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Abstract Oxidative weathering of sedimentary rocks plays an important role in the global carbon
cycle. Rhenium (Re) has been proposed as a tracer of rock organic carbon (OCpetm) oxidation. However,
the sources of Re and its mobilization by hydrological processes remain poorly constrained. Here,

we examine dissolved Re as a function of water discharge, using samples collected from three alpine
catchments that drain sedimentary rocks in Switzerland (Erlenbach and Vogelbach) and Colorado,
USA (East River). The Swiss catchments reveal a higher dissolved Re flux in the catchment with
higher erosion rates, but have similar [Re]/[Na*] and [Re]/[SO,*"] ratios, which indicate a dominance
of Re from OC . Despite differences in rock type and hydro-climatic setting, the three catchments

have a positive correlation between river water [Re]/[Na*] and [Re]/[SO,*"] and water discharge. We
propose that this reflects preferential routing of Re from a near-surface, oxidative weathering zone. The
observations support the use of Re as a proxy to trace rock-organic carbon oxidation, and suggest it may
be a hydrological tracer of vadose zone processes. We apply the Re proxy and estimate CO, release by
OC,.,, Oxidation of 5.7 *%¢/_, /tC km~? yr~! for the Erlenbach. The overall weathering intensity was ~40%,

meaning that the corresponding export of unweathered OC
call for more measurements of oC,

in river sediments is large, and the findings
petro

o OXidation in mountains and rivers as they cross floodplains.

Plain Language Summary When rocks undergo chemical weathering, breakdown of organic
matter that has been stored in the rocks over time can release carbon dioxide to the atmosphere. It has
remained a challenge to track and quantify this process, but the element rhenium provides a tool to do
this. When organic matter in rocks undergoes oxidative weathering, rhenium is oxidized and enters river
water. We can use measurements of dissolved rhenium fluxes as a proxy to estimate rock organic carbon
oxidation. However, we still lack information on the sources of rhenium in river catchments and need a
better understanding of the pathway that rhenium takes from rocks, through soils into streams and rivers.
Here, we measured dissolved rhenium alongside other weathering products in three catchments that
drain alpine landscapes made up of sedimentary rocks. The catchments behave in a remarkably similar
way, where the relative amount of rhenium in river water increases with water flow. Based on our ideas of
how water moves through the landscape, our results suggest that rhenium is moved from a near-surface
zone in all three catchments, where oxygen and rock organic carbon react. By applying the proxy to the
catchments, we confirm that oxidative weathering rates and their carbon dioxide release increase with
physical erosion rates.

1. Introduction

When sedimentary rocks are exposed to oxygen in the atmosphere and hydrosphere, organic matter con-
tained within the rocks can be oxidized (Petsch et al., 2000) and release carbon dioxide (CO,) during
“geo-respiration” (Keller & Bacon, 1998). Globally, the rates of CO, release to the atmosphere during oxi-
dative weathering of rock-derived organic carbon (petrogenic OC and OC__ ) are thought to be ~40-100
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megatons of carbon per year, MtC yr—! (Petsch, 2013). The process plays a central role in the geological
carbon cycle (Derry & France-Lanord, 1996; Hayes et al., 1999; Hilton & West, 2020), and in part, governs
oxygen concentrations in the atmosphere (Berner & Canfield, 1989).

To quantify the CO, emissions from OC e oxidation and understand the controls on these fluxes in mod-
ern-day catchments, several approaches have been considered. First, the residue of chemical weathering
reactions can be traced across a weathering profile (Longbottom & Hockaday, 2019; Petsch et al., 2000;
Wildaman et al., 2004). This can help understand the mechanisms that control OCpetm oxidation, such as
the role of microbial communities (e.g., Hemingway et al., 2018). However, rates of weathering are difficult
to quantify from weathering profiles, and measurements are inherently made at a local scale. Second, the
production of CO, from rock weathering can be tracked in the weathering zone, but measurements have
been limited to a handful of sites (Keller & Bacon, 1998; Soulet et al., 2018, 2021; Tune et al., 2020). A
third approach uses the residue of weathering reactions carried by the sediment loads of rivers (Bouchez
et al., 2010; Hilton et al., 2011). This provides a larger-scale view and has provided an insight in large rivers
transiting floodplains where weathering intensity can be high (Galy et al., 2008; Lupker et al., 2011). How-
ever, when the erosion rates of OC petro AT€ high and the weathering intensity is lower, for instance in moun-
tain river catchments, the sediment load may not resolve weathering losses (Hilton et al., 2011; Scheingross
et al., 2019). An alternative approach is to use redox sensitive elements, such as rhenium, whose behavior
makes them suitable as a proxy for OC__ _oxidation (Dalai et al., 2002; Hilton et al., 2014; Jaffe et al., 2002).

petro

The element rhenium (Re, atomic weight 186.207 g mol™, isotopes '®°Re and ¥’Re) has been proposed
to track and quantify OC . oxidation (Jaffe et al., 2002). The Re proxy is grounded on the observation
that OC_ and Re are associated in sedimentary rocks. In seawater, Re is present as an oxyanion, ReO,~
(Colodner et al., 1993). Under reducing conditions within marine sediments, Re is reduced and becomes
insoluble (Colodner et al., 1992; Crusius et al., 1996; Crusius & Thomson, 2003) and can be immobilized
by association with organic matter and mineral surfaces, in analogy with other trace elements (Dustin
et al., 2018). Rhenium can also be incorporated into organic matter (Cohen et al., 1999; Rooney et al., 2012;
Selby & Creaser, 2003). When sedimentary rocks are exposed to oxygen in the atmosphere and hydrosphere,
for example, by exhumation during mountain building, OC_, loss has been shown to be coupled with Re
loss from solids (Hilton et al., 2014; Horan et al., 2017; Jaffe et al., 2002). During oxidative weathering, Re is
thought to reform the soluble oxyanion ReO,~ (Brookins, 1986), which can enter soil pore waters, streams,
and rivers (Colodner et al., 1993; Miller et al., 2011). Thus, the dissolved Re flux from a catchment can pro-
vide constraint on the oxidative weathering fluxes upstream (Dalai et al., 2002).

Dissolved Re concentrations in river water are typically of the order of picograms per gram (i.e., 10712 g
g1, or parts per trillion, ppt) (Miller et al., 2011). These concentrations may now be measured directly in a
water sample by quadrupole inductively coupled plasma mass spectrometery (Q-ICP-MS), or high resolu-
tion (HR) ICP-MS using a range of calibration standards (Hilton et al., 2014; Miller et al., 2011; Scheingross
et al., 2019), and/or by using isotope dilution (Horan et al., 2017, 2019). The main challenge for the use of
the Re proxy of OC ,  oxidation is thus no longer analytical. Instead, difficulties remain with the interpre-
tation of the measured concentrations, because Re could be sourced from a range of phases in rocks along-
side OCpetm, such as silicate and sulfide minerals (Miller et al., 2011). The ratio of dissolved Re to other ions
mobilized from silicate and sulfide weathering (e.g., [Na*], [SO,*7]) can tease apart these contributions (Da-
lai et al., 2002; Horan et al., 2019). Additional insight may come from examining the relationships between
Re concentration and water discharge (C-Q,, relationships) and dissolved rhenium-ion ratios and water
discharge. Concentration-discharge relationships have been used to shed light on hydrological processes
(e.g., Anderson et al., 1997) and their links to the sources and pathways of major ions and trace elements
derived from silicate, carbonate, and sulfide mineral weathering in rivers (e.g., Baronas et al., 2017; Calmels
et al., 2011; Ibarra et al., 2017; Maher, 2011; Tipper et al., 2006; Winnick et al., 2017). However, until now,
only a couple of time series of dissolved Re have been measured (Miller et al., 2011), and the hydrological
context of Re mobilization has not been assessed.

