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Abstract

Stream chemistry and ecosystem function are being transformed by abrupt climate-driven acceleration of
sulfide-mineral oxidation in permafrost-underlain headwater catchments of the Yukon and Mackenzie
river basins—the two largest (sub)Arctic rivers in North America. Over the past decade, dozens of acidic
(pH ~3) seepages have emerged in these headwaters, causing vegetation dieback and mobilizing metals at
acutely toxic concentrations in receiving streams. Acid generated during sulfide-mineral oxidation also
accelerates CO, emissions by driving carbonate-mineral dissolution. Major downstream sub(Arctic) rivers
show significant multi-decadal sulfate concentration increases, yet their metals concentrations remain
stable because of attenuation and dilution processes. Headwater stream acidification signals a major
perturbation in metal, carbon, and sulfur cycling linked to permafrost thaw with far-reaching
consequences for water resources, northern communities, ecosystem health, and Earth’s biogeochemical

future.
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Large-scale degradation of water quality and enhanced global biogeochemical cycling are being driven by
intensified sulfide-mineral oxidation (SMO) associated with permafrost thaw (/—3). Permafrost presently
underlies >14 million km? of land but is disappearing at rates unprecedented over the Holocene Epoch
(the last 11,800 years) due to post-industrial climate warming (4, 5). Ground transition toward unfrozen
conditions promotes weathering of minerals that have been geochemically dormant for millennia by
amplifying mineral-water-microbe interactions (2, 6—16). Sulfide minerals are ubiquitous in sedimentary,
igneous, and metamorphic rocks, and their oxidative weathering liberates acidity, sulfate, and metals to
water (/7). SMO also modulates global climate by producing acid that drives carbonate mineral
dissolution and CO, production (/8). SMO can lead to acid-rock drainage (ARD), a condition
characterized by acidic water with toxic metal and metalloid (hereafter referred to as metals)
concentrations (17, 19, 20). Waterbodies receiving ARD are characteristically discolored by ocherous and
white precipitates associated with secondary-mineral precipitation (2/). Intensified SMO from permafrost
degradation may profoundly alter biogeochemical cycles with global implications for water resources,

aquatic ecosystems, and Earth’s climate.

Intensified SMO in permafrost regions is evidenced by significant increases in sulfate concentrations and
fluxes in recent decades in the Mackenzie and Yukon river basins, which contribute ~20% of riverine
discharge to the Arctic Ocean (3, 22). Localized ARD related to permafrost thaw and deglaciation has also
been observed in headwater catchments of the Andes, the Pyrenees, the Alps, and Alaska’s Brooks Range,
resulting in devastation of aquatic macroinvertebrate and fish communities and “rusting” of streams (7,
23-26). Understanding the breadth, timing, and mechanisms of SMO acceleration in thawing permafrost
requires observations linking large river basins, where solute concentrations are modulated by dilution
and attenuation processes, with smaller headwater catchments where SMO signals are most clearly
manifested, and biological impacts most acute. Hydrological and geochemical records in headwater
catchments may therefore reveal the timing and mechanisms of SMO intensification not captured by the
large rivers, and provide mechanistic insights into a globally significant yet underappreciated permafrost-

climate feedback.

Here, we describe abrupt ARD onset in small (<40 km?) permafrost-underlain headwater catchments of
the Yukon and Mackenzie river basins. Our hydrological and geochemical dataset captures precipitous
declines in water quality towards highly acidic levels (pH <4) and acutely toxic metals concentrations
within a <5 year period. We further link this trend to broader regional acceleration of SMO in receiving
rivers of the Yukon and Mackenzie basins. Thawing permafrost-underlain headwater catchments emerge
as biogeochemical reactors that drive export of metals, sulfur, and carbon back into active hydrological

and biogeochemical cycles, unveiling a growing environmental risk in a warming cryosphere.
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Accelerating SMO reshapes water quality and ecosystems along the Yukon-Mackenzie
divide

