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Abstract Permafrost degradation is altering biogeochemical processes throughout the Arctic.
Thaw-induced changes in organic matter transformations and mineral weathering reactions are impacting fluxes
of inorganic carbon (IC) and alkalinity (ALK) in Arctic rivers. However, the net impact of these changing
fluxes on the concentration of carbon dioxide in the atmosphere (pCO,) is relatively unconstrained. Resolving
this uncertainty is important as thaw-driven changes in the fluxes of IC and ALK could produce feedbacks

in the global carbon cycle. Enhanced production of sulfuric acid through sulfide oxidation is particularly

poorly quantified despite its potential to remove ALK from the ocean-atmosphere system and increase pCO,,
producing a positive feedback leading to more warming and permafrost degradation. In this work, we quantified
weathering in the Koyukuk River, a major tributary of the Yukon River draining discontinuous permafrost

in central Alaska, based on water and sediment samples collected near the village of Huslia in summer 2018.
Using measurements of major ion abundances and sulfate (SO4>7) sulfur (3*S/32S) and oxygen ('#0/'°0) isotope
ratios, we employed the MEANDIR inversion model to quantify the relative importance of a suite of weathering
processes and their net impact on pCO,. Calculations found that approximately 80% of SO, in mainstem
samples derived from sulfide oxidation with the remainder from evaporite dissolution. Moreover, 34S/32S

ratios, '*C/'2C ratios of dissolved IC, and sulfur X-ray absorption spectra of mainstem, secondary channel,

and floodplain pore fluid and sediment samples revealed modest degrees of microbial sulfate reduction within
the floodplain. Weathering fluxes of ALK and IC result in lower values of pCO, over timescales shorter than
carbonate compensation (~10* yr) and, for mainstem samples, higher values of pCO, over timescales longer
than carbonate compensation but shorter than the residence time of marine S04 (~107 yr). Furthermore, the
absolute concentrations of SO4>~ and Mg?* in the Koyukuk River, as well as the ratios of SO4* and Mg?* to
other dissolved weathering products, have increased over the past 50 years. Through analogy to similar trends
in the Yukon River, we interpret these changes as reflecting enhanced sulfide oxidation due to ongoing
exposure of previously frozen sediment and changes in the contributions of shallow and deep flow paths to the
active channel. Overall, these findings confirm that sulfide oxidation is a substantial outcome of permafrost
degradation and that the sulfur cycle responds to permafrost thaw with a timescale-dependent feedback on
warming.

1. Introduction

Perennially frozen sediment or bedrock with variable ice content, called permafrost, underlies 15% of land in the
Northern Hemisphere and is currently warming and thawing in many locations (Biskaborn et al., 2019; Hinzman
et al., 2005; Lachenbruch & Marshall, 1986; Obu, 2021; Osterkamp & Romanovsky, 1999; Serreze et al., 2000).
Permafrost degradation manifests as warming and thickening of the active layer (Anisimov et al., 1997; Brown
et al., 2000; Hinkel & Nelson, 2003; Jiang et al., 2012; Nelson et al., 2021; Shiklomanov et al., 2012; Streletskiy
et al., 2008; Yi et al., 2018), which is the layer of annual thaw overlying the perennially frozen ground. Active
layer deepening is changing the hydrology of Arctic landscapes (Bense et al., 2009; Lamontagne-Hall¢ et al., 2018;
Walvoord & Kurylyk, 2016; Walvoord & Striegl, 2007; Woo, 1986) and the ecological and biogeochemical regimes
that they support (Frey & McClelland, 2009; Jorgenson et al., 2001, 2006, 2013; O’Donnell et al., 2012; Osterkamp
etal., 2000). Biotic and inorganic feedbacks throughout permafrost environments can exacerbate or mitigate landscape
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changes by impacting fluxes of greenhouse gases such as carbon dioxide (atmospheric partial pressure expressed as
pCO,) and methane (CH,) (Grosse et al., 2016; Schuur et al., 2015). A wide range of biogeochemical processes are
relevant for considering the response of landscapes and biogeochemical cycles to permafrost degradation (Tank
et al., 2023), including gas emissions following organic carbon (C,,,) transformations (Billings et al., 1982; Koven
et al., 2013; Oechel et al., 1993; Reeburgh & Whalen, 1992; Schuur et al., 2008, 2009, 2013), changes in the length
of the growing season or type of vegetation (Aurela et al., 2004; Heijmans et al., 2022; Myneni et al., 1997; Sturm
et al., 2001; Waelbroeck et al., 1997; Walker et al., 2006), shifts in the surface energy budget (Chapin et al., 2005;
Randerson et al., 2006), and changes in the rate of river migration (Douglas et al., 2022; Ielpi et al., 2023; Rowland
et al., 2023). Overall, the joint impact of such processes will determine where, and for what duration, permafrost
degradation will act as a positive or negative feedback on climate change (Koven et al., 2011). While it previously
seemed that ecological feedbacks might result in net carbon storage over the coming decades (Abbott et al., 2016;
McGuire et al., 2018; Schuur et al., 2015), this prediction has been complicated by new research into abrupt thaw
such as thermokarst formation (Olefeldt et al., 2016; Turetsky et al., 2020; Zolkos et al., 2018, 2019) and evidence that
emissions can rapidly outpace biomass accumulation in certain circumstances (Schuur et al., 2021).

Many studies have focused on understanding and quantifying the fate of the approximately 1,500 Pg of organic
carbon stored in northern deposits (Canadell et al., 2021; Miner et al., 2022). However, the impact of land-
scape transformations on pCO, also depends on the flux of alkalinity (ALK) into Earth's ocean-atmosphere
system. Formally a titration, ALK reflects the negative charge taken up by dissolved carbon and other acids
and is often approximated as the difference between the charge-equivalent sums of major cations and anions
(Zeebe & Wolf-Gladrow, 2001). Because shifts in the ratio of ocean ALK to ocean-atmosphere inorganic carbon
(IC) can repartition carbon between the oceans and atmosphere, the flux ratio of landscape-derived ALK to
landscape-derived IC (AALK/AIC) impacts pCO, (Broecker & Sanyal, 1998; Hilton & West, 2020). Note that
here we use AIC to refer to changes in the sum of atmospheric CO, and dissolved inorganic carbon (DIC), analo-
gous to the use of ADIC in prior studies (Kemeny & Torres, 2021; Kemeny et al., 2021a; Torres et al., 2016), in
order to reduce confusion between the in situ DIC of particular water samples and the calculated impact of chem-
ical weathering on the total IC content of the ocean-atmosphere system. Modern pCO, is relatively insensitive
to equal changes in marine ALK and DIC, meaning that sets of landscape processes that lead to AALK =~ AIC
will, on short timescales, impact the total amount of carbon in the ocean-atmosphere system without altering
pCO,. Understanding the impact of warming and landscape change on processes that generate or consume ALK
is a major knowledge gap for predicting and modeling permafrost carbon-climate feedbacks (Drake et al., 2018b;
Frey & McClelland, 2009; Kang et al., 2022; Tank et al., 2012a, 2012b, 2016, 2023; Toohey et al., 2016).

Weathering of carbonate minerals is a major source of dissolved cations to the Yukon River Basin (Brabets et al., 2000)
and produces ALK and IC in a 2:1 ratio (Equation 1, with a as a compositional constant). The weathering of silicate
minerals, important in certain tributaries of the Yukon River (Kang et al., 2022), generates ALK without producing
IC (Equation 2, with /3 as a compositional constant). The production of sulfuric acid (H,SO,) through weathering of
sulfur-bearing minerals such as pyrite (FeS,) removes ALK from the ocean-atmosphere system without impacting IC
(Equation 3). Here we follow standard convention and use “sulfide oxidation™ to refer to chemical weathering processes
that release SO,>~ and consume ALK, such as the oxidation of pyrite, but note that “‘sulfuric acid production” is more
accurate because atmospheric pCO, is impacted by release of S0,* without a partner cation rather than by the oxida-
Org) to CO, and
S0,* impacts ALK and IC in a ratio dependent on the stoichiometry of the organic matter. If silicate and carbonate

tion itself (Kemeny et al., 2021a). Aerobic oxidation of organic carbon (Equation 4) and organic sulfur (S,

weathering are enhanced through permafrost degradation, the associated ALK fluxes would offset a portion of CO,
emissions from C,, oxidation. In contrast, increases in C,, oxidation or H,SO, production could act as a positive feed-
back on rising pCO, by increasing IC or by removing ALK from the ocean-atmosphere system, respectively.

1-—
H* + %CaaMgl_acm - %Ca2+ + %Mg“ + %H2C03 1)
H* + %CapNaz(l_ﬂ)SiO3 - §Ca2* + (1 — p)Na* + %SiOz + %HZO )
1 15 1 loqo 1
-F = —H H* + —F
I eS: + ]602+ > 20 - + 2504 + 3 e,03 3)
CH,0 + O, — H,CO; 4
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The relative abundance of chemical weathering products in rivers can be used to infer the types and magni-
tudes of the weathering reactions happening in their catchments, the net AALK/AIC ratio of weathering, and
the timescale-dependent impacts of weathering on pCO, (Gaillardet et al., 1999; Garrels & Mackenzie, 1967,
Kemeny & Torres, 2021; Négrel et al., 1993). Chemical weathering fluxes only impact pCO, for the duration
over which the landscape-produced ALK and IC fluxes remain in the ocean-atmosphere system. For exam-
ple, on timescales longer than ~5-10 kyr, the characteristic timescale presumed for carbonate compensation
(Archer et al., 1997), the impact of carbonate weathering is reversed through the production and burial of marine
carbonate. The timescale for the impact of sulfide oxidation to be reversed is often assumed to be the approx-
imately 10 Myr residence time of modern sulfate (S04>7), although this value should be viewed cautiously
due to long-term increases in the concentration of marine SO,>~ and our developing understanding of linkages
between marine SO4>~ concentration and output fluxes (Lerman et al., 2007; Lowenstein et al., 2003; Spence &
Telmer, 2005; Torres et al., 2014).

Several lines of evidence suggest an important role for changing sulfur fluxes in Arctic rivers. Ata C, /S molar

ratio of 337, the median value for the sediment samples we report here, the 1,500 Pg C__ in high-latitude deposits

or
would constitute ~370 Tmol S, a large reservoir. Within the Yukon River Basin, Toohiy et al. (2016) suggested
that sulfuric acid production increased between 1982 and 2014 based on observations of increasing fluvial
S0,% fluxes. Without constraints from SO,>~ 34S/32S and '80/'0 isotope ratios, however, Toohey et al. (2016)
could not determine whether the rising SO4>~ fluxes resulted from enhanced sulfide oxidation or from enhanced
dissolution of evaporite deposits (Burke et al., 2018; Burt et al., 2021; Calmels et al., 2007; Relph et al., 2021;
van Stempvoort et al., 2023). In the Mackenzie River, Zolkos et al. (2018) identified extensive sulfide oxidation
associated with the development of thermokarst. These prior studies establish that permafrost deposits can be
a substantial reservoir of sulfur vulnerable to transformation under a warming climate and motivate additional

research into the relationships among permafrost thaw, sulfide oxidation, and pCO,.

Here we expand on such prior research by reporting a suite of geochemical observations in water and sediment
samples collected from sites along the Koyukuk River, a major tributary to the Yukon River that drains discon-
tinuous permafrost in central Alaska (Brabets et al., 2000; Obu et al., 2019). To distinguish among chemical
weathering reactions and microbial transformations, as well as to quantify the impacts of weathering on pCO,,
we measured the concentrations of calcium (Ca?*), magnesium (Mg?*), sodium (Na*), potassium (K*), chlo-
ride (C17), SO4>~, DIC, and dissolved organic carbon (DOC) in river water, as well as sulfate 3S/32S (§34Ss >
sulfate '30/1°0 (§'80so,), water '80/'°0 (6'80g,0), water D/H (§Dy,0), DIC C/"2C (8'3Cp,), DOC *C/1*C
and "C activity (31*Cpoe and F,,  poc)> and sediment 3#S/32S (8%4S ;. ), in addition to sulfur X-ray absorption
spectra. We used the MEANDIR inversion model to quantify contributions to river solutes from distinct weath-
ering processes and to calculate the AALK/AIC ratio of chemical weathering (Kemeny & Torres, 2021). Finally,
we compared our measurements against historical observations from the Koyukuk River and the Yukon River to
evaluate how the relative importance of weathering processes has changed over the preceding decades.