Here, we assess the mobility and source of Re during weathering by measuring dissolved Re concentration
over an annual time series in a pair of catchments in the pre-Alps of Switzerland, the Erlenbach and Vogel-
bach (Keller & Weibel, 1991; Schleppi et al., 2006), and in the East River in the Colorado Rockies (Hubbard
et al., 2018; Winnick et al., 2017; Zhi et al., 2019). The three catchments drain sedimentary rocks. Dissolved
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Re concentrations, fluxes, and ion ratios ([Re]/[Na*], [Re]/[SO,*"]) are used to explore the source of Re and
how it may change with water discharge. Based on measurements from the three alpine catchments, we
propose a conceptual model to link hydrological flow pathways to the mobilization of Re from the weather-
ing zone. The findings are discussed in the context of the application of Re as a proxy of OC___ oxidation.

petro

2. Materials and Methods
2.1. Study Locations
2.1.1. Swiss Pre-Alps—Erlenbach and Vogelbach

The Erlenbach (drainage area = 0.74 km?) and Vogelbach (1.58 km?) catchments are located in the Alptal
valley of the Swiss pre-Alps and monitored by the Swiss Federal Institute for Forest, Snow and Landscape
Research—WSL (Hegg et al., 2006; Von Freyberg et al., 2018) for water discharge (Q,, L s71), suspended
sediment concentration (mg L™!), suspended sediment and bedload yields (t km~2 yr~1), and sediment trans-
port processes (Rickenmann et al., 2012; Keller & Weibel, 1991; Rickenmann & McArdell, 2007; Turowski
et al., 2011, 2013). They have also been monitored for dissolved fluxes associated with ions, nutrients, and
dissolved organic carbon (Hagedorn et al., 2000; Schleppi et al., 1998, 2006), which have been interpreted
in terms of hydrological sources and pathways (Knapp et al., 2020; Von Freyberg et al., 2018). The “young
water fraction” has been quantified for a range of flows, defined by Von Freyberg et al. (2018) as the pro-
portion of catchment outflow younger than approximately 2-3 months. In an assessment of 22 Swiss catch-
ments, the Erlenbach and Vogelbach have high “young water fractions,” whose values increase with water
discharge (Von Freyberg et al., 2018), suggesting broadly similar hydrological conditions act in these catch-
ments. The Erlenbach has also been sampled to constrain particulate OC source and flux (Smith et al., 2013;
Turowski et al., 2016), allowing us to place oxidative weathering in the context of other carbon transfers.

The Swiss catchments share broadly similar climate, land cover types, and sedimentary rock lithology
(Hegg et al., 2006), but have contrasting physical erosion rates (Keller & Weibel, 1991). The Erlenbach and
Vogelbach have a mean annual precipitation (1987-2009) of 2,294 mm yr~! and 2,159 mm yr~?, respectively
(WSL, 2019), with ~30% falling as snow in the winter months. The mean annual runoff (1987-2009) is
1,778 mm yr~! and 1,601 mm yr~!, respectively (WSL, 2019). However, the mean annual sediment yields
(1986-1989) were 1,225 t km~2 yr! for the Erlenbach and 725 t km~2 y~! for the Vogelbach (Keller & Wei-
bel, 1991). More recent sediment yield estimates are available for the Erlenbach of 1,648 t km~ yr~! from
1983 to 2011 (Smith et al., 2013), but not the Vogelbach. The Erlenbach is underlain by pelitic turbidites
of Eocene age, which are part of the Wigital-Flysch Formation (Winkler et al., 1985). These rocks are sim-
ilar to those found in the Vogelbach, but the Erlenbach has a cover of glacial till in the lower parts of the
catchment (Hegg et al., 2006) that supplies fine-grained sediment and contributes to the sediment yield, in
addition to erosion of the mudstone bedrocks (Schuerch et al., 2006; Smith et al., 2013).

Previous work has measured the OC concentration of rocks following carbonate removal (HCI leach) and
analysis by Elemental Analyzer (Smith et al., 2013), with rocks from the Erlenbach having a mean OC
content of 0.54 + 0.11% (n = 22), similar to rock from the Vogelbach that range from 0.10% to 0.76% (n = 4)
(Smith et al., 2013). River suspended sediments carry a mixture of OC eroded from vegetation, soil, and
rock, as revealed by their carbon and nitrogen isotopic composition; this reflects the erosion processes,
which deliver fine sediments to the channel via shallow landsliding, creep, particle abrasion, and bedrock
incision (Schuerch et al., 2006; Smith et al., 2013). The export of solid load OCpetro from the Erlenbach catch-
ment has been estimated using radiocarbon and stable C and N isotope ratios of organic matter to partition
sources, and concentration-discharge relationships to quantify a flux of unweathered 0C o of 10.1 + 1.6
tC km=2 yr~! (Smith et al., 2013).

2.1.2. Colorado Rockies—East River

The upper East River catchment (84 km?) is an important headwater source for the Gunnison and Colo-
rado Rivers in the USA (Ugland et al., 1986) and has been instrumented as part of the Lawrence Berkeley
National Laboratory's Watershed Function Scientific Focus Area (Carroll et al., 2018; Winnick et al., 2017).
Recent work has established the behavior of major solutes as a function of the hydrological regime (Carroll
et al., 2018; Winnick et al., 2017) and identified sulfide reaction fronts in the subsurface (Wan et al., 2019).
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Figure 1. Samples collected for this study from the: (a) Erlenbach, Switzerland; (b) Vogelbach, Switzerland; and (c)
the East River, Colorado, USA. In all panels, water discharge record is shown in gray and the symbols show measured
dissolved rhenium concentration, [Re] pmol L=!, with whiskers showing the analytical uncertainty.
The East River catchment is much larger than the Swiss catchments, and the other main contrast is the gen-
eral pattern of the annual hydrograph (Figure 1). The water discharge displays less short-term variability,
and the signal is dominated by snowmelt, punctuated by summer monsoon events.
The mean annual precipitation for proximal weather stations over the past 30 years is 1230 mm yr—!, with
the majority occurring as snowfall owing to the high elevation of the catchment (mean = 3,350 m) and
mean annual temperature of 1°C (PRISM, 2013). The catchment is primarily underlain by shale bedrock as
part of the Mancos Shale of Late Cretaceous age (Morrison et al., 2012; Wan et al., 2019), with outcrops of
Miocene quartz monzonite and granodiorite along with Paleozoic and Mesozoic sandstones. In the flood-
plains and lower slopes, alluvial and glacial deposits are present (Gaskill et al., 1967). The shales are rich in
carbonate (20%), sulfide minerals (1%), and organic matter (~1%) (Morrison et al., 2012; Wan et al., 2019).
Recent work has highlighted the important role of oxidation of sulfides on acid-production, carbon cycling,
HILTON ET AL.
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and river water chemistry (Winnick et al., 2017). This suggests that the source of SO,*~ from primary evap-
orite minerals in the Mancos Shale is negligible, and SO,~* derives primarily from pyrite oxidation. The
shales are subjected to oxidative weathering (Wan et al., 2019; Winnick et al., 2017), but the erosion rate is
fast enough that a fraction is exported from the catchment and cascades through the river system as OC
in the solid load (Fox et al., 2020).

