCeto OXxidation, OCpero OXidation is sufficient to diminish the strength of the
CO, drawdown optimum identified at moderate erosion rates in previous work (Bufe et al.,
2024). Furthermore, OC,e, Oxidation provides an additional CO; source that competes with
silicate weathering on timescales beyond the influence of sulfide-carbonate weathering, and
extends the CO, drawdown optimum behaviour to these longer timescales. Terrestrial OCpio
burial provides an erosion sensitive CO; sink that extends across timescales and can partially
offset CO, release from oxidative weathering at high erosion rates, given substantial export and

preservation efficiency.

Our results highlight that the net carbon budget of weathering during mountain building is
governed by the competing erosion sensitivities of both oxidative and silicate weathering.

Incorporating OC,ewo OXidation reveals that rapidly eroding mountain belts can act as CO,



548

549

550

551

552

553

554

Alcock et al., non-reviewed preprint submitted to EPSL

sources on the timescales of orogenesis, especially where OC,., is sufficiently reactive, silicate
mineral dissolution is weathering-limited, and terrestrial OCy, preservation is incomplete.
Improved constraints on the abundance and reactivity of OCyero, €rosion sensitivity of OCp;o
burial and mafic silicate mineral dissolution, and processes downstream of active mountain
belts are therefore critical to establishing the generalised sensitivity of Earths long term carbon

cycle to erosion.
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555  Figures

556  Figure 1 - Taiwan map (samples, geology, relief, rivers)
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557 Fig. 1. Map of Taiwan with sample locations, geology, relief, and major rivers. Blue circles show

558 the locations of water samples and dark grey squares and rhombuses show the locations of
559 bedrock and bedload samples. The sketch geological map is adapted from Hilton et al., (2010)

560 andLinand Chen (2016).
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Figure 2 — Solid OC,ero and Re composition

100 : T T T IIIIII T T T IIIIII T T T |||||| /‘ T T ||||/|] /1 T T |||||-
N - Lushan R4 gD/ / R
- Vs 7z -
- - Pilushan e e ,% A
L ’ ’ ’ ’ s
Cl Mixed Slate Belt 7 S P
B 7 <> ’ ’ ’ ’ T
l:l'l'ananao & Slate Belt ’ ¢+ gt ‘g,
’ o 7] 02 ’
10 | ra rs Dl/ r's _
- Rock d 05 8,7 ]
F D I/ // Iﬂj% ﬁhb—f, @D //_
[ <> Bedload ’ s 7 ‘EI o .
’ ’ /o ’ ’ ’
— L ’ ’ ’ ’ ’ ’ E
_— ’ ’ ’
X e AR -V
o i * 0 J ]
’
£ )
o 1F ,/ E
-t
a F . ]
- 7/ -
O i ; ]
’
®) I ,
’
I ]
’
%, ©
0.1 :_ ,’ M Southern Alps |:| _:
[/ 1<§:> 4 Andes I:I ]
» , ]
| ,/ ,’ Mackenzie basin - ]
N 7 ) ,° Devonian Black Shale (2002) [ | -
// // //(/) // N /, Jurassic Black Shale |:|
PR ZY N Q7 % _ T
// Q/’ Q',/ Q// Q// Devonian Black Shale (2003) |:|
001 "4 1 1 |||||If V. 1 1 IIIIIII 1 L 1 |||||I 1 1 1 |||||I L 1 1 1 1111
0.01 0.1 1 10 100 1000
[Re] (ppb)

Fig. 2. Rhenium and OC,., composition of solids. Taiwan samples are in large symbols

coloured by lithology, with literature data in small symbols. Rock samples are represented by

squares and bedload samples by rhombuses. Literature data include bedloads from the

Southern Alps (Horan et al., 2017), Andes (Dellinger et al., 2023), and Mackenzie basin (Horan et

al., 2019), and bedrock from the Andes, Mackenzie basin, Devonian black shales (Jaffe et al.,