2. Methods
2.1. Field Methods
2.1.1. Field Sites and Hydrographic Context

We collected water and sediment samples from the Koyukuk River and its floodplain between 28 June and 9 July
2018, with sampling focused near the village of Huslia (Figure 1; Figure S1 for drone imagery in Supporting
Information S1). The Koyukuk River catchment comprises 10.9% of the Yukon River catchment by drainage
area and contributes 12% of discharge at Pilot Station (Brabets et al., 2000). Near Huslia, the Koyukuk River
is a single-threaded channel that meanders through discontinuous permafrost with a mean depth of 12.4 m and
an average width of about 250 m (Figure 1d). The mean width of the Koyukuk River has remained relatively
constant since at least 1978 (Rowland et al., 2019), and the region surrounding Huslia was unglaciated throughout
the last ice age. Fluvial landforms comprise the floodplain, including scroll bar levees, oxbow lakes, sloughs,
and km-scale meanders in the active channel (Figure 1d and Figure S1 in Supporting Information S1). Exposures
of undercut banks provide evidence of permafrost, which was confirmed during fieldwork through identifica-
tion of frozen sediment and ice lenses within sediment cores (Douglas et al., 2021, 2022). Permafrost in scroll
bar deposits is likely to be epigenetic (Drury, 1956; Mann et al., 1995), while permafrost within oxbow lakes,
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Figure 1. Site context and sample maps. (a) The Koyukuk River is a major tributary to the Yukon River within central Alaska. Sampling was focused near the village
of Huslia (large red diamond), and data were compared with prior observations at United States Geological Survey (USGS) sites (small red diamonds). (b) The
Koyukuk River catchment with indicated locations of Huslia, Hughes, and Wiseman. (c) The Middle Fork (MF), Marion Creek (MC), Slate Creek (SC), and South
Fork (SF) headwater catchments vary in size and steepness. (d) Locations of water samples (circles), pore fluid (triangles), and sediment samples (squares) collected
near Huslia. Sediment samples include both permafrost and non-permafrost deposits. Elevation data are (a) ASTER GDEM V2 (EPSG: 4087), (b) USGS NED Digital
Surface Model (EPSG: 3338), and (c) Arctic DEM from the Polar Geospatial Center (EPSG: 3413). Panel (d) is a Global Land Survey image (EPSG: 32605).

thermokarst lakes, or the shallow section of peat bogs may more often be syngenetic (Jorgenson et al., 2020;
Kanevskiy et al., 2014; Kreig & Reger, 1982). Drone and satellite-based optical images did not show evidence of
extensive ground collapse features in the Huslia area. Excess ground ice and thermokarst is present on relatively
older terrain that preferentially occurs away from the active river channel; the hydrological connectivity between
this older terrain and the active river is largely unconstrained.

We measured water discharge five times over the course of the field campaign by performing three to fourteen
bank-to-bank transects across the Koyukuk River using a Teledyne Riopro Acoustic Doppler Current Profiler.
Discharge declined from about 2,390 m?/s to about 1,220 m3/s over the course of the field campaign (Figure 2a).
This decrease was corroborated by pressure sensor measurements, which tracked a 1.9 m decline in river stage
over the same duration. We compared the discharge observations to those at Hughes, located on the Koyukuk
River ~260 km along-river distance northeast of Huslia, where daily or monthly discharge measurements made
by the United States Geological Survey (USGS) are available (Figure 2b). Discharge at Hughes is typically
very low from November through April, increases sharply in May and June with the spring freshet, and remains
elevated throughout July, August, and September. Based on these nearby historical data, we inferred that samples
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Figure 2. Discharge and major ion concentrations in the Koyukuk River. (a) River stage (blue curve) and measured discharge (black symbols) during the 2018
fieldwork. (b) Discharge at Hughes between 1960 and 1982 with monthly averages (diamonds connected by thick black lines) and 10-point moving averages
color-coded by year (rainbow curves). Discharge was typically highest in May and June, elevated throughout July, August, and September, and low from October

through April. Measured (c) Ca?*, (d) Mg?*, (e) Na*, (f) K*, (g) SO4>~, (h) DIC, (i) CI-, (j) 6**Sso,, and (k) 8'*Cp; in mainstem samples. The concentrations of Ca*,

Mg?*, Na*, SO42*, and DIC increased with declining discharge over the course of the field campaign.
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collected from the Koyukuk River in late June and early July represent flow conditions on the falling arm of the
freshet and prior to the full seasonal thaw of the active layer.

One year later, in August 2019, we collected water samples from the Middle Fork (MF), South Fork (SF), Marion
Creek (MC), and Slate Creek (SC) sites near Wiseman, AK, ~650 km along-river distance northeast of Huslia
within the headwaters of the Koyukuk River (Figures 1b and 1c). These headwater catchments consisted of
bedrock streams with sediment primarily supplied by alluvial fans in the Brooks Range. The streams did not have
wide floodplains and we identified permafrost in the eroding banks of the MF site. The catchment areas upstream
of the MF (3,207 km?) and SF (1,838 km?) sample sites are substantially larger than those upstream of the MC
(128 km?) and SC (191 km?) sample sites, while the median slopes of the catchment upstream of the MF (20.8°)
and the MC (24.1°) sample sites are much higher than those of the SF (10.7°) and SC (11.2°) sample sites. No
pore fluid or sediment samples were collected near the headwaters.

The headwaters of the Koyukuk River in the Brooks Range drain an upper crustal assemblage of lithologies
including Paleozoic-Precambrian metasediments, Jurassic-Devonian mafic volcanic and intrusive rocks, Creta-
ceous shale, siltstone, metasediment, and granite, and assorted carbonates (Beikman, 1980; Harrison et al., 2011;
Patton et al., 2009; Till et al., 2008; Wilson et al., 2015). The geologic map of Harrison et al. (2011) includes a
Silurian-Devonian sedimentary unit containing evaporite horizons within the Brooks Range that is not recorded
in other maps; the existence of evaporite minerals throughout the Yukon River Basin has previously been both
observed and inferred (Brabets et al., 2000; Clautice & Mowatt, 1981). Even without surface exposure, weather-
ing of subsurface evaporites could contribute to fluvial dissolved load. The Koyukuk River flows through Creta-
ceous shale and greywacke as it descends from the Brooks Range toward Huslia (Beikman, 1980) and through
Cretaceous igneous lithologies near Hughes (Patton et al., 2009). The geology near Huslia is mapped as either
Lower Cretaceous intermediate volcanic rock (Beikman, 1980) or Quaternary alluvial and eolian deposits (Patton
etal., 2009; Wilson et al., 2015), and exposure of cross-stratified beds >3 m tall and interpreted to be aeolian were
visible beneath the village (Wolfe et al., 2011). The Koyukuk River is currently reworking its own floodplain and
bar deposits and no bedrock exposures were seen or sampled during the 2018 field campaign.

2.1.2. Sample Collection

Water sampling was primarily focused along the active channel (n = 49) of the Koyukuk River, with additional
samples collected from secondary channels (n = 5) of the Koyukuk River and the active channel of the Huslia River
(n =4). The secondary channels, which we will refer to as sloughs, are likely former channels of the Koyukuk River
that have been partially abandoned through cutoff. Unlike features such as oxbow lakes, the sloughs generally retain
upstream and downstream connections to the main channel. The sloughs mostly appeared to be flowing during the
field campaign, albeit slowly relative to the active channel. To further constrain chemical weathering and sulfur
cycling, water samples were also collected from lakes surrounding Huslia (n = 6), from meteoric precipitation (n = 4),
from pore fluids drawn from bank and floodplain sediment (n = 19), and from the Koyukuk River headwaters (n = 4).

Twenty-four of the mainstem samples and all of the headwater, slough, and lake samples were surface waters
collected into 50 mL plastic syringes that were sampled either from shore or onboard small boats. When possible,
we used a Hydrolab multiprobe to measure the temperature, conductivity, and pH of water samples. The samples
were filtered through 0.22 pm porosity 25 mm diameter nylon syringe filters into MQ-washed 60 mL polypropyl-
ene bottles for anion analysis, acid-washed 60 mL polypropylene bottles for cation analysis, and two 12 mL Labco
exetainer vials for DIC and water isotope analysis. Sample containers were rinsed with filtrate prior to collection
and cation splits were acidified with two drops of 16 N high-purity nitric acid (HNO,). Additional samples for
cation and anion analysis collected near an upstream confluence were filtered into exetainer vials instead of poly-
propylene bottles but were later determined to have substantial blanks and were excluded from further analyses
(Figure S2 in Supporting Information S1). The four precipitation samples were collected into a bowl in Huslia,
~1.5 km inland of the mainstem river, and were syringe filtered.

In addition to the syringe-filtered samples, 25 mainstem Koyukuk River samples and the four samples from the
Huslia River were collected as filtrate in the course of filtering water for suspended sediment analyses. For these
samples, approximately 8 L of river water was collected using a Van Dorn sampler from either the river surface
or from within the water column and temporarily stored in 10 L plastic bags. To accommodate different sampling
objectives, the water was then passed through either a 0.2 pm 142 mm diameter nitrocellulose mixed ester (MCE)
filter or a 0.2 pm 142 mm diameter polyethersulfone (PES) filters. MCE filters were used for all 25 mainstem
samples and one sample from the Huslia River, and PES filters were used for the other three samples from the
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Huslia River. MQ blanks collected for filtering with nylon and PES filters had negligible SO4>~ concentrations
and suggest no sulfur leaching from the PES filters. Sediment was later harvested from MCE and PES filters by
sonicating them in MQ water and gently scraping with a spatula. Due to the potential sulfur contamination that
can occur when scraping the PES filters, we report sulfur observations only for sediment harvested from MCE
filters.

Filtrate from three mainstem, one lake, and one Huslia River sample was collected into five 1 L amber bottles
for measurement of the 'C activity of DOC. The filtrate was acidified with 20 drops of high-purity HCI. Two
of these mainstem samples were passed through PES filters and the other three samples through MCE filters.

Pore fluid samples of bank and floodplain sediment were collected using Rhizosphere Rhizon samplers with
0.15 pm pore size. Most of these pore fluids (n = 14) were collected from multiple depths <1 m deep at three
neighboring sites (Figure S6 in Supporting Information S1). The remaining pore fluids were collected from
two additional sites on the bank of the active channel (Figure 1d). Samples for different chemical analyses were
collected based on available volume, and cation splits were acidified with 16 N HNO,.

Sediment samples were collected from the Koyukuk River banks and floodplain near Huslia to study sulfur
and carbon cycling across the alluvial system (Figure 1d; Douglas et al., 2021, 2022). All sediment samples
collected from each individual site were classified as permafrost when ice cement or ice lenses were visible and
as non-permafrost when ice cement was not recovered to the depth of collection. Unfrozen cut banks and point
bars were sampled by hand, cores were augered into unfrozen material, and we used a Snow, Ice, and Permafrost
Research Establishment (SIPRE) corer when necessary. Sediment samples were stored in Whirlpak bags and
kept frozen until processing. Previously, Douglas et al. (2021) reported observations of microbial community
composition in a subset of these sediment samples and Douglas et al. (2022) reported stratigraphic sections and

observations of grain size, §'°C___, and *C activity.

org’

2.2. Laboratory Methods
2.2.1. Ion Chromatography Measurements

Major ion concentrations were measured by ion chromatography in the Resnick Water and Environment Labo-
ratory at the California Institute of Technology. Concentrations of Ca?*, Mg?*, Na*, and K* were measured on a
Dionex ICS-2000 with guard column (CG12A 2 X 50 mm), separator column (CS12A 2 X 250 mm), suppressed
conductivity, and a 20 mM isocratic methanesulfonic acid eluent. Concentrations of C1~ and SO4%~ were meas-
ured on a Dionex ISC-3000 with guard column (AG29 2 X 50 mm), separator column (AS29 2 X 250 mm),
suppressed conductivity, and an isocratic 4.5 mM Na,CO,/2.5 mM NaHCO, eluent. Measurement precision was
quantified through replicate analysis of samples, the MAURI-09, SUPER-05, and CRANBERRY-05 reference
materials from Environment and Climate Change Canada, and the in-house river water consistency standard
Switzer Falls (Burke et al., 2018) (Table S1 in Supporting Information S1). Quantified as the least reproducible
value across materials, the 1o precision of SO4>~ (3.9%), Mg+ (3.2%), Na* (2.4%), and K+ (4.4%) were consistent
with expectations (Table S1 in Supporting Information S1). Although the Relative Standard Deviation (RSD) of
Cl~ measurements in SUPER-05 (2.1%) and MAURI-09 (7.3%) were also reasonable, the mean precision of C1~
in replicate sample measurements was worse (14.4%) and likely reflects that the concentration of C1~ is <10 pM
in >90% of the samples. The 16 RSD for Ca* was 3.3% in CRANBERRY-05 (n = 2) and 12.1% in MAURI-09
(n = 3), with a mean value of 1.1% across 15 sets of sample replicates with 2-3 measurements each. An anoma-
lously poor Ca?* precision was previously observed for MAURI-09 and does not appear to represent the precision
of the Ca?* concentration measurements. The precision of each major ion measurement was taken as the larger
of replicate sample measurements or the least reproducible consistency standard for that element, excluding the
Ca”* measurements of MAURI-09. For comparison to measured DIC, the concentration of HCO;~ was calculated
as the charge-equivalent difference between the sum of Ca?t, Mg?*, Na*, and K* and the sum of S04* and ClI-.
Note that the following analyses reference both the sum of dissolved cations (£* = Ca?* + Mg?* + Na* + K*, in
charge equivalents) and the sum of dissolved cations and SO,>~ (Z* = =+ + SO,>", in charge equivalents).

