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Permafrost thaw controls iron flux from
wetlands and sulfide-bearing rocks to
Arctic rivers and streams
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Recent warming has caused widespread iron mobilization into Arctic waterbodies that degrades
ecosystems and threatens natural resources. Yet, understanding where and when iron flux occurs
remains limited. Here, we investigate iron loading across regional to local scales in Arctic Alaska using
climate, water chemistry, and borehole data together with mapped geology and permafrost presence.
We show that both anoxic microbial iron reduction and acid rock drainage from iron-sulfide oxidation
mobilize iron. Iron influx is strongly associated with lowland wetlands, sulfide-rich upland bedrock, and
near-surface permafrost. Acid rock drainage chemistry correlates very strongly with the depth of
seasonal thaw above permafrost from the previous year, indicating a one-year lag. These findings
clarify the spatial and temporal dynamics of Arctic river rusting, provide a mechanistic understanding
of the phenomenon, and may allow anticipation of its occurrence and assessment of its implications
for aquatic ecosystem health and subsistence resources under ongoing climate change.

Rapid warming is fundamentally altering Earth system processes and so
threatening ecosystem functioning worldwide'. One emerging threat—the
widespread occurrence of metal precipitates discoloring formerly clear
waterbodies in northern Canada’, Alaska™, Russia (Supplementary Fig. 1),
and temperate”* and tropical’ mountains—is visibly dramatic. The leading
hypothesis”™ for this phenomenon centers on warming-driven degradation
of permafrost (ground that remains below 0 °C for at least two consecutive
years) that deepens the seasonally thawed active layer and creates peren-
nially unfrozen layers (taliks). New pathways in thawing permafrost allow
liquid water and its dissolved constituents to interact with previously iso-
lated substrates, mobilizing iron (Fe) and other metals from terrestrial
sources to aquatic sinks”"’.

Two main processes facilitate Fe mobilization as ferrous iron (Fe(II))
following thaw: oxidation of iron-sulfide minerals (e.g., pyrite, FeS, the
most abundant iron-sulfide) as acid rock drainage (ARD)>*""" and anaerobic
microbial respiration as iron-reducing metabolism (FRM)*>"*""". In ARD",
Fe(II) is initially liberated in acidic solution from bedrock through oxidation

of iron-sulfides (such as FeS,) by oxygen (O,). Then, as the acidic solution is
buffered in more neutral waters that are further exposed to O,, the Fe(II)
itself is subsequently oxidized and ultimately precipitated as rust-colored
ferric iron (Fe(III)). In FRM'>"*, microbial reduction of Fe(IIT) under anoxic
conditions produces Fe(II), which is then re-oxidized to Fe(III) when the
anoxic solution is exposed to O,. Notably, ARD produces acid (H") and
sulfate (SO4>") as reaction products'’, unlike FRM". Definitive linkage
between deepening active layer thickness (ALT) and ARD mobilization of
Fe over multiple years—as shown previously for FRM"—is rare’.

Rocks bearing iron-sulfide can also host other metal-sulfides' that
release potentially toxic metals during ARD. These metals include among
others zinc (Zn), lead (Pb), and copper (Cu). Low pH conditions also
mobilize aluminum (Al) from surrounding rocks. Particulate Fe and Al are
known to directly interfere with gill respiration in fish and other aquatic
organisms™’. Metal precipitates smother benthic communities and increase
mortality of aquatic algae and invertebrates'” that fish (such as juvenile
salmon) consume. Metal mobilization can also degrade drinking water'®
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and harm fisheries™" used by human communities. Increase in sulfate of
one major Alaskan river has been partially attributed to thaw-enhanced
sulfide oxidation occurring in its Arctic tributaries™. Understanding where,
when, and how river rusting occurs may assist in identifying additional
factors causing salmon declines in northern Alaska™'.

During ARD, weathering of bedrock newly exposed to O, and con-

taining metal-sulfides (e.g., FeS,) initiates ARD. A simplified version is

2FeS, + 70, + 2H,0 — 2Fe(Il) + 480>~ + 4H* 1)

which continues until available FeS, is depleted'" or hydrologic setting
changes. Oxidation of sulfur to SO, is exothermic'' and could further
facilitate permafrost thaw™® because of action by Fe- and sulfide-oxidizing
bacteria adapted to cold environments’. Rust coloration from ARD occurs
when Fe(I) in acidic solution is buffered and produces Fe(IIT) and Fe(III)
(oxyhydr)oxide precipitates®''. These complexes stain benthic sediments
orange or remain suspended in the water column. Additional ARD products
areacid and SO,*". Dissolution of gypsum (CaSO,sH,0) also elevates SO,>
but does so in a molar ratio of SO,* :Ca near one”.

Anaerobic metabolism by microbes in saturated environments (like
wetland soils) initiate FRM, mobilizing Fe(II) in anoxic solution'>". In this
process, heterotrophic microbes use Fe(III) as an electron acceptor during
anaerobic respiration'>", producing Fe(Il) as a byproduct*":

Fe(III) + organic C — Fe(Il) + CO, + H,0 )

Rust coloration from FRM occurs when Fe(II) in anoxic groundwater
is exposed to oxygen, producing Fe(Ill) and Fe(III)(oxyhydr)oxide
precipitates'”. Importantly, FRM can occur broadly in settings beyond
iron-sulfide bearing bedrock, including wetland soils developed over allu-
vium and glacial till*'*"* (i.e., unconsolidated surficial deposits). While ARD
is inherently acidic (pH < 4), the acidity of soils within wetlands that host
FRM can range from pH <5 in lowland black spruce forests and tussock
sedge communities (where permafrost thaw enhances Al mobilization due
to lower pH**) up to pH > 8 in riverine marshes and lakes™. Because FRM
does not directly liberate SO,*~, high concentrations of Fe with little SO,*~
suggest FRM.

After thaw, environmental conditions determine whether the Fe(II)
produced by FRM is oxidized and precipitated as Fe(III)-bearing minerals
within permafrost soils or is released into surface waters where it is oxidized
and precipitated as Fe-(hydr)oxides'*"”. In oxygenated conditions, litho-
trophic microbes can oxidize Fe(II) back to Fe(III) before Fe(II) is flushed
from wetland soils"”. This Fe-cycling generates a dynamic equilibrium
mediated by aerobic and anaerobic microbes"”. However, Fe(II) may be lost
faster than its reoxidation'*"” during rapid expansion of anoxic environ-
ments, allowing its introduction to adjacent waterbodies.

Examples of FRM associated with ongoing deepening of active layers’
or with active layers deeper relative to nearby habitats (space-for-time
substitution studies'*"”) have been documented in high-latitude wetlands.
Extensive areas of high-latitude permafrost consist of poorly draining,
carbon-rich, reducing soils”. Thus, FRM may become an increasingly
important source of Fe (and atmospheric C) with continued permafrost
thaw, and, importantly, is less directly controlled by local bedrock and
specifically the metal sulfide minerals that drive ARD.

Given the complexities involved during permafrost thaw, we investi-
gated river rusting in Arctic Alaska by considering rusting observations in
the context of geology”*** and permafrost presence”° at three spatial scales:
regional, subregional, and local. Specifically, we sought to determine the
roles of warming, geology, permafrost, and physical processes in deter-
mining the flux of iron into streams and rivers of Arctic Alaska from both
wetlands and acid seeps.

At the regional scale (2.41x 10°km?), we focused on Alaska’s
Brooks Range" with its large-scale geology” and permafrost conditions™.
At the subregional scale (2.02 x 10° km®), we examined water samples
collected in the basin of the Salmon River’ within the roadless Kobuk
Valley National Park (KOVA) and adjacent watersheds in the context of
watershed lithology™* and near-surface (<1 m) permafrost probability™.
Water samples from six waterbody types (acid seeps, stained streams,
clear streams, wetlands, the Salmon River and its mainstem, the Kobuk
River) presented evidence that both ARD and FRM contribute Fe to
surface waters. We explored the fate of Fe within the 100-km long Sal-
mon River using Fe concentration and discharge estimates to calculate Fe
flux in the mainstem and its tributaries. At the local scale
(2.06 x 10° km?), we analyzed water samples and ground temperatures in
a landscape within the Ikalukrok Creek” watershed during a record
warming period” (Fig. 1). There, Teck Alaska Incorporated (Anchorage,
Alaska) drilled four boreholes within a single small catchment 11 km
upstream of the Pb-Zn sulfide deposit Red Dog Mine (RDM). Borehole
data from beneath two plant community types common across the Arctic
biome (sedge meadow and low shrub tundra) were previously collected
to calibrate an implementation of the Geophysical Institute Permafrost
Laboratory model” (GIPL2) describing ground temperatures. Estimates
of ALT from GIPL2 over 2015-2023 were then compared to ARD pro-
ducts measured downstream during the same period. Collectively, these
datasets advance our understanding of where, how, and when Arctic
river rusting occurs and provide insights that can be used in other Arctic
systems”>'******* and periglacial settings®'** more generally.

