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Abstract Arctic streams and rivers are increasingly vulnerable to degradation from permafrost thaw that
releases toxic elements via natural acid rock drainage. However, the spatial and temporal evolution of acid rock
drainage on river chemistry across diverse mineral settings remain poorly constrained. Here, water chemistry in
six watersheds across Alaska's Brooks Range (2022-2024) quantified the effects of acid rock drainage on river
chemistry. Point-source acid rock drainage inputs (seeps and impaired tributaries) exhibited lower pH (median;
pH: 3.2 and 6.9, respectively), higher sulfate (SO,>™: 3,025 and 390 mg L™", respectively), and elevated major
and trace element concentrations (sum of 23 metals: 451 and 9.2 mg L™, respectively), compared to upstream
unimpaired mainstem rivers (pH = 8.3, SO,*~ = 68 mg L™'; metals = 0.1 mg L™"). Across watersheds, these
inputs increased mainstem concentrations of major and trace elements (e.g., Fe, Al, Mn, Zn, Ni, Cd, and rare
earth elements) and SO,>~; however, mainstem river pH remained stable due to sufficient buffering. Within the
Salmon River, concentrations of filter-passing and particulate fractions of constituents (SO42_, Fe, Zn, Ni, and
Cd) were elevated <70-fold at >100 km downstream of acidic inputs, documenting long-range transport.
Temporal analyses of SO42_ and Zn concentration (2015-2024) revealed abrupt increases (<263%) in two
watersheds between 2019 and 2020, aligning with antecedent record warm and snowy winter conditions.
Collectively, our results document the abrupt onset of acid rock drainage across Arctic rivers with potential for
long-range downstream transport and implications for biogeochemical cycles and ecological and human health.

Plain Language Summary Warming in the Arctic is accelerating permafrost thaw, leading to
changes in the water quality of streams and rivers that provide important ecosystem services to rural
communities. In Arctic Alaska, a growing concern is the increasing number of rivers affected by natural acid
rock drainage, a process that occurs when certain minerals are exposed to air and water, releasing acid, sulfate,
and a mixture of major and trace metals. Here, we examined the effects of acid rock drainage on river chemistry
across six watersheds in Alaska's Brooks Range. Acid rock drainage inputs were extremely acidic, with
concentrations of nickel, zinc, and cadmium similar to those observed in mine-impacted rivers outside the
region. Acidic, metal-rich inputs to rivers raised metal levels downstream by up to 70 times, with the potential
for long range transport (>100 km). We used long-term water quality records to constrain the timing of onset to
2019-2020, which coincided with warm, snowy conditions of the preceding winters. Collectively, our findings
document the recent and abrupt onset of acid rock drainage that releases toxic metals to Arctic rivers, with
implications for wildlife and humans.

1. Introduction

The Arctic is warming four times faster than the globe as a whole (Rantanen et al., 2022), causing rapid changes to
hydrology, ecology, and biogeochemical cycling in stream and river systems in high-latitude regions (Koch &
O’Donnell, 2025). Arctic streams and rivers provide critical habitat for resident and anadromous fish and
ecosystem services to rural communities and are vulnerable to degradation in quality from widespread permafrost
thaw (Sullivan et al., 2025; Thomas et al., 2025). As permafrost thaws with warmer Arctic temperatures and
increased snowfall (S. L. Smith et al., 2022), previously immobilized reservoirs of carbon (C) (Schuur
et al., 2015), nutrients (Gao et al., 2018; Strauss et al., 2017), and major and trace elements (Loiko et al., 2017;
Schuster et al., 2011) can be mobilized to ground and surface waters, with diverse implications for river and
stream water quality (Shogren et al., 2022; Tank et al., 2023; Toohey et al., 2016). An emerging threat to Arctic
rivers is the mobilization of metals due to changes in subsurface flow paths (e.g., driven by permafrost soil thaw)
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that enhance groundwater interactions with deeper mineral layers (Frey & McClelland, 2009; Walvoord
et al., 2012), which in turn stimulate the oxidative weathering of sulfide minerals (termed acid rock drainage)
(O’Donnell et al., 2024; Skierszkan et al., 2026). As of 2025, over 200 rivers and streams across Alaska's Brooks
Range have been identified as potentially affected by natural acid rock drainage based on remote sensing imagery
(O’Donnell et al., 2025), with similar observations of intensified sulfide mineral oxidation in Yukon, Canada
(Skierszkan et al., 2026), highlighting the potential for this disturbance to alter water chemistry across the Arctic
and constituent loading to the Arctic Ocean.

Enhanced acid rock drainage due to a warming climate has been documented across other Arctic (Kemeny
et al., 2023; Skierszkan et al., 2026; Van Stempvoort et al., 2023), boreal (Kwong et al., 2009), and alpine en-
vironments (Crouch et al., 2013; Rue & McKhnight, 2021; Todd et al., 2012), affecting river chemistry and
elevating metal concentrations to potentially toxic levels. In parallel, studies on large Arctic rivers have docu-
mented substantial changes in the fluxes of nutrients and anions to the Arctic Ocean, often observed as gradual yet
systematic shifts over decades (Drake et al., 2018; Tank et al., 2023; Toohey et al., 2016). For example, observed
changes in dissolution of carbonates and sulfide minerals inferred from alkalinity (Drake et al., 2018) and sulfate
(SO,>7) concentrations (Toohey et al., 2016) in larger Arctic rivers has implications for global carbon cycling
(Zolkos et al., 2018). However, investigations within smaller watersheds document that SO42_ concentration, a
byproduct of sulfide mineral weathering, can vary drastically over space and time (Skierszkan et al., 2026; Walsh
et al., 2024). Preliminary assessments of changes in the chemistry of smaller watersheds in Alaska's Brooks
Range support that recent metal mobilization was primarily governed by natural acid rock drainage (O’Donnell
et al., 2024), as impaired rivers were more acidic and had markedly higher concentrations of filter-passing SO42_
and major and trace elements, characteristic of sulfide mineral oxidation (Alpers et al., 2003; Nordstrom &
Alpers, 1999). Despite accelerated changes underway in the Arctic, and broad recognition of the importance of
metal mobilization (Barker et al., 2014; O’Donnell et al., 2024; Skierszkan et al., 2024, 2026; Sullivan
et al., 2025), there is limited information on (a) how the chemistry of Arctic rivers respond to acid rock drainage
inputs from different mineral sources, (b) the spatial extent to which acid rock drainage constituents persist
downstream, and (c) the temporal dynamics (e.g., onset and recovery) of acid rock drainage inputs.

To address these research questions, we conducted a comprehensive chemical evaluation of acid rock drainage
inputs across six watersheds in Alaska's Brooks Range, including analyses of in situ conditions (e.g., pH, dis-
solved oxygen (DO) concentration, specific conductance) and concentrations of dissolved organic carbon (DOC),
dissolved inorganic carbon (DIC) and acid-neutralizing capacity, major cations and anions, and major, trace, and
rare earth elements (REE). In each watershed, point-source acid rock drainage inputs (including hillside seeps and
impaired tributaries) and mainstem river or stream reaches upstream (i.e., unimpacted by acid rock drainage) and
downstream of acid rock drainage inputs were sampled. We evaluated the chemical compositions of acid rock
drainage inputs, benchmarked metal concentrations to acid mine drainage chemical classification, and quantified
the downstream effects on water quality across the six watersheds. Lastly, we leveraged unique data sets of
specific watersheds to evaluate long-range downstream transport and constrain the temporal dynamics of acid-
rock drainage onset and recovery. We discuss the chemical composition, downstream persistence, and tempo-
ral dynamics in context of potential biogeochemical and toxicological implications.