2002; Selby and Creaser, 2003), and a Jurassic black shale (Cohen et al., 1999). Dashed lines

represent contours of [OC/Re]soias ratios in units of 10’ g g™
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573  Figure 3—Source partition diagram and results
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Fig. 3. A. Rhenium source partition. [Re*]/[Na*] and [Re*]/[SO.*] ratios for water samples (grey
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rhombuses) in this study. Literature data is included to indicate approximate endmember
positions including; for OC,ewo, Mackenzie shales (Ross and Bustin, 2009) and coal (Dai et al.,
2015); for sulfides, Andes sulfide-rich shales and waters from sulfide-rich catchments
(Dellinger et al., 2023); for silicates, Andes granites and bedloads and waters from granitic
catchments (Dellinger et al., 2023), Icelandic river waters (Pogge von Strandmann et al., 2008),
and silicate minerals (Burton et al., 2002, 1999). Probability distributions indicate the
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OCyetro (Fre-ocpetro). B. Ternary diagram showing the results of the Re source partition (Fge-ocpetro,

Fre-siicates, aNd Fre-sufides) COlOured by lithology.
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588  Figure 4 — Erosion sensitivity of Reocpetro and OCpetro OXidation fluxes
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589 Fig. 4. A. [Re]ocpetro and B. OCpero Oxidation flux data (blue circles), power law fit (dashed purple
590 line), and best fit of the multiparameter model (red line). Uncertainties in the data points

591 correspond to the 16" and 84" percentiles. Accepted fits (grey lines) are equivalent to a 95%
592 confidence interval, and the quartiles (dashed black lines) correspond to the 25", 50", and 75™
593 percentiles. The y axes each span four orders of magnitude. Erosion flux (t km2yr") is equal to
594 2500 * Erosion rate (mm yr') assuming a crustal density of 2500 kg m=. The average erosion

595 sensitivity (a) is displayed along with the standard error.
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596  Figure 5 — Erosion sensitivity of the net weathering carbon budget
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Figure 6 — OCpetro oxidation -silicate weathering and OCpetro oxidation — sulfide-carbonate

weathering CO2 balances
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Fig. 6. A. CO, release from OC,.y, Oxidation versus (long-term) CO, drawdown via silicate

weathering. Taiwan data is shown in the bottom left, coloured by inferred erosion rate (mm yr-1),

with global data (Zondervan et al., 2023) shown in the top right, coloured by basin average

denudation (mm kyr -1). The black line represents a 1:1 ratio. B. CO; release from OCpetro

oxidation versus (medium-term) CO, release from sulfide-carbonate weathering. Taiwan data is

shown, coloured by inferred erosion rate (mm yr-1). The black lines represent contours for 1:1,

1:5, and 1:10 ratios of OC,ero CO; release to sulfide-carbonate CO; release. In both plots error

bars represent the 16™ and 84" percentiles, or a confidence interval of 68%. Note that the y axes

scales differ between A and B.
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615  Figure 7 — (+OC,;, ) Erosion sensitivity of the geological carbon cycle
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616 Fig. 7. Long term inferred net CO, flux including CO, sequestration via OCy;, burial. Result from

617 combination of the best fit multiparameter model and ‘best’ fit OC.i, power law are shown in

618  green. Accepted fits are shown in grey with 25™, 50", and 75" quartiles in dashed black lines.
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Supplementary Text

S. 1 Solid sample digestion and rhenium purification

The rhenium concentrations of solid samples were determined broadly following established
dissolution, purification, and measurement protocols (Dellinger et al., 2020). Half a gram of
homogenized powdered bedrock and bedload samples were digested and purified via anion
exchange chromatography. Samples were treated in clean PFA beakers in a mixture of 3 mL 25
M HF and 3 mL 16 M HNO; for at least 48 hours at 120 °C, dried down, and treated repeatedly
with a mixture of 6 mL 16 M HNO; and 3 mL 10M HCl for at least 48 hours at 160 °C to attack the
organic component. The resulting residue was dissolved in ~20 mL 1 M HCl and loaded onto
cleaned and conditioned Bio-Rad Poly-Prep® columns with 1.1 mL AG® 1-X8 resin (200-400
mesh, chloride form). AG® 1-X8 resin was pre-cleaned in several cycles of rinses in 18.2 MQ cm”’
water, 8 M HNO3;, and 5 M HCl before loading to the column. Columns were cleaned,

conditioned, loaded, and eluted according to the following procedure:

Pre-cleaning and resin load:

1) +15mL*MHNO;
2) +1.1 mLBio-Rad AG® 1-X8 resin

Resin cleaning:

3) +10mL10MHCL
4) +10mL1MHCL
5) +35mL8MHNO;

Conditioning and sample load:

6) +5mL0.5MHNO;
7) +5mL1MHCL
8) +~20mLsamplein1MHCI

Matrix elution:

9) +10mL1MHCL
10) +15mL 0.5 M HNO4
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11) + 1.5 mL 4 M HNO;

Rhenium elution:

12) + 15 mL 4 M HNO;

The Re cut was dried at 80 °C and refluxed in 15 M HNO; at 160 °C for several days to destroy

any resin-derived organics, before drying and retaking in 2% HNO; for Q-ICP-MS analysis.