Results

Annual thermal loss reached its minimum in 2019

Permafrost stability is maintained through heat loss from the ground. A
sufficient reduction in annual ground heat loss destabilizes permafrost by
substantially deepening ALT and forming taliks. Heat loss is calculated as

Fig. 1 | Declining permafrost stability at Kotzebue, Kotzebue, AK
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the balance between accumulated freezing (AFI) and thawing (ATT) air
temperature indices™" as absolute values that provide an annual thermal
loss index (AFI - ATI). Continuous daily air temperatures recorded in
Kotzebue from 1943 to 2023 indicate 2014-2019 was unprecedented in
potential permafrost instability (Fig. 1) because the annual thermal loss
index (mean = 1949 °C-days, n = 80 years) approached 0 °C-days for the
first time over the 80-year record. Within the record’s initial 61 years,
minima in the annual thermal loss index occurred in 1950, 1978, and
2003 (mean = 1308 °C-days, n=3 years). During 2014-2019, minima
occurred in 2014, 2016, 2018, and 2019 which together averaged
396 °C-days.

Rusting is associated with lithology and permafrost

Regional rusting Among orange-colored waterbodies (OCWs) identified
across the 1000 km-long Brooks Range (Fig. 2a), rusting was closely asso-
ciated (Fig. 2b) with sedimentary and metasedimentary rocks of Paleozoic
age hosting metal-sulfides derived from hydrothermal brines™ in settings
subject to discontinuous permafrost™ (50% <permafrost occurrence <90%).
Using observations from both field and recent remote sensing observations,
we compared locations of the n =205 OCWs to potential Zn-sulfide ore
deposits (Zn-polygons) mapped by the U.S. Geological Survey” (USGS) and
to modeled permafrost zonation™. The Zn-polygons represent deposits of
hydrothermal origin that are generally hosted in pre-Mississippian (e.g.,
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Fig. 2 | Regional and subregional study areas. a Regional study area enclosed by
dotted line around Brooks Range of northern Alaska. Locations of orange-colored
waterbodies (1 =205 OCWs, orange circles) identified in the field or with satellite
imagery". It is unknown how many may have been orange in the past, but of n =82
OCWs from ref. 4 with two or more very-high (<3 m) resolution 2005-2022 satellite
images (mean = 3.7 images per OCW), the mean annual percentage showing orange
staining during 2003-2012 was 32% versus 74% during 2013-2022. Kotzebue and
Red Dog Mine (RDM) weather stations (red triangles); discharge gaging stations
(blue squares). Subregional study area (gray polygon) enclosing Kobuk Valley
National Park (KOVA). Map made with Natural Earth. Free vector and raster map
data @ naturalearthdata.com. b Percentage of OCWSs and of region by permafrost
and geology. In a and b permafrost occurrence” indicated as sporadic (<50%
occurrence, yellow), discontinuous (50-100%, green), and continuous (90-100%,
purple). Dark shading indicates potential Zn-ore bearing deposits (SEDEX and
MVT)”. ¢ Acid seeps (orange points), hydrology (lines), and geologic units**
(polygons) in subregional study area. Blue line = Salmon River, light blue lines = clear
tributaries, orange = stained tributaries, and green = tributaries draining primarily
wetlands. Dark colored polygons indicate *units described in text and Quaternary
surficial deposits. d Percentage of acid seeps (n = 62) and of subregion by geology

(shading as *units vs. non *units) and probability of occurrence of near surface
(<1 m) permafrost (<50 versus >50%). Numbers in boxes of b and d give odds ratios
comparing seep odds to regional odds with comparable geologic and permafrost
conditions. e Mapped visualization of variables used in linear regression model

Y =B, + P3X; + & where Y = log;o(dissolved Fe), B, = intercept, X;= watershed
geologic *unit and Qs area (Geol) multiplied by mean watershed probability of
occurrence of near surface permafrost (Pfrost), p; = regression coefficient of X3, and
¢ = normally distributed error as N(0,0). Point size indicates dissolved Fe con-
centration at mouth of 14 tributaries with pH >5. Lines indicate hydrology as in c.
Polygons indicate tributary watersheds colored by X; value. f Scatterplot of Y vs. X3
for the 14 tributaries in ¢, showing line of best fit with 95% confidence band, R?, and
sample size . The dotted line in a is defined by a polygon enclosing named features
on USGS 1:250,000 quadrangles that are identified as inside the Brooks Range by
ref. 42 with an area calculated as 2.41 x 10° km” in a geographic information system
(GIS). The outermost polygon boundary in cand e is defined by the watersheds of the
Salmon River, Tukpahlearik Creek upstream of its confluence with Omar River, and
Timber Creek upstream of 103 m above MSL with area calculated as 2.01 x 10’ km?
ina GIS.

Devonian) platform carbonates (MVT) or Mississippian to Pennsylvanian
deep basin shales (SEDEX) and associated metasedimentary formations™.

We quantified the association of OCWs with Zn-polygons and per-
mafrost zonation by calculating the proportions of OCWs inside the
combinations of Zn-polygons (i.e., inside and outside of Zn-polygons) with
permafrost zones (continuous, discontinuous, and isolated/sporadic). We
then compared the proportions of OCWs among the six combinations (two
Zn-polygon settings x three permafrost zones) to the overall spatial pro-
portions. The Zn-polygons within discontinuous permafrost covered 9% of
the regional study area but hosted 25% of the OCWs. Thus, the odds of
occurrence of OCWs within Zn-polygons subject to discontinuous per-
mafrost were almost four times higher than expected from regional avail-
ability (odds ratio = 3.9). Forty-four percent of OCWs were located within
Zn-polygons subject to continuous permafrost, with odds of OCW occur-
rence roughly twice those expected based on regional distribution of Zn-
polygons in continuous permafrost (odds ratio = 1.9). Identified OCW3s
were much less likely to occur outside of Zn-polygons in continuous per-
mafrost (odds ratio = 0.25). OCWs were rare (<2%) in isolated or sporadic
permafrost.

Subregional scale Acid seeps in the subregional area were associated
with geologic units hosted within shale, schist, or marble of Mississippian to
Devonian age subject to near-surface permafrost™ along the continuous-
discontinuous permafrost boundary” (Fig. 2c, d). We used field surveys and
1-3 m resolution imagery to locate ARD surfacing as seeps or springs where
indicated by spatially abrupt changes in water color from clear to orange
(n =62 acid seeps = 38 imagery-located + 24 field-located). Soils overlying
Mississippian-Devonian metasediments and metavolcanics™ hosted most
of these acid seeps (Supplementary Fig. 2a,c). Five units (here annotated as
*units) contained 82% of seeps. Four *units (DOtp*, DOtm*, DOtu*, and
MDe*) included pyritic schists or shales of ages that overlapped the
Devonian (Supplementary Table 1). The fifth Paleozoic *unit (Pzcn*)
interbedded marble with pyritic schist. The five *units plus three additional
Devonian units (Dbfw, DPaqm, and DPacs) contained all 62 acid seeps.
Acid seeps occurring in *units subject to near-surface permafrost
probability’® > 50% were 22 times more likely than random points subject to
the same conditions (odds ratio = 22.0, Fig. 2d). In contrast, the odds of acid
seeps in non-*units located with near-surface permafrost probability <50%
were one-tenth the odds of the same condition among random points (odds
ratio=0.1).

Dissolved Fe in tributaries of the Salmon River (Fig. 2e) also showed a
very strong association with both geologic units™ and near-surface
permafrost™® (Fig. 2f). Using n =14 Salmon River tributaries with pH >5
in August 2023, we modeled dissolved Fe through linear regression with
predictor variables characterizing catchment-level lithology and permafrost.
Our hypothesis testing used Y = log-transformed dissolved Fe as a linear

function of three variables: within-catchment mean probability of near-
surface (<1 m) permafrost’® (Near-surface permafrost probability); log-
transformed within-catchment area of four mapped” Devonian *units
associated with acid seeps plus the within-catchment area of wetland-
associated unconsolidated Quaternary surficial deposits (Qs) (Reactive
lithology area); and the multiplicative product of the two predictors
(Expected reactive lithology area exposed to near-surface permafrost).
Regression model comparisons used adjusted-R* and statistical significance
of model coefficients (a = 0.05).
Model comparisons revealed that:

1) Near-surface permafrost probability model was least accurate (adj-
R =041, py = 0.008).

2) Reactive lithology area model was slightly more accurate than per-
mafrost alone (adj-R’ = 0.48, pg., = 0.004).

3) Expected reactive lithology area exposed to near-surface permafrost was
more accurate than models with either variable alone (adj-R’=0.67,
Ppfrageo = 0.002).

4) Additive model with both variables was most accurate (adj-R’=0.72,
s = 0.006, Py, = 0.003).

Additional modeling supported the Fe contribution to tributaries by
FRM. To explore the idea that subsurface wetland geology (Qs) contributes
measurable dissolved Fe to tributaries, we constructed a model predicting
log-transformed dissolved Fe that excluded Qs from Reactive lithology area.
The permafrost coefficient of this new model remained significant
(ppr=0.02), but the modified geology coefficient lost significance
(pgeo* =0.30). This model explained less variability in dissolved Fe (adj-
R*=0.40) than did the model with Qs included in Reactive lithology area
(adj-R’=0.72). Expected reactive lithology area exposed to near-surface
permafrost models predicting log-transformed sulfate with Qs
(Dpfingeo=0.16, adj-R*=0.08) and without Qs (Ppfixgeo” = 0.0005, adj-
R*=0.59) suggested there was no measurable SO,>~ production from Qs,
but substantial production from *units.