2. Methods
2.1. Study Area

Six Arctic watersheds (ranging from 83 to 2,059 km?; Table S1 in Supporting Information S1) were studied in the
western Brooks Range of Alaska (Figure 1). Three of the watersheds are within Noatak National Preserve and are
tributaries of the Noatak River (the Agashashok River, Kugururok River, and Nakolikurok Creek), and three
watersheds were within or adjacent to Kobuk Valley National Park and tributaries of the Kobuk River (the Salmon
River, Anaktok Creek, and Tukpahlearik Creek). All watersheds ultimately drain to Kotzebue Sound and the
Chukchi Sea. Both the Noatak River and Salmon River are designated National Wild and Scenic Rivers
(ANILCA, Public Law, 1980). The Anaktok Creek watershed is nested within the Salmon River watershed and
handled as a unique subcatchment. All watersheds were underlain by continuous permafrost (Jorgenson
et al., 2008), with a range of low (<10% volume), moderate (10%—40% volume), or variable ground ice content
(Table S2 in Supporting Information S1). Dominant land cover of the watersheds was dwarf shrub (ranging from
42% to 69% of watershed area) and shrub (14%-36%), with smaller proportions of sedge, barren land, and
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Figure 1. (a) Map of Arctic watersheds (shaded regions) and sampling locations in Noatak National Preserve and Kobuk Valley National Park (northwest Alaska).
Markers identify sampling locations of surface waters. Diamonds identify hillside seeps. Insets provide the (b) location within Alaska and latitude of the Arctic Circle

(dashed line) and (c) synoptic sampling lo:

cations within the Salmon River watershed.

evergreen forest (all <11.6%) (Dewitz & U.S. Geological Survey, 2021) (Table S3 in Supporting Information S1).
The six watersheds encompass a range of lithologies characteristic of the late Mesozoic-Paleogene fold-and thrust
belt that forms the northwestern part of the North American Cordillera (Table S4 in Supporting Information S1)
(Wilson et al., 2015). Despite this geologic variability, all six watersheds contain geologic units with a high
probability of hosting sulfide minerals, including the Hunt Fork Shale and Kayak Shale of the Endicott Group, the
Kuna Formation of the Lisburne Group, or chert-bearing units.

Data sets from the Agashashok River and Wulik River were used to evaluate the temporal onset of acid rock
drainage. A total of 29 locations in the Agashashok River watershed were surveyed during 2015-2024. Publicly
available data from Clawson (2025) were used for the Wulik River watershed, which is located outside the
western border of Noatak National Preserve. The watershed contains Red Dog Mine (68.0698°, —162.8723°), one
of the world's largest open-pit zinc (Zn), lead (Pb), and silver (Ag) mines. To minimize potential influences from
local anthropogenic disturbances, we used data collected from a monitoring station (Ikalukrok Creek, Station 9;
68.0926°, —162.951°; Figure 1) located upstream of discharge from Red Dog Mine. Aside from Red Dog Mine,
there is little past or present surface mining and resource extraction within the study area.

2.2. Sample Collection and Processing

Water samples were collected from June to September (2022-2024). To assess the impact of acid rock drainage
inputs on river chemistry across the six watersheds, surface water samples were collected from the mainstem,
tributaries, and hillside seeps (recently emerged groundwater upwelling on hillsides) (Figure 1). Unimpacted
mainstem samples were collected upgradient of any observable point-source input of acid rock drainage (i.e., a
hillside seep or impaired tributary) based on visual (e.g., orange discoloration or staining) or chemical indication
(e.g., turbidity, specific conductance, and pH) of acid rock drainage at the time of sampling. Mainstem river or
creek samples were collected at several locations downstream of acid rock drainage input(s). Tributary samples
were collected upstream of the confluence with the mainstem. Hillside seeps were sampled at the location of
groundwater upwelling on hillsides. Within watersheds, the number of unique sites ranged from 7 to 27, resulting
in 11-43 discrete samples per watershed (Table S1 in Supporting Information S1).
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For representative comparisons of downstream chemistry across all watersheds, a single mainstem site located
downstream of acid rock drainage input was selected within each watershed to represent the downstream
mainstem chemistry (“downstream mainstem” site classification; selection criteria outlined in Section 2.4). The
Salmon River, which had the lowest upstream SO,>~ concentration, and multiple downstream point-source acid
rock drainage inputs, was sampled in a synoptic fashion in 2023 to quantify downstream transport of acid rock
drainage constituents.

At the time of water sample collection, discrete in situ measurements of pH, temperature (°C), dissolved oxygen
(DO; mg L™" and % saturation), and specific conductance (SpC; pS cm™") were collected using a YSI ProDSS
multiparameter meter (YSI, Yellow Springs, OH). Sensors were calibrated via manufacturer specifications. Grab
samples were collected in a well-mixed area of the mainstems and tributaries using 2-L polyethylene terephthalate
glycol (PETG) bottles that were triple rinsed with site water before sample collection and filled with no head-
space. Samples at hillside seeps were pumped into 2 L PETG bottles using a Geotech II peristaltic pump (Geotech
Environmental, Denver, CO) and acid-cleaned silicone pump tubing. Grab samples were processed on-site at the
time of sample collection for all samples from impaired waters or within 24 hr of collection for unimpaired waters.
Samples were processed by collecting (a) unfiltered subsamples for quantification of DIC, acid-neutralizing
capacity, and unfiltered metals (total major and trace element concentrations) and (b) filtered subsamples
(0.45-pm; referred to as filter-passing) for quantification of DOC, dissolved inorganic anions, major cations, trace
elements, iron oxidation state (Fe(II) and Fe(IIl)), and total filter-passing mercury (Hg). Preservation and storage
of all samples are defined in Text S1.1 in Supporting Information S1. Field processing blanks involved filtering
ultrahigh purity water (>18.2 MQ cm) in the field and were collected once per field day over the study period.

2.3. Water Analyses

Complete details of water analyses are provided in Text S1.2, Table S5 in Supporting Information S1. In brief,
water samples were analyzed for DIC by acidification and purging, acid-neutralizing capacity by titration to pH
4.5, DOC by high temperature catalytic combustion, major anions (chloride (C17), SO,>~, nitrate (NO3;7)) by ion
chromatography, major cations (calcium (Ca®*), magnesium (Mg>*), sodium (Na™) and potassium (K™)) by
Inductively Coupled Plasma-Optical Emission Spectrometry (U.S. EPA, 1994) and major and trace elements
(°Be, 7Al, *Cr, >Mn, S'Fe, *°Co, °Ni, ©Cu, ®Zn, "As, 7'Se, *°Y, '7Ag, '1'Cd, '¥"Ba, 'PLa, '4°Ce, '4IPr,
146Nd, 193Dy, 29571, 29pb, 297Pb, 298pb, and **®U) by Inductively Coupled Plasma-Mass Spectrometry (U.S.
EPA, 1998, 2007) (commonly referred to as metals) (see Table S6 in Supporting Information S1 for ICP-MS
instrument settings), total filter-passing Hg by cold vapor atomic fluorescence spectrometry (U.S. EPA, 2002),
and iron oxidation state by Ferrozine colorimetric analysis (To et al., 1999).

2.4. Site Classification
2.4.1. Five Site Classification Groups

To evaluate changes in downstream chemistry across watersheds, sites were assigned to one of five classification
groups (Table 1, Figure S1 in Supporting Information S1). Mainstem samples were classified as either upstream
(upstream mainstem; n = 7) or downstream (downstream mainstem; n = 6) of point-source acid rock drainage
inputs (either hillside seeps or impaired tributaries) according to hydrologic and spatial watershed characteristics.
Hillside seeps (termed seeps) were acid rock drainage inputs, sampled at the point of groundwater upwelling
(n = 5). Tributaries were classified as either impaired (n = 10) or unimpaired (reference tributaries; n = 18)
according to visual observations during sample collection and reinforced by in situ chemical measurements
(e.g., turbidity, SpC, and pH) and analysis of Google Earth Pro imagery (Google, 2024) using coordinates of
sampling locations. With these site classification groups, 46 of the 82 total sites were included in the assessment
of downstream chemical changes across the six watersheds. The remaining sites either could not be assigned to a
classification group or included mainstem sites outside of the designated upstream and downstream comparison
reaches and tributaries for which field observations were insufficient to determine impairment status.