Our detailed time-series observations come from three headwater catchments (11 to 36 km?) in the
Tombstone Waters Observatory (TWO) in central Yukon, Canada, a high-latitude (~64 to 65°N)
observatory straddling the Yukon-Mackenzie watershed divide (fig. S1). These catchments are
unimpacted by local anthropogenic disturbances (e.g., mining). The nearest long-term temperature
records show a 0.4°C increase per decade since 1961 (fig. S2), translating to greater local permafrost
degradation now than at any time over the Holocene Epoch (27). TWO catchments, approximately
located at kilometer markers KM71, KM99, and KM 175 along the Dempster Highway in Yukon, overlie
marine sedimentary rocks deposited offshore of Laurentia, the ancient North American craton (fig. S1).
Sulfide-rich black-shales capable of producing ARD commonly occur within these sedimentary rocks (7,
3, 28). KM99 and KM175 streams feed the Ogilvie (~5,410 km?) and Peel (~74,000 km?) rivers in the
Mackenzie River basin. KM71 stream feeds the Yukon River via the Klondike (~7,800 km?) River.
Multidecadal chemistry datasets for these downstream (sub)Arctic rivers help link recent evolution in

TWO headwater stream chemistry to broader subcontinental-scale shifts in weathering regimes.

The Peel River basin shows widespread impact from SMO. Satellite-image analyses from August 2024
reveal 146 affected stream reaches across ~59,500 km? (Fig. 1A). Stream discoloration extended hundreds
of meters to tens of kilometers downstream of ARD inputs (Fig. 1A). A large proportion of impacted
streams have relatively small catchment areas, with 121 streams draining <100 km?, 22 streams draining
100 — 500 km?, and three streams draining >500 km?. Geology is a key ARD driver in this region,
particularly in catchments underlain by fine-grained siliciclastic-dominated geology (e.g., shale, siltstone)

(Fig. 1A). In contrast, ARD is limited in carbonate-dominated catchments

Geochemical monitoring in headwater streams reveals abrupt degradation of water quality linked to SMO,
especially since 2024. The poorest water quality we observed among headwater streams was in a 63 km?
subcatchment of the Ogilvie River (KM228) that in 2000 had circumneutral pH with <100 mg L' sulfate
(29). KM228 stream experienced considerable riparian thermokarst between 2007 and 2025 (fig. S3B-C).
By July 2025, its pH was 3.3, with extreme concentrations of sulfate (10,800 mg L") and dissolved
metals (operationally defined here as passing a <0.45 um filter) including iron (670 mg L), aluminium
(68 mg L), zinc (33 mg L"), and cadmium (13 mg L™). It produced a plume of metalliferous precipitate
visible up to 3 km downstream of its confluence with the Ogilvie River (fig. S3A).

Field observations and remote-sensing analyses in the Peel and Klondike river basins also reveal
pervasive vegetation dieback—patches of vegetation killed by emergent acidic seepages—up to 90,350

m? in area appearing within the last decade (Fig. 1B-C, Fig. 2B-C, fig. S4). Similar diebacks were
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recently reported in the Alaskan Brooks Range, suggesting a more widespread phenomenon in the
western North American Arctic (/). Dieback commonly originates along hillslopes and contains oxic
seepages (fig. S4, table S1), suggesting that acid generation may be promoted where topography drives
infiltration of oxygenated water into a deepening sulfide-bearing active-layer. Active-layer seepages
within dieback areas were highly acidic with a median pH of 3.1 (n=10), up to 17,610 mg L' sulfate, and
specific conductivity of up to 13,890 puS cm™ (table S1). Their metals concentrations were also extreme,
reaching 1,277 mg L' aluminium, 499 mg L' zinc, 318 mg L' iron, 88 mg L' manganese, 64 mg L™
nickel, and 6.0 mg L' cadmium (table S2). These concentrations are comparable to those observed in
effluents from some of the world’s most contaminated mine sites (30), surpassing acute toxicity
thresholds for most terrestrial and aquatic organisms by several orders of magnitude. Soils within
vegetation diebacks harbor secondary sulfate mineral precipitates (gypsum, epsomite, pickeringite,
tamarugite, scapolite) formed by evapoconcentration and which temporarily store sulfate and metals that

can be flushed during rainfall and snowmelt (fig. SSA) (/7).
Abrupt stream acidification over the last decade