Water chemistry varies by waterbody type
Among the six waterbody types in the subregional area (Fig. 3, Supple-
mentary Fig. 3), acid seeps displayed the lowest pH (median = 3.1), highest
electrical conductivity (EC, median=2.4 mS cm™Y), and most extreme
temperatures (1.2°C at a small streamside acid seep shown in Supple-
mentary Fig. 4 and 20.1 °C at a recently emerged large hillside acid seep
shown in Supplementary Fig. 5). Median pH (Fig. 3¢) of wetlands (7.5) was
identical to stained stream locations (7.5) and lower than Salmon River (7.7),
clear stream (7.9), and Kobuk River locations (7.9).

Iron Fe concentrations also varied among waterbody types (Fig. 3a),
but differences depended on dissolved versus particulate Fe. Concentration
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of particulate Fe was calculated as particulate Fe = total Fe — dissolved Fe,
where total Fe was Fe concentration measured from unfiltered samples and
dissolved Fe was Fe concentration in filtered (<0.45 pm) water samples. Most
particulate metals were Fe or Al (Fig. 3a), which together correlated very
strongly in Salmon River samples (r=0.99, n=10 samples). When
excluding acid seep samples, turbidity (formazin nephelometric units, FNU)
was also very strongly correlated with particulate Fe (r=0.92, n=41).
Strong correlations held in wetlands, stained tributaries, and the Salmon
River but less so in acid seeps and clear tributaries (Supplementary Fig. 6).
For non-stained stream and non-acid seep waterbodies, dissolved Fe con-
centrations (but not Mg, Mn, or Ni) at high discharge in July were greater
than concentrations at median discharge in August (Supplementary Fig. 7),
consistent with a flush of Fe from wetlands following mid-summer rain
events.

Acid seep averages of dissolved Fe (median =93 ppm) and total Fe
(191 ppm) were two orders of magnitude greater than stained and clear
stream averages (Supplementary Fig. 3a, b). Dissolved Fe in wetlands was
1.6x higher on average (0.98 ppm, m =9 locations of replicate sample
averages) than in stained streams (0.58 ppm, m = 20), but total Fe in stained

streams was 5x higher (2.0 ppm, m = 14) than in wetlands (0.4 ppm, m = 3).
Between-location variability in both dissolved and total Fe was lower among
wetlands than among stained streams.

Sulfate The highest SO,’~ concentration (Supplementary Fig. 3f)
occurred in acid seep locations (median = 2787 ppm). There, SO*~ con-
centration was 6x that in stained streams (439 ppm), 16x that in clear
streams (172 ppm), and over 500x that in wetlands (5 ppm). The median
SO4*~ concentration in Salmon River locations (194 ppm) was near the
mean of wetlands, clear streams, and stained streams taken together
(206 ppm). The median SO4*~ concentration of the Kobuk River (mainstem
to Salmon River) was much less (33 ppm). As expected, bivariate relation-
ships between SO,*~ concentration and indicators of ARD (H, dissolved
Fe,SO,* :Ca) in acid seeps and stained stream samples were stronger than in
wetland samples (Fig. 3). Median SO,’":Ca was highest for acid seep loca-
tions (5:1) and lowest for the Kobuk River (4:5) and wetlands (1:3). The
median of Salmon River locations (3:2) was midway between stained (2:1)
and clear (1:1) streams. The relationship between sulfate and dissolved Fe
approached the theoretical molar SO,*:Fe = 2:1 ratio in acid seep and
stained tributary samples. All non-wetland waterbody types showed surplus
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SO,’~, consistent with Fe precipitation and/or additional sulfate production
by oxidation of non-iron sulfide minerals.

Fe and SO~ flux We calculated particulate Fe and dissolved Fe and
SO4* fluxes by multiplying their concentrations measured in the water
column by co-located discharge estimates (Fig. 4). The Salmon River fluxes
of both particulate and dissolved Fe were bimodal (Fig. 4b-d). The upper-
elevation maximum particulate Fe flux occurred near treeline at 165 m
above mean sea level (AMSL) below a series of stained streams. The low-
elevation maximum occurred within wetlands (35 m AMSL). The mid-
elevation minimum particulate Fe flux occurred in upland white spruce
forest (116 m AMSL) among a series of clear tributaries. Kobuk River total
Fe flux (79.2 Mg d ") exceeded all waterbodies because of its discharge. The
average cumulative tributary flux of dissolved Fe was 15-38x Salmon River
flux at similar river elevations during median discharge; it was 7-36x Sal-
mon River flux during high discharge (Fig. 4c, d). At high discharge, average
input of particulate Fe from cumulative tributary flux was much closer
(1.5-1.7x) to Salmon River flux (Fig. 4b) and cumulative tributary input of
SO, was approximately equal to Salmon River flux for its entire
length (Fig. 4a).

Acid seep hydrogeochemistry varies by bedrock formation

Shales are common sources of ARD whose fundamentally impermeable
structure plays a critical role in seep formation. We sampled total dissolved
solids (1.3 <TDS<18.2 ppt) and SO4* (1.0 <SO,* <12.8 ppt) in n =14
acid seeps (2.9 < pH < 4.6) within the Ikalukrok Creek watershed (Fig. 5a)
in September 2020. Seeps were mostly located in Qs* within discontinuous

permafrost”<0.5 km from and downstream of shale-containing Okpikruak,
Siksikpuk, and Kuna Formations™ within continuous permafrost™. Seeps
downstream of the Kuna Formation displayed high Zn and Fe concentra-
tions; those below the Siksikpuk Formation displayed high Mn concentra-
tion. All acid seeps together showed non-significant correlations between
pH and log(TDS) (r=—0.33, p = 0.25) and pH and log(SO,*") (r=—0.33,
p=0.25). These two correlations were significant when excluding seeps
nearest to the Kuna Formation (Supplementary Fig. 8). During 2015-2023,
pH and TDS were sampled at monitoring station Ikalukrok 207 (Fig. 5a).
Among the n = 8 acid seeps sampled upstream of Ikalukrok 207, Mn was the
most abundant of 10 metals (Al, Mn, Fe, Zn, Ni, Cu, Co, Cd, As, Pb) in all but
seep S8 (100 m downhill from Kuna Formation rocks™) where Fe and Zn
were most abundant (Fig. 5¢c-f). TDS and SO,> were sampled at Ikalukrok
207 during 2009-19 and 2023-24; they correlated very strongly (r = 0.98,
n =148 samples) with SO,”~ making up 62% of TDS on average (range
27-81%). In acid seeps upstream of Ikalukrok 207, SO,*~ made up >85% of
TDS (R’=0.999, Fig. 5b). Because SO,’~ was so well predicted by TDS
(Fig. 5b), TDS served as a proxy for ARD in the Ikalukrok Creek watershed.

Active layer depth anticipates ARD in streams by one year

Active layer thickness Stream transport of ARD lagged ALT by 1 year. We
estimated ALT using GIPL2” to model ground temperatures (Fig. 6). GIPL2
was calibrated with data associated with # =4 boreholes (Supplementary
Table 2) and boundary conditions of precipitation and air temperature
recorded near RDM (Fig. 5a). Demonstrating the tendency of shrubs to trap
snow and so warm soils”***’, ALT was substantially deeper below shrub
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Fig. 6 | 2014-2021 active layer thickness (ALT) dynamics at four boreholes.

a, b GIPL2” modeled ALT dynamics beneath sedge meadow tundra. ¢, d GIPL2
modeled ALT dynamics beneath low shrub tundra. In a—c horizontal axis gives days
during April of year T through January of year T + 1; in d horizontal axis gives days
during April of year T through April of year T + 1. Vertical axis gives daily ALT as
depth below surface in meters. Dashed lines in each panel indicate shallowest ALT
during 2014-2021. Red lines indicate seasonal bottom-up freezing; blue lines

indicate seasonal top-down freezing. Tan shading indicates unfrozen ground.
Numbers in facet headings give time period and maximum ALT during that period.
Dynamics calculated with GIPL2 model using Bons Creek Wx station daily tem-
perature and snow depth. Ground characteristics determined from borehole logs.
Boreholes located 47-212 m apart within a 0.45 ha sample area at 377-394 m asl in
the headwaters of West Fork Ikalukrok Creek (Fig. 5a). Supplementary Fig. 10 shows
ground temperatures for each borehole.

tundra than below sedge tundra. Following a winter of above-average
snowfall and a record summertime thaw-index value (Supplementary
Fig. 9), the ALTs of individual boreholes (Supplementary Fig. 10) and their
mean (Fig. 7a) reached maxima during autumn 2019 (Fig. 6). In autumn
2020, widespread tributary rusting in the Ikalukrok Creek watershed”
(Fig. 7d) and streams elsewhere in the Brooks Range** occurred.