For each sampling site within the mainstem river, a cumulative downstream distance (km), relative downstream
distance (km), and relative watershed area were determined. Cumulative downstream distances (km) were
measured from the most upstream sampling site in each watershed using the Rule Path tool in Google Earth Pro
(Google, 2024). Relative downstream distances (km) were measured for downstream mainstem sampling sites as
the downstream river distance from the nearest upstream acid rock drainage input using the Rule Path tool in
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Table 1

Site Classification Definitions for Grouping of Sites Across the Six Watersheds

Site classification® Definition

Upstream Mainstem (n = 7) The most upstream samples in each watershed, upstream of any known point-

source acid rock drainage input at the time of sampling. Set at a river distance of 0 km
for all downstream sites. Used as control, unimpaired mainstem chemistry

Hillside Seep (n = 5) Hillside seeps sampled at the location of groundwater upwelling present in
four of the six watersheds

Impaired Tributary (n = 10) Tributaries of the mainstem river that exhibited visual indicators or chemical
indication of acid rock drainage at the time of sampling (e.g., orange staining, high
relative turbidity, and/or SpC, low pH) compared to the upstream location(s)

Unimpaired Tributary (n = 18) Tributaries that did not exhibit visual or chemical indicators of acid rock
drainage at the time of sampling and used as control, reference tributaries

Downstream Mainstem sites located 6.0-32.6 km downstream of impaired inputs with
Mainstem® (n = 6) Relative Watershed Areas between 4.0 and 10.6 (Equation 1). Cumulative downstream
distances (from the upstream site) range from 20 to 50 km. across the six watersheds

“Refer to Table S1 in Supporting Information S1 for details on the number of sites of each type and unique samples across the
six watersheds. "Refer to Table S7 in Supporting Information S1 for distances and relative watershed area for each watershed.

Google Earth Pro (Google, 2024). Unique watershed perimeters and area were derived for each mainstem site
using a mosaic of 5-m resolution digital elevation models. The Relative Watershed Area was determined for each
mainstem site using Equation 1.

Mainstem Site Watershed Area (ka)
Upstream Mainstem Watershed Area (ka)

Relative Watershed Area (unitless) =

(1

For example, a mainstem site with a Relative Watershed Area of 2.0 equates to the watershed area increasing by a
factor of two from the upstream mainstem site. The Relative Watershed Area was used as a consistent metric to
group downstream mainstem sites across watersheds of differing size and tributary inputs. Sites in the down-
stream mainstem grouping had a relative watershed area between 4.0 and 10.6, which equated to a downstream
distance (from the nearest input of acid rock drainage) of 6.0-32.6 km and a cumulative downstream distance
(from the upstream site) of 20.0-50.0 km (Table 1, Table S7 in Supporting Information S1).

2.5. Hydrological Data

Hydrological data of four gaged streams and rivers regional to the Wulik and Agashashok River watersheds were
evaluated from 2015 to 2024. To aid the analysis of historical water quality data, daily discharge data were
extracted from the U.S. Geological Survey Water Data for the Nation (U.S. Geological Survey, 2025), for site
numbers 15564879 (Slate Creek at Coldfoot, AK), 15743850 (Dahl Creek near Kobuk, AK), 15744500 (Kobuk
River near Kiana, AK), and 15747000 (Wulik River below Tutak Creek near Kivalina, AK) using the data-
Retrieval package (DeCicco et al., 2022) in R (R Core Team, 2025).

2.6. Calculations and Statistical Analyses

Complete details for the calculations and statistical analyses performed in this study are provided in Text S1.3 in
Supporting Information S1. In brief, particulate trace and major elements concentrations were calculated as the
difference between unfiltered and filter-passing concentrations. Geochemical speciation predictions were per-
formed using SpecES8 software in The Geochemist's Workbench (Community Edition 18.0) to assess the satu-
ration index of minerals in impaired tributaries (n = 14 conditions) and downstream mainstem sites (n = 9
conditions). Left-censored data were substituted with \/ 2/2 times the detection limit (Antweiler, 2015). Bicar-
bonate (HCO;™) concentrations were determined from site-specific DIC, pH, and temperature measurements
following equations adapted from U.S. Geological Survey Numbered Series (Rounds & Wilde, 2012). For
samples for which acid-neutralizing capacity was not measured, acid-neutralizing capacity was calculated from
DIC, pH, and temperature (Rounds & Wilde, 2012). Statistical significance (p-value < 0.05) between site
classification groups is displayed on figures by compact letter display.
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2.6.1. Relative Tributary Concentrations in the Salmon River

To evaluate how tributary inputs contributed to mainstem river chemistry for the Salmon River synoptic data set,
analyte concentration ratios were determined as the ratio of the tributary over the mainstem concentration
(Equation 2).

Tributary concentration

@

Tributary /mainstem concentration ratio = - -
Reference mainstem concentration

For example, a tributary/mainstem concentration ratio of 5 indicates that the analyte concentration in the tributary
was five times greater than that measured at the mainstem immediate upgradient of the confluence (sites identified
in Table S8 in Supporting Information S1). For consistency in presentation, pH values were converted to
hydrogen ion concentrations for calculation of the tributary/mainstem concentration ratio.

3. Results and Discussion
3.1. Chemistry of Rivers Upgradient of Acid Rock Drainage

Rivers and streams sampled upgradient of point-source acid rock drainage inputs (termed “upstream mainstem”)
established baseline field conditions (pH, DO concentration, SpC) and aqueous chemistry of the six watersheds
during sampling periods (Figures 2 and 3, Figures S2 and S3 in Supporting Information S1). Across watersheds,
upstream site pH ranged from 7.89 to 8.33 (Figure 2b), DO ranged from 11.5 to 12.8 mg L™! (near 100%
saturation) (Figure 2c), and SpC ranged from 228 to 716 pS cm™! (Figure 2a). DOC concentrations were uni-
formly low across all six watersheds (<2 mgC L™") (Figure 2d), while SO,?~ concentrations varied almost an
order of magnitude from 25 to 220 mg L™" (Figure 2f) and major divalent cation (Ca>* and Mg”™) concentrations
spanned from 20 to 91 mg L™ (Figure 2g) and 6-37 mg L ™" (Figure 2h), respectively. Acid-neutralizing capacity
was relatively uniform (99.5-117 mgCaCO; L™ for five of the watersheds (Agashashok River, Salmon River,
Anaktok Creek, Nakolikurok Creek, and Tukpahlearik Creek) but lower in the Kugururok River
(52 mgCaCO; LY (Figure 2e). Metal concentrations were low, with the sums of filter-passing metals (sum-
mation of all 23 metals measured via ICP-MS) at upstream sites ranging from 44 to 410 pg L™" and the sums of
particulate metals ranging from 68 to 2050 pg L™" (Figure 3, Figure S3 in Supporting Information S1). Median
concentrations of (a) filter-passing and particulate major metals (Fe, Al, and Mn) were <90 pg L™" and (b) filter-
passing and particulate trace (As, Cd, Cu, Co, Cr, Ni, Se, Tl, U, Pb, and Zn) and rare earth elements (REE = Y Ce,
Dy, La, Nd, Pr, and Y) were <30 and <5 pg L™, respectively.

The chemical compositions of upstream mainstem water across the six watersheds are attributed to differences in
bedrock geology and permafrost ice content and interpreted independent of point-source acid rock drainage in-
puts. First, the relatively low measured major and trace element concentrations were consistent with previous
surveys of rivers in the Brooks Range (Rember & Trefry, 2004) and markedly lower than rivers with historical
mining that contribute point- and non-point-source metal inputs (Todd et al., 2012). Second, major cation and
anion concentrations are indicative of background mineral weathering occurring in the upstream reaches, as
evaluated by bedrock composition and the proportions of filter-passing ions (Figure S4 in Supporting Informa-
tion S1). Upstream mainstem waters were either SO,*~ or HCO,~ dominant, which indicates the weathering of
carbonate bedrock and sulfur mineral sources. Importantly, the hierarchy in mainstem river acid-neutralizing
capacity across watersheds is explained by the percentage of carbonate bedrock, with the Kugururok River
having the lowest carbonate bedrock (18% of watershed) and the other five watersheds having markedly higher
carbonate bedrock (40%—44%) (O’Donnell et al., 2016). Furthermore, SO42_ concentrations of upstream main-
stem waters (median SO,>~ concentrations of each watershed follow the order: Tukpahlearik Creek > Anaktok
Creek > Nakolikurok Creek > Kugururok River > Agashashok River > Salmon River) were within the range of
concentrations of other headwater streams of the Brooks Range (19-454 mg LY (Kemeny et al., 2023; Lehn
etal., 2017), and are interpreted to represent the degree of background sulfide mineral weathering and potentially
evaporite mineral (e.g., gypsum) dissolution (Kemeny et al., 2023; Lehn et al., 2017; Van Stempvoort
et al., 2023). Lastly, the uniformly low DOC concentrations across upstream mainstem sites are consistent with
watersheds draining ice-poor permafrost (Carey et al., 2025; O’Donnell et al., 2020). Taken together, these
baseline water chemistry data provide a foundation for assessing acid-neutralizing capacity for buffering,
background SO,>~ concentrations, and background metal concentrations and partitioning between filter-passing
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Figure 2. (a) Specific conductance, (b) pH and concentrations of (c) dissolved oxygen, (d) dissolved organic carbon, (e) acid-neutralizing capacity (as mgCaCO, LY,
(f) sulfate (S042_), (g) calcium (Ca*"), and (h) magnesium (Mg2+) across the six watersheds by site classification group (Table 1). Boxplots show the median and
interquartile range (25th—75th percentiles). Whiskers represent the 10th and 90th percentiles, and observations outside this range are shown as individual points.
Statistical significance (p-value < 0.05, Dunn's Test) is displayed by letters (e.g., a—c).

and particulate fractions, which are critical to evaluate the effects of point-source acid rock drainage inputs on
downstream chemistry.