All acids used were purified in-house by sub-boiling distillation in quartz glass stills, and reagent
dilutions were made using ultra-pure 18.2 MQ cm™ (Milli-Q) water. PFA beakers and PP columns,

tubes, and pipette tips were thoroughly cleaned in acid before use.

S. 2 Extended rhenium proxy application

This section provides additional detail for the rhenium source partition and OC e, OXidation

proxy described in sections 3.3 and 3.4 of the main text.

S. 2. 1 Rain correction

To correct for cyclic Re, Na, and SO, inputs we use (S1) and (S2) to estimate a rain-corrected
[Re*], [Na*], and [SO.*]. Due to the absence of evaporite deposits in the study area, [Cl].ain iS
approximated to equal [Cl]4ss (Lin and Chen, 2016; Ho, 1986). We note that previous work on
this sample set (Bufe 2021) partitions [Cl]4ss between both cyclic and hot spring inputs, however
results for [Cl].,ic from this inversion are only available for 55% of the samples in this study. In
Bufe et al., (2021), the median [Cl]hot-spring cONtribution is 2.9% of [Cl]4ss, and only 12% of
samples have a [Cljhorspring greater than 10% of the total [Cl]4ss. We therefore consider this effect
to be minimal, and compute the [Re*], [Na*], and [SO,*] needed for the geological source
partition based on [Cl]uiss = [Cl].ain. Values of [Na/Cl]..i» and [SO./Cl]..i., were estimated as 0.858
and 0.052 pmol pmol” based on the composition of seawater (Millero et al., 2008) following the

approach of Bufe et al., (2021).
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[X]rain = [%]rain X [Cllrain (S1)
[X*] = [Xlaiss — [Xlrain (S2)

A rainwater sample was not available from which to determine [Re/Cl]..in, however [Re].in has
previously been identified as below the Q-ICP-MS detection limit of 0.05 pmol L™ (Dellinger et
al., 2023). [Re]scawater iS approximately 40 pmol L (Dickson et al., 2020; Anbar et al., 1992),
implying a [Re/Cl]seawater OFf approximately 7 x 10° pmol pmol™, which would result in a very small
rain correction. Since no samples were a close match to the major element composition of
Taiwan rain (Wai et al., 2008), we filtered the sample set against four criteria to identify
candidate samples with minimal deep groundwater influence to represent [Re/Cl].in; low-lying,
elevation < 60 m; small catchments, < 3 km?; [Re]uiss <2 pmol L™; and [Re/Cl]ss < 0.005 pmol
pmol™. We identified three samples (TW17-16, TW17-124, and TW17-126) which satisfied 3 or
more of these criteria and took the mean of their [Re/Cl] s of 0.00337 pmol pmol™ as our
[Re/Cl]..in. This value is of the same order of magnitude as ratios used by previous authors
(Dellinger et al., 2023) but is two orders of magnitude greater than the seawater ratio. Our rain
correction is therefore relatively large, and our attribution of Re to OC,., is conservative. We are
comfortable with a relatively large rain correction due to prior suggestion of anthropogenic Re
sources associated with industrial activity and the proximity of the study area to petrochemical
industries in west Taiwan and China. The median rain correction was -4.2% of [Re]4iss, and 75%
of samples had a correction less than -15%. Neither [Re]ocpetro O NOrmalised steepness index

(ksn) are correlated with the percent magnitude of the rain correction.