Timing of ARD In general, TDS at each station during each year was
higher during August-October than May-July (Supplementary Fig. 11).
TDS at Ikalukrok 207 correlated very strongly (r=0.91, p=0.005, n=7
years) with count of orange-stained Ikalukrok Creek tributaries (Fig. 7d),
suggesting TDS can be used as an indicator for ARD. Five kilometers
downstream of the boreholes, Ikalukrok 207 recorded peak acidity in

autumn 2020 (Fig. 7b), the year when peak TDS occurred throughout the
greater Ikalukrok Creek watershed (Fig. 8a). With one exception, monthly
TDS at all seven stations and autumn mean pH at Ikalukrok 207 (r = —0.57,
n =8 year-pairs, p = 0.1) were not significantly correlated with concurrent
year mean ALT during 2015-2022 (Fig. 9a). In contrast, September and
October TDS measures at all stations correlated strongly and significantly
with mean ALT of the previous year; with one exception May TDS was not
significantly correlated with previous year mean ALT at any station
(Fig. 9b). Mean ALT of the previous year correlated strongly and sig-
nificantly with autumn pH at Ikalukrok 207 (Fig. 7¢, r=0.96, n = 8 year-
pairs, p <0.001) and with count of stained tributaries of Ikalukrok Creek
(r=0.83, n =6 year-pairs, p = 0.02).
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Fig. 7 | Ikalukrok Creek pH and tributary staining lagged ALT by one year.

a Mean active layer thickness from four boreholes (“BHs” in Fig. 5a) in the West Fork
Ikalukrok Creek headwaters peaked in 2019. b Mean autumn (Aug-Oct) pH (note
reversed y-axis) at monitoring station 207 on Ikalukrok Creek located 5.1 km
downstream of boreholes (“207” in Fig. 5a) peaked in 2020. ¢ Mean autumn Ika-
lukrok Creek pH in year T + 1 plotted against mean ALT in year T showed strong,
significant linear relationship (R* = 0.93, p < 0.004) d Median count of stained tri-
butaries identified on 1-3 m resolution satellite imagery using visible RGB on
MAXAR® imagery and reflectance indices on Planet* imagery. Vertical dashed lines
illustrate temporal lags.

Discussion

Geology and permafrost thaw in combination are determinants of where,
how, and when Arectic river rusting occurs. Across three spatial scales, results
here show iron-impaired streams are strongly associated with sulfide-
bearing geologic units and near-surface permafrost conditions. However, at
the subregional scale, we identified clear evidence of two distinct pathways
operating simultaneously. ARD'' from upland bedrock sources delivers
iron, elevated sulfate, and acid. FRM'*" in lowland wetlands>'*""” delivers
iron with minimal sulfate. The resulting bimodal iron flux in the Salmon
River demonstrates this dual-pathway system where both pathways con-
tribute measurably. Stained tributaries draining uplands presented average
dissolved Fe of 0.58 ppm with high SO, (439 ppm), indicating ARD
dominance. Wetlands presented average dissolved Fe of 0.98 ppm but
minimal SO,* (5 ppm), indicating FRM dominance. Although both path-
ways contribute measurably to the Salmon River’s bimodal flux profile, the
similarity of wetland and Kobuk River chemistry (EC, SO, total Fe, dis-
solved Mn, SO4*: Ca, Supplementary Fig. 3b-f) suggests FRM may dom-
inate at the larger catchment scale.

Previous studies’” have hypothesized causal linkages between per-
mafrost thaw and stream rusting. Results here advance that hypothesis with
modeled ALT and measured TDS on seven streams over 8 years. The 1-year
lag between active layer depth and downstream ARD product concentra-
tions could be explained by solute transport that slows (or even stops)
following freeze-back in November and then begins with seasonal thaw in
April, increasing over summer into fall. Our 2015-2022 TDS time series
included May-October monthly measurements for most stations. An April
2016 TDS sample from Rachel Creek was the lowest for that year (80 ppm),
and TDS averaged across monitoring stations during August-October was
1.2-3.4x TDS during May-July, indicating greater late than early thaw
season release of ARD (Supplementary Fig. 11). Field observations and
1-3 m resolution imagery of Fe precipitates on top of aufeis (Supplementary
Fig. 4) also suggested that November-March ARD release is minimal,
except where taliks occur in some areas during some years™ (e.g,, Kutuk
River; Dirk Nickisch, fixed-wing aircraft pilot at Coyote Air Services, oral
communication, 2021).

Taken together, these lines of evidence and ground temperature
modeling (Fig. 6) support the idea that autumn freezing air temperatures
occurring slightly after maximum ALT is reached initiate top-down freeze-
back. This ground refreezing seals ARD somewhere in the active layer (e.g.,
at the top-down/bottom-up convergence) until winter ends’, when thaw
liberates ARD products that mobilize downstream. One-year time lags
between warming and aufeis formation in Arctic Alaskan rivers have been
related to talik development and subsurface hydrology transport and
connectivity . Similar processes may occur with ARD, as well as buffering
capacity of surrounding rocks, travel distance from subsurface to stream,
and the mechanical frost fracturing of rock in the deepened active layer.

In our study, OCWs appear concentrated in sulfide-ore deposits hosted
in Paleozoic platform carbonates or deep basin shales and metasedimentary
formations with acid seeps concentrated in Devonian pyritic schists and
shales. Where lithology and permafrost allow, these patterns may extend
elsewhere in Alaska®>*****!, nearby Canada™'****, Scandinavia'“"’, and
alpine settings®>*". A previous study also identified bedrock type as a control
of sulfate flux in northwest Canada'’. Widespread increasing sulfate there
derives primarily from pyrite oxidation'******, suggesting that river rusting
could be ongoing or incipient. Identifying these formations provides a
necessary first step in projecting which watersheds will be vulnerable to
chronic metal loading’ under climate change.

Near-surface permafrost thaw initiates rusting, conditional on geologic
setting. Within and adjacent to KOVA, acid seeps were 22x more likely to
occur in sulfide-bearing units with near-surface permafrost probability*®
exceeding 50% than at random points. A high probability of near-surface
permafrost implies ALT will more likely respond to atmospheric warming,
deeper snow, or changing hydrology. A low-probability indicates deep
permafrost (or no permafrost) where thaw is less likely than in shallow
permafrost under similar conditions of warming. Statistical models of
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dissolved iron in KOVA streams were most accurate when they incorpo-
rated geologic unit™ (e.g., catchment areas included pyritic schists, shales
with diagenetic pyrite, and marbles of Paleozoic age, as well as Quaternary
surficial deposits underlaying wetlands*'*"*) and near-surface permafrost
probability’® and were more accurate than models with either variable alone.
The most accurate model explained 72% of variance in dissolved iron

concentrations, demonstrating robust predictive capability for identifying
vulnerable watersheds. However, models based on geologic mapping
require local calibration.

Regionally, OCWs were nearly four times more common in areas
mapped” as potential zinc-sulfide deposits within discontinuous
permafrost” than expected by chance. This association weakened in
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a Correlation of TDS with concurrent year ALT
white* indicates p < 0.05, n = number of sample years

b Correlation of TDS with previous year ALT
white* indicates p < 0.05, n = number of sample years
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Fig. 9 | Strong correlations of lagged year TDS and ALT contrast with weak
correlations of concurrent year TDS and ALT. a Heat map of Pearson’s correlation
between same year TDS and ALT by month and stream monitoring station. b Heat
map of Pearson’s correlation between year T + 1 TDS and year T ALT by month and
stream monitoring station. In both panels, Pearson’s r displayed as -1 < r <1 with

number of years (n) used to determine correlation given in parentheses and white
asterisk denoting significant (p < 0.05) correlations. Lack of white star indicates non-
significant correlation (p = 0.05). Locations of stations shown in Fig. 5a.

continuous permafrost, where deeper, colder ground is more resistant to
thaw. However, in some settings, ice content may be more important for
thaw than percent cover of permafrost, such as in cold, mountainous
environments with coarse soils of ice-poor permafrost’ that thaws with less
warming.

Active layer deepening coincident with warm summers and deep
snowpacks is also consistent with snow insulation promoting thaw’***,
where vegetation plays a key role. ALT in shrub tundra reached twice that in
sedge tundra, emphasizing that vegetation mediates snow trapping and
thaw depth™***. Increasing air temperature and winter precipitation are
associated with sea-ice loss”. We identified more orange-colored water
bodies nearer the Chukchi Sea (where sea ice loss is leading to increased and
more variable snowfall) than near the Beaufort Sea (where sea ice loss has
been less rapid)”’. These integrated processes create a predictable sequence:
anomalously warm years followed by deep snowpacks initiate deep thaw,
generating ARD products that appear in streams the following year.

Previous localized studies> " have suggested links between perma-
frost degradation and ARD appearance. In Yukon, Canada, removal of
insulating sediments overlying permafrost triggered ARD from underlying
shales, but ARD did not occur in an adjacent waterway where sediment
removal had not taken place’. Another paired comparison in the Italian
Alps” demonstrated a steeply increasing seasonal trend in sulfate over 8
years in an alpine pond in a permafrost-affected basin, but found no such
trend in a nearby pond outside the affected basin. In the mountains of
Colorado, USA, statistically significant increasing trends in metals, sulfate,
and mean air temperatures suggested permafrost thaw causes ARD®".
Similarly, historical aerial imagery of the Spanish Pyrenees showed an ele-
vational rise in ARD consistent with warmth-driven permafrost thaw®,
while ARD followed glacial recession in the Peruvian Andes’.