3.2. Chemistry of Point-Source Acid Rock Drainage Inputs

Hillside seeps (n = 9) illustrated the distinct geochemical composition of point sources of acid rock drainage
across the six watersheds. Seeps were substantially more acidic (pH 2.57-7.55) (Figure 2b), had lower DO
concentrations and percent saturation (3.7-13.1 mg L™" and 27.7%-95.9%, respectively) (Figure 2c), higher SpC
(991-7,961 pS ecm™") (Figure 2a), lower acid-neutralizing capacity (0.14-39.8 mgCaCO; L™"; Figure 2e), and
exhibited distinct major and trace element chemistry compared to upstream mainstem waters (Figure 3, Figure S3
in Supporting Information S1). For 34 of the 46 analytes quantified, seeps exhibited higher median concentrations
than the upstream mainstem site classification (19 of the 34 statistically significant, Kruskal-Wallis; p < 0.05)
(Table S9 in Supporting Information S1). The median SO,>~ concentration of seeps was 3,025 mg L™" (and as
high as 8,300 mg L™"), which was 44 times greater than the median of upstream mainstem waters (Kruskal-
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Figure 3. Concentrations of filter-passing and particulate (a) iron (Fe), (b) aluminum (Al), (¢) summation of rare earth elements (REE; Y Ce, Dy, La, Nd, Pr, and Y),
(d) nickel (Ni), (e) cadmium (Cd), and (f) zinc (Zn) across the six watersheds by site classification group (Table 1). Boxplots show the median and interquartile range
(25th—75th percentiles). Whiskers represent the 10th and 90th percentiles, and observations outside this range are shown as individual points. Statistical significance (p-
value < 0.05, Dunn's Test) is displayed by letters (e.g., a—c) independently between filter-passing and particulate data between classification groups.

Wallis; p < 0.05; Figure 2f). Further, DOC and Mg”>" concentrations were significantly higher in seeps
(1.1-55 mgC L™" and 99-922 mg L', respectively; Kruskal-Wallis; p < 0.05) (Figures 2d and 2h) than upstream
mainstem waters. In seeps, metals were present primarily in the filter-passing fraction (average ~ 97% of total
metal) with filter-passing concentrations of Fe, Mn, Al, REE, Ni, Cd, and Zn 2.9-4.2 orders of magnitude greater
than the upstream mainstem waters (Kruskal-Wallis; p < 0.05; Figure 3, Figure S3 in Supporting Informa-
tion S1). Filter-passing concentrations of Co and Cu in seeps were comparatively lower (median concentrations of
80 and 605 pg L™, respectively) but still elevated in seeps relative to upstream mainstem waters (Figure S3 in
Supporting Information S1; Kruskal Wallis; p < 0.05). Importantly, Pb, As, and Hg concentrations were relatively
low in seeps (<10 pg L™ for Pb and As; <4 ng L™" for Hg) (Figures S3f and S3h in Supporting Information S1).

An assessment of the pH and metal concentrations of seeps revealed high potential for acid generation and metal
release across the watersheds (Figure 4a). Seeps in the Agashashok River, Tukpahlearik Creek, and Anaktok
Creek watersheds were highly acidic and metal-rich (}.Zn + Cu + Cd + Pb + Co + Ni), as defined by classi-
fications used for acid mine drainage (Ficklin et al., 1992; Plumlee, 1997). For regional comparison, these seeps
were more acidic (pH < 4) and metal-rich compared to natural acid rock and acid mine drainage waters across the
Su-Lik and Red Dog massive sulfide deposits of Alaska's Brooks Range (shown as gray symbols in Figure 4a)
(Kelley & Taylor, 1997) and consistent with extreme acid mine drainage conditions. One seep in the Nakolikurok
Creek watershed had a higher pH and lower filter-passing metal concentrations and was characterized as “near-
neutral/low-metal” water, with metal concentrations comparable to those observed in the upstream sites of our
study (refer to the blue shaded region in Figure 4a). Notwithstanding, the low pH and extremely high metal
concentration of seeps observed across watersheds demonstrate the extreme potential for acid generation and
metal release across watersheds spanning the western Brooks Range.
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Figure 4. (a) Metal concentrations of seeps (diamonds) and impaired tributaries (circles) versus field-measured pH by watershed, in context of acid and metal conditions
of acid mine drainage (defined by Plumlee, 1997) and previous literature values (Graham & Kelley, 2009; Kelley & Taylor, 1997). (b) Relative proportion of filter-
passing metal concentrations (as a percentage of Y, Zn, Ni, Cu, Co, Cd, and Pb) of seep samples.

The geochemical data of seeps, including low pH, DO concentrations markedly lower than saturation (Elberl-
ing, 2005), and elevated SO,>~ and major and trace element concentrations (Figures 2 and 3), are consistent with
sulfide mineral oxidation as the dominant underlying mechanism driving metal release (Alpers et al., 2003;
Graham & Kelley, 2009; Nordstrom & Alpers, 1999). Further, the distribution of Fe oxidation state was measured
within the acidic Agashashok River seep (2.9 < pH < 3.4) and showed the co-presence of Fe(I) and Fe(IIl) (72%
and 28%, respectively) (Table S10 in Supporting Information S1). This observation suggests the potential for
microbial oxidation of Fe(Il) to Fe(IIl) in the subsurface, the latter further catalyzing sulfide mineral oxidation
(Kirby et al., 1999; Nordstrom, 2000), and may help explain the low pH of the majority of the seeps at which the
rate of abiotic oxidation of Fe(Il) to Fe(Ill) is significantly reduced (Kirby et al., 1999; Nordstrom, 2011).
However, given the lack of access to the host sulfide minerals and subsurface hydrological flow paths, and
unknown microbial community composition, we cannot quantitatively account for buffering or differences in the
extent of coupled abiotic/biotic processes that accelerate sulfide mineral oxidation that may have occurred in the
subsurface (Nordstrom, 2000; Schippers & Sand, 1999).

The distributions of metals across seeps differed markedly between and within watersheds (Figure 4b), partic-
ularly in the relative abundance of Zn, Ni, Co, and Cu. We interpret this as indicating the different source minerals
being weathered (e.g., pyrite and base-metal sulfides). For example, the Agashashok River seep may indicate the
weathering of sphalerite (ZnS), which would contribute to the higher proportion of Zn observed, whereas Cu-rich
sulfide minerals or impurities (covellite (CuS) or chalcopyrite (CuFeS,)) may explain the highest proportion of
Cu across seep chemistry in the Anaktok Creek watershed (Figure 4b). The diverse composition of seep metal
chemistry and potential source minerals is consistent with the known variety of sulfide deposits (Kelley &
Jennings, 2004; Schmidt, 1997) and sulfide-bearing geologic units across the six watersheds (Table S4 in Sup-
porting Information S1) (Wilson et al., 2015).