petro

2.2. Sample Collection and Preparation

In the Erlenbach and Vogelbach catchments, river water samples were collected weekly by hand, lowering
a 1L bottle into the channel just above the gauging station installation, between 02/08/2011 and 16/07/2012
(Figures 1a and 1b, Table S1 in Supporting Information S1). A total of 29 samples were collected from the
Erlenbach and 30 from the Vogelbach. River water samples were filtered through an acid-cleaned Nalgene
vacuum filtration tower operated by a hand pump. Nylon filters of 0.2 um pore and 47 mm diameter were
used and filtered water was collected into pre-acid-cleaned bottles. An aliquot of ~250 ml was collected for
major cations and trace elements and acidified to pH ~ 2 with trace analysis grade HNO,. Approximately
60 ml were collected for anion analysis in an unacidified aliquot. Two samples of snow were collected in
April 2012 (Table S1 in Data Set S1) and rocks and river bed materials were obtained following a previous
study (Smith et al., 2013). As part of the WSL observatory, cation and anion concentrations were also deter-
mined on samples collected using an autosampler from the river from 2005 to 2016.

In the East River, water samples for this study were collected from August 2015 to September 2016 using
an automatic water sampler (Model 3700; Teledyne ISCO, NE, USA) using methods described previously
(Winnick et al., 2017). A peristaltic pump sampled water from the main stream into 1 L polyethylene bot-
tles and was retrieved at regular intervals. Samples for cation and trace metals analysis were filtered using
0.45 um Hydrophilic Polyvinylidene Fluoride (PVDF) syringe filters into individual vials and acidified using
concentrated trace metals grade nitric acid (Figure 1c).

Samples from a profile through sub-surface soil into weathered rock were collected in 2019 from the East
River catchment at the Bradley Creek Meadow site (BM samples in Table S6 in Data Set S1), a subalpine
meadow located at 2,987 m elevation. These comprised of seven samples collected from the surface to 1 m.
The Bradley Creek Meadow site has been a focus of previous work (Hsu et al., 2018), with the BM samples
collected within 3 m of the profile BC6 reported in Hsu et al. (2018), for which we also present new geo-
chemical data.

2.3. Analytical Procedures

The concentration of dissolved Re, [Re] pmol L1, was determined on filtered river water samples from the
Erlenbach and Vogelbach by High Resolution ICP-MS (Thermo Fisher Scientific Element™) in Durham
University. For the East River, [Re] was measured by Q-ICP-MS (Agilent) in the Department of Geography,
Durham University (Sproson et al., 2018), alongside a subset of samples from the Erlenbach and Vogelbach
Rivers. A set of Re standards of varying concentrations from 0.1 to 20 ppt were used and instrumental drift
accounted for by the use of sample doping with internal standards (Q-ICP-MS) and by the use of non-cal-
ibrating internal standards dispersed through a run (HR-ICP-MS). During the run, SLRS-5 and SLRS-6
standards were analyzed (undiluted and diluted by a factor of 10 and 100). For this study, the within run
analysis of the river water standard SLRS-5 returned a value of 58.9 ppt (Q-ICP-MS), which is within the
range of an inter-laboratory calibration study of 66 + 12 ppt (Yeghicheyan et al., 2013) and similar to that
determined by isotope dilution at Durham University of 59.8 + 1.7 ppt (Horan et al., 2017). The accuracy
and precision of Q-ICP-MS measurements are better than 8%. The relative average error of sample dupli-
cates by HR-ICP-MS was 7%, and the difference between the Q-ICP-MS and HR- ICP-MS analysis methods
was 14% across 13 sample analyses (with no systematic positive or negative bias). Therefore, the HR-ICP-MS
measurements on the Erlenbach and Vogelbach have a slightly lower accuracy, but the range of observed
[Re] values is much larger than this uncertainty (e.g., ~0.51-2.9 ppt).

For the Swiss Rivers, major cations and ions were determined by ion chromatography and accuracy deter-
mined by the analysis of the LETHBRIDGE-03 standard. Major cation and anion concentrations in East
River samples for the studied time interval have been previously presented (Carroll et al., 2018).
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The Re concentration of solid samples from the Erlenbach and Vogelbach Rivers was determined on sam-
ples previously analyzed for organic carbon concentrations ([OC], %) and stable isotopic composition (§'3C,
%o) (Smith et al., 2013). Here, powdered samples were combined with a 50:50 mix of HF 27N and HNO,
16N within PTFE beakers and heated at 120°C for at least 24 hr. To destroy fluorides, samples were evapo-
rated to dryness at 80°C and then redissolved in aqua regia at 120°C for 24 hr. To destroy refractory organic
matter, (OM), any residue was treated in 16M HNO, and aqua regia for several days at 160°C. Samples were
evaporated to dryness and then redissolved in 1M HCI. To chemically separate Re from the sample matrix,
we use columns with an inner diameter of 7.1 mm, filled with 1 mL of AG1-X8 resin (200-400 mesh) (Del-
linger et al., 2020). The resin was first cleaned with 30 mL of SM HNO,, and conditioned with 5 mL of 1M
HCI. Samples were loaded at 1M HCI and the matrix removed in three steps (10 mL of 1M HCI, 15 mL of
0.5M HNO3, and 1.5 mL of 4M HNO3) before elution of Re with 12.5 mL of 4M HNO,. The eluted Re frac-
tion is then evaporated at a temperature of 100-120°C to complete dryness, retaken in 3% HNO, and the
concentration determined by Q-ICP-MS. A range of standard reference materials were treated to the same
chemistry and had Re yields of 95.3% (Dellinger et al., 2020). Powdered solid samples from the BM profile
of the East River were processed in the same way to determine their Re concentration.

The [TOC] concentration, %, of BM samples was determined by the difference of total carbon concentration
(TC by combustion, %) and total inorganic carbon (TIC by acidification, %) via Analytik Jena EA4000, with
accuracy and precision assessed to be 5% using a certified EURO SOIL standard (Table S6 in Data Set S1).
For BC6, as reported in Hsu et al. (2018), total organic carbon concentrations, [TOC]%, were measured
on sample splits following inorganic removal by elemental analyses with a Carlo-Erba NA 1500 analyzer
(Thermo Fisher Scientific, Waltham, MA, USA) and major element geochemistry via XRF, at the Environ-
mental Measurements Facility (EM1) of Stanford University, Stanford, CA, USA. In addition, we present
new radiocarbon activity measurements (reported as Fraction Modern, F**C) on bulk organic matter from a
neighboring profile BC6 (Table S6 in Data Set S1). For radiocarbon analysis, separate sample aliquots were
sent to the U.S. Geological Survey (USGS) “C Laboratory in Reston, VA, USA for processing and sample
preparation. At the USGS laboratory, carbonates were removed from the bulk sample by acid-rinsing and
a sub-split was analyzed for 8'3C by an isotope ratio mass spectrometer. The remainder of the sample was
then combusted to CO,, which was then purified and converted to graphite targets. The graphite targets
were then sent to the Lawrence Livermore National Laboratory Center for Accelerator Mass Spectrometry
(LLNL-CAMS) in Livermore, CA, USA where the radiocarbon content was determined by AMS and report-
ed as Fraction Modern, F*C (Reimer et al., 2004).