S. 2. 2 Geological source partition

Prior work has identified three potential geological sources of Re; silicates, sulfides, and OC,.
Correlation has been observed between riverine [Re]q4iss and [SOq4laiss, suggesting sulfide minerals
in black shales could host and release Re (e.g. Colodner et al., 1993; Dalai et al., 2002; Miller et

al., 2011). Previous authors also identify Re in silicate minerals (Dalai et al., 2002; Wang et al.,
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2024). We note that carbonates were a significant component of the source partition in Bufe et
al., (2021), however carbonates are considered an insignificant source of Re so were not
included in the Re partition. Previous work estimates the [Re/Ca]carmonates @s 4.35 x10° pmol
pmol™ (Dalai et al., 2002). At this ratio and assuming all Ca in the samples is derived from
carbonates, the median maximum possible contribution of carbonates to [Re]qiss is <1%.
Similarly hot spring sample TWS15-22 has a low [Re]ss of 1.94 pmol L in the bottom 10% of the

sample set, therefore hot springs were excluded as a potential Re source.

Instead, OC,ewo has consistently been identified as the dominant source of Re in rivers (e.g.
Dellinger et al., 2023; Horan et al., 2019; Rout and Tripathy, 2024). This is expected owing to the
association of Re and OC., in rocks (e.g. Ravizza and Turekian, 1989; Selby and Creaser, 2003),
weathering profiles (Hilton et al., 2014; Jaffe et al., 2002; Peucker-Ehrenbrink and Hannigan,
2000), and marine sediments (e.g. Ravizza et al., 1991; Ravizza and Esser, 1993). To partition
[Re*] between sulfides, silicates, and OCewo, We therefore identify endmember ratios of
[Re*/SO s suirides aNd [Re*/Na*[siicates (S€CtiON 3.3, main text) and use (S3-5) to subtract their

contributions to [Re*], attributing the remainder to OCpetro-

Re*
Relsuifides = (— X [SO; (S3)
[ ]sulfldes (504)sulfides [ 4]

Re* *
[Re]silicates - (Na*)silicates X [Na ] (34)
[Re]OCpetro = [Re*] - [Re]sulfides - [Re]silicates (35)

S. 2. 3 Monte Carlo uncertainty analysis

Acknowledging uncertainty in the choice of endmembers for [Re*/SO.,*[suiides and [Re*/Na*[siicates,
we use a Monte Carlo approach to quantify uncertainty in the source partition (Dellinger et al.,
2023). Over 100,000 iterations we sample [Re*/SO,*]sufives aNd [Re*/Na*siicates from log-normal
distributions spanning an order of magnitude and centered on the sample-based endmember

value; for sulfides, 9x 10 (range 3 — 30 x 10°) pmol pmol”, and for silicates, 5x 10 (range 2 -
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20 x 10*) pmol pmol™. Distribution widths were parameterized such that the range corresponds
to the £ 20 interval, thereby encompassing ~95% of the sampled values while allowing limited
exploration of the tails. [Re], (S3-5) and Fr.x (S6) were computed for sulfides, silicates, and
OCetro, and the median value taken across all iterations. For iterations where all [Re]qiss could be
explained by contributions from silicates and sulfides, [Re]ocpetro Was set to 0. Uncertainty
bounds are reported as the 16" and 84" percentiles of the Monte Carlo results, corresponding

to the 68% confidence interval, and acknowledging asymmetries in the results.

__ [Re]ocpetro (S6)

FReOCpetro - [Re*]
We additionally apply a Monte Carlo uncertainty approach to our conversion of [ReJocpeto t0 @
OCyetro Oxidation flux, Jocpetro-ox (S€CtION 3.4, Main text). We calculate Jocpetro-ox (1) Over each
sample within the source partition Monte Carlo simulation in order to propagate the simulated
[Re]ocpetro @and incorporate uncertainties in [OC/Re]soigs aNd fgrapnite. Graphitisation of organic
matter has been observed in Taiwan corresponding to degree of metamorphism, with relatively
less ordered carbonaceous material present in the Cenozoic Slate Belt, and more ordered
material in the Tananao schist (Beyssac et al., 2007). However, the absolute fraction of OCpetro
present as graphite is unconstrained. We sample fgapnite from a normal distribution centered on
0.4, with 95% of samples between 0.2 and 0.6. [OC/Re]s.iss Was estimated based on the
measured ratios from bedrock and bedload samples (section 3.2, main text). Excluding an
outlier with a high [OC/Re]s.iss 0f 6.03 107g g”', we sampled [OC/Re]sqiss from a uniform

distribution spanning the range of the samples (0.14 -2.20 107g g7).