Our study extends previous studies by quantifying associations across
spatial scales and multiple years. It also demonstrates that both upland ARD
and lowland FRM contribute measurably to iron loading, and that ARD
products can correlate strongly to previous year active layer depth estimated
from measured ground temperatures (pH: r = —0.96, TDS: r = 0.97). These
temporal results explain a near Brooks Range-wide observation of rusting in
2020* that followed the unprecedented permafrost instability of 2019%,
when a thermal loss index approached zero for the first time in Arctic Alaska
measurement history.

Results here further support two feedbacks proposed’ within a Devo-
nian shale setting near the Arctic Circle: Where acid seeps kill vegetation,
solar absorption increases and thickens the active layer and exothermic
reactions add heat to the system. We identified a large acid seep with dead
zones that expanded from 0.5 to 3.6 ha over 8 years (Supplementary Fig. 5a)
and measured acid seep water temperatures as high as 19.6 °C (Supple-
mentary Fig. 5b). These feedbacks suggest that once initiated, ARD can
become self-sustaining—a concern for watersheds entering impairment
that underscores the importance of identifying climate refugia for aquatic
organisms in Arctic environments.

Additional aquatic disruption can result as ARD delivers dissolved
metals both directly from sulfide oxidation®"! and indirectly (as with alu-
minum) through acid leaching of other mineral phases®’. Sulfate and some
metals can persist for kilometers downstream’, presenting chronic toxicity
risks to aquatic organisms™**”. FRM delivers primarily iron that rapidly
precipitates upon oxygenation, threatening habitat through substrate
smothering. Both pathways contribute substantially to mainstem loading of
iron, the fate of which depends on its phase (dissolved vs. particulate)®”.

We interpret the observation that an increase in stream discharge
increases Fe concentrations from non-stained streams—but not from
stained streams—as further evidence that FRM is an important and wide-
spread source of Fe (Supplementary Fig. 7). Previous ARD studies did not
find increases in ARD products at higher discharges”® because ARD pro-
ducts are generally transported by deeper groundwaters. The Kobuk River is
mainstem to the Salmon River and one of the largest rivers in northern
Alaska with total Fe flux =79 Mgd™. Its chemistry included low sulfate and
low EC, a chemistry similar to wetlands that further highlights the impor-
tance of FRM as an iron source (Supplementary Fig. 12).

Dissolved Fe flux in a river can remain substantially less than cumu-
lative tributary contributions, while particulate Fe flux can simultaneously
match or even exceed cumulative contributions. These mismatches occur
because Fe(Il) precipitation as Fe(III)(oxyhydr)oxide, its settling, and its
aggregation (e.g., coprecipitation with aluminum) can together strip dis-
solved Fe from river reaches between tributaries’. Our results imply that
buffering, settling, and dilution can all reduce Fe flux, particularly of dis-
solved Fe. However, suspended particulate Fe can continue downstream,
maintaining turbidity and harming nearby aquatic ecosystems. Evidence’
from the Kotzebue Sound fishery in northwest Alaska downstream of the
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Salmon River indicates that salmon populations may be affected by rusting
effects on eggs and juveniles. In contrast to diminishing populations of
aquatic organisms such as fish and macroinvertebrates’, fertilizer effects of
iron on aquatic and nearshore ocean environments™ could lead to down-
stream algal blooms.

Permafrost thaw also mobilizes dissolved organic carbon that can fuel
greenhouse gas production in downstream aquatic systems. While our study
focused on metal chemistry, the processes documented here likely enhance
climate feedbacks through CaCOj; reactions with ARD and consequent
carbon flux'**” and through FRM-mediated carbon export'*'7***,
Viewed from a wider ecosystem and Earth system perspective the balance of
Fe(II) and Fe(III) in each waterbody type and carbon cycling via Fe-organic
complexed matter in wetland-derived waters'*""***" versus ARD-
derived'******* ones are important but currently unknown.

Conclusions

Temporally, the 1-year time-lag between active layer depth and ARD flush
offers a potential early warning of stream degradation. Very warm summers
with deep snowpack can signal widespread rusting the following year.
Monitoring ground temperatures in strategic locations could provide
advance notice of impending ARD, allowing managers to assess fisheries
impacts. Assessments could be included in fisheries modeling as warm
events may reduce juvenile survivorship the following year when ARD and
FRM products arrive to downstream aquatic ecosystems, impairing gill
functioning and passivating habitat*>”.

Spatially, odds ratios and statistical models offer predictive power by
providing a practical framework of evaluation. Streams draining Paleozoic
sedimentary rocks (particularly shales) in discontinuous permafrost zones
could be prioritized for monitoring as climate warming continues. Both
migratory and resident fish spawn in watersheds with those geologic and
permafrost conditions"'. Watersheds without metal-sulfide-bearing geology
in continuous permafrost could be protected as climatic refugia to future-
proof populations of Arctic aquatic organisms. The strong correlations we
demonstrate (e.g., r > 0.9 between previous year’s ALT and subsequent ARD
products) provide quantitative support for these management
considerations.

Much remains for future research. Our own observations of Ikalukrok
Creek show a dynamism to rusting, and historical names throughout the
Brooks Range42 (e.g., Ferric Creek, Fire Creek, and Ivishak River, meaning
“red river” in Innupiaq) demonstrate previous rusting. Well-defined layers
of detrital opaque Fe minerals (45-250 um), principally weathered mag-
netite (Fe,O5) and hematite (Fe,O3), have been dated to the Medieval Warm
Period (800-1100 years before present) in Chukchi Sea sediment cores®,
suggesting Arctic rusting may have occurred during a warming event that
lasted 300 years. Iron profiles could potentially serve as proxies for past
climate in permafrost regions. More generally, given permafrost occurrence,
geography, and geology, the quantitative balance of iron flux of ARD versus
FRM would be informative. The effects of ARD are striking and important
but in Arctic and subarctic ecosystems anoxic soils are widespread. As with
the Kobuk River (Supplementary Fig. 12¢), wetlands may well contribute
Fe(Il) flux (Supplementary Fig. 12a,b) along thousands of kilometers of
Arctic rivers, acting as the largest source of iron flux. The effects of FRM on
Alaska’s Arctic Slope (Supplementary Fig. 13) where thawing permafrost is
qualitatively changing tundra landscapes* used by multiple fish species for
spawning” could be widespread and substantial. These and other topics
provide ample—and important—future research directions.

Methods

Overview

To investigate causal pathways among warming air and soil temperatures,
snowpack depth, thawing permafrost, lithology, and stream discharge that
may determine the spatial and temporal occurrence of orange streams and
acid seeps, we focused on three study areas in northern Alaska (Fig. 2) at
three spatial scales. The first was the regional defined as the Brooks Range.
We digitized around those features located on USGS 1:250,000 quadrangles

identified as belonging geographically” to the Brooks Range. As calculated
in a geographic information system (GIS), the regional study area encom-
passed 2.41 x 10° km? (Fig. 2a). The second spatial scale was the subregional
scale, defined as the Salmon River watershed in KOVA, the adjacent Tuk-
pahlearik Creek watershed above its confluence with the Omar River, and
the adjacent Timber Creek watershed above 103 m above mean sea level
(m asl). The subregional study area encompassed 2.01 x 10°km” as calcu-
lated in a GIS (Fig. 2¢c,e, and Supplementary Fig. 4). The third spatial scale
was the local scale, defined as Ikalukrok Creek upstream and including
portions of Red Dog Creek. The local study area encompassed
2.01 x 10°km? as calculated in a GIS (Fig. 2c,e, and Supplementary Fig. 4).

Alaska’s Brooks Range (<2800 m asl) separates Arctic from interior
climates, tundra from boreal ecosystems“’, and continuous (90-100% land
area frozen) from discontinuous (50-90%) permafrost™. Schist, shale, and
carbonate lithologies that host sedimentary exhalative (SEDEX) deposits
and Mississippi Valley type (MVT) deposits of potential sulfide-mineral
ores extend over much of the range” (Fig. 1a). The last glacial maximum
covered nearly all’ the Brooks Range in Alaska, but ongoing glaciation is
minimal®. KOVA and adjacent watersheds is characterized by sulfide-
mineral content in its uplands (Fig. 2c), wetlands in its lowlands® and a
broad array of geologic formations and ecosystem types®. The third area
near RDM is characterized by high sulfide-mineral content™ and has been
monitored with spot samples of water quality’'*. Observations and mea-
surements from these three areas provide an integrated framework for
understanding how climate change affects Fe-loading into aquatic systems.

Climate data and thermal indices

Kotzebue air temperature Located on the Chukchi Sea, the weather station
(Wx) in Kotzebue, AK at the Kotzebue Ralph Wien Memorial Airport
(GHCND:USW00026616) at 66.8857, -162.6068, 3 m asl has the longest
running air temperature (airT) record in northwest Alaska and captures
climate dynamics associated with the Chukchi Sea that affect the Brooks
Range environment. We downloaded the 1897-2023 Kotzebue daily record
of instrumental temperatures from ref. 59 and calculated the mean daily air
temperature as T = (max daily temperature 4 min daily temperature)/2.