2.4. Dissolved Flux Calculations

The relationships between water discharge and ion concentrations provide an insight on ion source and
weathering reactions (Godsey et al., 2009; Knapp et al., 2020; Tipper et al., 2006; Winnick et al., 2017) and
constrain dissolved ion fluxes (Schleppi et al., 2006). For the Erlenbach and Vogelbach catchments, which
were sampled at the same frequency (Figures 1a and 1b), we explore a rating curve approach to quantify dis-
solved yields, by fitting power law functions to concentration-discharge data (Figure 2). Ion concentrations
are then predicted for each daily discharge value using these functions, and annual fluxes determined by
summing daily values. To quantify the uncertainty on the total ion fluxes, we run a Monte Carlo simulation
for which each daily concentration value is allowed to vary between the 2SE bounds of the power law fit (a
full probability distribution) and run 10,000 iterations of the sum of the total annual ion flux. We also quan-
tify dissolved Re flux using the water discharge-weighted average [Re] concentration for all three basins.

3. Results
3.1. Swiss Pre-Alps—Erlenbach and Vogelbach
3.1.1. Dissolved Load

In both the Erlenbach and Vogelbach catchments, dissolved Ca?* concentrations are negatively correlated
with runoff (Q,, normalized to catchment area, L km~2 s~) (Figure 2a) and can be described by power law
fits to the data (Table S2 in Data Set S1). These support findings from previous work in the Erlenbach catch-
ment (Knapp et al., 2020; Schleppi et al., 2006). The 2011-2012 samples are similar to the 2005-2016 WSL
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Figure 2. Instantaneous runoff (water discharge normalised by drainage area) versus dissolved concentrations of: (a) calcium [Ca?*], umol L1 (b) sodium
[Na+], umol L7; (c) sulfate [SO,>"], umol L~'; and (d) rhenium [Re], pmol L', with (e) [Re] from the East River (note change in axis scale). Data from this
study (2011-2012) are shown as large symbols for the Erlenbach (red circles), Vogelbach (blue stars), and East River (pink diamonds) with whiskers showing
the analytical uncertainty (if larger than the point size). Power law fits to the data (lines) with their 95% confidence intervals (dashed lines) are shown (see
Table S2 in Data Set S1 for fitting parameters and r? values). In panels, smaller symbols are a longer time series of data from the WSL observatory from 2005-
2016 for the Erlenbach and Vogelbach, and data from the East River from Winnick et al. (2017).

data, but cover a slightly wider range of runoff values (Figure 2a). This reflects the flow-weighted sampling
methods applied to collect and process the WSL data (Schleppi et al., 2006), whereas our sample design
has captured more high flow events. Other major cations, such as Na* (Figure 2b) and Mg?** have a similar
C-Q,, behavior between catchments (Table S2 in Data Set S1). However, the concentrations of SO,*~ are
different between the catchments (Figure 2c). Both rivers show negative correlations with runoff, which
can be described by power law fits, [X] = a X Runoff?, where [X] is the ion concentration and a and b are
constants (Table S2 in Data Set S1). The Erlenbach has higher SO,*~ concentrations, particularly at lower
runoff values (Figure 2c).

Dissolved Re concentrations in the Erlenbach had a mean [Re] = 6.3 + 2.8 pmol L' (n = 28, +standard
deviation, unless otherwise stated from here) and a range from 2.7 to 15.4 pmol L~! (Table S1 in Data Set S1).
The water discharge-weighted average dissolved [Re] was 5.1 pmol L~1. These concentrations are similar to
other rivers draining sedimentary rocks (Hilton et al., 2014; Miller et al., 2011). In the Vogelbach, the mean
[Re] = 4.1 £ 1.0 pmol L™! and varied from 2.13 to 6.20 pmol L. Weighted by water discharge, the average
dissolved [Re] in the Vogelbach was 2.9 pmol L. The two snow samples collected in April 2012 had very
low Re concentrations (below detection limit by HR-ICP-MS in this study, of <0.1 pmol L), similar to Re in
rainwater from New Zealand (Horan et al., 2017), but in contrast with higher Re concentrations in rainwater
near industrial sources (Miller et al., 2011).

Both catchments have a broad negative relationship between [Re] and runoff (Figure 2d) (Table S2 in Data
Set S1), but with the Erlenbach having higher [Re] values, particularly at low to intermediate runoff values.
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Figure 3. Instantaneous runoff (water discharge normalised by drainage area) versus dissolved: (a) rhenium to sodium ratio, [Re]/[Na*]* pmol/umol and (b)
rhenium to sulfate ratio, [Re]/[SO,*| pmol/umol. Data are shown for the Erlenbach (red circles), Vogelbach (blue stars), and East River (pink diamonds), with
whiskers showing the analytical uncertainty (if larger than the point size).

The relationship can be fit by a power law (Table S2 in Data Set S1), but the fit is poor for the Erlenbach
(Figure 2d, Table S2 in Data Set S1). Although the data set is limited in length, there is some suggestion of
seasonality in [Re] values in the Erlenbach, with the highest concentrations measured in July and August
(Figure 1a).

The ratios of dissolved Re with Na* and SO,*~ have been proposed as tools to help examine the source of dis-
solved Re in river water (Horan et al., 2019). Here, we correct Na* concentrations for atmospheric-derived
Na, [Nat]* where [Na*]* = [Na*] - [Cl7] x 0.85, assuming all C1~ derives from precipitation, which has a
molar [Na*]/[Cl~] ratio of 0.85. Despite the differences in [Re] between the Erlenbach and Vogelbach Riv-
ers (Figure 2d), the very similar ion ratios show positive correlations between runoff and [Re]/[SO,*"] and
[Re]/[Na*]* values (Figure 3). The [SO,*"] concentrations may include a source of sulfate from atmospheric
deposition, which has decreased dramatically in recent decades but is still an important source of sulfate in
the catchments (Thimonier et al., 2005).

3.1.2. Dissolved Flux

Over 2011-2012 water years, the average annual runoff for the Vogelbach was slightly lower (2,249 mm yr)
than the Erlenbach (2,451 mm yr—'), with the ratio Erlenbach:Vogelbach = 1.1 (Table S3 in Data Set S1). We
find Ca?* and Mg?* fluxes, which have a ratio of Erlenbach:Vogelbach of 1.1 and 1.2, respectively, which is
very similar to the contrast in runoff over the sampling period. In contrast, the SO,*>~ and dissolved Re fluxes
are elevated in the Erlenbach, with an Erlenbach:Vogelbach flux ratio of 1.8 and 1.6, respectively.

The 2011-2012 calculated dissolved Re yields, based on the power law fits to concentration-discharge re-
lationships, were 1.24+%%5/_ = x 102 mol km~2 yr~! and 0.79 **%!/_ . x 1072 mol km~2 yr~* for the Erlen-
bach and Vogelbach, respectively. However, the power law fit between [Re] and runoff was poor for the
Erlenbach (Figure 2c, Table S2 in Data Set S1) and did not fully capture variability with flow. As such, we
also estimate the dissolved Re yield using an alternative method. Using water discharge weighted average
[Re] and the mean discharge for the sampling period for the Erlenbach (5.1 pmol L7}, and 5.7 L s7') and
Vogelbach (2.9 pmol L™}; and 112 L s™?), we return a dissolved Re yield of 1.2 X 1072 mol km™2 yr~* for the
Erlenbach, and 0.66 x 1072 mol km~2 yr~! for the Vogelbach. The two methods to calculate dissolved flux
return similar values within ~20%.