2.2.2. MC-ICP-MS Measurements of 5*Sg,

The 34S/32S isotope ratio of dissolved SO4>~ was measured to distinguish between SO,>~ derived from sulfide
oxidation and SO~ derived from evaporite dissolution. The 534850, values (34Rsample/34R 1, where R is
the 34S/32S ratio of SO4>~ and §**S is reported in %) of 56 water samples were measured by Multicollector Induc-

standard
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tively Coupled Plasma Mass Spectrometry (MC-ICP-MS; Neptune Plus) at the California Institute of Technology
(Burke et al., 2018; Paris et al., 2013, 2014). Sample aliquots containing approximately 7.5-470 nmol SO,*~ were
evaporated within Savillex PFA vials, SO,>~ was chromatographically isolated using AG 1-X8 anion exchange
resin, column effluent was matrix matched to an in-house Na,SO, standard, and 348/328 ratios were measured
as sets of 50 cycles with sample-standard bracketing. Anomalous 34S/32S measurements were identified statis-
tically (>30) and removed from the analysis, as were individual cycles associated with large changes in signal
strength and entire sets of cycles following substantial fluctuations in mass biasing. The standard deviation of
error-normalized deviations ranged from 2.2 to 9.0 across six analytical sessions (John & Adkins, 2010). We
report 84S values using the means of 3*S/3?S ratios corrected for both instrument blank and procedural blank,
the latter of which averaged 0.44 nmol of SO,*~. Consistency standards included seawater, which was measured
as having a 5*Ssp, value of 21.1 + 0.3%o (n = 34, 20), and the in-house reference material Switzer Falls, which
was measured as having a §*Sgo, value of 4.2 + 0.2%o (n = 38, 20) (Burke et al., 2018). Among 14 samples
independently processed twice, the mean of twice the difference in §*S between the two external replicates was
0.3%o. Overall, 16 samples were measured more than twice, 32 samples were measured twice, and 8 samples
were measured only once. The precision of SO,>~ §**S for each sample is reported as the larger of either the
standard deviation of blank-corrected 3*S/32S determinations or the reproducibility of seawater (26 = 0.3%o).

2.2.3. IRMS Measurement of 5"Oso,

The '80/'90 isotope ratio of dissolved SO4>~ was also measured to distinguish SO,>~ generated through sulfide
oxidation from that sourced through dissolution of evaporites. The §'®Ogo, values of 14 mainstem river, slough,
headwater, and pore fluid water samples were measured at the Environmental Isotope Laboratory in the Depart-
ment of Geosciences at the University of Arizona. Unacidified water samples were passed through a 0.45 pm
filter to remove particulates, HC] was added to prevent subsequent precipitation of BaCO,, the solution was
put on a hot plate, 0.5 M BaCl, was added to induce precipitation of BaSO,, the solution was passed through
a second 0.45 pm filter, the filter was dried, and BaSO, was recovered by scratching the powder off the filter
without digging into the underlying material. The recovered powder was combusted in a ThermoQuest Finnigan
TC/EA at 1375°C in the presence of excess carbon, and the '%0/'°O ratio of produced CO was measured on a
Thermo Electron Delta V mass spectrometer. Values of 5'30504 were corrected to the VSMOW scale using an
in-house barium sulfate standard, which was calibrated against NBS-127, and are reported with a precision of
0.8%o (26). Due to limited sample volumes (~50 mL), most samples did not contain sufficient SO4>~ for recovery
of BaSO,, meaning that the 5'8Ogo, measurements only capture the isotopic signals of samples with high S04*"
concentrations.

2.2.4. Spectroscopic Measurements of Water §'%0 and D

The '80/'90 ratios of water samples were measured to estimate the 8'30 of SO,>~ formed during sulfide oxidation.
Water 580 and 5D were measured using a Picarro cavity ring-down laser spectrometer at Rice University in July
2018. Instrument drift was corrected using an in-house standard analyzed throughout the run and a memory correc-
tion was performed following Van Geldern and Barth (2012). Measurements were calibrated using the interna-
tional reference standards VSMOW?2 and SLAP2, and reference materials included CIT17 (§'%0 = —9.8 + 0.2%0
(20); 8D = —=73.8 + 1.2%0 (26)) and IA-R064 (§'80 = —12.3 + 0.3%o0 (20); 8D = —98.3 + 2.3%0 (26)). CIT17
was measured as having a §'80 value of —9.7 + 0.4%0 (n = 6, 26) and a 8D value of —74.6 + 2.2%0 (n = 6, 20),
and IA-R064 was measured as having 580 of —12.4 + 0.2%o0 (n = 5, 26) and 8D of —97.6 + 1.2%0 (n = 5, 20).
Sample precision was taken as the larger of the precision among repeated injections and the least reproducible
8'30 and 8D measurements of CIT17 and IA-R064 (0.4%o (26) for 8'80 and 2.2%0 (20) for D). Water isotope
ratios were measured immediately after the 2018 field season; the 5'80 and 8D values of the four headwaters
samples were not measured as they were collected opportunistically in 2019.

2.2.5. Spectroscopic Measurements of DIC and §'3C

The concentration and '*C/'?C ratio of DIC were measured to constrain the relative importance of carbonate
weathering, C, oxidation, and CO, degassing. The DIC concentration and 813Cpc values of 61 samples were
measured using a Picarro cavity ring-down laser spectrometer at the University of Southern California in August
2018 following the method of Subhas et al. (2015). Values of §3Cp, were calibrated to the VPDB scale using OPT
Calcite (8"°C = 2.47%o, 12.002 wt% C) in the first analytical session and using AR-15 (8§'3C = —9.65 + 0.03%o,
8.23 + 0.1 wt% C) in three subsequent sessions, while the concentration of DIC was calibrated using OPT
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Calcite in all four analytical sessions. Both OPT-Calcite and AR-15 are in-house standards that were previously
calibrated to the VPDB scale at UC Davis. When not being used as an accuracy standard, OPT Calcite was
measured as having a §'°C value of 2.4 + 0.3%0 (n = 11, 26). AR-15 was measured as having a carbon abun-
dance of 8.2 + 0.5 wt% (n = 20, 20). The precision of §!3C},. measurements was taken as the reproducibility of
OPT-calcite 8'3C (0.3%o, 26) and the precision of DIC concentration was reached through multiplying measured
DIC concentration by the RSD of repeated AR-15 measurements (6.7%, 20).

2.2.6. Accelerator Mass Spectrometry Measurements of §3C,,. and F,, , noc

The '*C activity and '*C/'C ratio of DOC in five samples was measured to constrain the timescale over which
C,, oxidation might impact pCO,. The '*C activity and '*C/'*C ratio of DOC were measured at the Acceler-
ator Mass Spectrometry Lab at the University of Arizona. Organic carbon was extracted at the AMS facility
approximately 1 month after collection and processed following the method of Leonard et al. (2013). We report
the 13C/"2C measurements as §'3Cp . and the *C measurements as fraction modern (F,, 4 poc)-

2.2.7. EA-IRMS Measurements of Sediment §34S

The 3S/32S ratio of sediment samples was measured to study sulfur cycling in the floodplain surrounding Huslia.
The 83 of 17 sediment samples from nine unique sites was measured at the California Institute of Technology
across three analytical sessions during August 2020. Collected sediment samples were oven-dried, homogenized
with agate mortar and pestle, and split by coning-and-quartering or in a riffle splitter (Douglas et al., 2022). The
sediment was then weighed and burned in the presence of V,0; within a Thermo Flash Elemental Analyzer and
the gas was directed through a Conflo-1V interface into a Thermo Delta V mass spectrometer. Samples were
corrected for capsule blank and calibrated to the VCDT scale using IAEA-S1 and IAEA-S2. Overall, 11 samples
were measured two times, five samples were measured three times, and the sample KY 18-Bank1-Peat was meas-
ured six times. The precision of sediment §34S was taken as the larger of either repeat 83*S determinations or the
precision of sample K'Y 18-Bank1-Peat, which was measured as having a S value of 1.6 + 0.5%0 (n = 6, 20).
The sulfur abundance of sediment ranged from 0.023 wt% to 0.176 wt%. The precision of sulfur abundance meas-
urements was taken as the larger of either repeat determinations or the 17% RSD of repeated KY18-Bank1-Peat
measurements (0.176 + 0.03 wt%, n = 6, 20).

2.2.8. X-Ray Absorption Near-Edge Structure Measurements

X-ray Absorption Near-Edge Structure (XANES) spectroscopy provided pm-scale information on the redox
state and electronic structure of sulfur in samples of floodplain and suspended sediment. XANES measurements
across the sulfur K-edge were conducted on beamline 14-3 of the Stanford Synchrotron Radiation Lightsource
at the SLAC National Accelerator Laboratory during four analytical sessions between February 2019 and March
2020. The energy of the incident X-ray beam was obtained using a Si(111) crystal in the monochromator and cali-
brated by defining the first pre-edge feature of sodium-thiosulfate at 2,472.02 eV. Fluorescence from the sample
was monitored using a 4-element Vortex Si drift detector (Hitachi) using Xspress3 pulse processing electronics
(Quantum Detectors). Samples were prepared by inverting sediment vials onto sulfur-free mylar tape, which was
then covered with mylar film, secured to sample trays, and mounted inside a helium-purged chamber.

Our workflow consisted of first mapping a region of each sample at an incident energy at or above the sulfur
K-edge at relatively coarse resolution to identify areas of high sulfur abundance, and then either collecting spec-
tra at those positions or further characterizing interesting regions through high-resolution mapping at multiple
incident energies characteristic of the resonances of specific sulfur moieties. In turn, a principal component
analysis of the resulting maps was used to identify areas of spectral diversity that were then targeted for collection
of complete spectra. The normalized fluorescence signals of 1-3 replicate spectra were averaged and baseline
corrected using the program SIXPACK (Webb, 2005, 2020). Spectra collected on floodplain sediment are likely
representative of the sample as they were homogenized prior to analysis, while spectra collected on suspended
sediment might be biased as the sediment was not homogenized after harvesting from filters. Spectra from 96
positions were collected, but 12 of the 43 spectra on suspended sediment and 9 of the 53 spectra on flood-
plain sediment were removed from the analysis because they exhibited substantial baseline noise indicative of
low sulfur abundance. The remaining 75 spectra, collected from six unique suspended sediment samples and 8
unique deposit samples, were fit to five transmission reference spectra from the European Synchrotron Radia-
tion Facility ID21 sulfur XANES spectra database: oxidized glutathione (disulfide), cysteine (thiol), methionine
sulfoxide (sulfoxide), taurine (sulfonate), and anhydrite (sulfate) (Bohic et al., 2008). The fitting was performed
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Parameters for the Three End-Member Isotope Mass Balance Model Used to Calculate the 580 of Sulfuric Acid Produced During Sulfide Oxidation and the 5°*S of
Sulfuric Acid Sources
Calculation variable Minimum Maximum Reference
Gypsum 6*Sso, 10%o 30%o Claypool et al. (1980)
Gypsum §'¥Oso, 10%o 20%o Claypool et al. (1980)
Precipitation SO4>7/Cl~ (pM/uM) 0.07 1.21 Measured
Precipitation §*Sgo, 3.8%o 6.7%o Measured
Precipitation 5'®Oso, 8.3%0 9.1%o Lloyd (1967), Waldeck et al. (2019)
8180 of O, consumed during oxidation reaction 23.5%0 70%0 Kim et al. (2017), Relph et al. (2021)
Fraction O,-derived oxygen 0% 25% Balci et al. (2007), Killingsworth

et al. (2018), Burt et al. (2021)

Oxygen isotope fractionation between SO4°~ and O,: e50,-0, —11.4%o —8.7%o Lloyd (1968), Taylor et al. (1984b), Balci

et al. (2007)

Oxygen isotope fractionation between SO,*~ and H,O: 50 4—HyO 0%o 4.1%0 Taylor et al. (1984b), van Everdingen and

Krouse (1985), Balci et al. (2007)

Note. We used measured values for the mean and standard deviation of sample 53*Sso,, 5'30s0,, and 5'8Op, 0, as well as for precipitation 53*Sso, and S04*/Cl-. For
headwater samples lacking measurements of 5'80y,, we used the mean and standard deviation of §'®Oy,o in mainstem samples. The §'®Ogo, of precipitation was

assumed to equal marine 5" Oso,.

in MATLAB as an optimization to minimize proportional misfit, with the contributions from reference spectra
constrained to be positive and without constraint on their sum, and with equal weighting for all points between
2,470 eV and 2,490 eV where the relative fluorescence response was >0.1 (Manceau & Nagy, 2012; Prietzel
et al., 2011). The normalized fractional contributions of the disulfide, thiol, and sulfoxide reference spectra were

then summed to reach the statistic F'_;, which approximately reflects the fractional importance of reduced sulfur

red’

moieties to each spectrum (Kemeny et al., 2021b; Torres et al., 2020).