Impaired tributaries (n = 21) were more acidic (pH range of 3.40-7.82) and had higher metal (sum of filter-
passing metals ranged from 522 to 130,900 pg L™!, and sum of particulate metals ranged from 382 to
1,329,200 pg L") and SO,>~ concentrations (17.6-1,820 mg L™") than upstream or reference tributary groups
(Figures 2 and 3, Figures S2 and S3 in Supporting Information S1; no statistical difference to seeps using Kruskal-
Wallis test, p > 0.05). Impaired tributaries showed highly consistent trends between pH and metal concentration
(Figure 4a) but contained a greater proportion of metals in the particulate fraction (on average ~20% particulate of
total metals) than seeps, whereas seeps contained metals predominantly in the filter-passing fraction (on average
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~3% particulate) (Figures S5 and S6a in Supporting Information S1). This was most evident for Al, As, Cr, Pb,
REE, Se, and U which were disproportionately high in the particulate fraction compared to filter-passing fraction
in the impaired tributaries, whereas Ba, Cd, Co, Cu, Mn, Ni, and Zn were predominantly in the filter-passing
fraction (Figure S6b in Supporting Information S1). Geochemical modeling of impaired tributary conditions
(described in Text S1.4 in Supporting Information S1) assessed whether tributaries were undersaturated or su-
persaturated with respect to mineral phases. At the field conditions of impaired tributaries (e.g., pH, DO con-
centration, temperature, acid-neutralizing capacity concentration, filter-passing major cation, anion and metal
concentrations), several minerals were supersaturated (Q > K) including Fe and Mn (oxy)hydroxides (e.g., Fe
(OH); and MnO(OH)), mixed metal-substituted Fe oxides (e.g., Co(FeO,),, NiFe,0,, CuFe,0,, and ZnFe,0,),
and Fe(IIl) sulfate and Al(III) sulfate minerals ((Na,K)Fe;(SO,),(OH)q and KAl;(SO,),(OH)¢) (Table S11 in
Supporting Information S1). Therefore, the chemistry of impaired tributaries is interpreted to be driven by acidic
seep inputs within the watershed and a combination of dilution, mineral precipitation, and metal adsorption to the
surfaces of Fe(IlI) and Mn(III) oxide and (oxy)hydroxide, resulting in greater particulate metal concentrations at
higher pH (Gault et al., 2015).

We interpret the acidic water, metal concentration (Figures 3 and 4a, Figure S3 in Supporting Information S1),
and distribution of metals (Figure 4b) in seeps and impaired tributaries to represent the source materials of
weathered minerals (e.g., pyrite and base-metal sulfides), extent of sulfide mineral oxidation reactions, potential
subsurface buffering by acid-neutralizing minerals (e.g., carbonates) across the watersheds (Graham & Kel-
ley, 2009; Plumlee, 1997), and dilution and mineral precipitation. Although we observed watershed-specific
differences in metal concentration and fraction distribution (filter-passing vs. particulate) across seeps and
impaired tributaries, the chemistry of seeps and impaired tributaries was distinct from upstream mainstem and
unimpaired tributary sites (Figure 3 and Figure S3 in Supporting Information S1) highlighting the potential for
their input to affect mainstem river chemistry.

3.3. Downstream Effects of Acid Rock Drainage Inputs
3.3.1. Effects of Acid Rock Drainage Chemistry Across Six Watersheds

We examined the downstream fate of the constituents from point-source acid rock drainage inputs across all
watersheds by comparing the chemistry of the downstream mainstem group (encompassing sites 6.0-32.6 km
downstream of upstream sites) to the chemistry of the upstream group (Figures 2 and 3, Figures S2 and S3 in
Supporting Information S1). Compared to the upstream group, downstream mainstem pH had a slightly greater
range (pH of 7.47-8.25) but was not substantially different from the upstream group (7.89-8.33). However, 31 of
45 analytes measured had higher downstream median concentrations compared to the upstream group, 7 of which
were statistically significant (Kruskal-Wallis; p < 0.05). Notably, the median SO42_ concentration downstream
was 182 mg L™" higher than upstream (Figure 2f), with the Salmon River watershed exhibiting a 962% increase
(from 25.3 to 269 mg L™") (Figure S7 in Supporting Information S1). Median acid-neutralizing capacity was
lower downstream compared to upstream of acid rock drainage inputs (83 mgCaCO; L™" vs. 105 mgCaCO; L™,
interpreted to be from consumption of acid-neutralizing capacity from acidic tributary and seep inputs (Kemeny
etal., 2021). Yet, the stable downstream mainstem river pH (Figure 2b) indicates the six watersheds had sufficient
acid buffering capacity to prevent mainstem river acidification.

We observed significant differences between upstream and downstream median concentrations of select filter-
passing and particulate metals, ranging from 3- to 21-fold increases. Ni concentrations only increased in the
filter-passing fraction (0.8—13 pug L™"), Fe and the sum of REE only increased in the particulate fraction (41756
and 0.3-7 pg L™!, respectively), and Al increased in both the filter-passing and particulate fraction (18-55 and
65-282 pg L™, respectively) (Figure 3; Kruskal-Wallis; p < 0.05). Particulate Ni, Zn, and Cd were comparable
between downstream and upstream sites (<1 pg L™"). Filter-passing Mn increased 7-fold (from 13 to 96 pg L™")
between upstream to downstream (Figure S3 in Supporting Information S1), but differences were not statistically
significant (p > 0.05). Watershed-specific differences were observed in the magnitude of changes in filter-passing
and particulate constituent concentrations (Figure S7 in Supporting Information S1) that aligned with the ob-
servations across all six watersheds when grouped (Figure 3, Figure S3 in Supporting Information S1). All other
filter-passing and particulate elements (As, Co, Cr, Cu, Se, Tl, U, and Pb) were within the same concentration
range downstream as upstream of point-source inputs of acid rock drainage (difference within 1.5 ug L™").
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Specific constituents and fractions that remained elevated downstream of acid rock drainage inputs across wa-
tersheds align with the chemical characterization of seeps and impaired tributaries, the geochemical susceptibility
of constituents to precipitate or absorb to solid phases, and dilution from downstream tributaries. Unimpaired
tributaries between the upstream and downstream mainstem sites universally showed similar chemistry to up-
stream sites (Figures 2 and 3; Figures S2 and S3 in Supporting Information S1), therefore diluting acid rock
drainage inputs as the watershed area increased in size from upstream to downstream sites (from 6- to 10.4-fold).
This, in part, explains why many analytes were only modestly higher downstream when data were grouped across
all six watersheds, with markedly increased SO,*~ and select filter-passing (Al, Ni, Mn) and particulate metal
concentrations (Fe, Al, and REE). Geochemical modeling (Text 1.4 in Supporting Information S1) of the
downstream water chemistry shows that most waters were supersaturated with respect to Fe(IlI) minerals (Table
S12 in Supporting Information S1) consistent with elevated particulate Fe (Figure 3a), and thus Fe(III) minerals
are expected to preferentially adsorb select metals (e.g., Co and Cu and REE) (Gault et al., 2015) with minimal
adsorption of Ni. Although thermodynamic modeling also predicted precipitation of Mn minerals, Mn remained
elevated in the filter-passing fraction across downstream mainstem sites (Figure S3A in Supporting Informa-
tion S1) likely due to relatively slow abiotic oxidation of Mn(II) by DO (Hem, 1963; Morgan & Lahav, 2007);
therefore, Mn(IV) minerals were not considered a major contributor to adsorption of other metals. For As and Pb,
acid rock drainage inputs had no effect on mainstem river concentrations because of their low concentrations
(<10 pg L™ in seeps and impaired tributaries (Figures S3f and S3h in Supporting Information S1).

Conversely, SO42_ was not expected to adsorb to minerals downstream in the mainstem rivers due to the rela-
tively high pH (pH range of 7.47-8.25; Munk et al., 2002) nor was SO42_ mineral precipitation in the mainstem
rivers expected at these distances downstream (6.0-32 km downstream of acid rock drainage inputs) based on
geochemical modeling of the downstream mainstem sites. BaSO, was the only sulfate mineral slightly super-
saturated but the formation would be limited by the low concentrations of Ba®* (<24 pg L™") relative to SO,*~
(>251 mg L") (Table S12 in Supporting Information S1). The formation of Fe(III) and AI(III) secondary sulfate
minerals is only expected within impaired tributaries (Table S11 in Supporting Information S1), consistent with
previous observed (Lacelle et al., 2007; Nordstrom, 2000; Skierszkan et al., 2026), but not the mainstem rivers.
Therefore, the pronounced enrichment of SO,>~ observed across watersheds (Figure 2f), in conjunction with
thermodynamic modeling results (Table S12 in Supporting Information S1), indicates that SO,>™ is a viable proxy
for acid rock drainage inputs to rivers.