3.1.3. Solid Materials

The Re concentration in rocks, [Re] ,, varied from 0.58 to 9.74 ppb and were broadly, positively correlated
with the organic carbon concentration, [OC] (r = 0.68, P = 0.06, n = 8). Excluding the highest concentra-
tion sample, the mean [Re] ., = 1.16 + 0.48 ppb (n = 7) (Table S4 in Data Set S1). The mean [Re] ,/[OC]
ratios were = 3.3 = 2.5 X 1077 g g™' (n = 8) with a range from 1.75 X 1077 t0 8.93 x 1077 g g™". These [Re]
concentrations and [Re] ,/[OC] ratios are similar to those measured in gray shales and sedimentary rocks
elsewhere (Dalai et al., 2002; Hilton et al., 2014; Horan et al., 2017).
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Figure 4. Weathering profiles from Bradley Creek Meadows. The two profiles BM and BC6 were collected with ~3 m
of each other. (a) Total organic carbon concentration ([TOC]) normalized to titanium ([Ti]) from site BM (blue triangles
this study) and site BC.6 (orange circles, Hsu et al., 2018), with radiocarbon measurements from BC.6 (orange stars,
this study) reported as the Fraction Modern, F**C. (b) Rhenium concentration ([Re], ppb) for site BM (black circles)
and modeled rock organic carbon concentrations ([OCpelm], %) from site BC.6 (blue squares and blue lines showing +1c
range) that derive from [TOC] and F**C (Table S6 in Data Set S1).

3.2. East River, Colorado Rockies
3.2.1. Dissolved Load

The 2015-2016 samples analyzed here for [Re] have similar major ion chemistry to the samples reported by
Winnick et al. (2017) from 2014-2015 (Figure 2). In summary, the concentrations of Ca®* has similar trends
with Q,. Sulfate has a more pronounced dilution. Dissolved Re concentrations in the East River had a mean
[Re] = 30.3 £ 3.6 pmol L™! (n = 20) with a range from 25.3 to 37.4 pmol L~! (Table S5 in Data Set S1). The
water-discharge weighted average [Re] was 28.3 pmol L. These concentrations are more than double the
estimated global mean [Re] (Miller et al., 2011) but similar to rivers in the Mackenzie River Basin, where
OC-rich sedimentary rocks are widespread (Horan et al., 2019). There was a broad negative correlation
between [Re] and runoff (r = —0.48, P = 0.03) (Figure 2d) and some suggestion of temporal hysteresis in
the data set associated with snowmelt (Figure 1c), that is also seen in Na* concentrations, and so these data
were not well described by a power law trend (R? = 0.04).

The East River had similar [Re]/[SO,*"] values when compared to the Vogelbach and Erlenbach, but higher
[Re]/[Na*]* ratios (Figure 3). Both the [Re]/[SO,*"] and [Re]/[Na*]* ratios are positively correlated with
runoff in the East River, similar to the trends observed in the Swiss streams (Figure 3).

To provide a first-order estimate of dissolved Re flux by the East River, the water-discharge weighted average
[Re] was combined with the average discharge over the sampling period (28.3 pmol L' and 2.5 m*s™) to
return a dissolved Re yield of 2.7 X 107> mol km~2 yr~! over the catchment area.

3.2.2. Solid Materials

In the weathering profile samples from Bradley Creek Meadow (BM), [Re] concentration ranged from 2.02
to 6.42 ppb (Table S6 in Data Set S1). In the upper 70 cm of the profile, [Re] was relatively constant with an
average of 2.10 + 0.06 (n = 5), before increasing to 4.38 ppb between 70 and 80 cm, and reaching 6.42 ppb at
between 80 and 95 cm depth (Figure 4b). For comparison, the [Re] of a sample of shale from the proximal
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(<1 km) Rustler Gulch had a [Re] = 20.31 ppb. Whether this shale rock sample is representative of the un-
weathered rock beneath the BM site is not known. The higher [Re] concentrations in the deeper BM profile
may explain the higher dissolved [Re] in the East River than when compared to the Swiss catchments and
other global rivers. The [Re] have been normalized to Ti to account for potential volume changes during
pedogenesis (Figure 4).

The pattern in [Re]/[Ti] with depth can be compared to the nearby BC6 soil profile, with newly meas-
ured radiocarbon activity, F1*C, alongside published [TOC], %, and major element data (Figure 4a) (Hsu
et al., 2018). The F**C in the deepest part of the profile at 105 cm is very low, with a value of 0.0629 =+ 0.0006.
This could be explained by the input of '*C-depleted OC . Higher in the profile, F'*C values increase, but
remain somewhat “C-depleted even near the surface, with a F1*C = 0.7879 + 0.0025 at 15 cm depth.

We use the F**C values to estimate the potential contribution from OC
biospheric organic carbon:

by considering its mixture with

petro

F14C x [TOC] = I:14CP‘3“’0 x [Oc]pctm + FMCbi" x [Oc]bio (1)

where F“C and [TOC] are the measured radiocarbon activity and organic carbon concentration of the
sample, and the ‘petro’ and ‘bio’ subscripts refer to the rock organic carbon and more recent organic matter

from the terrestrial biosphere, respectively. If we assume that the geological OC__ _is *C-depleted below

petro

background (F*C = 0), and [TOC] = [OC],.,,, + [OCly; peres them:
F'C
[oc] =[oc]x (1 - —] )
petro F14Cbio

The value of F*C,, is uncertain, and should vary as the atmospheric bomb-spike is depleted and the organ-
ic matter in soil ages. However, it could range between ~1 and ~0.5 in a soil of 1 m depth based on a global
data compilation (Lawrence et al., 2020). To estimate [OCpetm], we therefore use a range of F**C,, between
1.0 and 0.85 at the surface, and between 1.0 and 0.5 at depth (see Table S6 in Data Set S1), and assess uncer-
tainty using a Monte Carlo simulation (MCSim Add-in Excel, with 1000 repetitions per sample across a full
probability distribution, reporting the median and 1 sigma range). The modeled [OC] ,, , = 0.99 + 0.02%
at 105 cm depth, which decreases to [OC]pelro = 0.34 + 0.11% near the surface (BC.6.15) (Table S6 in Data
Set S1). We note that the sulfur concentration of these samples is very low (<0.04%) across the entire depth
profile (Hsu et al., 2018).

While the OC and Re measurements were made on different profiles, they both show a decrease in both
[Re]/[Ti] and [OCpﬂm]/ [Ti] above ~60-75 cm depth (Figure 4b). The depletion is not due to dilution by
recent organic matter because the relatively insoluble element titanium (Ti) does not decrease near the sur-
face. Using the deepest samples from BM for [Re] and BC.6 for OC__ , the [Re]/[OC ratiois 6.4 x 1077 g

g

petro’ petro]

4. Discussion

The Swiss catchments studied here contrast in their erosion rates (Table S2 in Data Set S1) and both differ
from the East River in terms of the sedimentary bedrock (Morrison et al., 2012; Winkler et al., 1985) and
hydro-climate (Schleppi et al., 2006; Winnick et al., 2017). Despite these contrasts, the three catchments dis-
play remarkably similar behavior in terms of the observed increase in [Re]/[Na*]* and [Re]/[SO,*"] ratios
with water discharge (Figure 3). Here, we discuss these patterns, and go onto propose a conceptual model
to account for shifts in Re source and its pathway through shale catchments.