2.3. Data Analyses
2.3.1. Thermodynamic Calculations in PHREEQC

We performed three thermodynamic calculations of aqueous carbon speciation using PHREEQC version 3 for
macOS with the phreeqc.dat database (Parkhurst & Appelo, 2013). First, we calculated the equilibrium CO,
concentration for each river water sample at an atmospheric pCO, of 410 ppm and measured temperature.
Second, we calculated DIC speciation for each sample at the measured temperature and pH and compared in situ
CO, to the equilibrium value. The in situ CO, concentration exceeded the equilibrium CO, concentration in most
samples and motivated including degassing within inversion calculations. We then calculated the §'*C of CO,,
HCOs~, and CO,*~ within each sample using the fractionation factors of Mook (1986) and took the difference
between calculated 5'3Cco, and measured 8'3Cpy as the range of allowable degassing fractionation factors within
the inversion calculations. Third, we calculated the amount of DIC that must be added to each sample to decrease
pH to 5.0 or 6.0 without the addition or removal of any major ions. This DIC must be added in the form of CO,
as we held ALK constant and thus established, for a given initial pH, an approximate upper limit on the amount
of CO, that could have degassed from each sample prior to collection.

2.3.2. Monte Carlo Mixing Model for Calculating 6S of Sulfuric Acid Sources

Because the §°*S of sulfur-bearing phases in the Koyukuk River catchment is unknown, we used a three end-member
Monte Carlo isotope mass balance model to calculate the 83*S of a theoretical end-member representing the
mass-weighted SO,>~ contributions of all end-members that produce sulfuric acid during weathering. The calcu-
lation followed Relph et al. (2021) (Table 1). On a given iteration, we first calculated the amount of SO,>~ derived
from precipitation by assuming that all river C1~ was sourced from precipitation (Equation 5). Second, we calculated
the values of river water 5345504 (Equation 6) and 5180504 (Equation 7) with precipitation removed, indicated with
the superscript *; due to the low C1/SO,> ratios of the river samples, the precipitation correction altered mean
5%*Ss0, by only 0.00-0.10%0 and altered mean §'8Oso, by 0.01-0.16%o. The resulting mixing problem was then
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solved using 5'80204, 5"8050,-evaporites aNd 818050, -sulfide-ox.» With the latter calculated using the measurements of
5'80y,0 and estimates for 5'8Qo,, the fraction of SO4*” oxygen derived from atmospheric O,, and the fractiona-
tions between SO4>~ and O, (€50,-0,) and between S04* and H,0 (es0,-1,0) (Table 1; Equations 8 and 9) (Relph
et al., 2021). Finally, 5**Sso,-suifice-ox Was calculated from the 8'80-derived mixing fraction (Equation 10). We
repeated the calculation 10 times for each sample using randomly selected parameter values and used the resulting
distributions to define the &3S prior for the sulfide oxidation end-member in the MEANDIR inversions.

\ . SO4*”
SO4PreciPitali0n = lCSﬂmF’lc x < ClI” P (5)
preclpnulmn

34 2— _ 534 N 2—
o SSO4—measured X SO4 measured 6 SSOA'PTeC‘P“a“(’“ X SO4 precipitation

Nors Norm

4measured 4 precipitation

634S*
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6

2— -
5|80504-measured x SO 5|80504-precipilalion X S()2

4measured 4 precipitation

18y* —
6 OSO4-mixture - Soz_ SOZ,
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@)
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2.3.3. MEANDIR Inversions Constrain End-Member Contributions and Weathering AALK/AIC

The MEANDIR inversion model was used to partition river dissolved load among end-member contributions
(Kemeny & Torres, 2021). Observations of dissolved Ca2*, Mg2*, Na+t, K+, Cl~, SO,*~, and 534850, were inverted
for contributions from carbonate weathering, silicate weathering, meteoric precipitation, dissolution of evapo-

rite minerals, sulfide oxidation, C_,, oxidation, and CO, degassing from the river (Table 2). The composition

or;
of the carbonate end-member rangefl between calcite and dolomite, the elemental ratios and uncertainty of the
precipitation end-member reflected the four rain samples, sulfide oxidation sourced only SO4*, C,,, oxidation
sourced only DIC, and degassing removed only DIC (Table 2). Based on low ratios of C1/SO,*~ and Cl-/Z+
but moderate values of 5'¥Oso,-n,0 in mainstem samples, the evaporite end-member was assumed to be gypsum
and sourced only Ca?* and SO,*~ with the 6'80s0, and §**Sso, values of Phanerozoic evaporites (Claypool
et al., 1980). The lithologic heterogeneity of the Koyukuk River catchment precluded use of a constrained prior
for the chemical composition of the silicate end-member. Rather, contributions from silicate weathering were
quantified by employing four inversion end-members that each provided exclusively either Ca?*, Mg?*, Na*, or
K* (Cole et al., 2022). A composite silicate end-member was then constructed after the inversion using the contri-
butions from each of the four single-cation end-members. This approach allowed MEANDIR to define a silicate
end-member for each sample that best accommodated the contributions from the other end-members.

Including a degassing end-member in the inversion, motivated by the PHREEQC calculations showing that most
samples were supersaturated with respect to CO,, required defining the maximum allowable amount of degassing
and a range of carbon isotope fractionation factors. We constrained the former by considering how much DIC
must be added to each sample, without addition or removal of ALK, to decrease pH to either 5.0 or 6.0, repre-
senting two possible initial states that then evolved through degassing into the sample that we collected. Based
on the PHREEQC calculations, an average of 71% of the initial DIC at a pH of 6.0 or 96% of the initial DIC at a
pH of 5.0 could have been degassed prior to sample collection. For the scenario described in the main text of this
article, we set a maximum fractional loss of DIC through degassing equal to 2.5 times in situ DIC, corresponding
to the pH 6.0 case. For sensitivity testing, the inversion was also run with a degassing limit of 25 times in situ
DIC, corresponding to the pH 5.0 case, as well as without the degassing end-member (Figures S10-S12, S15 in
Supporting Information S1). The inversions including degassing were free to return lower amounts of degassing
than the maximum values and, depending on 8'3C,, acceptable solutions might not exist near those maximum
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values. Setting a limit on the fractional loss of DIC, as opposed to a fractional contribution to the inversion
normalization variable, required a minor modification to the optimization code used in MEANDIR.

We set the carbon isotope fractionation factor for the degassing end-member to range uniformly between —10.1%o
and —7.6%o. This range reflected the minimum and maximum difference between the calculated 8'3C of in situ
CO, and measured §'*Cp;.. across mainstem and slough samples. This range of fractionation factors and numer-
ical approach does not account for changes in the effective fractionation factor as the dissolved carbon system
adjusted to ongoing degassing, nor does it account for the kinetic isotope effect of CO, diffusion across the
river-atmosphere boundary (Polsenaere & Abril, 2012). For sensitivity testing, the inversion was thus also run
with the degassing fractionation factor ranging from —20%¢ to 0%o and from —10.1%o to 0%o (Figures S13, S14,
and S16 in Supporting Information S1).

The MEANDIR inversion model employed a Monte Carlo sampling strategy to account for uncertainty in
the chemical composition of water samples and end-members. The inversion normalized observations to the
charge-equivalent sum of Ca2*, Mg?*, Na*, K*, SO,>~, and DIC, and converted 5%*Ss0, and 8°Cpy; values
to 3*S/*2S and *C/'2C ratios for the calculations. The optimization used a cost function of proportional misfit
with equal weighting on all variables, did not use Cl~ critical values, constrained most end-member fractional
contributions between 0% and 100%, and only considered simulations successful if they recreated between 95%
and 105% of all major ion observations while being within 1%o of measured 6**Sso, and 8'*Cpy;. values (Kemeny
& Torres, 2021). All but two samples were successfully inverted 250 times in our primary inversion results with
2.5% degassing relative to in situ DIC. The failure to invert two samples, KY18-DP06-S1 and KY18-AKW-22,
was due to their very high values of 8'*Cp. relative to their (Ca®* + Mg?*)/DIC ratios.

The weathering AALK/AIC ratio was quantified from inversion results. We calculated this ratio as a function of
the parameters R and Z, which included Ca*, Mg?*, Na*, and K*, where R is the carbonate fraction of carbonate
and silicate weathering ALK and Z is the fraction of carbonate and silicate weathering ALK offset through
sulfuric acid production (Torres et al., 2016). As discussed below, we quantified the oxidation of C_, but did not
consider this process to represent a source of IC when calculating AALK/AIC.

2.4. Compilation of Prior Observations From the United States Geological Survey

Water quality observations from the Koyukuk River and the Yukon River were compiled to evaluate temporal
changes in river chemistry. Out of 733 USGS sample entries within the catchment of the Koyukuk River, 148
had measurements of Ca?*, Mg2*, Na*, K*, SO4>~, and CI~ concentrations. Sixty-one samples were collected
between 1955 and 1978 from the mainstem Koyukuk River at the village of Hughes (site number 15564900), and
major ion abundance was measured on 23 of the Hughes samples collected between 1955 and 1972. Although
we lack methodological information for the measurement of major ion chemistry in these early samples and
recognize that the methods used to determine the concentration of SO,>~ through time in USGS samples have
changed (Mast, 2013), we include the data from 1955 to 1972 in order to provide the longest possible temporal
perspective. The compilation also includes USGS water quality records for the Yukon River at Pilot Station (site
number 15565447; samples collected from 1954 to 1956 and from 1975 to 2022; n = 1,250 total observations),
the Yukon River at Stevens Village (site number 15453500; 1970-1978, 2000-2005; n = 215), the Yukon River
at Eagle (site number 15356000; 1950-1979, 2000-2005; n = 311), the Tanana River at Nenana (site number
15515500; 1954-2021; n = 626), and the Porcupine River near Fort Yukon (site number 15389000; 1966-1978,
2001-2005; n = 216) (Figures S20-S25 in Supporting Information S1; Schuster, 2003, 2005a, 2005b, 2006, 2
007). We also included the 2002-2003 observations of Dornblaser and Halm (2006), the 2004 observations of
Halm and Dornblaser (2007), the 2006-2008 observations of Schuster et al. (2010), the 2009-2014 observations
of Herman-Mercer (2016), and the 2014-2018 observations of Foks et al. (2020).

When comparing observations from the Koyukuk River through time, it is desirable to adjust measured concen-
trations to a reference discharge in order to remove artifacts associated with sampling different portions of the
hydrograph. We choose a reference value of 625 m?/s, which is approximately the median value of daily discharge
at Hughes reported by the USGS from June through September, and the adjustment was done by applying a power
law correction (Equation 11) using the exponent calculated from paired observations of discharge and concen-
tration at Hughes (Equation 12; Figure S8 in Supporting Information S1). Because our new river water samples
were not individually associated with discharge measurements, when scaling our geochemical observations, we
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considered the full range of observed discharges between 1,220 and 2,390 m3/s (Figure 2a). Likewise, because
discharge is unavailable for most of the USGS survey data, for these observations we considered the mean and the
5th to 95th percentiles of discharge at Hughes during the month in which each sample was collected.