In summary, when data were grouped across watersheds, the results provide evidence of a downstream effect on
water chemistry at mainstem sites located 6.0-32.6 km downstream of acid rock drainage inputs, including
elevated concentrations of filter-passing SO,>”, filter-passing Al, Ni, and Mn, and particulate Fe, Al, and REE.
These results indicated that downstream effects within our study area are driven by the acidity, metal concen-
tration, and metal fraction distribution contributed by seeps and impaired tributaries. To build on these obser-
vations across watersheds, a spatially resolved analysis was conducted within a single watershed to investigate
transport chemistry and transport distances.

3.3.2. Salmon River Synoptic Analysis of Downstream Fate

A spatially resolved analysis of the downstream fate of acid rock drainage inputs was conducted across 19 sites in
the Salmon River watershed spanning 103 km (Figure 1¢). The Salmon River watershed was well suited for this
evaluation because the upstream site had the highest pH (8.33) and lowest SO,>~ concentration (25 mg L™") of the
six watersheds, and relatively low filter-passing and particulate metal concentrations (sum of filter-passing
metals = 43 pg L™'; sum of particulate metals = 174 pg L™"). Trends in analyte concentrations were evalu-
ated over 103 km of the mainstem of the Salmon River from the upstream site to downstream site as a function of
the relative watershed area (from 1 to 22.3; Equation 1) (Figure 5), over which nine tributaries enter (n = 5 acid
rock drainage impaired tributaries; n = 4 unimpaired tributaries). Tributary chemistries were evaluated relative to
mainstem chemistry and are presented as a tributary/mainstem concentration ratio (Equation 2) in heat plots.

Mainstem river pH and SO42_ concentration exhibited abrupt shifts that persisted downstream. The first and
second impaired tributaries entered at a relative watershed area of 3.75 and 4.75 (pH 7.74 and 4.67, respectively),
resulting in a decrease in mainstem river pH from 8.33 to 7.71, followed by a rebound from 7.71 to ~8.0 and
remained consistent as the watershed area increased to the final downstream site (Figure 5a). Mainstem river
SO,>~ concentration showed a step-increase at the locations of the two uppermost impaired inputs (with SO,*~
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Figure 5. Spatial analysis of the Salmon River mainstem and tributary (a) pH and concentrations of (b) sulfate (SO42_) and particulate (p.) and filter-passing (f.) (c) iron
(Fe), (d) zinc (Zn), (e) nickel (Ni), and (f) cadmium (Cd) from upstream to downstream presented as the Relative Watershed Area (Equation 1). Area plots show the
mainstem river concentrations at discrete mainstem sampling locations indicated by the black symbols. The hashed vertical lines identify locations of tributaries
according to their distance downstream. Heat plots above each sub-plot present the tributary versus mainstem concentration ratio (Equation 2), where color saturation
indicates the analyte concentration ratio with unique legends for each analyte.

concentrations of 407 and 880 mg L™, respectively), increasing from 25 mg L' upstream to a maximum
concentration of 280 mg L™ (Figure 5b). Then, SO,>~ concentration progressively decreased to 124 mg L™ at
the furthest downstream site, exhibiting a total increase of ~100 mg L™" from upstream to downstream.

Particulate and filter-passing metals (Fe, Zn, Ni, and Cd) show three zones of concentration changes across the
mainstem. These metals concentrations increased from impaired tributary inputs located at relative watershed
area values of 4.75 and 11.0 and decreased across the intervening reach at relative watershed areas of 6.0-10.0
(Figures 5¢c—5f). Enrichment of Fe was primarily observed in the particulate fraction, with a ~30-fold increase
observed in the mainstem after the impaired tributary input at relative watershed area of 11.0 (Figure 5c). Zn and
Cd exhibited enrichment in both filter-passing and particulate fractions, with the most pronounced increases
associated with impaired tributary inputs at a relative watershed area of 4.75 (up to 260-fold increase) and 11.0
(up to 120-fold) (Figures 5d and 5f). In total, filter-passing and particulate Zn increased 17.6 and 7.7-fold (from
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1.4 to 24 and 1.8-14 pg L™, respectively), and filter-passing and particulate Cd increased 28.2 and 22.8-fold
(from 0.03 to 0.71 pg L™" and <DL to 0.16 pg L', respectively). Conversely, Ni concentrations increased
primarily in the filter-passing fraction by nearly two orders of magnitude (from 0.5 to 32.4 pg L™") that persisted
across the 103 km (Figure 5e). Similar dynamics were observed for other major and trace elements (Figure S8 in
Supporting Information S1), with Cu, REE, and Se showing enrichment primarily in the particulate fraction, Al
showing enrichment of both filter-passing and particulate fractions, and Mn and Co showing enrichment pri-
marily as filter-passing fraction.

Trends in filter-passing and particulate analyte concentrations were a function of the locations of the impaired
tributary inputs (relative watershed area values of 3.75, 4.75, and 11.0), the concentration and fraction in which
each constituent was delivered (filter-passing vs. particulate), susceptibility to precipitation and/or adsorption,
and dilution effects by unimpaired tributary inflows (between relative watershed area values of 6 and 10) and
potential groundwater inputs. SO,>~, expected to behave nearest to a conservative analyte, exhibited the greatest
relative increase across the 103 km. Impaired tributaries contributed particulate and filter-passing Fe, Zn, and Cd
and filter-passing Ni, with demonstrated effects on filter-passing (Fe, Zn, Ni, and Cd) and particulate metal
concentrations (Fe, Zn, and Cd), highlighting the potential for long range downstream transport. The continuum
of preferential adsorption observed in other acid drainage systems (Cu > Zn > Ni > Cd; Baleeiro et al., 2018;
Munk et al., 2002), including REEs (Bau, 1999; Verplanck et al., 2004), that increases at higher pH, is largely
consistent with the observed with the fraction distribution and persistence of Ni, Zn, and Cd in the Salmon River.

The observations of downstream transport of acid rock drainage constituents in the Salmon River watershed are
largely consistent with observations across all six watersheds (Figure 3, Figure S3 in Supporting Information S1),
yet the magnitude of downstream increases in constituent concentrations was much greater in the Salmon River
(Figure 5). The susceptibility of a river to effects of acid rock drainage is a product of (a) the quantity, chemical
composition, and relative discharge of impaired inputs (seeps and impaired tributaries), (b) mainstem dilution
from unimpaired tributaries, and (c) metal adsorption and particle sedimentation. Further, non-point sources of
acid rock drainage (e.g., via subsurface groundwater flow), recognized as important inputs in acid mine drainage
systems (Kimball et al., 2002), and buffering of acidic sources from in-stream mineral buffering from carbonates
or acid neutralizing tributary and groundwater inputs (Skierszkan et al., 2026), may have contributed to our
observations here.

3.4. Temporal Onset of Acid Rock Drainage

Our evaluation of the downstream effects of acid rock drainage inputs across six watersheds provide critical
spatial information but was temporally limited to the summers of 2022 and 2023. However, up to 200 rivers and
streams across the Brooks Range have developed evidence of acid rock drainage in the recent past (O’Donnell
et al., 2024, 2025; Sullivan et al., 2025). Here, we use geochemical indicators (SO42_, total Zn, acid-neutralizing
capacity) to evaluate the temporal dynamics of acid rock drainage (i.e., onset and recovery) in two watersheds in
our study area. The Agashashok River watershed (O’Donnell et al., 2024) has a known point-source of acid rock
drainage (hillside seep, 67.585°, —161.816°) that, based on remotely sensed images, emerged during the summer
of 2019 (O’Donnell et al., 2024). We further evaluated temporal data of the Wulik River (Figure 1; Station 9)
upstream of where treated water from the Red Dog Mine is discharged into the mainstem (refer to Section 2.1 for
additional details).