4.1. Oxidative Weathering of OC___as a Source of Re

petro

In the weathering profiles collected from the East River, the BM site shows Re depletion between ~45 and
~95 cm depth. At the nearby BC.6 profile (within ~3 m) the modeled OCpetm contents are more uncertain,
particularly near the surface (Table S6 in Data Set S1), but the data suggest OC o loss between 45 to 105 cm
depth (Figure 4b). Using [Ti] to normalize the concentration data and account for any volume changes in
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T the materials as they weather, we find that between 95 and 45 cm the
. ‘ F** [Re]/[Ti] decreased by ~68%, while [OCpetm]/[Ti] decreased by ~59%.
o L Silicates oc ROCC’;‘:;%‘:,”'C 3 We note that the sulfur concentration in this soil profile is low (<0.04%),
2 Hil and consistent throughout and the pyrite weathering front in this catch-
=z ment is likely to lie deeper than the maximum depth sampled here (Wan
o 013 : ] et al., 2019, 2021; Winnick et al., 2017), marking a stark decoupling of
2 ° "t Re from sulfides in this location. The loss of Re and [OC,,,] from the
;2' 001 g Logetbach | near-surface weathering zone has been reported for a weathering profile
9:' i rom Horan et al. (2016) on a black shale (Jaffe et al., 2002) and measurements of weathered mate-
% o ﬂZiEZEiIZ gla\;el;:/:at;eers rials from rocks with lower [OCpem] in Taiwan and New Zealand (Hilton
& 00014 B Mafic rocks | et al., 2014; Horan et al., 2017). The coincidence of the zone of depletion
] ; 'C‘ial:“ Rivers of Re and OC_  in the East River, and the similar degree of depletion,

\ \ \ \ \ support the use of Re as a proxy to track 0C 0 weathering.

0.001 001 0.1 1 10 100

[Re)/[Na*] (pmol L™ / umol L) To provide an independent constraint on Re source, we turn to river wa-
ter where the ratios of the dissolved products of chemical weathering can
Figure 5. The rhenium to sodium, [Re]/[Na*]*, and rhenium to sulfate, be used (Gaillardet et al., 1999; Galy & France-Lanord, 1999). Here, we
[Re]/[SO,?7], ratios (pmol umol™) for river waters from this study consider dissolved Re in the context of ions sourced from acid hydrolysis

(Erlenbach = red circles; Vogelbach = blue stars; and East River = pink
diamonds), where the shading corresponds to low (clear) to high (colored)
water discharge (Figure 3). The samples are shown in the context of a

weathering of silicate minerals (e.g., Na*) and oxidative weathering of
sulfides (SO,*") (Figure 5). Following the approach of Horan et al. (2019),

source mixing domain defined by Horan et al. (2019) between Re from a [Re]/[Na*]* value of ~0.01 pmol umol~* could reflect silicate weather-
rock organic carbon, sulfides, and silicate minerals, with Mackenzie Basin ~ ing and an Re source dominated by silicate minerals that are relatively Re
shales (Ross & Bustin, 2009), mafic rocks, Icelandic Rivers, and Coals as depleted. Igneous rocks and Iceland Rivers draining basalt were used by

per Horan et al. (2019). Published data are also shown from the Mackenzie
River main channel (gray circles) (Horan et al., 2019). Dashed lines are
constant proportions of rock organic carbon-derived Re (90%, 70%, and

Horan et al. (2019) to define the composition of a mafic rock endmem-
ber (Figure 5). For sulfide oxidation, a low [Re]/[SO,>"] value of ~0.001

50%) and the gray line is a sulfide:silicate ratio of 0.2:0.8. pmol pmol~' has been proposed (Miller et al., 2011). The oxidation of

OCpetro would thus supply Re with higher [Re]/[Na*]* and [Re]/[SO,*"]
ratios. A set of shale bedrocks from the Mackenzie River Basin (Ross &
Bustin, 2009) support this (Figure 5): their [Re]/[Na*]* and [Re]/[SO,*"]
values decrease with increasing sulfur to organic carbon ratios, confirming that the sulfide source of Re has

alow [Re]/[SO,*"] (Horan et al., 2019).

The river water samples from the three Alpine catchments have [Re]/[Na*]* and [Re]/[SO,>"] values that
can be explained by a mixture of weathering of sulfide, silicates, and OC ., (Figure 5). Atmospheric inputs
of SO~ that have accumulated over time could provide additional input in the Swiss catchments (Thimoni-
er et al., 2005) and this would act to lower the [Re]/[SO,>"] values and shift the ratios away from the OC petro
end member. However, we note that the Erlenbach and Vogelbach have contrasting SO,*~ concentrations
and fluxes (elevated C-Q_, relationship for the Erlenbach—Figure 2b) despite their close proximity, with
the more erosive catchment having a higher SO,>~ flux (Table S3 in Data Set S1). This is indicative of a
supply-limited reaction driving SO,>~ supply, which has been observed for sulfide oxidation in other catch-
ments (Calmels et al., 2007; Torres et al., 2016). Despite the contrast in dissolved SO,>~ and Re fluxes, the
Swiss catchments have similar ion ratios, which suggest a broadly similar Re source, with a higher silicate
Re contribution than the East River (Figure 5). This could come about because of the higher [TOC] in the
Mancos Shale (Morrison et al., 2012; Wan et al., 2019) compared to the Wagital flysch underlaying the Vo-
gelbach and Erlenbach (Smith et al., 2013). Overall, in the three basins the ion ratios are consistent with a
mixing domain that suggests most dissolved Re comes from OC___, with the percentage of Re from OC
being >70% in the majority of the Swiss catchment samples.

petro’ petro

4.2. Hydrological Constraints on Re Pathways of Mobilization

The [Re]/[Na*]* and [Re]/[SO,* ] ratios have been considered in terms of the weathering reactions occurring
in the catchment, and the relative contributions of OC petro? sulfide, and silicate minerals to the dissolved ion
loads (Figure 5). However, these ratios vary notably and increase with runoff in all catchments (Figure 3).
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Figure 6. A conceptual model to explain the link between runoff, [Re]/[Na*] and [Re]/[SO,*"] in the studied catchments (Figure 3). The cartoon shows a
shale-dominated geology, with a sulfide oxidation front that has formed below the surface near the water table. Above the sulfide oxidation front negligible

sulfide minerals remain, whereas rock organic carbon (OC

petro) is still found. (a) Under base flow conditions, flows through the saturated zone (blue arrows)

can dominate the water budget over flows through the seasonally saturated zone (red arrows) comprising soil and saprolite. (b) During rainfall as water
discharge increases, flows through the unsaturated zone increase in their relative importance. The dissolved ion concentration is indicated by the relative size

of symbols (Re = circle, Nat =

star, SO,*~ = square). (c) A schematic view of the depletion of OC

petro (based on Figure 4), sulfides, and silicates (based on Wan

et al., 2019, 2021) for the East River, wuh the conceptual model that explains the catchment hydrochemistry: Re is preferentially sourced from the unsaturated
zone where OC__ is present, SO,>~ mobilized from the sulfide oxidative front, whereas enrichment in Na* requires longer flow pathways and/or greater fluid

petro
residence times.

Here, we discuss these patterns in the context of Re transport by different hydrological pathways, seeking to
build a conceptual model to better understand Re mobilization during shale weathering (Figure 6).