Q() SCrve -bZ
[Z+] reference = [Z+] observed . ( ﬁ ) (1 1)
2] ughes = K2 X(Ortozs) ™ (12)

3. Results
3.1. Major Ion Chemistry

The cation budget of river water and pore fluid samples was dominated by Ca?* and Mg?*. The concentration of
Ca?* in mainstem samples ranged from 840 to 1,065 pM, the concentration of Mg?* ranged from 519 to 723 puM,
the concentration of Na* ranged from 66 to 106 pM, and the concentration of K* ranged from 9 to 11 pM
(Figure 2). Cation concentrations were higher in the headwater samples, with Ca** and Mg?* concentrations
exceeding 3 mM in the sample from the MF catchment. Overall, Ca®* represented 49%—80% of positive charge
in solution, Mg?* accounted for 18%-50%, Na* comprised 1%-11%, and K* took up the remaining 0%—4%
(Figure 3a). The highest Mg?*/Z+ ratios occurred in headwaters and mainstem samples, while pore fluid and
slough samples had higher Ca?*/Z* ratios and both higher and lower values of (Na* + K+)/Z+.

For anions, the concentration of SO4*~ in mainstem samples ranged from 707 to 1,049 pM and the concentra-
tion of Cl~ ranged from 3 to 10 pM. The concentration of SO4>~ was >1 mM in the sample from the SC site,
>2.3 mM in the sample from the MC site, and >4.7 mM for the sample from the MF site. As fractions of positive
charge, SO,*/Z* ranged from 6% to 98% and HCO; /Z* ranged from 2% to 93% in the river water and pore fluid
samples while the ratio C17/Z+ was <2% (Figure 3b). Overall, headwater and mainstem water samples had higher
S0,*7/Z* and lower Ca**/S* than pore fluids and slough samples (Figure 3c).

3.2. SO4*~ ¥S/328 and ¥0/'%0 Ratios and H,O *0/'°0 and D/H Ratios

Values of §**Sso, ranged from —6.8 to 6.2%0 (Figure 4). Mainstem samples ranged in §**Sgo, from —0.9 to
—0.4%o0, with a mean value of —0.6%o + 0.3%o (n = 27, 20). The headwater sample from the large and steep MF
catchment had a §%Sso, value of —0.6%o, isotopically identical to the mainstem Koyukuk River samples, while
the other headwater samples ranged in 5**Sso, from —6.8%o at MC to —4.0%o at SF. Precipitation §*Sso, values
ranged from 4.7%o to 6.2%o, consistent with the expectation that a fraction of SO, in precipitation is sourced
from seawater with elevated values of 5348504. Slough 5348504 values were slightly elevated from the mainstem,
ranging from 0.2%o to 2.4%o. Pore fluid §%*Sso, was more variable, ranging from —6.0%o to 3.6%o, but only three
samples had §**Sso , values elevated above the average mainstem value.

The §'80s0, values of four mainstem samples were —5.7%o, —4.9%o, —3.8%o, and —3.8%o (Figure 5). The MF
headwater sample, which matched the Koyukuk mainstem for §3*Sso,, had a 5'80s, value of —6.0%o. The other
three headwater samples, which had lower 53*Sso, values, had much higher §'®Oso, values ranging from —1.4%o
to 1.2%o. The 5'8Ogo, values of four pore fluid samples ranged from —4.2%o to —3.2%o, and 5'8Oso, values in two
slough samples were —2.3%o and —0.5%o.

Values of 580y, in the samples collected near Huslia ranged from —20.4%o to —17.6%o and values of §'8Oso,-n,0
ranged from 14.5%o to 17.1%o. Slough samples had higher values of §'®Oy,o than mainstem samples that partially
offset their higher values of 5‘30504. Values of 6Dy, o ranged from —157.7%o to —141.0%o. All samples from the
Koyukuk River mainstem and Huslia River were consistent with the local meteoric water line, defined by prior
water isotope observations within the catchment (Figure S7 in Supporting Information S1). In contrast, samples
from sloughs, lakes, and summertime precipitation fell on a line with lower slope that may reflect a local evapora-
tion line. These 5Dy,0-6'%Op,o relationships suggest that samples from the sloughs have undergone evaporation,
possibly during periods of low mainstem discharge and relative isolation, or potentially indicate mixing with
evaporated lake water.
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Figure 3. Major ion chemistry of samples from the Koyukuk River and Yukon River, including from this study (colored points) and historical datasets (gray points).
(a) Cation ternary diagram of Ca?>*—Mg?**—Na* + K*. The plotted triangle is a subset of the full space, as indicated in the top-left schematic (gray triangle is the full
domain and white triangle is the plotted space). The cations Ca>* and Mg?* dominate positive charge in the Koyukuk River samples. These relative cation abundances
agree with prior observations from throughout the Koyukuk River catchment (dark gray circles) and the broader Yukon River Basin (light gray circles). (b) Anion
ternary diagram of SO,*"—Cl~—HCO; " for the full domain, with HCO5~ calculated through charge balance. Water samples span between dominance of SO4>~ and
HCO;~, while the only samples with appreciable C17/X* are precipitation. Prior samples plotting near C17/Z* ~ 1 were collected near the Alaskan coast. (c) Headwater
and mainstem samples have elevated SO,>7/Z* and reduced Ca?*/Z* ratios relative to pore fluid and slough samples. (d) The ratio of Mg2*/# is relatively constant
across sample types and, due to the low ratios of Na*/Z* and K*/Z*, implies that changes in Ca2*/Z* largely compensate changes in SO,>7/Z*. Dashed lines in (c) and
(d) reflect bounds of labeled (Ca®*+S0O,27)/=* and Mg**/Z*, respectively.

3.3. Abundance and Carbon Isotope Ratios of DIC and DOC

The concentration of DIC is expected to approximately match the concentration of HCO3™ in river water samples
at circumneutral pH. Consistent with this expectation, the mean absolute proportional difference between DIC
and the concentration of HCO;~ derived through charge balance was only 4.0% in the mainstem and slough
samples. The difference exceeded 10% for a pore-fluid sample (15% in AKW-27#1) and two lake samples (29%
in AKW-22 and 215% in AKW-20); the two lake samples are also notable for having the two highest values of
measured 8'3Cp . and relatively low pH values (6.7 in AKW-22 and 5.6 in AKW-20).
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Figure 4. Sulfate sulfur isotope mixing diagrams. §*Sgo, against (a) C17/SO,* and (b) (Ca?* + Mg?*)/SO,*". Observations are consistent with a combination of
mixing between the Middle Fork headwater sample and precipitation (black line), a modest amount of sulfate reduction that increases slough §**Ss(, values and reduces
pore fluid 6**Sso, values (red shading), and the addition of Ca?* and Mg?* through floodplain weathering. Gray dots on the mixing curve indicate where 98%, 90%, and
50% of sulfur atoms are sourced from the headwater end-member.

DIC concentrations ranged from 699 pM in a lake sample to 5,925 pM in a pore fluid sample, with main-
stem samples ranging from 1,287 pM to 1,634 uM (Figure 6). By assuming equilibrium speciation among the
dissolved carbon species at measured temperature and pH values, PHREEQC calculations found that in situ CO,
concentrations mostly exceeded values for equilibrium with the atmosphere at a pCO, of 410 ppm. Ratios of in
situ/equilibrium CO, exceeded 1 for ~90% of mainstem samples (20/22), reaching values as high as 7.7, and
were equal to 0.9 in the remaining mainstem samples (2/22). Ratios ranged between 5.6 and 11.4 in the slough
samples (n = 4).

Values of 81*Cp,.. ranged from —16.7%o to —2.7%o. Samples from the mainstem Koyukuk were tightly clustered
around a mean 8'3Cyy. value of —7.8 & 0.4%0 (26, n = 47), similar to two prior observations from the Koyukuk
River (Dornblaser and Halm, 2006). Although this value was only slightly elevated from the estimate for the
813C of atmospheric CO, in 2018, —8.5%0, which we approximated from the trend of Keeling et al. (2017),
the PHREEQC calculations indicated that most samples had more pCO, than expected for equilibrium with
the atmosphere and thus that direct incorporation of atmospheric CO, was unlikely to explain the measured
values. Slough samples had lower values of 8'*C, . than the mainstem, —11.7 + 1.5%0 (26, n = 5), suggesting
a greater role for C,, oxidation, and DIC concentrations were higher in slough samples than in the mainstem.
Samples from the Huslia River had low values of 613CDIC, —10.7 £ 0.5%0 (26, n = 4), but with DIC concentrations
lower than mainstem samples (Figure 6). The lowest 8'*C . value, —16.7%o, occurred in the only analyzed pore
fluid, which also had the highest concentration of DIC. The highest and second lowest §!*Cy;. values were both
from lakes with low pH values; one at pH 4.6 with a §°Cy . value of —16.2%o, and the other at pH 5.6 with a
813C;c of =2.7%o.

Values of 83Cy, ranged from —28.8%o to —26.5%0 and values of F, ; ;o ranged from 0.9432 to 1.0191. These
813Cp o values were similar to prior measurements of 8!*C in sedimentary organic carbon, which ranged from
—30.5%o¢ to —25.5%0 (Douglas et al., 2022). For further calculations, we took —27.5%o as the value of §'3Cy,.
produced through C,, respiration. F 4 noc Values were higher than in sedimentary organic carbon (Douglas
et al., 2022), a relationship consistent with prior observations showing that DOC in rivers flowing through
permafrost-affected terrains is often dominated by young organic matter (Barnes et al., 2018; Benner et al., 2004;
Drake et al., 2018a; Neff et al., 2006; Schwab et al., 2020; Striegl et al., 2007).
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Figure 5. Sulfur and oxygen isotope ratios in dissolved SO4>~, H,O, and sediment. (a) Sample §'Og , (closed symbols)
and 5'80y, 0 (open symbols) against §**Sso, with dotted reference lines for the mean value of mainstem 6" Oy, o (—20.3%0)
and atmospheric 5'30o, (23.5%0). Gray shaded regions indicate the expected ranges for Phanerozoic evaporites (Claypool
et al., 1980) and for sulfide oxidation incorporating <25% atmospheric O, (Killingsworth et al., 2018) when £50,-p,0 = 2%o0
and €50,-0, = —10%o (Balci et al., 2007). Note that the plotted sulfide oxidation region captures only a subset of the

range attainable in the full three end-member mixing model (Table 1). Analyzed samples have 5'805044{20 values above
expectations for sulfide oxidation and require either dissolution of sulfate salts or the catchment-scale expression of a
fractionating process such as microbial SO, reduction. Red shaded region indicates the expected area for microbial sulfate
reduction (MSR) with relative oxygen and sulfur isotope fractionations ranging from 0.25 to 1.0 (m values; Aharon &

Fu, 2000; Mandernack et al., 2003; Antler et al., 2013). Note that the plotted linear behavior only approximates the actual
non-linear behavior of the system when fully accounting for partial oxygen isotope equilibration (Antler et al., 2013, 2017;
Brunner et al., 2005; Turchyn et al., 2010). (b) Predicted 83*S range for products of MSR (red shading) and observed
values. Sediment %S values are comparable to river water §**Sso, and indicate that sulfate reduction likely does not overtly
influence the sulfur isotopic composition of SO,* in Koyukuk River water samples.

3.4. Sedimentary Sulfur Chemistry

Values of 84S .., ranged from —4.2%o to 7.5%0 and sediment S contents ranged from 0.02 to 0.18 wt%
(Figure 7 and Figure S5 in Supporting Information S1). Neither 84S, .. nor S abundance were clearly related

to whether or not a sample was from a permafrost deposit. About half of the samples had §*S values

sediment
between 0%o and —2%o, comparable to the 5345504 of the mainstem river. Samples from core 9 had relatively
elevated 8*S_, . values of 2.4%o, 5.6%0, and 7.5%oc, where the two higher values occurred in peat samples.
This site is stratigraphically the oldest analyzed deposit and might reflect secular change in sedimentary chem-
istry through time or, due to its physical distance from the active channel, could have a larger fraction of sulfur

sourced from high-6°*Sso, precipitation than sites closer to the river.
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Figure 6. DIC concentrations and '3C/!2C isotope ratios. (a) 8'*Cpy. against 1/DIC. Reference lines are shown for the 8'3Cy,. produced from 1:1 and 2:1 combinations
of C_, oxidation and CaCO, weathering. Mainstem samples from the Koyukuk River cluster near —7.8%o, and 8'3C values in mainstem samples are higher than in the
sloughs. The sloughs tended to have higher DIC concentrations than the mainstem, while lake samples exhibited a wide range of both DIC abundances and 8'3Cpy;.

values. (b) 8'3Cp,;. against (Ca** + Mg?*)/DIC. The slough data mostly fall near the mixing line between carbonate weathering and C

org

oxidation. The mainstem

samples plot off the mixing line, which implies either inputs of Ca** and Mg>* or that a process such as CO, degassing has removed DIC. (c) Sloughs samples had
lower SO,>7/DIC ratios and higher §**Sso, values than mainstem samples.
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Figure 8. X-ray spectroscopy results on floodplain and suspended sediment. (a) 10 example spectra showing a range of sulfur moieties in both suspended sediment
(red) and floodplain sediment (black). Vertical colored bars indicate characteristic spectral features of disulfide, thiol, sulfoxide, sulfonate, and sulfate moieties.