Vegetation diebacks reveal ARD point-sources that degrade water quality in receiving streams. This effect
is evident in KM99 stream, where vegetation dieback first appeared circa 2015 and has expanded to
~1,900 m? in summer 2024 (Fig. 1C and Fig. 2B). The dieback comprises only ~0.02% of the stream
catchment area, yet completely dominates downstream water chemistry. Active-layer seepage in the
dieback had pH of 2.7, with elevated sulfate (4,924 mg L), zinc (499 mg L"), aluminium (303 mg L),
manganese (88 mg L), nickel (62 mg L"), cadmium (5.1 mg L"), and other metals (table S1). Stream
pH decreased from 8.0 upstream of the dieback to 5.8 immediately downstream, coincident with a ~3
orders-of-magnitude increase in sulfate and metals concentrations (fig. S6). pH buffering in the lower
reach of the stream, attributed to carbonate-dominated geology, led to a pH increase back to circumneutral
values (pH 6.7 + 1.0). This pH buffering, evidenced by measurable alkalinity at the stream outlet (fig. S7),
drives extensive formation of milky-white and ocherous red precipitates that have discolored streamwater

(Fig. 1A) and coated the streambed downstream of the dieback since 2023 (fig. S5B).

Mineralogical analyses indicated that these precipitates were composed of metal-(oxyhydroxy)sulfates
commonly associated with ARD and effluents emanating from sulfide-rich mine wastes (27). Within
acidic seepages at pH ~3, they comprised suspended aluminum-iron phases with elevated nickel and zinc,
and chemistry and morphology diagnostic of schwertmannite (fig. S8E-F) (37). Further downstream and
at pH ~6, suspended particles were composed of aluminum and sulfur, typical of phases precipitating
during ARD neutralization (21, 32) (fig. S8C-D). At the stream outlet where pH was circumneutral,

precipitates were composed of aluminum and iron with variable sulfur, nickel, and zinc contents (fig.
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S8A-B). These downstream precipitates are interpreted as nanocrystalline to amorphous aluminum- and
iron-(oxyhydr)oxides or hydroxysulfates (33), consistent with streamwater saturation with respect to these
phases (fig. S9). Geochemical modeling suggests that conditions can be favorable to gypsum and jarosite
precipitation near pH ~3 seepages, while conditions favorable to carbonate precipitation (rhodochrosite
[MnCOs] and smithsonite [ZnCOs]) may develop as downstream pH increases (fig. S9). These
mineralogically diverse precipitates modulate metal transport downstream of acidic seepages. Their
stability is controlled by factors such as pH and water chemistry that vary spatially, which creates

uncertainty regarding their overall role as metal sinks or sources.

Interannual high-frequency geochemical time-series of TWO streams captured a precipitous decline in
water quality in 2023-2025. In KM99 stream, visible water discoloration began in summer 2023 and pH
has been significantly lower since that time, while sulfate and metals (cadmium, cobalt, manganese,
nickel, selenium, zinc) have increased by orders of magnitude compared (fig. S10). The most pronounced
water quality degradation occurred in KM175 stream beginning in 2025. This stream pH was historically
circumneutral (e.g., pH 7.5 + 0.3 in 2019-2022), yet reached values as low as 2.7 in 2025, with a mean
2025 pH of 5.0 + 1.5 (Fig. 2). This pH decrease drove major increases in sulfate, and the stream’s
concentrations (aluminum, arsenic, cobalt, cadmium, copper, iron, manganese, nickel, selenium and zinc)
now exceed acute toxicity thresholds for aquatic organisms (table S2). KM175 streamwater was also
turbid because of suspended metal precipitates (Fig. 1A). Like KM99 stream, multiple vegetation
diebacks over shale bedrock also occur within KM 175 catchment and contained pH ~3 seepages with
extreme sulfate and metals concentrations (Fig. 2C, fig. S4C-D, and table S1). Temporal degradation of
water quality at KM71 stream followed similar trends to those observed in KM99 and KM 175 streams,
but it was more subdued due to the stream’s higher alkalinity that buffers pH (fig. S7 and fig. S11).
Metals concentrations in all three TWO streams now routinely exceeded Canadian guidelines for the
protection of aquatic life (34) with respect to multiple metals (table S2). Their pH and sulfate
concentrations were all significantly higher in 2024-2025 relative to earlier years (fig. S12). These abrupt
geochemical transitions echo patterns typical of sulfide-rich mine waste impoundments when acid-

buffering capacity is depleted and runaway SMO leads to ARD (77).