The pathway and residence time of flowing water in catchments can impact the source and concentration
of ions in streams and rivers (e.g., Barnes et al., 2018; Maher & Druhan, 2014; Maher et al., 2006). At low
flow (or “base flow”), water in streams is generally considered to represent the pathways with the longest
residence time (Anderson et al., 1997; Maher, 2011; McDonnell et al., 2010). Longer periods of interaction
between water and soil or rock can increase the concentrations of elements derived from the slowest react-
ing minerals, as the fluid and solids approach chemical equilibrium (Maher et al., 2006). In contrast, during
rainfall events, throughput of water by rapid and/or shallow flow pathways should have little time to inter-
act with solids, and the fluids will be more dilute (Calmels et al., 2011; Hagedorn et al., 2000). The contrast
between low and high flow is likely to be most pronounced for ions derived from minerals with weathering
timescales that are comparable to subsurface residence times (Maher & Druhan, 2014).

In the Erlenbach and Vogelbach, Von Freyberg et al. (2018) quantified the “young water fraction,” the aver-
age fraction of flow that is younger than ~2-3 months (Kirchner, 2016), and find that it is correlated with
water discharge. In the Erlenbach and Vogelbach, the lowest discharges have a young water fraction of
~0.3 and ~0.2, respectively (Von Freyberg et al., 2018), which suggests 70%-80% of the water has resided
in the catchments for more than ~2-3 months. At high flow, the young water fraction reaches ~0.5 in the
Erlenbach (Von Freyberg et al., 2018). A quantitative assessment has not been made for the East River, but
a similar role of flow pathways and fluid residence time has invoked to explain the mobilization of solutes
from carbonate, silicate, and sulfide mineral weathering (Winnick et al., 2017; Zhi et al., 2019). Overall,
these contrasts in fluid residence times with water discharge can explain the observed increase in [Re]/
[Na*] ratios with runoff in the catchments (Figure 3a). Base flow contributions become relatively enriched
in Na* from silicate weathering, while higher discharges are dominated by younger waters that are relative-
ly depleted in Na* (Figure 6b).
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The changes in the relative concentrations of dissolved ions with discharge (Figure 3) can also reflect chang-
es in mineral abundance and the location where reactions occur in the weathering zone (Figure 4). This
is particularly the case for oxidative weathering reactions, because the availability of gaseous or dissolved
oxygen and mineral phases for weathering is so important (Bolton et al., 2006). The formation of oxidative
weathering fronts is a common observation, where sulfides and OC 0 show pronounced depletion near
the surface where oxygen availability is greater (Brantley et al., 2013; Gu et al., 2020; Petsch, 2013; Wan
et al., 2019; Wildman et al., 2004). The porous, unsaturated vadose zone can experience high rates of oxi-
dative weathering (Soulet et al., 2018, 2021), while saturated conditions can quickly consume dissolved O,
in porewaters where sulfide minerals are present and react quicker than 0C o (Bolton et al., 2006). This
can result in the formation of a deeper weathering front for sulfide minerals compared to 0C o (Bolton
et al., 2006; Petsch et al., 2000; Wildman et al., 2004). Indeed, the soil profiles from the East River suggest
the OCPE[m and Re reaction front (Figure 4b) is shallower (~60-70 cm) than the sulfide reaction front, which
is ~2-4 m depth at a nearby site (Wan et al., 2019, 2021). These observations help to explain the changes
in ion ratios with discharge (Figure 3). At high flow, younger surface waters may flow through weathered
materials where sulfides have been more depleted, but Re and 0C o have not (Figure 6b), while at mid-to
base flow, a higher contribution of ions derived from sulfide-oxidation might be expected. This would act to
increase [Re]/[SO,*"] ratios with runoff (Figure 3).

Another explanation for the patterns in the data would be to invoke secondary processes operating during
weathering that alter the dissolved [Re], [SO,*"], and [Na*] and their respective ratios. These include the
role of cation exchange (Tipper et al., 2021), which for shale bedrocks could influence the measured [Na*].
One might expect that cation exchange could operate when young, Na-depleted surface waters interact with
exchange sites on sediments at high flow. However, the C-Q relationship for Na* (Figure 2b) shows notable
dilution, so it is difficult to invoke this process here. Alternatively, secondary mineral formation could play
a role, although Re is not thought to be removed from solution into secondary iron oxy-hydroxide phases
during weathering (Horan et al., 2020), both dissolved Re and SO, could be prone to reduction (Turchyn
et al., 2013) and immobilization of ions in deeper, anoxic flow paths (Calmels et al., 2011). However, it is
difficult to invoke these processes to change the [Re]/[SO,*"] and [Re]/[Na*] patterns observed here. In the
future, additional insight may come from paired analysis of dissolved Re with other redox-sensitive trace
metals, or indeed Re isotopes (Dellinger et al., 2021).

In summary, we can explain the higher [Re]/[SO,*"| and [Re]/[Na*] ratios at higher water discharge by
considering the hydrological pathways operating and the distribution of OC, o Re, and sulfide minerals
in the shallow subsurface (Figures 4 and 6). The data support that Re is derived from reactions happening
where gaseous and dissolved O, can react with OC 0 (Jaffe et al., 2002), which are likely to be closer to
the surface in the unsaturated zone, where water resides for shorter periods of time. The conceptual model
we put forward builds on those proposed for shale catchments from the perspective of solutes from sulfide
oxidation and carbonate and silicate mineral weathering (Winnick et al., 2017; Zhi et al., 2019). Our ob-
servations also suggest that Re (and other redox-cycling elements) may provide a useful insight as a tracer
of water flow through the vadose zone. When combined with more traditional water source tracers (e.g.,
Cl-, stable isotopes of river water), redox-sensitive trace elements could provide improved insight on water
pathways in river catchments (Knapp et al., 2020). That said, it is important to note that this behavior may
be catchment specific, and depend upon the Re, OC, i, and sulfide content of rocks, while the denudation
rate and water table depth will together set the depth of the oxidative weathering fronts (Bolton et al., 2006;
Brantley et al., 2013; Gu et al., 2020; Soulet et al., 2021; Wan et al., 2019).

4.3. Dissolved Re Yields and Oxidative Weathering of OC

petro

For the Swiss Rivers, the dissolved Re yields (Table S3 in Data Set S1) are 1.6 times higher in the Erlenbach
(1.24+005/_ . x 1072 mol km~2 yr~*) than the Vogelbach (0.79 %%/ _ ' x 102 mol km~2 yr~*). The suspend-
ed sediment yield in the Erlenbach (1986-1989 = 1225 t km~2 yr~1) is 1.7 times higher than the Vogelbach
(725 t km—2 y~1). These new measurements agree with observations from mountain rivers in Taiwan, where
dissolved Re yields are correlated with physical erosion rate (Hilton et al., 2014). We note that the instan-
taneous [Re] values are not linked to suspended sediment concentration at the time of sampling, because
[Re] is negatively correlated with runoff (Figure 2c) while suspended sediment concentration increases as
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* . Swiss streams (this study)

@ Mackenzie Basin (Horan et al., 2019)
@ New Zealand (Horan et al,, 2017)

@ Taiwan (Hilton et al., 2014)

a power law function of runoff (Keller & Weibel, 1991). Therefore, the
link to sediment yield operates over longer timescales than single runoff
events, associated with those of weathering reactions.