(b) Waterfall plot of all spectra, where color is the intensity of the fluorescence response. Fluorescence data are displayed logarithmically to highlight the peaks
corresponding to disulfide, thiol, and sulfoxide moieties. (c) Fractional contributions of sulfur moieties to measured spectra. Samples of both floodplain and suspended
sediment contained a diversity of redox phases. In panels (b) and (c) spectra are arranged within sample types in order of decreasing F,, value.

The synchrotron spectra indicate thiol, disulfide, sulfoxide, sulfonate, and sulfate moieties within floodplain
and suspended sediment (Figure 8). The presence of these phases is consistent with production and cycling of

organic sulfur within the Koyukuk floodplain. The mean F_, value, which reflects the fractional contribution of

red
reduced sulfur moieties to synchrotron spectra, was 0.70 across the analyzed sediment samples.

3.5. Numerical Results

The three end-member mixing model constrained the 6348504 value expected for sulfuric acid sources between
—18.2%0 and —1.8%0 in 90% of simulations for mainstem samples. For the Monte Carlo inversion conducted
with MEANDIR, we approximated these values and assumed that the sulfide oxidation end-member generates
SO4*" with a uniform distribution of 53*Ss0, values between —20 and 0%o (Table 2). This range reflects the net
contribution-weighted composition of sulfuric acid sources and need not reflect the 3*S/32S ratio of any particular
deposit material and/or geological unit.

The primary river inversion model constrained inputs from precipitation, silicate weathering, gypsum dissolu-
tion, carbonate weathering, sulfide oxidation, C,,, oxidation, and CO, degassing (Figure 9; Table S2 in Support-
ing Information S1). Considering the median fractional contributions across mainstem river and slough samples,
Cl~ was sourced exclusively from precipitation (100%), SO4>~ was derived predominantly from sulfide oxida-
tion (80%) and gypsum dissolution (20%), Na* and K* were sourced predominantly from silicate weathering
(94%, 91%) and meteoric precipitation (6%, 9%), DIC was derived from carbonate weathering (73%) and Core
oxidation (38%) but lost to degassing (—11%), Mg?* was sourced predominantly from carbonate weathering
(70%) and silicate weathering (29%), and Ca>* was derived from carbonate weathering (75%), gypsum dissolution
(16%), and silicate weathering (5%). Slough samples had lower median contributions from the sulfide oxidation
end-member to river SO,*~ than mainstem samples (72% vs. 81%), higher median contributions of carbonate to
dissolved Ca®* (87% vs. 73%), and higher median contributions from C,, Oxidation to DIC (51% vs. 37%). The
inversion-constrained chemistry of the carbonate end-member spanned from calcite to dolomite while the recon-
structed silicate end-member had Mg?+/S=* ranging from 0.23 to 0.73, Ca*/%* ranging from 0.09 to 0.22, Na*/z*
ranging from 0.11 to 0.22, and K*/Z* ranging from 0.01 to 0.10 (Figure S9 in Supporting Information S1).

Results from the inversion without CO, degassing were similar to results with CO, degassing for mainstem and
slough samples but different for the pore fluid sample (Table S2; Figures S10-S12, S15 in Supporting Infor-
mation S1). Removing the degassing end-member from the inversion decreased the average median fractional
contribution of C,, oxidation to dissolved DIC from 51% to 47% in slough samples and from 37% to 29% in
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Figure 9. Inversion-constrained median end-member contributions to river chemistry. Average fractional contributions of the precipitation, silicate, evaporite,
carbonate, sulfide oxidation, C,, oxidation, and degassing end-members are given for (a) ALK, (b) DIC, () S0, (d) CI-, (e) Ca*, (f) Mg?*, (g) Na*, and (h) K+ in
the mainstem, slough, and pore fluid samples. Note that the sum of median end-member contributions is not constrained to equal 100%.

mainstem samples, and decreased the average median fractional contribution of the carbonate end-member to
dissolved Ca®* from 73% to 66% in mainstem samples.

3.6. Historical Comparison

Comparison of the 2018 Koyukuk River observations with measurements from 1955 to 1972 and from 2003 to
2014 highlighted changes in absolute and relative major ion concentrations (Figure 10). Between 1955-1972 and
2003-2014, the mean June-September concentrations of SO4>~, Ca2*, and Mg2* increased by 425,270, and 208 uM,
respectively, and further changed between 2003-2014 and 2018 by 140, —24, and 100 pM (Figure 10a—10d).
Compared at a reference discharge of 625 m3/s (Equations 11 and 12), from 19551972 to 2003-2014 the mean
concentration of SO4>~, Ca?*, and Mg?* increased by 570, 394, and 256 pM, respectively, and further increased
between 20032014 and 2018 by 240, 90, and 188 uM (Figure 10e—10h). The mean SO4>7/X*, Ca**/Z*, and
Mg?*/E* ratios of the discharge-adjusted data changed, respectively, by 0.24, —0.03, and 0.03 between 1955-1972
and 2003-2014, and further changed by 0.07, —0.04, and 0.05 between 20032014 and 2018 (Figures 10i—101).

4. Discussion
4.1. The Origins and Transformations of River SO,*~

Evaluating the impact of chemical weathering on pCO, requires distinguishing among multiple sources and
fractionating sinks of fluvial SO4*". Values of 53“8504 and 6'80go , are useful measurements in this effort because
processes such as sulfide oxidation, evaporite dissolution, and biological fractionation carry distinct isotopic
signatures (Antler et al., 2013; Calmels et al., 2007; Turchyn et al., 2013). Our preferred interpretation of the
measured 6% Sso, and 5'8Oso, values is that gypsum dissolution and sulfide oxidation, with only a minor influence
from microbial sulfate reduction (MSR), explain the isotopic composition of SO4> in the mainstem Koyukuk
River and its headwaters. In turn, modest amounts of assimilatory and dissimilatory sulfate reduction generate
isotopic variations among samples from the mainstem, sloughs, and pore fluids collected near Huslia.
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Figure 10. Temporal changes in the summertime major ion chemistry of the Koyukuk River. All plotted data are from June through September. (a—d) Measured
concentrations and (e-h) concentrations adjusted to 625 m?/s. (i-1) Elemental ratios show increases in SO,>7/Z* and Mg?*/Z+ through time, as well as decreases in
Ca*/T+. Plotting symbols and errors bars in (a—d) are mean values and analytical error, where available. Plotting symbols and error bars in (e-1) for the 2018 data
reflect the mean and range of observed discharge during fieldwork, and for the 2003-2014 samples reflect the mean and 5th to 95th percentiles of discharge at Hughes

in the month of sample collection.

4.1.1. Koyukuk River SO4*~ Derives From Sulfide Oxidation and Gypsum Dissolution
4.1.1.1. Measured 5®Q0so +-H,0 Values Exceed Expectations From Sulfide Oxidation

We first evaluated whether SO,>~ could derive entirely from sulfide oxidation by comparing observed values of
5"80s0, to the values predicted for S0,% derived from sulfide oxidation. The oxygen atoms in sulfate produced
during sulfide oxidation derive from a variable combination of ambient H,O and O, depending on the oxidation
mechanism, with the fraction of O,-derived oxygen <15%-25% (Balci et al., 2007; Killingsworth et al., 2018),
and subject to fractionation between SO4>~ and H,0 (e50,-1,0) and between S0O4> and O, (eso,-0,) (Balci
et al., 2007; Taylor et al., 1984a). Estimates of 5o,-u,0 range from 0%o to 4.1%o (Balci et al., 2007; Lloyd, 1968;
Taylor et al., 1984b; van Everdingen and Krouse, 1985) and estimates for £50,-0, range from —11.4%o to —8.7%o
(Balci et al., 2007; Lloyd, 1968; Taylor et al., 1984b). The dependence of §'8Oso, on 5'80y, 0 is often removed by
evaluating their difference, 5'30504_H20, which ranges globally from ~0%¢ to nearly 25%o (Calmels et al., 2007;
Relph et al., 2021; Turchyn et al., 2013). Applying the mixing model used to constrain the 5**Sso, of sulfuric acid
sources (Table 1; Equations 5-10), we calculated that sulfide oxidation produces 5180304—}{20 values between 2.2
and 14.9%o in 90% of simulations, with a mean value of 8.2%.. However, given that 25% O, incorporation into
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SO4* is toward the higher end of possible values and this model allows 6'8002 to reach values as high as 70%o
(Relph et al., 2021), the lower end of the estimated range of 5'Oso,-u,0 values is more likely. Sample §'80so,-n,0
values ranged from 14.5 to 17.1%o and exceeded the mean model result by 6.3-8.9%0, meaning that the isotopic
composition of SO4>~ in the Koyukuk River is inconsistent with sulfide oxidation alone (Figure 5). Rather, the
~7.5%o elevation in §'80gq ,-H,0 values relative to the mean expectation for sulfide oxidation requires either a
S0,% source with high 8'80 values or the catchment-scale expression of a fractionating process such as MSR.

4.1.1.2. Elevated 8"®Qso,-n,0 Values are Consistent With Gypsum Dissolution

Our preferred explanation for the elevated §'®Oso,-n,0 values is that ~20% of the S0,* in the Koyukuk River
derives from the dissolution of evaporative sulfate salts. This interpretation is broadly consistent with the assem-
blage of sedimentary lithologies in the headwater catchments and with the prior identification of evaporite specif-
ically (Harrison et al., 2011). Sulfate sourced through evaporite dissolution is typically assumed to have 5'¥Oso,
values between 10%0 and 20%o and §*Sso, values between 10%o and 30%o, matching the range of Phanerozoic
evaporites (Claypool et al., 1980). In this case, the low Cl7/Z* ratios of the headwater and mainstem samples
(Figure 3) require the inferred evaporite to contain very little halite.

4.1.1.3. Elevated 5"®Oso,-u,0 Values are Inconsistent With Microbial Sulfate Reduction

The second possible interpretation of the elevated 6 ‘80504_}420 values is motivated by observations from the
Marsyandi catchment of the Nepal Himalaya interpreted to reflect that MSR can increase 6**Sso, and §'%Oso,
by preferentially consuming SO,>~ isotopologues bearing *2S and '°0 (Hemingway et al., 2020; Turchyn
et al., 2013). By increasing the 5348504 and 6'80504 values of residual SO,2~, MSR can result in SO4>~ isotopic
compositions suggestive of evaporite dissolution even when SO4*" is derived from sulfide oxidation. Further-
more, the oxidation of low valent sulfur species back to SO4>~ can incorporate environmental oxygen and alter
5"80s0, values without necessarily changing 6**Sso, values (Mills et al., 2016). Microbial processes have previ-
ously been suggested to increase fluvial 5348504 and 5‘80504 values in permafrost settings and other landscapes
(Joo et al., 2022; Jones et al., 2020), but there is also evidence that §3*Sso, (Kemeny et al., 2021b) and §'8Oso,
(Burt et al., 2021) can behave conservatively in river systems.