S. 3 Controls on [Re]ocpetro (Multivariate regression analysis)

Erosion rate was expected to exert a first-order control on [Re]ocpetro and other weathering fluxes
across the Taiwan dataset due to the four order-of-magnitude range in erosion rates across the

study area, accompanied by little variation in runoff, temperature, and lithology (Bufe et al.,
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2021; Dadson et al., 2003; Fellin et al., 2017; Lee et al., 2006). Nonetheless, these other
environmental variables are known to influence oxidative weathering processes (e.g. Hilton et
al., 2021; Roylands et al., 2022; Soulet et al., 2021) and could covary with erosion. For example,
rapidly eroding mountain areas may have high runoff through orographic precipitation, and
different geological units within the stratigraphy will broadly be uplifted to different elevations at
different erosion rates. Some of the relationship between erosion rate and [Re]ocpetro aNd OCpetro
oxidation fluxes (Fig. 4) could therefore potentially be explained by these other environmental
controls. To evaluate this possibility we applied multivariate statistical approaches to assess
the relative importance of erosion rate, mean annual runoff, temperature, pH, dissolved oxygen,

and lithology in controlling [Re]ocpetro-

Multivariate ordinary least squares (OLS) regression was applied to the suite of considered
catchment properties. [Relocpetro and erosion rate were log-transformed to account for their
approximate power-law relationship. Lithology was represented as a binary variable describing
the presence or absence of the major geological units (Mutan, Lushan, Pilushan, Tananao)
within each sample catchment based on surface outcrop (Fig. 1). The model explained 55% of
the total variance in log-transformed [Relocpetro, With log-transformed erosion rate exhibiting the
largest and most statistically significant coefficient among the continuous variables (Fig. S5).
Runoff exhibited a weakly negative coefficient with only borderline significance of (p = 0.061),
while temperature, dissolved oxygen, and pH were not significant predictors of log-transformed
[Relocpetro (Fig. S5). Of the binary lithological variables, presence of the Pilushan formation was
significantly and strongly positively correlated with log-transformed [Re]ocpetro, and presence of
the Mutan formation was strongly negatively correlated, but with borderline significance (p =

0.53).

To account for potential covariance between predictor variables we additionally applied a

multivariate ridge regression. All coefficients shrank between the OLS and ridge regressions
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except log-transformed erosion rate which slightly increased, implying some of the OLS
coefficients were inflated due to collinearity with erosion rate. To assess the relative importance
of individual predictors we ran a lasso regression, which penalises model complexity and
removes weak predictors. Runoff, dissolved oxygen, and presence of the Lushan and Mutan
formation were deselected in this approach, and log-transformed erosion rate and presence of
the Pilushan formation remained the largest coefficients. Inclusion of interaction terms
between erosion rate and lithology did not increase the total variance explained in the models,

implying that erosion sensitivity of [Re]ocpetro iS broadly consistent across lithological domains.

Principal component analysis yielded results consistent with the regression analyses, with log-
transformed [Re]ocpetro and erosion rate aligned along PC1, while temperature, dissolved oxygen,
and pH exhibit little covariation with [Re]ocpetro (Fig. S6). Runoff covaries with log-transformed
erosion rate, but is close to orthogonal to [Re]ocpetro, iMmplying little covariance (Fig. S6).
Lithological differences are expressed primarily along PC2, implying a secondary influence

compared to erosion rate (Fig. S6).

Collectively these results indicate that erosion rate exerts the dominant control on [Re]ocpetro,
with lithology representing a significant secondary influence. Despite their known influence on
oxidative weathering, direct effects of runoff and temperature on [Re]ocpetro are either

comparatively small or cannot be independently resolved from their covariance with erosion.

S. 4 Extended multiparameter modelling approach

S. 4. 1 Uncertainty quantification

Uncertainties were determined by identifying ‘accepted’ fits in a region of parameter space for
which models were statistically indistinguishable from the best fit, given the noise in the data.

Parameter space was sampled at random across uniform distributions over 300,000 iterations,
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and the residual sum of squares (RSS) calculated for each parameter set. Parameter sets were
kept as an ‘accepted fit’ if the RSS met a threshold for statistical similarity to the best fit (Bufe et
al., 2024) (S7), where tgs represents the critical value of the two-tailed Student’s t-distribution
evaluated for n - 4 degrees of freedom, and n is the number of samples in the dataset. The

median and interquartile ranges were calculated from the population of accepted fits.