Using SO,>~ concentration as a geochemical tracer of acid rock drainage, mainstem river chemistry on the
Agashashok River was evaluated for 2015-2024 (Figure 6) and categorized into early summer (May—June) and
late summer (August—September) to differentiate periods with shallow and deep active thaw thicknesses,
respectively. Pre-onset SO,*~ concentrations were 17.7 + 12.7 mg/L (mean =+ standard deviation; n = 46) in early
season and 32.1 + 17.9 mg/L (n = 68) in late season. Post-onset concentrations of SO,*~ were significantly
greater than pre-onset in both early and late season, representing 174% and 224% increases, respectively (Wil-
coxon, p < 0.05; Figure 6a). The highest SO,>~ concentrations were observed in late summer 2019, during the
first sampling after visual identification of the seep (O’Donnell et al., 2024). In the Wulik River from 2015 to
2024, post-onset SO,>~ concentrations in both early and late season (Table S13 in Supporting Information S1)
represented significant 263% and 197% increases, respectively (Wilcoxon, p < 0.05; Figure 6b) relative to pre-
onset concentrations. SO,*~ concentrations were greatest in 2020, followed by a systematic decrease from 2020
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Figure 6. Temporal evaluation of (a) the Agashashok River mainstem and tributary concentrations of sulfate (5042_) and (b) the Wulik River (Station 9, Ikalukrok
Creek) SO42’, (c) total zinc (Zn), and (d) acid-neutralizing capacity (as mgCaCO; L~") during 2015-2024. Boxplots present median and quartile ranges for early season
(May-June) and late season (August—September) periods. Dashed vertical lines indicate the visual onset of the seep flow in Agashashok River (O’Donnell et al., 2024).
In 2020 and 2021, samples were not collected in the Agashashok River. One measurement in subplot C in 2024 early season was excluded because it was below
detection limit (<0.006 pug L"), and two measurements in subplot C in late season 2023 and early season 2024 were excluded (>10,000 pg L™").

through 2024 indicating a period of recovery within the watershed. The timing and step increases in SO,*~
concentration were consistent across both watersheds.

Further, total Zn concentration data (filter-passing plus particulate Zn) from the Wulik River showed significant
increases by up to 770% between pre- and post-onset periods (Table S13 in Supporting Information S1) (Wil-
coxon, p < 0.05; Figure 6¢). Similar to SO42_ in the Wulik River, total Zn showed a step-increase in 2019-2020
and then decreased from 2021 to 2024 (Figure 6¢). As our findings from this study document, other metals are
expected to be elevated in acid rock drainage (Ni, Fe, Al, Cd, REE; Figures 3 and 5, Figure S3 in Supporting
Information S1) but were not evaluated. Fluctuations in acid-neutralizing capacity were also observed to be
concurrent with observed increases and decreases in SO,*~ and total Zn concentrations (Figure 6d), where years
with the greatest SO,>~ and total Zn concentrations had the lowest acid-neutralizing capacity concentrations
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(2019 and 2020). This pattern was interpreted to indicate the consumption of acid buffering capacity during these
periods of increased acid rock drainage inputs in 2019 and 2020 (Sherlock et al., 1995; Short et al., 1990).

Interannual fluctuations in discharge, which can affect analyte concentration, were considered over this period
(2015-2024) from four nearby hydrologic stations to assess if analyte concentrations could be influenced by
dilution (Manning et al., 2024; Skierszkan et al., 2026; Zarroca et al., 2021). Across all four stations, the cu-
mulative annual discharge showed modest increases during 2015-2024, with cumulative discharge during the late
season in 2019 and 2020 being comparable to previous years discharge during the same months (Figure S9 in
Supporting Information S1). The stations had statistically higher average cumulative yearly discharge in post-
onset years (2019-2024) relative to pre-onset (2015-2018) for both early and late season for all stations,
excluding early season at the Wulik River station (Wilcoxon, p < 0.05; Figure S10 in Supporting Information S1).
Greater cumulative yearly discharge between pre- and post-onset years would be expected to dilute SO,>~ and
metal concentrations, which is the opposite of the observed step-increases (Figure 6). Further, changes in C1~
concentration (and the ratio of S0,?7:Cl7) in the Wulik and Agashashok River watersheds were evaluated,
because C1~ concentration is independent of sulfide mineral oxidation. Between 2015 and 2024, CI™ concen-
trations exhibited a minimal decrease (Figures S11c and S11d in Supporting Information S1) and the SO,>~:Cl~
ratio increased (Figures S11e and S11f in Supporting Information S1), indicating increased SO,>~ concentration
in post-onset years (Figure 6). Therefore, we conclude that step-increases in SO,*~ and total Zn concentrations
were independent of interannual variability in hydrology and rather indicate increases of acid rock drainage in the
watersheds, which is consistent with observed acid rock drainage onset within the Yukon River and Mackenzie
River basins in Canada (Skierszkan et al., 2026).

The onset timing of increased acid rock drainage in both watersheds (2019-2020) is consistent with remote
sensing observations of orange staining in multiple watersheds (Salmon River, Kugururok River, and Anaktok
Creek) (O’Donnell et al., 2024). Seasonal trends in SO42_ concentrations within each year are attributed to
seasonal active layer depths, with lower concentrations in early season attributed to shallower thaw depth and
snowmelt dominated runoff (O’Donnell et al., 2012). Likewise, more pronounced increases in SO,>~ and total Zn
concentration in the late summer season are likely driven by seasonal active layer thickness (Barker et al., 2014;
Koch et al., 2022; O’Donnell et al., 2014) that enhance groundwater interactions with sulfide minerals. Notably,
the warmest winter air temperatures and highest winter snowfall regionally occurred in 2018 and 2019 (Figure
S12 in Supporting Information S1), which could govern the timing of acid rock drainage intensification in the
region by triggering abrupt permafrost loss and promoting soil thaw (Hamm et al., 2025; Jafarov et al., 2018;
Swanson et al., 2021).

Importantly, neither watershed reached a new steady-state condition post-onset (Figure 6) but rather showed
gradual decreases in SO,>~ and total Zn concentrations between 2021 and 2024, indicating less acid rock drainage
inputs during those years relative to 2019 and 2020. Acid-neutralizing capacity concentrations gradually
increased over the same period, indicating reduced consumption of acid buffering capacity and conditions
consistent with lower acid rock drainage. Together, these trends may represent a period of recovery, potentially
driven by hydrologic or geological limitations on sulfide mineral oxidation (e.g., changing subsurface flow paths,
talik refreezing). Several periods of relatively enhanced sulfide mineral oxidation and recovery likely took place
prior to 2019 based on geochemical data from the Wulik River (e.g., in 1999-2000) (Figure S11 in Supporting
Information S1) and remote sensing imagery within our study area (e.g., the Kugururok and Salmon rivers
showing evidence in 2007-2008, 2012, 2018) (O’Donnell et al., 2024), although those periods seems to be minor
compared to the dramatic recent shifts (Figure 6, Figure S11 in Supporting Information S1). Notwithstanding, our
data indicates pronounced and concurrent onset of acid rock drainage in the summer of 2019-2020 across wa-
tersheds of the western Brooks Range and provide regional and temporal context for the chemistry our study
documents in 2022 and 2023.

3.5. Implications in a Warming Arctic

Six rivers and streams in the western Brooks Range exhibited substantial changes in water chemistry due to
natural acid rock drainage that coincide temporally with warm, wet periods in the region. The rivers and streams
universally had sufficiently high acid-neutralizing capacity to buffer pH changes in the mainstem from acid rock
drainage inputs, yet impaired tributaries exhibited pH as low as <4.0 (Figure 2b). Acidic, metal-rich seeps had
more extreme water quality deterioration than natural acid rock drainage of sulfide deposits across the Brooks
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Range (Graham & Kelley, 2009) (Figure 4a). Additionally, seeps differed in the metals mobilized (Figure 4b),
likely due to differences in sulfide mineral source. Together, seep chemistry and metal compositional data
demonstrated a high potential for water quality effects when seeps discharge directly or indirectly to adjacent
surface waters. Across watersheds, point-source inputs of acid rock drainage increased the concentrations of
particulate (Fe, Al, and REE) and filter-passing metals (Ni, Cd, Zn, and Mn) 3-to-21-fold downstream relative to
upstream (Figure 3). Further, a synoptic sampling of the Salmon River documented increases in constituent
concentrations 103 km downstream of acid rock drainage inputs of up to 70-fold in filter-passing (e.g., Ni),
particulate (e.g., Fe), and both particulate and filter-passing fractions (e.g., Cd and Zn) (Figure 5). The persistence
of elevated metal concentrations of this distance provides evidence that acid rock drainage associated constituents
can be transported over long distances downstream. Geochemical time-series data document the abrupt onset of
acid rock drainage in 2019-2020, with step-increases in SO,>~ (174%—263%) and total Zn concentration
(529%-769%) and decreases in acid-neutralizing capacity, followed by a multi-year recovery period of steadily
decreasing SO,>~ and total Zn concentrations that approached pre-onset levels (Figure 6).