Although we argue in the subsequent section that environmental sulfate reduction likely does explain some vari-
ability in 5**Sso, values, several lines of analysis argue against MSR as a main mechanism for generating the
observed elevation of §'®0so,-n,0. We first need to consider the increase in §*Sso, that would be associated
with a microbially driven increase in §'8Oso ,-H,0- Most straightforward, the 4:1 atom ratio of oxygen to sulfur
within sulfate suggests that the magnitude of oxygen isotope fractionation during sulfate reduction would be
25% the magnitude of the sulfur isotope fractionation (A% Sso,/A8'®Oso, = 4), in which case a 7.5%o increase
in 5'80g0,-n,0 relative to the value formed through sulfide oxidation would require an approximately 30%o
increase in 6**Sso, (Grinenko & Ustinov, 1990; Mandernack et al., 2003; Mizutani & Rafter, 1969; Rafter &
Mizutani, 1967). However, lower ratios for changes in §*Sso, relative to changes in 5'¥Oso, have been reported
at low net sulfate reduction rates and attributed to the influence of partial exchange between H,O and interme-
diate sulfur species (Aharon & Fu, 2000; Antler et al., 2013, 2017; Brunner et al., 2005; Fritz et al., 1989; Mills
et al., 2016; Mizutani & Rafter, 1973; Turchyn et al., 2010). In samples collected from the Gulf of Mexico, for
example, Aharon and Fu (2000) observed the magnitude of oxygen isotope fractionation during sulfate reduc-
tion scaling as 71% the magnitude of sulfur isotope fractionation (A6*Sso,/A5'8Oso, ~ 1.4). Similarly, Antler
et al. (2013) observed A§**Ss0,/A5'8Oso, near 1 in samples collected from the Eastern Mediterranean. At these
ratios for relative fractionation, generating a 7.5%o increase in §'#Ogg ,-H,0 would require increasing river 5348504
by only 7.5-10.5% relative to sulfuric acid sources. Given that measured Koyukuk River mainstem §**Sso,
values were ~0%o, explaining observations of elevated 6‘30504_1420 values through MSR would thus require that
the weighted 83*S of sulfuric acid sources was between approximately —7.5%0 and —30%o, depending on the
AS8*8Ss0,/A8"8Osp, ratio characterizing MSR. As further described below, the existence of sulfuric acid sources
with such low values of §3*S is unlikely because we did not observe low-83*S solid phases in floodplain sediment
and because the degree of reaction required to generate measured 63“8304 values from such a substrate would be
very large.

For MSR to explain sulfur isotope ratios of river SO, at a catchment-scale requires storing or exporting reaction
products with low 83*S values (Torres et al., 2015). In particular, products of MSR would have 83*S values even

lower than the —7.5%o to —30%o of the inferred sulfuric acid source. However, our observations of 8*S_,.
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were comparable to mainstem river 5**Sso, and had only modest sulfur abundances (<0.18 wt%; Figures 5b
and 7). It is unlikely that sulfide with low %S values was exported from the catchment as reduced inorganic
phases (Johnson et al., 2014), although it is possible but speculative that product H,S with low §*S values
degassed into the atmosphere. It is also possible that the sediment samples we analyzed are not representative
of the sites where MSR occurs because sediment was collected from the floodplain surrounding Huslia while
elevated values of 5'Qgo, were also measured in the headwater samples (Figure 5). Even in this case, however,
the fractional substrate consumption required to increase §3Sgso, by 7.5-30%o also argues against MSR substan-
tially impacting the isotopic ratios of SO, in our samples.

When evaluating isotopic fractionation within rivers, it is important to account for the fact that individ-
ual samples reflect mixtures of different waters sampling a distribution of landscape transit times (Druhan &
Mabher, 2014, 2017). In the distillation equation of Druhan and Maher (2017) that accounts for mixing of partially
reacted reservoirs (Equation 20 in their paper), the magnitude of the fractionation factor (@) and the initial isotope
ratio (R,;;,) relative to the isotopic standard (R, ,...) Set the maximum attainable isotopic difference between
the initial and final substrate (A8) as 10% X (R, ;;./R o X (I/a — 1). In the case of sulfur, the difference in
5%*S between sources of sulfuric acid and §3*Sso, is closely approximated as —f X &y, Where fis the fractional

standar

utilization of SO,*~ and £\sr 18 the relevant isotope effect; this formulation is unlike a standard Rayleigh distil-
lation wherein the isotopic difference between a substrate's initial and final compositions is unbounded (Druhan
& Maher, 2017; Hayes, 2004). At the highest observed MSR isotope effects of &y;qx ~ —70%o (Sim, Bosak, &
Ono, 2011) and for A§3Ss0,/A5'80sp, ratios between 1 and 4, between 11% and 43% of fluvial S0,%" would need
to be reduced to generate a 7.5%o increase in §'8Osp,-n,0. However, such large isotope fractionations are gener-
ally expressed only in quiescent environments at low sulfate reduction rates (Fike et al., 2015; Leavitt et al., 2013;
Sim, Ono, et al., 2011), conditions that are unlikely to be met in highly energetic eroding headwater catchments.
At moderate isotope effects, such as —35%o, between 21% and 86% of fluvial SO,4*~ would need to be reduced to
generate a 7.5%o increase in §'8Qso,-n,0. The upper portion of this range is implausible given the extremely high
S0,* concentrations still present in the headwater samples.

Overall, the observations of 83S values comparable to mainstem §3#Sso, and the required fraction

sediment
of substrate consumption indicate that biological processes are not likely responsible for observed values of
5'80s0,-n,0- The small amount of S0,* reduction permitted by the data is not of the magnitude required to
increase mainstem §°*Sgo, values by 7.5-30%.. Rather, we conclude that elevated 5'3Ogo,-n,0 values more likely
reflect a SO, contribution from dissolution of sulfate salts. This interpretation is also more conservative than
attributing all river SO4>" to sulfide oxidation; the calculated influence of sulfide oxidation on pCO, would be

larger if elevated §'8Ogo,-n,0 values were due to microbial sulfur cycling.
4.1.2. Sulfur Isotope Variation and Sulfur Cycling Within the Koyukuk River Catchment

Values of §3*Sso , and & 8040, , in mainstem samples were comparable to those in the MF sample but differed from
values in samples from the other headwater catchments. Moreover, the isotopic distinctions among headwater sites
were unusual in that the MF sample had higher 63*Ssq , but lower 6 3040, , values than the other headwater samples
(Figure 5). Although microbial processes could increase 5**Sso, and §'8Osp, together or impact the '80/!°0 ratio
independent from 3*S/32S (Mills et al., 2016), we are not aware of processes that could increase 3*S/*?S while
decreasing '80/'°0 at the measured values of 5'Oy,0. A more parsimonious explanation of these observations
is likely that the four headwater catchments differ isotopically because they are weathering distinct materials.
A quarry within pyrite-rich gabbro exists several miles south of the SC sampling site and is reported to contain
centimeter-scale pyrite cubes. We suggest that waters collected near this mine might not represent the headwater
areas but instead reflect local weathering of an isotopically distinct bedrock. Because the MF sample has the larg-
est upstream area and highest concentrations of dissolved Ca?*, Mg2*, and SO,>~ among the sampled headwater
sites (Figure 1c), we considered this sample as the best description of weathering in the headwaters.

Consistent with the interpretation that the MF sample captures the most representative headwater conditions,
values of 53*Sso, in the Koyukuk mainstem samples fall on a mixing line between the MF sample and the four
precipitation samples (Figure 4a, Figures S3 and S4 in Supporting Information S1). Within this mixing frame-
work, the §3Sgo, values of slough samples were higher than expected based on C1-/SO4* ratios and the §34Sgq y
values of pore fluid were mostly lower than expected based on Cl1/ SO, ratios (Figure 4a). We attribute these
deviations to a combination of mixing and biological processing through assimilatory and dissimilatory SO4*~
reduction. Mixing between the mainstem river and precipitation would generate large variation in C17/SO,*
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but only minor changes in §3*Sso,. For example, sourcing 2% of S0,>" from precipitation would modify Cl~/
SO4* by nearly an order of magnitude from the ratio in the MF sample while the shift in §*Sso, would be within
analytical uncertainty. Conversely, partial consumption of SO4>~ through a fractionating process could modify
5%*Ss0, values but would only minimally impact the ClI-/SO,* ratio relative to the multiple order-of-magnitude
observed range (Figure 4a).

The 6% Sso, offset between slough and mainstem samples could be due to assimilatory S04~ reduction, which
carries only a small fractionation, rather than the highly fractionating process of dissimilatory MSR (Sim, Bosak,
& Ono, 2011; Trust & Fry, 1992). Assimilatory SO, reduction in plants, in which environmental SO,>~ is taken
up into biomass, has a variable but small fractionation around —1.5%0 (Tcherkez & Tea, 2013; Trust & Fry, 1992).
Modest amounts of assimilatory SO,>~ reduction in the sloughs are also supported by XANES observations of
common organic sulfur phases within both floodplain sediment and suspended sediment (Figure 8). Conversely,
the observation that slough samples with elevated **Sso, values also have lower 8'3Cp. values and reduced
S0,27/DIC ratios suggests a modest amount of dissimilatory SO,>~ reduction (Figure 6¢). The intermediate C1~/
S0,* and 5%*Ss0, values of the slough samples are thus interpreted to result both from mixing of the mainstem
river with precipitation and a combination of assimilatory and dissimilatory biological SO,* reduction. Note that
the suggested magnitude of MSR is much smaller than the catchment-scale expression which would be required
to explain elevated values of §'®Oso,-n,0-

Opposite the slough samples, pore fluid 5**Sso, values tended to be lower than expected from Cl=/SO4*" ratios
(Figure 4a). These low values likely also result from biological sulfate reduction in the floodplain subsurface but
reflect the product sulfur rather than the reactant SO,>~. That is, we interpret the low pore fluid 5**Ss0, values as
reflecting the oxidized product of either sulfide formed through dissimilatory SO4*~ reduction or S_. produced
through assimilatory S0,%" reduction.

org

In addition, pore fluid observations across a transect orthogonal to the active channel reveal relationships among
S0O.,>" concentration, 5%Sso , values, and proximity to the river. Pore fluid samples from this transect ranged from
a SO,>~ concentration of 24 pM at a 5345504 value of 0.1%o furthest from the active channel to a SO4>~ concen-
tration of 1,591 pM at a §%*Sgo, value of —6.0%o closest to the active channel (Figure S6 in Supporting Informa-
tion S1). The accumulation of SO,>~ and decline of 53*Ss0, values close to the channel suggests sulfur cycling,
potentially linked to seasonal changes in the supply of SO4>~, O,, and C,, due to changes in river stage and flood-
plain hydrology. Conversely, the lower SO4>~ concentrations and higher §34Sgo , values in pore fluids far from the
channel suggest more complete SO,>~ consumption and relative chemical isolation from direct fluvial influences.

Mixing and sulfate reduction, while consistent with observations of 5348504 and C17/S04*", are insufficient
to explain relationships between §*Sso, and (Ca®* + Mg?*)/SO,*" (Figure 4b). The ratios of Ca?>*/SO,*~ and
Mg2+/S0,>" in samples from both sloughs and pore fluids exceed those in mainstem and precipitation samples
and suggest another source of alkaline cations. This source is unlikely to be evaporite dissolution, which has
(Ca?* + Mg?+)/SO,>~ = 1. Rather, we interpret the observations as reflecting the input of carbonate and silicate
weathering products, the former of which is also constrained by the relationship of 8'3Cp,. to (Ca** + Mg?*)/
DIC (Figure 6b).

4.2. Timescale-Dependent Impacts of Koyukuk River Weathering on the Global Carbon Cycle

The MEANDIR model was used to quantify the relative contributions to river dissolved load from carbonate weath-
ering, silicate weathering, sulfide oxidation, organic carbon oxidation, gypsum dissolution, meteoric precipitation,
and carbon degassing (Figure 9). While many of these processes are associated with gross inversion-constrained
fluxes of ALK and/or IC, calculating the net impact of the fluxes on pCO, requires making assumptions regard-
ing additional and unquantified biogeochemical processes within the weathering system. In particular, if the
inversion-constrained C,, oxidation represents oxidation of recently fixed biospheric C,, rather than petrogenic
Cores
inversion-constrained DIC flux from C,, oxidation in the calculation of AALK/AIC would implicitly categorize

org®
the flux would not constitute a meaningful part of the landscape's net weathering budget. Including the

that carbon as a new flux to the ocean-atmosphere system (i.e., from aged carbon in rocks or floodplain deposits)
and not account for any component merely returning IC that was only recently fixed from atmospheric CO, (Hilton
et al., 2014; Horan et al., 2017, 2019). Because the observed values of F_ , . in the Koyukuk River are nearly
modern, ranging from 0.9432 to 1.0191, for simplicity we assume the entire C,, reservoir was fixed recently and
do not include its oxidation when calculating the net flux of IC to the ocean-atmosphere system. Notably, this
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Figure 11. Carbon cycle impacts of chemical weathering in the Koyukuk River catchment. Inversion-constrained median
fraction of weathering ALK offset by sulfide oxidation (Z) against the median fraction of weathering ALK from carbonate
weathering (R). Reference lines and shading are shown for AALK/AIC = 1 and AALK/AIC = 2. Inversion results show that
AALK/AIC is >1 for samples from both the mainstem and the sloughs, corresponding to weathering that decreases pCO, on
timescales shorter than the ~10 Kyr timescale of carbonate compensation. Error bars range from 5th to 95th percentiles of
inversion results.

simplification does not account for aged carbon subject to rapid oxidation upon thaw (Drake et al., 2015; Vonk
et al., 2013). Under this assumption, our AALK/AIC calculations represent maximum estimates with respect
to C_, oxidation; if we included a petrogenic source in the calculation, as possibly suggested by measurements

org
of *C activity in sedimentary C_. (Douglas et al., 2022), it would result in lower AALK/AIC ratios.

org

The inversion found that mainstem samples had lower median fractions of carbonate weathering and higher median
fractions of sulfuric acid weathering than the slough samples (Figure 11), corresponding to lower median R values
and higher median Z values. The inversion-constrained AALK/AIC ratio of weathering was between 1 and 2 in main-
stem samples and nearly 2 in slough samples. These ratios were insensitive to removing degassing from the inversion
or allowing for degassing to remove up to 25 times measured DIC concentrations (Figure S15 in Supporting Infor-
mation S1), and the ratios in mainstem samples were insensitive to changes in the range of allowable degassing frac-
tionation factors (Figure S16 in Supporting Information S1). Because modern pCO, decreases for sets of weathering
processes with AALK/AIC > 1, the results illustrate that inorganic chemical weathering throughout the Koyukuk
River acts to decrease pCO, on timescales shorter than the ~5-10 kyr timescale expected of carbonate compensa-
tion. For the Koyukuk River system at present, chemical weathering viewed over human timescales constitutes a
CO, sink. In other words, the contribution from sulfuric acid production to the dissolved load is significant, but not
so significant as to tilt the mineral weathering system to be a net CO, source over decadal-centennial timescales.