Kotzebue air temperature gap filling We restricted thermal indices to
1941-2023, avoiding data gaps in airT pre-1941. The Kotzebue sensor
displayed a 1-3 °C bias from 1 May to 9 September 2019 (verified by a
radiosonde installed September 2019). We replaced 1 May to 9 September
2019 airT by applying month-specific regressions of Kotzebue T (air-
T_Kotz) on airT_Noak from a Wx station (Mt. Noak RAWS®), 33 km
NNW of Kotzebue (67.1413, -162.994, 255 m asl). We chose a multiple
regression approach with month treated as an additive factor variable
because bias varied by month. Models with interaction between month and
T_Noak (AAIC =3.1), or with year as a random factor (AAIC =0), per-
formed no better than the additive model (AAIC =0.8).

Onset of freezing and thaw Following established methods’', we defined
initial onset of freezing date, dj, as the first day each year when T'< 0 °C and
the following 7-day mean of T was also <0 °C. The d; in year Y-1 provided
the start of an autumn-to-autumn interval and d; in year Y provided the
interval end. Using airT between successive initial onset of freezing dates
(autumn-to-autumn interval) associated with airT_Kotz, we calculated
three indices: (1) an annual thawing index (ATI > 0) of year Y, calculated as
the degree-day sum of airT >0 over the autumn-to-autumn interval ending
in year Y; (2) an annual freezing index (AFI > 0) of year Y, calculated as the
absolute value of the degree-day sum of airT <0 over the autumn-to-autumn
interval ending in year Y; and their difference as annual thermal loss,
AFI-ATI (Fig. 1).

Regional mapping of orange-colored waterbodies

We located 205 locations of orange-stained streams, rusting rivers, and
acidic seeps (those colored orange or with dead vegetation) across Arctic
Alaska (Fig. 2a) using an opportunistic approach, including field-transects,
crowd-sourcing, and satellite-image interpretation. Most locations were
identified by an orangish color in sediments and/or orangish hue to water
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that was formerly clear; brownish streams were not considered stained.
Many, but not all, OCWs had very high-resolution (3 m or better resolution)
satellite imagery showing that they had been clear at some point" as far back
as 2008; however, previous to 2008 imagery was not available to distinguish.
It is known that OCWs located as tributaries along the Salmon and Ivishak
Rivers, as well Tkalukrok, Fire, Drenchwater, and Ferric Creeks have pro-
duced ARD in the past.

During Jun-Aug 2019-2024, we traversed by foot and packraft
3500 km of the Brooks Range, opportunistically geolocating stream rusting
and acid seeps as we encountered them. Beginning with field-identified
locations, we searched on satellite scenes upstream of and nearby other
orange streams, locating where their color emerged by browsing multi-band
imagery from 2005 to 2024, including Ikonos*”* (3 m), GeoEye® (1-2 m),
WorldView” (1-3m), Sentinel-2** (10 m), and Planet” (3 m). Image
interpretation used Google Earth Pro®, Esri Wayback®, MAXAR®, Planet
Labs*, and Copernicus Browser”. We applied band-filtering to facilitate
identification of sites using normalized pixels from Sentinel-2 scenes cap-
tured 13 Jul 2023 and calculated as:

normalized_value = (pixel_value - scene_min_value)/(scene_max_va-
lue — scene_min_value)

where 0.07 <normalized_blue <0.09, 0.09 <normalized_green <0.1,
0.07 <normalized_red <0.11, and 0.1 <normalized_ NIR < 0.18.

Spatial association analysis: To quantify associations between OCWs
and geology/permafrost combinations, we calculated odds ratios comparing
observed proportions of OCWs within each category to expected propor-
tions based on regional availability. Specifically, for each combination of
geology (within versus outside Zn-ore polygons™) and permafrost zone™
(continuous, discontinuous, sporadic), we calculated the odds ratio as:

odds ratio = observed odds/expected odds, 3)

where
observed odds = observed proportion/(1—observed proportion)  (4)
and
expected odds = expected proportion/(1—expected proportion)). (5)

For example, if Zn-polygons within discontinuous permafrost com-
prised 9% of the study area but hosted 25% of OCWs, the odds ratio = (0.25/
0.75) /(0.09/0.91) = 3.4. Values > 1 indicate OCWs are more common than
expected; values < 1 indicate OCWs are less common than expected. We
applied the same approach to acid seeps (n = 62) in the subregional study
area, comparing their distribution across geology (*units vs. non-*units)
and near-surface permafrost probability (<50% vs. >50%).

Geologic setting
Mineral exploration has identified several ore deposits in the Brooks Range,
an area that includes one of the most prolific Zn districts in the world. One is
the Red Dog clastic-dominated (i.e., SEDEX) deposit, 10 km south of the
local study area and 115 km northwest of the subregional study area. The
Red Dog deposit was discovered by its oxidized acidic seeps in the early
1950s and contains abundant lead (Pb) and zinc (Zn), hosted largely in
sphalerite and galena with pyrite + marcasite as co-existing sulfide
minerals®”’. Red Dog deposits are the largest known accumulations of
sulfides in the region. The upper Mississippian Ikalukrok unit hosts its
SEDEX mineralization. The Re-Os dates of the sulfide minerals constrain
their formation from 339.1 + 8.3 Ma to 333.0 + 7.4 Ma’’, younger than host
rocks underlying the acid seep formation in the subregional study area and
nearly identical to the local study area geology. However, a geologic survey”
did include the SRSA within prospective SEDEX mineralization (Fig. 2a).
Another large regional accumulation of sulfide minerals occurs in the
Ambler volcanogenic massive sulfide district, 150 km SE of the subregional
study area. Several Ambler deposits reside throughout Devonian to

Mississippian stratigraphy, but most mineralization resides within the
Devonian-aged sequence (metavolcanics and metasediments) and Devonian
to early Mississippian Bornite carbonate sequence’’. Pyrite, chalcopyrite,
galena, and sphalerite with lesser tennantite-tetrahedrite + pyrrhotite, bornite,
and arsenopyrite’* largely form Ambler’s massive-sulfide deposits.

A third mineral deposit in the area is carbonate-hosted within
Devonian-aged dolostone, similar to those underlying the subregional study
area, exemplified by the Omar deposit’ located 25 km west of the KOVA.
Mineralogy at the Omar deposit is dominated by chalcopyrite and bornite,
although Fe-sulfide minerals and galena are mentioned, but not specified,
nor are abundances reported. The Omar area deposits are carbonate
hosted”, differing from Red Dog SEDEX, giving a natural buffering ability
for streams like Tukpahlearik and Timber creeks.

The areas where we sampled acid seeps in the upper Salmon, Tuk-
pahlearik, and Timber Creek watersheds of the subregional study area
during Jul and Aug 2023 field campaigns are underlain predominantly by
undivided Devonian to Ordovician metasedimentary and metavolcanic
rocks of Tukpahlearik Creek interbedded with marble of Tukpahlearik
Creek™, or the early Paleozoic light grey to white marble that has been thrust
on top of the Tukpahlearik Creek rocks*'. Forming the headwaters of stained
tributaries with elevated Fe and other elements that drain into the Salmon
River is Devonian to Proterozoic grey to dark-grey pelitic quartz-mica schist
interbedded with lesser calcareous schist and mafic lenses™.

Subregional sampling

The subregional study area included the Salmon River watershed and the
adjacent Tukpahlearik and Timber Creek watersheds to the west and out-
side the KOVA. Within this study area, we classified sample sources (Fig. 3)
with six classifications:

Acid seeps. Seeps were considered as sources of water emerging from
the ground. Acid seeps were seeps that were either low in pH (e.g., pH <5.5)
or as high as 6.7 but with clear evidence of having been much lower by virtue
of extensive blackened vegetation or bleached shrub stems (Supplementary
Figs. 4 and 5). Acid seeps included streamside seeps in creek bottoms with
staining of orange, white, or blueish hues, and hillside seeps which in some
cases appeared as newly emergent with very low pH (e.g., <4), clear water
coloration, and live green vegetation. Levels of EC and pH in acid seeps were
often highly variable over short intervals of time and space.

Stained tributaries. Streams with sediments stained orange, whitish, or
bluish. Water could be either turbid or clear. Usually downstream or
downbhill of known acid seeps. Green benthic algae and macroinvertebrates
were generally absent or much reduced.

Clear tributaries. Streams without stained sediments and with clear
water and green benthic algae, macroinvertebrates, and often fish present.

Wetlands. Vegetated wetlands and the surfacing soil water, streams,
rivers, lakes and ponds within or draining them (Supplementary
Figs. 12 and 13). Most were vegetated by sedges (e.g., Carex spp. and
Eriophorum spp.), willow shrubs (Salix spp.), and occasionally black spruce
trees (Picea mariana) and alder shrubs (Alnus spp.).

Salmon River. The Salmon River, a Wild and Scenic River in KOVA
that has historically functioned as an important anadromous and ambi-
dromous fish spawning river’. Ungaged.

Kobuk River. The Kobuk River (Supplementary Fig. 12¢), mainstem to
the Salmon River, flows roughly 500 km from mountain headwaters to
Chukchi Sea. A USGS streamgage station” (15744500) is located 35 km
downstream of the Salmon River mouth. The nearest Kobuk River water
sample collected for this study was 22km upstream of the USGS
streamgage.