Our findings highlight the sensitivity of relatively small (<2,100 km?) Arctic watersheds to acid rock drainage
that may be obscured in larger rivers that integrate processes over vast spatial scales. Increases in SO,>~ con-
centration (Walsh et al., 2024) and load (Toohey et al., 2016; Zolkos et al., 2018) have been documented in major
Arctic rivers (830,000 and 1,780,000 km? for the Yukon and Mackenzie Rivers, respectively) and attributed to
enhanced sulfide mineral oxidation. However, major Arctic rivers have experienced gradual increases in SO,>~
concentration (6%—20% per decade in the Mackenzie and Peel Rivers) and SO,>~ load (~7% increase per decade
in the Yukon River) that contrast with the step-increases of >200% and >700% of SO,>~ and total Zn observed
here (Figure 6). Yet, seasonal trends in the Yukon River show the most pronounced increases in SO,>~ load
occurred during August—October (Toohey et al., 2016), matching the more pronounced changes in SO,>~ con-
centration observed here in late summer (Figures 6a and 6b). Thus, the effects of acid rock drainage in smaller
watersheds akin to those studied here may be masked when evaluating changes in concentration and load at the
mouth of large Arctic rivers.

The interannual dynamics of SO,>~, total Zn, and acid-neutralizing capacity within the Wulik River during onset
and recovery from acid rock drainage indicate that smaller watersheds provide a critical window into the un-
derlying processes responsible for integrated observations in the major rivers (e.g., Tank et al., 2023) influenced
by many factors (e.g., precipitation, permafrost extent, groundwater flow paths, and surface vegetation). For
example, the acid-neutralizing capacity of the Wulik River decreased 26% following the onset of acid rock
drainage (Figure 6d), counter to the decadal increases observed in acid-neutralizing capacity of Siberian rivers
(Drake et al., 2018). The underlying processes responsible for the recovery of watersheds (Figure 6) are unknown
but may be controlled by finite mineral sources and/or mineral availability (Alakangas et al., 2010) or hydrologic
controls of subsurface flow paths that change annually (Frey & McClelland, 2009; Koch et al., 2022; Walvoord
et al., 2012). The temporal onset and recovery observed here are also in contrast to climate-driven increases in
metal concentration and loads in alpine watersheds with historical mining impact (Crouch et al., 2013; Rue &
McKnight, 2021) or natural acid rock drainage (Wanner et al., 2023; Zarroca et al., 2021), likely representing the
interplay between permafrost thaw dynamics, mineral source limitation, and hydrologic connectivity unique to
Arctic systems (Koch & O’Donnell, 2025).

Acid rock drainage across the Brooks Range has the potential to mobilize and transport metals that are toxic to
downstream environments (upwards of 100 km), with potential consequences for aquatic ecosystems and rural
Arctic communities (Kwong et al., 2009; Sullivan et al., 2025). With over 200 rivers and streams identified in
2025 as affected by this recent phenomenon (O’Donnell et al., 2025) and evidence here of elevated metal con-
centrations transported downstream of acid rock drainage inputs, we assert that acid rock drainage may pose a
disproportionate threat to Arctic waterways compared to other metal release processes. This includes permafrost
thaw driving enhanced release of Fe(II) and As via reductive dissolution of Fe(IIl) mineral (Barker et al., 2023;
Patzner et al., 2020; Skierszkan et al., 2024) or Hg release from organic matter (Schuster et al., 2018; M. 1. Smith
et al., 2024). Here, Fe mobilization is not attributed to reductive dissolution of Fe(III) minerals, as measured
(Barker et al., 2023; Patzner et al., 2020) or inferred (Sullivan et al., 2025) in other Arctic systems. Although our
study design did not target low-redox environments where reductive dissolution of Fe(III) minerals is expected,
geochemical indicators (e.g., SO42_, trace metals, acid) can be used in future studies to ascertain the relative
importance of Fe mobilization from sulfide mineral weathering versus Fe(IIl) mineral dissolution. The most
mobile and notable increases were of Fe, Al, and REE in particulate and Ni, Cd, and Zn in filter-passing fractions.

EVINGER ET AL.

16 of 20

85U8017 SUOWWOD 8AREa.D 3|qedljdde ays Aq peusenob a e sajoiie VO ‘88N JO SaINJ 10} Ariq1T8UIIUO AB|I/ UO (SUORIPUCD-pUB-SUBIALID" AB|IM ARIq 1 BU1|UO//SdNY) SUOIPUOD PUe SWS 1 8L 885 [9202/60/12] Uo ARiqiauliuo A[IM * |puuog.O teyreuor Aq L0200 V9Z02/620T OT/I0pAL0D" A8 1M Aeiq pul|uo'sandnBe//sdny wouy pepeojumod ‘9 ‘920z ‘X099.52



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

AGU Advances 10.1029/2026AV002407

Acknowledgments

This work was supported by the USGS-
NPS Water Quality Partnership Program,
the USGS Changing Arctic Ecosystem
Initiative of the Species Management
Research Program, the NPS Arctic
Inventory & Monitoring Program, the NSF
(ANS-2211426), and the UC Davis
Matsumara Fellowship. We thank Roman
Dial and Patrick Sullivan for sample
collection, Anna Maffia for laboratory
assistance, Mike Rieser for data
consultation, and Abagael Pruitt and Ania
Szlembarska for feedback on figures and
drafts. Any use of trade, firm, or product
names is for descriptive purposes only and
does not imply endorsement by the U.S.
Government.

Importantly, however, seeps and impaired tributaries universally have low concentrations of As, Pb, or Hg;
therefore, the potential effects of acid rock drainage on As and Pb for drinking water and Hg for bioaccumulation
in fish (Chételat et al., 2022) are not currently of concern. The distinct metal distributions observed in seeps across
watersheds (Figure 4b) indicate that the effects of toxic metals may vary between and within watersheds as a
function of host mineral composition. Therefore, mineralogical assessments could help inform future work
aiming to predict the locations or severity of acid rock drainage across the Brooks Range or other regions. Further,
the toxicological implications of major (e.g., Al) and trace metals (Ni, Cu, Cd, and Zn) elevated in tributaries and
mainstems to fish would require modeling of metal speciation and would be influenced by the low DOC in these
rivers (<2 mg LY (Figure 2d) and concentrations of divalent cations (Figures 2g and 2h) (K. S. Smith, 2005;
K. S. Smith et al., 2015), which govern metal toxicity. For example, Se concentrations of impaired tributaries
exceeded the threshold set by the U.S. EPA for lotic waters (3.1 ug L™") (Figure S3d in Supporting Informa-
tion S1) (U.S. EPA, 2016); however, the high SO427 concentrations in impaired tributaries (17.6-1,820 mg LY
may decrease toxicity by reducing Se bioavailability via competition (in the form of selenate (Se042_)) (DeForest
et al., 2017). Ultimately, the negative ecological implications of this emerging Arctic disturbance will depend on
the relative loading of acidic, metal rich inputs to mainstem river and the settling, remobilization, and
bioavailability of metals downstream.

Sulfide mineral oxidation is a global environmental problem (Burke et al., 2018) with increasing relevance in
Arctic and boreal regions (Kemeny et al., 2023; Kwong et al., 2009; O’Donnell et al., 2024, 2025; Skierszkan
et al., 2026; Van Stempvoort et al., 2023) and potential to alter biogeochemical cycles within and beyond local
catchments. Locally, acid rock drainage inputs may shift nutrient dynamics in otherwise oligotrophic catchments
by increasing the absorption capacity of stream sediments (e.g., phosphate adsorption to Fe(Ill)(oxy)hydroxides)
(Herndon et al., 2019), influencing hyporheic exchange (Hoagland et al., 2020), and shifting benthic metabolism
(DeNicola et al., 2012). At a broader scale, sulfuric acid from sulfide mineral weathering could enhance the
weathering of carbonate minerals consequently reducing the sequestration of CO, that occurs through carbonic
acid (H,CO5)-driven weathering of carbonate minerals (Zolkos et al., 2018), enhancing the permafrost-carbon
feedback (Walsh et al., 2024). Additional research would be needed to (a) constrain how enhanced acid rock
drainage is influencing mass fluxes locally and to coastal Arctic waters, (b) quantify point versus non-point inputs
(e.g., surface vs. subsurface flow paths), and (c) identify predictive landscape and climate drivers responsible for
the location, timing, and magnitude of acid rock drainage development and recovery, in context of future warming
scenarios and potential exacerbation by infrastructure development (Lacelle et al., 2007).
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