Major interannual shifts in stream specific conductivity-discharge relationships further capture the step-
change in stream chemical regimes over the last 3 years (Fig. 3). Under steady-state hydrogeochemical
conditions, specific conductivity typically peaks during periods of low-discharge, when longer residence
times promote greater water-mineral interaction, while it is low during periods of high discharge because
of dilution by rainfall and snowmelt runoff (/5, 35). Interannual records show that these predictable

seasonal relationships have become overprinted by a larger interannual shift beginning in 2023 at KM99
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and in 2024 at KM 175 stream, when specific conductivity values began increasing outside of prior year
values over the range of discharges (Fig. 3). High specific conductivity values reflect increased solute

loads as dissolved SMO products are mobilized into stream networks.

Sulfate, metal, and carbon fluxes linked to intensified sulfide-mineral oxidation

Sulfate fluxes computed from continuous discharge-concentration relationships generally scale with
cumulative water discharges (fig. S13 and table S3). However, apparent deviations from this trend
occurred in 2024 and 2025, reflecting recent SMO intensification. Mean daily sulfate fluxes computed
from concentration-discharge relationships during summer months ranged from 0.43 + 0.24 kmol km2 d!
in KM99 stream to 2.2 + 0.4 kmol km2 d"! in KM175 stream (table S4). Using average nickel/sulfate and
zinc/sulfate ratios in pH <3.2 acidic seepages, where nickel and zinc precipitation and sorption reactions
are minimized (/7), we estimated that 20 + 4 kg zinc km = d! and 4.0 + 2.2 kg nickel m2 d! were
mobilized in the KM 175 catchment (table S4). It is important to highlight that metal fluxes likely
represent a localized upper bound, because metal export is attenuated between point-sources of ARD and
receiving waterbodies as increasing pH drives sorption and secondary mineral precipitation reactions and

decreases the metal/sulfate ratio (Fig. 4D).

Stoichiometric calcium+magnesium vs. sulfate relationships were indicative of dissolution of carbonate
minerals by sulfuric acid attack in TWO streams (fig. S14). Inputs from marine evaporite dissolution
(e.g., gypsum, CaSO4¢2H>0) can be ruled out based on sulfur and oxygen isotope analyses of streamwater
sulfate (table S5) (36). Using calcium and magnesium fluxes to estimate daily inorganic carbon fluxes
yielded values ranging from 8.2 + 3.9 kg km 2 in KM99 stream up to 110 = 29 kg km 2 in KM 175 stream.
Given that the acidic pH of KM 175 stream drives inorganic carbon speciation towards CO», this
catchment alone could be emitting as much as 403 + 105 kg CO, km 2 daily. Over the 35.9 km? stream
basin, this translates to ~14.5 t CO, d”!, which is equivalent to the daily anthropogenic emissions of
~1,120 people using global average emission estimates (37). These results suggest that SMO
intensification in headwater basins not only constitutes an environmental water-quality crisis for receiving
aquatic ecosystems, but also contributes considerable greenhouse gas emissions in the form of CO; (3,

38).
Rapid recent increases in tributary river sulfate concentrations from intensified SMO

SMO intensification in Yukon and Mackenzie headwater catchments is consistent with interdecadal
increases in sulfate concentrations in downstream tributary rivers (Fig. 4). Sulfate concentration time-
series for the undisturbed Ogilvie and Peel rivers indicate that this phenomenon arises through climate-

driven processes. Similar mechanisms likely drive interdecadal trends in the Klondike River. Additional
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sulfate inputs associated with placer mining in the Klondike basin might be possible, but are likely limited
because of the low sulfide content of local placer deposits. Moreover, sulfate concentrations are rising at
increasing rates in all three rivers (Fig. 4). Peel River sulfate concentrations increased at a rate of +2.1 mg
L' yr! from 2000-2025, which is double the rate observed from 1979-2000. Although the Ogilvie and
Klondike River records contain gaps between the late 1990s and the early 2000s, sulfate concentrations in
the 2000s increased at rates of +12 mg L' yr'and +1.6 mg L' yr!, respectively. In contrast, in the late
1990s these rates were marginally significant for the Ogilvie (p=0.04) and non-significant for the
Klondike (p=0.97). Rapidly rising rates of sulfate export, particularly over the last 10 years, underscore

subcontinental-scale SMO acceleration (3, 22).