Field campaigns

KOVA offers few reliable locations to land fixed-wing aircraft within its
boundaries >300 km from Alaska’s road system. Access is by National Park
Service (NPS) permitted helicopter or on foot from outside the park. In July
and August 2023, we accessed the park on foot, sampling outside the park
and observing streams and acid seeps en route to the park. In Aug 2023, an
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NPS-permitted helicopter also supported access to the Salmon River
headwaters. During both campaigns, we descended the river from its
headwaters to its mouth using small inflatable packrafts. In July 2023, we
descended the Kobuk River to the community of Kiana (66.9731,
-160.4271). Based on USGS streamgages” (Supplementary Table 3) on the
Kobuk River (Site number 15744500) and Wulik River (Site number
15747000) discharges, the field campaign in Aug 2023 occurred during
median discharges and in July 2023 occurred during high discharge with
Dahl Creek (Site number 15743850) discharge at 90th percentile, Wulik
River at 80th percentile, and Kobuk River near 95th percentile.

We define samples as individual water samples or point measurements
(e.g., pH, temperature) and locations as places we sampled during two field
campaigns (July and August 2023) or at large acid seeps with multiple
samples across an individual seep’s extent, generally within 100 m of each
other. The variable value at alocation was calculated as the average of sample
values for that variable from that location. Every sample measurement
reported here has a location; some locations have multiple samples, as in up
to two for field campaigns on the Salmon River and its tributaries, and as
many as n = 15 for very large acid seeps.

Water sampling

In July 2023, we collected filtered (0.45um disc filters) and unfiltered
samples but only collected filtered samples in August 2023; 2023 samples
were acidified at the time of collection with 1% nitric acid in August and 2%
in July 2023. At each sample location, we measured pH, specific conductivity
(EC), and temperature. In July 2023, we used a YSI ProDSS multi-parameter
meter (calibrated in the laboratory prior to departure) and included tur-
bidity (FNU). In August 2023, we used a Thermo Orion A325 with elec-
trodes for pH (Thermo Scientific 9106BNWP, calibrated each morning in
the field) and EC (Thermo Scientific 013010MD).

Metal concentrations from samples passing through a 0.45 um filter
and subsequently acidified are referred to as “dissolved” metals. Metal
concentrations from unfiltered samples are referred to as “total” recoverable
metals. Acidification of unfiltered water samples is not expected to liberate
metals from all particulates (e.g., clay minerals and silicates) but is expected
to release metals from the most bio-available particulates, such as Fe and Al
oxyhydroxides. Particulate metal concentrations were calculated as parti-
culate Fe = total Fe — dissolved Fe, where total Fe was Fe concentration
measured from unfiltered samples and dissolved Fe was Fe concentration in
filtered (<0.45 um) water samples. The same approach was applied to cal-
culate particulate Al and other metals.

Laboratory processing and analysis

At the University of California Riverside, we measured major and trace
element compositions of the water samples using standard methods for
inductively coupled plasma mass spectrometry (ICP-MS). An Agilent 7900,
single quadrupole, ICP-MS, fitted with an Agilent ISIS integrated sample
introduction system, analyzed samples at 10x dilution in 2% nitric acid.
Instrument outputs were calibrated using matrix matched, multi-element
standards that were freshly prepared in-house. All solutions were prepared
using trace-metal grade nitric acid and 18.2 MQ water. Various QA/QC
protocols were applied, including periodic analysis of standard reference
material NIST1640a throughout the runs and online introduction of mul-
tielement internal standards. Within-run reproducibility was generally
within +5% for all elements. Long-term accuracy/reproducibility studies
indicate an accuracy of 5% for major elements and +10% for trace ele-
ments. Recovery of all measured elements in the standard reference material
NIST1640a was within these tolerances.

Statistical modeling of dissolved Fe in Salmon River tributaries

To model dissolved Fe concentrations in Salmon River tributaries, we
selected those n = 14 tributaries with pH >5 sampled in August 2023. We
defined predictor variables at the catchment scale using GIS analysis with
probability of near-surface (<1 m) permafrost occurrence within each tri-
butary catchment extracted from a 30m raster product’® and Fe-

contributing lithology within each catchment calculated as the sum of
area from geologic mapping™ of four Devonian-age *units (DOtu*, DOtp*,
DOtm*, MDe*) that were associated with 78% of acid seeps, plus Qua-
ternary surficial deposits (Qs) representing wetland-associated deposits.
Area of geology and means of permafrost probability were calculated for
each watershed in the statistical language R’ using packages fidyverse”,
raster’®, terra”’, sp’™”’, and sf**'.

Our hypothesis testing defined the response variable Y =
log;o(dissolved Fe) and predictor variables: X;= within-tributary catchment
mean probability of near-surface (<1 m) permafrost’ (Near-surface per-
mafrost probability); X, = log-transformation of within-catchment area of
the four mapped* Devonian-age*units (DOtu*, DOtp*, DOtm*, MDe*)
associated with 78% of acid seeps plus the within-catchment area Qs
(Reactive geology area); and X5 =X; X, as Expected reactive geologic area
exposed to near-surface permafrost.

We compared four candidate models with the response variable Y =
logio(dissolved Fe) with € ~ N(0,0) representing error distributed normally
with mean zero and standard deviation o.

1 Near-surface permafrost probability-only: Y =, + p1 X; + €.
2 Reactive geology area-only Y=, + B, X>+«.
3 Expected reactive geologic area exposed to near-surface permafrost:

Y=B,+P:Xs+e.

4 Two-variable permafrost and geology: Y=, + B; X; + . X> + ¢

Model selection used adjusted-R*to account for model complexity and
is reported in the main text as the percentage of variability in dissolved Fe
explained by each model. Statistical significance (0.05) of coefficients was
assessed using standard t-tests with a=0.05. To test whether Quaternary
surficial deposits (Qs) contributed measurably to dissolved Fe, we built an
alternative model excluding Qs from X, (creating X,* containing only the
four *units) and compared model fit. We applied the same approach to
model sulfate concentrations, replacing Y with log;o(SO4™).

Iron flux estimation

To estimate mean iron fluxes in dissolved, total, and suspended particulate
forms over each of two 27-day periods (30 June-26 July and 19 July-14
August 2023), we multiplied mean discharge over both periods by the point
sample value of [Fe] in its dissolved, total, and particulate forms. Because
none of the Salmon River’s reaches or tributaries are gaged, we modeled
discharge using a gridded (1km) daily precipitation (mm/day) product
known as Daymet® and USGS streamgage discharge” from ten northern
Alaska locations (Supplementary Table 3) during the two 27-day periods in
2023 and a third in 2022 (27 July-22 August, 2022) for further validation of
the discharge modeling approach.

Discharge modeling using Daymet: Our approach was to develop one
model for each of the three periods to estimate discharge given modeled
rainfall over a basin area. To construct the model, we extracted daily dis-
charge data for each period using the R package dataRetrieval” from 10
USGS streamgages” (Fig. 2a) representing 10 different basins located
among three regions defined by their ocean sea catchment (Supplementary
Table 3). Among the 10 USGS streamgages, daily discharges varied
3.5-1838 m’s" and basin areas ranged 28-35,882 km’.

Daymet values were extracted from watershed boundaries in R with
functions in raster’®, terra”’, sp’®”, and sf**'. In essence, we doubly inte-
grated Daymet over each watershed area A and each period D. The integral
value for each period at each of the n =10 Arctic Alaska rivers with USGS
streamgages provided the dependent variable (logio-transformed gage dis-
charge) in a linear model that was regressed on Daymet integral value (logso-
transformed values of the mean-daily Daymet precipitation within each
watershed above the streamgage). We calculated A from a 5-m resolution
interferometric synthetic aperture radar (IFSAR™) digital elevation model
(DEM) downloaded from the Elevation Portal of the Alaska Division of
Geological and Geophysical Surveys®. Applying hydrological tools in the R
package whitebox™" to the DEM with streamgage location as the lowest
point on a watershed’s boundary where water flows out of a catchment
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(pour point) allowed us to delineate the catchment upstream of each pour
point as a spatial polygon. Next, we extracted all Daymet pixels within the
polygon for each day during a given sampling period, D, and summed them
over the period and the watershed boundary, A. We calculated the double
integral as “discharge from Daymet” and regressed log-transformed
observed mean discharge from streamgages against log-transformed Day-
met-derived discharge using simple linear regression. This provided two
models (one for each sampling period in 2023) that we then applied to
Daymet-derived discharge calculated at Fe sample locations on the Salmon
River and at its tributaries that we treated as hydrological pour points.

Discharge models Modeled discharge approximated well the observed
streamgage discharge (Supplementary Fig. 14). For the 30 June-26 July 2023
period, discharge = 0.91 Daymet"'’, with R*=0.98. For the 19 July-14
August 2023, discharge = 1.17 Daymet"*, with R*=0.95. For 27 July-22
August 2022, discharge = 1.04 Daymet®”, with R’ = 0.97. In each equation,
discharge is in units of m’s™ and Daymet represents daily precipitation in the
watershed as pixel values multiplied by pixel area summed over watershed
and scaled to a daily average.

Local study area: Ikalukrok Creek near Red Dog Mine

RDM, 130 km N of Kotzebue (68.0675, -162.8472, 218-300 m asl, Fig. 2a)
extracts lead-zinc sulfide ore and trucks the concentrate on an 80-km gravel
road to a Chukchi Sea port. Following deposit discovery in the 1950s,
drilling-based exploration began in 1980, road, port-site, and mine con-
struction in 1987, and mining in 1989. Teck Alaska Incorporated (Teck;
Anchorage, Alaska), provided year-round daily air temperature and pre-
cipitation from Bons Creek Wx (68.0291, -162.9118, 296 m asl) near the
mine for use in modeling ground temperature using the GIPL2* model of
the Geophysical Institute Permafrost Laboratory.