© Yamuna (Dalai et al., 2003)

The 2011-2012 calculated dissolved Re yields (J,,, g km™2 yr~!) for the

Ocpetro oxidation (tC km'2 yr-1)

Erlenbach and Vogelbach can be used to estimate the corresponding rate

. T o é of OCpetro oxidation (]OCpetro-ox’ tC km~2 yr~!) (Hilton et al., 2014; Horan
L . g g et al., 2019) using:
., l/ L
- ‘IOCpemkox = ‘IRe x ([OC] / [Re]mck)x fC x (1 - fgraphite) (3)

where [OC]/[Re] ., is the ratio in sedimentary rocks being weathered (g
g™, f. reflects the proportion of the dissolved Re flux derived from OCpet_
> and fgrapmte accounts for a fraction of graphitic carbon in the rocks that

(1 Ve
& /6 s
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Figure 7. Rock organic carbon (OC
derived from the rhenium proxy for the Erlenbach (red circle) and

Vogelbach (blue star) in the context of published data, versus suspended
sediment yield (t km~ yr™'). Dashed lines show the OC
assuming weathering of only the mass of eroded suspended sediment, for
content of 1.0% and 0.5%, assuming a depletion of x in the OC

may be resilient to oxidation (Horan et al., 2019).

Suspended sediment yield (t km?2 yr™)

of eroded sediment of 0.5.

petro:

For the Erlenbach and Vogelbach we have measurements of [OC]/[Re]
rock (Table S4 in Data Set S1) and a qualitative assessment of f, from dis-
solved ion ratios (Figure 5). This suggests that for moderate to high flows,
~70-90% of the Re is sourced from OC, o (i.e., f is 0.7-0.9). We have no
constraint on f ... in this setting, so we do not account for this term
here. For the Erlenbach and Vogelbach, the OC petro oxidation flux, J,.
petro-ox’ is calculated via Monte Carlo simulation (10,000 iterations) that
accounts for the measured variability in J,, and [OC]/[Re], , and f val-
ues from 0.7 to 0.9 and reported as the median +£1SD bounds. For the
East River, we use the flux-weighted J, estimate and a value of 1 for f,
(Figure 5), but note that the corresponding J,c ..o, is more uncertain. This is because the deepest sam-
ples from the soil profile ([Re] = 6.42 ppb) may not represent the unweathered rocks. Recent work in the
catchment has shown weathering fronts over several meters in the subsurface (Wan et al., 2019, 2021). This
observation, and the inference that rock organic carbon may be contributing to deep soil CO, fluxes at the
Bradley Meadows site (Winnick et al., 2020), mean that the deepest soil samples (Figure 4) are likely to have
undergone some weathering. Therefore, the [OC]/[Re]
profile is not well constrained.

) oxidation yield (tC km=2 yr~1)

oo OXidation rate

petro content

rock D@sed on the deepest sample in the weathering

The estimated J,

ocpetro-ox ValUeEs based on dissolved Re fluxes for 2011-2012 for the Erlenbach and Vogelbach
are 5.7 *%6/_, tCkm~? yr~' and 3.6 **2/_, , tC km~2 yr™!, respectively. For the East River, J,

~2.5tC
km~2yr~1. These are lower than 0C,,,,, oxidation yields estimated for Taiwan and New Zeala(;lcgeltlgiong the Re
proxy where erosion rates are higher (Hilton et al., 2014; Horan et al., 2017). However, they are higher than
those from the Mackenzie River Basin where physical erosion rates are less rapid (Horan et al., 2019), and fit
a general, global pattern of increasing OC ,  oxidation with erosion rate (Figure 7) (Hilton et al., 2014). The
scatter in the global compilation may reflect the OC ,,  content of bedrocks and/or physical and chemical
factors that may protect OCpetro from oxidation (Galvez et al., 2020; Hilton & West, 2020). However, recent
work has shown that climatic factors (temperature and hydrology) can also control oxidative weathering
rates and the resultant CO, flux (Soulet et al., 2021; Tune et al., 2020). Unraveling the relative roles of ero-
sion and climate on CO, emissions from sedimentary rocks thus remains a research priority.

In terms of the net CO, exchange associated with erosion and weathering, the oxidative weathering flux
is lower than the export of biospheric organic carbon by the Erlenbach of 14.0 + 4.4 tC km~2 yr~! (Smith
et al., 2013), which is higher if coarse debris is also considered (Turowski et al., 2016). This potential path-
way of CO, drawdown (Galy et al., 2015) is greater than the median +o value of J, ., o, for the Erlenbach.
The fate of this carbon downstream of this headwater catchment is not known, which makes the overall
impact on the carbon cycle difficult to assess (Clark et al., 2017; Hilton & West, 2020). For instance, if the
eroded OCpetro and biospheric OC escapes degradation during transit (Scheingross et al., 2019) and is deliv-
ered to a long-lived sedimentary deposit, the organic carbon cycle would act as a net sink of CO, by erosion.
However, the median JOCpetro—ox value for the Erlenbach is lower than the corresponding estimates of un-

weathered OCPE‘ro export in the solid load of the river of 10.1 + 1.6 tC km=2 yr~! (Smith et al., 2013). Overall,
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the analysis here suggests that the weathering intensity of OC
malized by the sum of the oxidative weathering flux and OC
catchment, meaning a significant flux of OC

petro (i.e., the oxidative weathering flux nor-
petro €XPOIt in river sediments) is ~40% in this

petro 1S still potentially available for weathering downstream. If
some of the solid load OC o exported by these catchments is retained in floodplains (Fox et al., 2020) and
oxidized during continental transit (e.g., Bouchez et al., 2010), and the biospheric carbon yield remains
similar downstream (e.g., Galy et al., 2007), then erosion could instead act as a source of CO,. To assess the
global impact of OC o oxidation on the carbon cycle, we clearly require more catchment-based estimates,
with those that examine erosion and weathering fluxes in headwater and mountain catchments, and also
as rivers transit large floodplains.

5. Conclusions

We explore the mobility of Re and oxidative weathering in three alpine catchments underlain by sedimen-
tary rocks. Two catchments in Switzerland (Erlenbach and Vogelbach) have similar geology and climate,
but contrast in their erosion rates. We find that dissolved Ca?* fluxes are similar between the catchments
over the study period 2011-2012, but that the dissolved products of oxidative weathering (e.g., SO,*~ from
sulfides and Re from OCpelro) have higher fluxes in the more erosive Erlenbach catchment. This is consistent

with the inference that oxidation of sulfides and rock organic matter are supply limited in many locations
and rates of oxidative weathering can increase with physical erosion rate.

We examine the ratio of dissolved Re to elements derived from silicate mineral weathering (Na*) and sulfide
oxidation (SO,?). When compared to other published measurements, the Re in these rivers is dominated
by an OCpetm source. We find a positive correlation between [Re]/[Na*]* and [Re]/[SO,*"] ratios and daily
runoff in the Erlenbach, Vogelbach, and East River catchments: dissolved Re is relatively enriched at high-
er river flow. We discuss this common behavior in the context of hydrological pathways and weathering
reactions (Figure 6). We suggest that in these catchments, Re is mobilized from a near surface zone where
OC__ _persists. Overall, the behavior of Re in these shale catchments supports the use of this element as a

petro
tracer of OC oxidation.

petro

We apply the Re proxy of OC o oxidation and CO, emissions, with the Erlenbach catchment returning
an estimate of 5.7 *%%/_, / tC km™? yr~!. This is lower than the export of unweathered OC ., (10.1 £ 1.6 tC
km~2 yr~1) and biospheric carbon (14.0 £ 4.4 tC km~2 yr~!) in the suspended solid load of this headwater
catchment. Our work calls for more catchment-based estimates of OC___ oxidation and an improved un-

petro
derstanding of the fate of OC__ as rivers transport sediment downstream.

petro
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