1
RSSthreshota = RSSpest fit < 1+ t95\/;> (S7)
S. 4. 2 Runoff and temperature parameterisation

The model assumes that erosion, runoff, and temperature vary independently. Runoff varies
only by a factor of 2.3 in the study area and is not correlated with erosion (R?=0.31), while
temperature varies by a factor of 2.1 and is also not correlated with erosion (R = 0.17). The
approach employed by Bufe et al. (2024) models temperature sensitivity as an Arrhenius
relation, which is consistent with some field measurements of OC,e«, Oxidation in erosive
settings (Roylands et al., 2022; Soulet et al., 2021). However in this study the additional
parameterisation did not improve the model fits and led other parameters to become unstable,
therefore we exclude explicit temperature fitting and model f(T) as a constant inside p..
Similarly, we exclude the runoff correction employed by Bufe et al., (2024) on the basis that the
small range in runoff relative to erosion rate in Taiwan makes this unnecessary, and tests
including the correction destabilised some parameters. Instead, we model f(q,) as a constant

inside pa.

S. 4. 3 Flux unit conversion

Weathering fluxes were fit in units of t km2year”, necessitating a conversion from per-Litre
space via estimated runoff (Bufe et al., 2024; Lee et al., 2006) and catchment drainage areas
(Bufe et al., 2021). This meant samples were limited to those with erosion and runoff data, and

we further excluded samples for which weathering fluxes exceeded erosion fluxes, and those
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with erosion rates below the limits of the cosmogenic nuclide- ksn regression. In total, 85

samples were analysed in the weathering model.

S. 5 Incorporation of OCy, burial

S. 5. 1 OCyi burial erosion sensitivity and uncertainty

We use a global compilation of OCyj, and suspended sediment yields (Hilton et al., 2025) to
derive an erosion sensitivity of OCy, burial, and incorporate this with our weathering carbon
budgets to assess the overall response of the geological carbon cycle to erosion. A power law
relationship of the form Yocuio =A Ys®was fit to the data compilation using ordinary least squares
regression in log:o space (Fig. S8A). To characterise uncertainty in the power law fit we
implemented a bootstrap resampling procedure in which the data compilation was resampled
with replacement and refit over 5000 iterations, generating an ensemble of fits analogous to the
accepted fits of the multiparameter weathering model (section 4.2, main text; section S.5.1)
(Fig. S8B). Quartiles were calculated from the fit ensemble, and a ‘best’ fit defined as the
bootstrap realisation closest to the ensemble median. To convert the fits from OCy;, yield —
suspended sediment yield space to OCy, burial — erosion yield space we incorporated factors
for burial and suspended sediment fractions such that (Jocvio-buriat * fouriai) = A(E * fsuspended)®-
Uncertainty associated with these conversions was incorporated within the bootstrap
framework based on Taiwan literature estimates. Fsuspended Was sampled over a uniform
distribution from 0.42 - 0.98 (Dadson et al., 2003), and fyuis Was sampled over a uniform

distribution from 0.70 - 1.00 (Kao et al., 2014).

S. 5. 2 Net carbon flux with OCy, burial

The best fit and accepted fit ensemble from the OCy;, burial erosion sensitivity uncertainty

analysis were propagated through the net carbon analysis alongside the best-fits and
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ensembles for silicate, carbonate, sulfide, and OCeo Weathering as in main text section 5.2,

with adapted equations (S8-10).

[FCOZ]st = ([504]eq - (O-S[Catcarb]eq - [Catsil]eq)) +]0Cpetro—oxidation _]OCbio—burial

[FCOZ]mt = (0_5([504]eq - [Catsil]eq)) +]0€petro—oxidation _]OCbio—burial (89)

[FCOZ]lt = _O-S[Catsil]eq +]0Cpetro—oxidation _]OCbio—burial

(S10)

(S8)
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1118  Supplementary Figures

1119  Figure S1 - Correlations between IER and other environmental variables

3000 T T T T 35 T T T T
A B Tananao & Slate Belt I:I
® Mixed Slate Belt I:I
TF\ 2500+ © ®} o O 30 Pilushan - 4
[ ® :_, Lushan -
> o} o0
= ® 8 o 95) '.’. CC)?) (0] Mutan -
E 2000} o P0OQ {1 & 25 © ° -
= ol 2 ¥ ae,
= ® ®, & = %o P o
& 15000 9§, i Q@ 20 © @@ o
© e
™ o G
1000 1 L L 1 15 1 1 L 1
9-0 T T T T 1200 T T T T
3
®
51000, % ® ©® o © © 1
8.5 o e 4 < ‘ ©
o) ®
Se) o S soot .
% go %
L 80 B O° o {1 3 600} 1
©
og® ° @ O o 0
= 400} 1
7.5 1 8
O 200t .
h’mo (ace toWe J o
7.0 1 1 1 1 O 1 1 1 O 1
1 2 3 4 5 0 1 2 3 4 5
Erosion rate (mm yr™1) Erosion rate (mm yr—1)