Ikalukrok Creek watershed seep pH, sulfate, and metals

The mine’s operating company, Teck, its predecessor Cominco, and the
State of Alaska have undertaken or contracted water quality and aquatic
biota studies in nearby undisturbed catchments as controls on mining-
effects since 1982°'~°. Water quality monitoring expanded in 2011 fol-
lowing increases in naturally occurring ARD along Ikalukrok Creek
above the Red Dog Creek confluence™, and across a 200 km? area
upstream, W, and N of the mine and its infrastructure. Here we rely on
measurements of pH and TDS from a single water quality station on
Ikalukrok Creek (Station 207) together with six other stations (Fig. 5a)
sampled with a YSI ProDSS multi-parameter meter once per month
during May-October. In September 2020, Teck also sampled eight acid
seeps (Fig. 5a) for pH, sulfate, metals, and TDS.

In 2020, Teck contracted Kuna Engineering to determine SO,* and
metal concentrations at 18 seep locations. We selected the eight seep locations
along upper Ikalukrok Creek above monitoring station Ikalukrok 207 for
analysis (Fig. 5a). Using helicopter support over the course of 2 days, samples
for total solids were collected directly into appropriately preserved bottles (i.e.,
acidified with 1% nitric acid for metals), while dissolved solid samples were
collected in unpreserved containers and transported same-day-collected to
Red Dog, where they were filtered (0.45 pm) into acidified containers.

Ikalukrok Creek stained tributary counts

We used Esri Wayback® and Google Earth Pro® imagery as well as
eight 2017-2022 Planet Lab® scenes (3 m resolution) upstream of N
68.0940, W 162.9485 to investigate inter- and intra-annual variability
in Ikalukrok Creek staining. Using staining visible on oblique aerial
photography collected™ 14 October 2019 to inform reflectance banding
(NIR - red - blue), we located Ikalukrok tributary staining on satellite
imagery and counted the number of stained tributaries. For each year
with available imagery, we recorded the count of visibly stained tri-
butaries during the July-October period when staining was most
apparent. This metric was used to assess temporal relationships
between ALT and visible rusting.

Ground temperature modeling and active layer thickness
Responding to widespread natural ARD (i.e., non-mine related) in 2018,
Teck drilled four boreholes along a 220 m transect (Fig. 5a, 377-394 m asl)
in an upper catchment of Ikalukrok Creek, 11.2 km NW and 100 m above
the mine’s roads and infrastructure. Two boreholes (Shrub BH1 and BH2)
penetrated beneath shrub tundra of deciduous taxa <0.5 m tall (Salix spp.,
ericaceous shrubs, Betula nana). Two others penetrated beneath sedge
tundra (Carex spp., Eriophorum spp.). Thermistor-based ground tem-
peratures (TGT) were recorded in each borehole at 6-9 node depths
(0.09-6.10 m below ground) during 3-5 years (2018-2023). Approximately
6.1 km distant, pH and TDS were measured instream several times each year
(2015-2020) at Ikalukrok Creek Station 207 (Ikalukrok 207). TDS was also
measured at six other stations in the Ikalukrok Creek watershed upstream of
RDM (Fig. 5a).

We calculated modeled ground temperatures (MGT) 5.1 km upstream
from Station 207 to identify and hindcast ALT using the ground tempera-
ture model GIPL2” with borehole TGT as calibration and Bons Creek air
temperature and snow depth time series as upper boundary conditions.
GIPL2 simulates heat flow over time and depth using an implicit finite
difference method to numerically solve the one-dimensional heat conduc-
tion equation. Soil properties based on field description from drill logs and
vegetation cover (Supplementary Table 2) parametrized the model, condi-
tional on TGT and boundary conditions. GIPL2 accounts for thermal
conductivity and heat capacity of soils, as well as unfrozen water and its
latent heat of fusion during phase changes, improving accuracy of perma-
frost dynamics. The model includes time-varying snowpack depth, thermal
conductivity, and heat capacity. To calculate snowpack depth, we divided
Bons Creek Wx accumulated precipitation by an average snow density
(0.3 g cm™) that is approximately equal to that reported as snow density*® of
North American tundra (0.28 g cm™). Snowpack thermal conductivity and
other characteristics varied by borehole (Supplementary Table 2). Locations
were: Sedge Tundra BH3 N 68.1829, W162.959582; Sedge Tundra BH4 N
68.182244, W162.957916; Shrub Tundra BH1 N 68.18178, W 162.95812;
Shrub Tundra BH2 N 68.181434, W162.956096, all located within
47-212 m from one another at 377-394 m asl.

Initial soil thermal parameter values were selected from published
ranges®” and from drill log stratigraphy observations (Supplementary
Table 2). The model ran 2010-2023. Model initialization began 8 years prior
to measured TGT to reach a steady state for the 2018-2020 calibration
period. The depth varying MGT values were compared to corresponding
TGT values, then soil porosity, thermal conductivities for the thawed and
frozen soil were systematically adjusted within plausible ranges to minimize
error defined as [TGT-MGT| . Model calibration in the shrub tundra was
improved by replacing Bons Creek Wx snowpack depth, S4, as a boundary
condition with 2.5 S4 to account for the additional snow accumulation in the
shrub tundra. Sedge tundra required no adjustment to Sy for calibration.

Active layer thickness: The output of GIPL2 is a matrix of MGT
values where each row is a depth and each column is a day. To estimate ALT,
we classified each element of the matrix as above freezing or not to create a
binary matrix. The active layer bottom on any given day was maximum
depth where MGT >0 °C and the active layer top was calculated as the
shallowest depth where MGT >0 °C. If no depths were unfrozen on a given
date, both top and bottom were set to NA.

Error estimation: We estimated errors in mean daily ground tem-
perature near the base of the active layer using values of TGT recorded at
6-9 node depths (0.09-6.10m below ground) during 3-5 vyears
(2018-2023). Supplementary Fig. 15 compares MGT and TGT at the depths
where thermistors recorded ground temperature near the active layer
depths. We also compared the measured ALT based on TGT > 0 (ALT yps)
to modeled thickness (ALT,0q) for the years of thermistor recording
(Supplementary Figs. 16-19):

BH1 shrub tundra: model was well constrained (ALT g4 -
ALT . =0.33 m).

ALT jps =4.57 m <ALT ;04 = 4.9 m < 6.1 m = next deepest thermistor
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BH2 shrub tundra: the model missed the talik at 6.1 m from autumn
2021-spring 2023.

48 < ALT;,0d<52m<6.1 m = ALT,s = 6.1 m = deepest thermistor

BH3 sedge tundra: model was well constrained (ALTeq -
ALT . = 0.47 m).

ALT jps =2.13 m <ALT,,g = 2.6 m < 2.74 m = next deepest thermistor

BH4 sedge tundra: model was well constrained (ALT,0q4 -
ALT,, = 0.48 m).

ALT gps = 0.9 m <ALT ;04 = 1.38 m < 1.52 m = next deepest thermistor

One-year lag analysis

To test for temporal relationships between permafrost thaw and stream
ARD products, we compared 2014-2021 ALT from the four boreholes in
the headwaters of West Fork Ikalukrok Creek at year T with 2015-2022 TDS
measurements at year T + 1 for seven monitoring stations in the Iklaukrok
Creek watershed located within 15 km of the boreholes and upstream of
RDM effluent into Red Dog Creek (Fig. 5a). We calculated mean ALT across
the four boreholes for each year T. TDS measurements were collected
May-October for each year during 2015-2022 at each of seven monitoring
stations (Fig. 5a): Ikalukrok 205, West Fork Ikalukrok Creek 206, Ikalukrok
207 (downstream of confluence with West Fork Ikalukrok Creek), East Fork
Tkalukrok Creek 208, Station 9 (located on Ikalukrok Creek downstream of
confluence with East Fork Ikalukrok Creek), Station 12 (located on Red Dog
Creek upstream of confluence with RDM effluent) and Rachel Creek (a
tributary of Red Dog Creek upstream of RDM).

To estimate the strength of relationships between TDS in year T + 1
and ALT in year T, we calculated R’ for the regression of log-transformed
each month’s (May-October) TDS of year T + 1 on log-transformed mean
ALT of year T at each of the seven monitoring stations. In addition, we
calculated the Pearson’s correlation coefficient between 2014 and 2022 ALT
from the four boreholes in year T with 2015-2023 mean autumn
(August-October, the period of maximum ALT and baseflow conditions)
pH measured at the monitoring station Ikalukrok 207 in year T + 1. Sta-
tistical significance was assessed using standard Wald ¢-tests with & = 0.05.
To evaluate whether the temporal lag extended to visible stream staining, we
correlated stained tributary counts (from satellite imagery analysis) in year
Y + 1 with mean ALT from year Y. We also correlated stained tributary
counts with contemporary TDS to confirm that visible staining reflects ARD
chemical intensity.

Data availability

The chemical, sample location, and other data that support the findings of
this study, including the source files for figures, are available at Figshare DOI
10.6084/m9.figshare.28091102.
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