When considered over a longer timescale (e.g., >~10 kyrs), the burden of weathering on the ocean-atmosphere
systems depends on the value of AALK/AIC relative to the 2:1 ALK:DIC ratio of marine carbonate formation.
Because the ALK consumed during sulfide oxidation is approximately equal to the ALK produced during silicate
weathering in sloughs, these samples record chemical weathering that is CO,-neutral on the longer timescale
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(Figure 11). Conversely, in mainstem samples, ALK consumed during sulfide oxidation exceeds ALK produced
during silicate weathering and chemical denudation is a source of CO,. This type of carbon cycle response, which
occurs when AALK/AIC is greater than 1, but less than 2, tends to characterize weathering in systems of high
erosion like mountain-front sites in the Peruvian Andes (Torres et al., 2016) and the Nepal Himalaya (Kemeny
et al., 2021a), rather than floodplains that often serve as sites of intense silicate weathering with carbonic acid
(Lupker et al., 2012). Although still a net CO, sink over short timescales, the AALK/AIC ratios of the Koyukuk
River mainstem samples are relatively low for their topographic setting (a lowland floodplain). Such low
AALK/AIC ratios may indicate that the development of thermokarst and associated rapid exposure of sediment
may be important in the Koyukuk River catchment (Zolkos et al., 2018, 2019).

We were not able to uniquely establish the fraction of DIC sourced from petrogenic C,,, in the Koyukuk River and
this remains a target for future research (Drake et al., 2018a). If the inversion-constrained COrg oxidation derives
from petrogenic material, the DIC flux would be comparable but slightly lower than the sulfide-derived SO4>~
flux in mainstem samples and would greatly exceed the sulfide-derived SO4*" flux in slough samples (Figure 9).
Understanding the balance of biospheric C,,, is likewise important (Lininger et al., 2018). If modern particulate
C,r, fluxes are approximately balanced (Douglas et al., 2022), the dominant influence of chemical weathering on
pCO, would derive from sulfide oxidation and petrogenic C,, oxidation. Alternatively, when considering Arctic
greening or shrubification as a net sink for CO,, the growth of new biomass would need to compensate for ALK
lost through sulfide oxidation to result in net pCO, decrease (Liu et al., 2020; Myers-Smith et al., 2020; Tape

et al., 2006).

4.3. Temporal Trends in the Koyukuk River and Yukon River

We hypothesize that the decade-scale increases in the concentration of fluvial SO4>~ and Mg2*, as well as the
increasing ratios of SO,>7/X* and Mg?*/=+ (Figure 10), likely reflect shifts in weathering dynamics within
the Koyukuk River. Evaluating seasonal weathering dynamics in the Yukon River can provide useful context
for understanding decadal changes in the dissolved chemistry of the Koyukuk River. On decadal timescales,
the Yukon River at Pilot Station also shows increases in SO,*/Z* and Mg2*/X* ratios (Figure 12; Toohey
et al., 2016). Moreover, the data exhibit seasonal variations in which the SO4>~/=* and Mg?*/=* ratios rise during
summer and decline during winter. Although there are important distinctions between seasonal and long-term
changes in chemical weathering dynamics, with the former reflecting the position of the water or frost tables and
the latter the availability of weatherable material and large-scale hydrology, we speculate that seasonal changes
within permafrost landscapes might be comparable to decadal weathering patterns because both timescales are
governed by thaw rather than tectonic uplift.

During winter months, low discharge in the Yukon River at Pilot Station is sustained by groundwater with low
S0, /Z* and moderate Ca2*/=* and Mg2*/=+ ratios (Figure 13). These waters are thought to reflect longer
flow paths with extended residence times that, as indicated by their elevated Si/~* ratios, have sufficient time
to accumulate silicate weathering products (Tipper et al., 2006). Discharge then rapidly rises in May and June
and the Ca?*/Z+ and SO,27/Z* ratios increase as the absolute concentrations of Ca2+, Mg?*, and S04* decline
(Figure 13b). During these months, water in the active channel is thought to follow shallower flow paths with
short residence times that favor kinetically rapid reactions such as carbonate weathering, sulfide oxidation, and
salt dissolution (Lehn et al., 2017; Tipper et al., 2006). Enhanced carbonate weathering during this interval is
also consistent with decreases in the DIC/Z* and Si/~* ratios (Figures 12g and 12h). The summer months display
discharge intermediate between winter and spring, and water in the active channel is expected to derive from
flow paths with intermediate residence times. Counterintuitively, the relative abundances of Mg?* and SO4>~
are higher during the summer than in any other season. Moreover, despite the higher summer discharge, the
concentration of SO,4*~ during the summer is comparable or elevated relative to wintertime SO,>~ concentrations.
A spring-to-summer shift from elevated Ca>*/Z* ratios to elevated Mg?*/Z+ ratios is also seen in other timeseries
sites within the Yukon River Basin (Figures S20-S25 in Supporting Information S1).

Our interpretation of the summertime increases in SO4*/=* and Mg?*/=* is that, due to the seasonal thaw of the
active layer, summertime flow paths are able to access mineral phases that were previously frozen in the deeper
portion of the active layer and that were previously weathered out of the surface layer (Barker et al., 2014; Keller
et al., 2007, 2010; Kokelj & Burn, 2003, 2005). The large shifts in Ca?*/E* and Mg**/Z* ratios with only minor
shifts in Si/Z* suggest that these changes could be related to dolomite weathering, rather than shifts in weathering
of Mg-silicate, although the varying and time-dependent Mg?*/Si ratios of tributaries contributing solutes to the
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Figure 12. Major ion chemistry in the Yukon River at Pilot Station. (a) Monthly averages and 10-point moving averages for discharge between 1975 and 2021, (b)
continuous discharge, and (c) discharge during sample collection. Discharge was typically highest in June and elevated for July through October before dropping to
base flow. (d) DIC/Z*, (e) Ca?*/Z*, (f) Mg?*/Z+, (g) SO,*~ concentration, and (h) Si/Z*. Ca2*/Z+ is typically highest during the period of elevated discharge in June
and lowest during the summer. Mg2*/Z+ exhibits the opposite behavior and is lowest during May and June and highest during September. SO,>~ concentration is lowest
during the spring but is elevated above winter values during the summer months.
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Figure 13. Schematic of seasonal and decadal changes due to permafrost thaw. (a) Base flow in permafrost landscapes is low during the winter months. (b) Spring
flooding in May and June is focused near the thawed shallow surface. The spring flow paths have short residence times and result in lower Ca2*, Mg2*, and SO,*~
concentrations than during the winter but higher Ca?*/X* and SO4>7/X* ratios. (c) Flow in the late summer passes through the full thickness of the active layer. These
flow paths have longer residences times and access to minerals that have already been removed from shallower layers of the profile (Keller et al., 2007, 2010), resulting
in S04~ concentrations comparable to the wintertime concentrations and Mg2*/Z+ ratios exceeding Ca2*/=+ ratios. (d) Prior to warming, river base flow was impeded
by impermeable permafrost. (¢) Base flow is now increasing due to the removal of impermeable permafrost and has elevated ratios of Mg2*/=* and SO4>7/Z*. (f) The
data from Pilot Station indicate a seasonal cycle with variations between flow path length and mineral access. On decadal timescales, dissolved chemistry is trending
toward the summertime condition.

Yukon River complicates this interpretation. Alternatively, the rise in Mg?*/Z+ and reduction in Ca®*/Z* might
indicate release of Mg?* and uptake of Ca?* from the ion exchange pool as discharge and temperature evolve
throughout the summer, or potentially changes in weathering of salt (Cleve et al., 1993; Dyrness & Cleve, 1993).

Analogous to seasonal processes, increases in SO4*/Z* and Mg?*/Z* on decadal timescales within the Yukon
River and Koyukuk River likely reflect changes in flow paths, enhanced subsurface connectivity, exposure of
previously inaccessible phases, and/or clay-mediated ion exchange reactions (Figures 13d and 13e; Woo, 1986;
Tipper et al., 2006). Part of the elevated S0,* flux and higher SO,*/Z* ratio likely reflects enhanced
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sulfide oxidation. However, we could not robustly distinguish between SO4>~ sourced from the weathering of
sulfide-bearing phases and the dissolution of deposits that contain sulfate salts. Future work to constrain chang-
ing base flow chemistry in rivers flowing through permafrost, as diagnosed through isotopic measurements of
seasonal samples, could distinguish among different mechanisms for the increase in SO,>~ flux and changing
SO,>/Z* and Mg?*/Z* ratios.

While the observations from the Koyukuk River are consistent with changes in weathering dynamics secondary
to permafrost thaw, it is also possible that mining activities over the preceding decades have exposed sulfide
and carbonate minerals throughout the catchment (van Stempvoort et al., 2023). Indeed, both the MF and SF
of the Koyukuk headwaters have hosted mines in the past (Brabets et al., 2000). The current observations have
little power to discern between mining and thaw as both mechanisms impact fluvial chemistry by exposing
previously inaccessible minerals to surface weathering conditions. Future work comparing dissolved trace
element concentrations with known sites of anthropogenic disturbance might help to distinguish between
these explanations. Alternatively, anthropogenic inputs of SO,>~ through atmospheric deposition could theo-
retically explain part of the observed increases in SO,*~ concentration and SO,*/Z* (Berner, 1971). We
consider such inputs unlikely, however, because anthropogenic SO, emissions have been declining since
approximately 1970 in the United States and since 1975 in Europe (Gislason & Torssander, 2006), because
the magnitude of the SO,*~ change is substantially larger than could reasonably be attributed to pollutants,
and because anthropogenic inputs would not necessarily explain the changing relative abundances of Ca?*
and Mg?*.

5. Conclusions

Permafrost landscapes include large reservoirs of organic carbon, sulfur, and silicate and carbonate minerals
susceptible to weathering under a warming climate. Here we report geochemical observations of water and
sediment samples collected from the Koyukuk River in central Alaska, a major tributary to the Yukon River
that drains discontinuous permafrost. Using isotopic analysis and the MEANDIR inversion model, we find that
sulfide oxidation sources the majority of SO4>~ in mainstem samples and that assimilatory and dissimilatory
sulfate reduction within the floodplain modestly impact 5**Sso, values, most notably in floodplain waters such
as sloughs and pore fluids. ALK loss due to sulfide oxidation outpaces ALK generation through silicate weath-
ering within mainstem samples but dominance of carbonate weathering results in AALK/AIC > 1. Chemical
weathering in the Koyukuk River catchment is thus a CO, sink on timescales shorter than the 5-10 kyr times-
cale of carbonate compensation. Chemical weathering, as reflected in mainstem samples, is a CO, source on
timescales longer than carbonate compensation but shorter than the approximately 10 Myr residence time of
marine SO,>~. Furthermore, comparison with prior data suggests that the absolute and relative importance of
sulfide oxidation in the Koyukuk River has increased over the past five decades. In particular, the increase in
S0,*7/Z+ through time suggests thaw-induced sulfide oxidation and chemical weathering that increasingly acts
as a source of CO,. However, we also acknowledge the potential for changes in the extent of gypsum dissolu-
tion or anthropogenic contributions from mining activity. In the future, it will be fruitful to measure isotopic
parameters in seasonal water samples to further interrogate annual and decadal changes in the AALK/AIC
weathering ratio.
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