Despite these added acid inputs, pH remains alkaline and stable in the large and well-mixed downstream
rivers (Klondike: 7.9 = 0.2, Ogilvie: 8.1 £ 0.2, and Peel: 7.9 = 0.4) reflecting substantial within-catchment
buffering. Riverine filter-passing and total metals (aluminum, iron, manganese, nickel, and zinc) exhibit
no clear interannual trends, in contrast with sulfate (fig. S15). The decoupling of metal and sulfate trends
in major rivers indicates metal attenuation between ARD point sources and receiving waterbodies through
pH-driven precipitation and sedimentation processes. Metal attenuation processes across spatial scales are
further revealed through pH-driven decreases in metal/sulfate ratios from ARD-impacted headwater
catchments to receiving tributaries (Fig. 4D). While metal transport from headwaters is partly attenuated
by precipitation, sorption, and sedimentation along flowpaths and river networks, these secondary
reactions do not eliminate ecological risk. Most of the secondary minerals observed are metastable, and
their stability depends on evolving geochemical conditions in streams, rivers, and sedimentation areas.
Metastable metal-rich precipitates also accumulate in depositional environments, coating streambeds,
stressing benthic habitats (/), and could create long-term ecological hazards as they recrystallize or

dissolve.

Environmental implications of intensified sulfide-mineral oxidation in permafrost
catchments

By linking headwater processes with multi-decadal river chemistry records (7, 3, 22—24), our multiscale
analysis closes a critical knowledge gap and reveals rapid, widespread SMO intensification, associated
vegetation dieback, and sulfate and metal mobilization across the western North American (sub)Arctic. At
larger scales, enhanced export of micronutrients such as iron and zinc, two metals characteristic of ARD
and growth-limiting nutrients in the pelagic oceans (39), could alter ocean productivity, even as
acidification and metal toxicity degrade headwater ecosystems. These findings elevate SMO from a local
geomorphic process to a larger biogeochemical risk, with cascading consequences for aquatic ecosystems,

northern communities, mineral exploration, and global climate.
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Accelerated SMO in Yukon and Alaska arises from the intersection of permafrost thaw with sulfide-rich
sedimentary terranes including the North American basin and platform and Arctic Alaska terranes that
formed offshore Laurentia (fig. S16) (1, 25, 28, 40, 41). Largescale historical (1976-2001) synoptic
stream pH surveys in Yukon reveals that 2% of streams overlying these terranes have pH <5—a
percentage forty times higher than other geological terranes of western Cordillera in Yukon. These
sedimentary terranes are primed for ARD generation as sulfide weathering intensifies (fig. S16). They
cumulatively underlie more than 1.1 million km? of western North America’s permafrost zone—extending
from northern Alaska through Yukon Territory and the Northwest Territories. However, subcontinental-
scale ARD vulnerability depends on local acid-generating and buffering capacity, which ultimately is
driven by sulfide/carbonate ratios. Not all siliciclastic strata are sulfide-rich, and they are also often
proximal to carbonate-bearing strata (Fig. 1). Carbonates can buffer acidity and improve water quality, but
in so doing drive CO; release through carbonate dissolution (3). Even under well-buffered conditions,
certain hazardous metals remain mobile (e.g., arsenic, nickel, selenium, uranium) (42). Constraining ARD
vulnerability within this vast region will require refined geological, mineralogical, and geochemical
mapping, enhanced remote-sensing, and updated hydrochemical monitoring. Once initiated, ARD can
persist for millennia (43). Importantly, intensified sulfur cycling of similar magnitude accompanied the
last major global climatic transition at the Pleistocene—Holocene boundary (44). A comparable disruption

appears to be unfolding in the modern warming (sub)Arctic.
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Fig. 1. Regional compilation of acidic seepages, vegetation dieback, and SMO-impacted streams in Peel and Klondike
watersheds. (A) Widespread SMO-impacted basins, acidic seeps, and vegetation dieback, particularly in fine-grained siliciclastic
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Fig. 2. Recent degradation of water quality from SMO intensification in headwater streams. (A) Increasing interannual
metal and sulfate concentrations and decreasing pH in a headwater stream of the Tombstone Waters Observatory (KM175 stream,
Mackenzie River basin). Red shading shows the range in Canadian guidelines for the protection of aquatic life for metals, where
applicable, which vary with water chemistry (pH, hardness, and dissolved organic carbon content) depending on the metal. (B)
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