1120

1121 Fig. S1. Relationships between erosion rate and A. runoff, B. temperature, C. pH, D. dissolved
1122 oxygen across the study area, coloured by lithology. Erosion rate varies by 4.1 orders of

1123 magnitude, while runoff varies by 2.3 fold.

1124



Alcock et al., non-reviewed preprint submitted to EPSL

1125  Figure S2 — [Re]qiss boxplot by lithology
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1127 centre lines representing the medians. The means are represented by the black squares, and
1128 outlying values by black circles. The excluding-outliers ranges of the samples are represented
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1131 Figure S3 — [Re]sqi4s boxplot by lithology and rock/bedload
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1135  Figure S4- Coupled loss of OC,.io.and Re during weathering
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1137 Fig. S4. Coupled loss of OCgero and Re from rocks and bedload sediments (squares and
1138 rhombuses) to soils (triangles, Hilton et al., 2010) during weathering, normalised to immobile

1139  ALOs.
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1141 Figure S5 — [Re]ocpetro multivariate OLS regression coefficients
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1143 Fig. S5. Coefficients of multivariate OLS regression of log-transformed [Re]ocpetro- Binary
1144  variables refer to the presence or absence of each lithology in the upstream catchment area.
1145 Bars are coloured by p-value where darker blue is more statistically significant and lighter blue

1146 is less significant.
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Figure S6 — Principal component analysis of [Re]ocpetro.and environmental variables
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Fig. S6. PCA biplot showing the relationships between log-transformed [Re]ocpetro,
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continuous environmental variables are shown in black, and presence of lithologies in red.
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Figure S7 — Erosion sensitivity of silicate, carbonate, sulfide, [Re]ocpetro Weathering fluxes
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fit (dashed purple line), and best fit of the
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The y axes each span four orders of magnitude. Erosion
flux (t km2yr') is equal to 2500 * Erosion rate (mm yr™)
assuming a crustal density of 2500 kg m™. The average
erosion sensitivity (a) is displayed along with the

standard error.



1173

OCpip yield (t Ckm=2 yr1)

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

Alcock et al., non-reviewed preprint submitted to EPSL

10°

OCyis burial sink (t CO, km=2 yr=1)

Bootstrap ensemble fits

— — — Bootstrap ensemble quartiles
Bootstrap 'best’ fit

102 L

10!

109

1 1 1
102 103 104

Erosion flux (t km™2 yr1)

1
10t

Fig. S8. A. Relationship between terrestrial OCy, yield and suspended sediment yield.

Compiled literature data (Hilton et al., 2025) is shown alongside the best fit power law, a, and

the standard error in a. B. The erosion sensitivity of OCy;, burial estimated via the bootstrap

resampling procedure and conversion to OCy, burial flux and erosion flux space. The ‘best’ fit

(i.e. the bootstrap realisation closest to the median) is shown in green, the bootstrap ensemble

fits in grey, and their quartiles in dashed black. In each plot the y axis spans four order of

Figure S8 — OCy;, erosion sensitivity
T T
e
a=0.62 %003
1 ® e
[ === Power law best fit @ ,/
I ‘ o) @,
@ /‘ @
. 7,
l’ .
N .. P ) @
10 F . ?‘.}/ E
: o e & @
i Q% & U o
o o2 o ©
0) ‘ @@
o
(@)
10°F s ,” ® @ ]
u @] ’f'
€ B L )
@)
) //. ®
0@ ©®
s @
101} & .
e @
L M | e | MR | P EEEET | L
10° 10! 102 103 104
Suspended sediment yield (t km=2 yr=1)
magnitude as for Figs. 4 and S5.

108



Alcock et al., non-reviewed preprint submitted to EPSL

1188

Figure S9 — (+OCy;,) Erosion sensitivity of geological carbon cycle (+st, mt)
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