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1. Introduction

Peatlands have persisted for millennia, acting as
globally-important sinks of atmospheric carbon
dioxide (Yu 2012) and regionally-important role
sinks of pollutants, such as lead, arsenic, or mer-
cury (toxic metals and metalloids, TMMs) (Bindler
2006). The role peatlands play in atmospheric car-
bon sequestration often overshadows their role in
storing pollutants despite, for example, peat mercury
accumulation rates increasing 60–130× relative to
pre-industrial rates (Bindler 2006). Peatlands sustain
their carbon and TMM sink persistence through a
suite of ecohydrological feedbacks and plant traits
(Souter and Watmough 2016, McCarter et al 2020).
However, the interaction of climate change, land-use
change and wildfire are testing peatland resilience
(Wilkinson et al 2023), potentially placing their long-
term stores of recent and legacy carbon and TMMs
on the edge of catastrophic release.

Smoldering peat fires can emit at least two orders
of magnitude more particulate matter and carbon
than flaming fires, having important implications for
the global carbon cycle (Turetsky et al 2015). Peat
fires also release TMMs through particulate emis-
sions (Betha et al 2013) and surface water runoff
(Paul et al 2022), both of which can have detrimental
impacts on regional human health (Finlay et al 2012).
For example, particulate smoke emissions from the
1997/98 Indonesian peat fires caused immediate and
delayed effects on human mortality, with over 35 000
excess deaths per year in south-east Asia due in part

to TMM-containing particulates emitted from smol-
dering peat fires (Betha et al 2013). Globally, peatland
wildfires have been estimated to significantly increase
global mercury emissions in severe fire years by over
two orders of magnitude, where mercury emissions
in those years can be over 150 and 800 Mg yr−1 in
the boreal and south-east Asia regions, respectively
(Friedli et al 2009), from what was considered a long-
term mercury sink.

Wildfire mobilization of TMMs is especially
concerning in industry-impacted landscapes, where
TMMs in surface peat (the most likely to burn) can
be elevated well above (10s–100s times higher) nat-
ural concentrations (Shuttleworth et al 2017). Lead
and copper concentrations can exceed 1600 mg kg−1

in industrially contaminated peatlands (Souter and
Watmough 2016, Shuttleworth et al 2017), which
equates to potential peat fire emissions/mobilization
of ∼0.32 Mg ha−1 each from the upper 10 cm of
the peat profile. In contrast, potential lead emissions/
mobilization (5–21 Gg yr−1) from the same depth of
burn in undisturbed northern hemisphere peatlands
(∼0.004–0.016 Mg ha−1) (Bindler 2006, Souter and
Watmough 2016) would be comparable to emissions
from several industrial sectors (Rauch and Pacyna
2009), assuming a 0.35% burn area (Wilkinson et al
2023), 3.7 million km2 of peatlands (Yu 2012), and all
lead is emitted/mobilized. While emissions of TMMs
with low volatilization temperatures, such asHg, have
been quantified, the high smoke particulate concen-
tration from low temperature smoldering peat fires
often contain highTMMconcentrations but emission
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factors for TMMs have not been extensively determ-
ined, limiting our ability to accurately quantify this
risk.

Given that future warmer and drier conditions,
as a direct consequence of climate change, are expec-
ted to increase fire frequency, burn severity, and
area burned (Hanes et al 2019), the danger of
peat fires mobilizing and releasing recent and leg-
acy TMMs is likely increasing. The level of risk
associated with TMM release is, however, unknown.
Therefore, there is an urgency to better understand
and predict peat fire TMM release and to mitigate
this release through adaptive management and res-
toration strategies. Here we identify current known-
unknowns (1–3) and mitigation measures (4) to
address this emerging environmental disaster.

1. Unknown Geographies of Legacy Peatland
Pollution

2. Unknown Impact of ClimateChange onPeatlands
3. Unknown Interactive Processes with Peat Fires
4. Mitigating Peatland TMM Legacies.

2. Known-unknown #1: unknown
geographies of legacy peatland pollution

Peatlands have been recording industrial pollution
for centuries, with TMM pollution, mostly lead, dat-
ing back to the Roman Period in Europe (Bindler
2006). Depending on the local atmospheric condi-
tions and residence time of the TMM, many TMMs
are deposited near (hundreds of km) the emission
source but certain atmospheric pollutants, such as
mercury, can be deposited 1000s of km from the
emission source (Rahman and Singh 2019). Thus,
the duration of emissions combined with the specific
atmospheric residence time will ultimately control
TMMdeposition to receiving peatlands, where longer
emission duration and shorter atmospheric resid-
ence times often produce the most intense peatland
contamination (Bindler 2006, Rahman and Singh
2019). However, the long history of TMM depos-
ition and lack of accurate deposition maps for much
of human history creates significant uncertainty on
where potential legacy peatland TMM stores are
located.

Peat that has accumulated in peatlands since
TMM deposition peaked and/or ceased has made the
location of the TMM stores within the peat profile
uncertain, further complicating spatial uncertainties
in legacy TMM stores. Peatlands with considerable
peat accumulation following TMM deposition may
have legacy TMMs stored at depth (figure 1(A)), res-
ulting in a potential uncontaminated buffer between
the burning surface peat and legacy pollution. In con-
trast, peatlands with recent TMM deposition and/or
limited recent peat accumulation would be more
likely to release that pollution load from the con-
taminated peat during fires (figure 1(E)). Coupling

the spatial uncertainties in TMM deposition with
the uncertainty in the distribution of TMMs in the
peat profile represents an unknown risk to human
and environmental health. To properly assess this risk
from peatland fires, there is an urgent need to know
the spatial extent of polluted peatlands, what TMMs
are stored within them, and how deep the pollutants
are located within the peat profile. The urgency is
enhanced by the intensifying role of climate change
in fire occurrence and severity (Hanes et al 2019).

3. Known-unknown #2: unknown impact
of climate change on peatlands

The rate of future peat and peat-carbon accumulation
in response to the interactions of peatland types (e.g.
bog, fen, swamp) and climate change remains highly
uncertain (Page and Baird 2016). While projected
drying due to climate change is expected to decrease
carbon accumulation rates (Helbig et al 2020), the
magnitude of change is unknown due to variations
in peatland type and internal microtopographic resi-
lience to drying (Page and Baird 2016). This uncer-
tainty is driven by the specific interactions between
biogeochemical processes, such as peat decompos-
ition, and the organic peat structure (peat prop-
erties) that are unique to different peatland types
and peat surface microtopographies (McCarter et al
2020). As such, the future ‘strength’ of the aforemen-
tioned recent surficial peat buffer is highly uncer-
tain (figures 1(B)–(D)). Near-surface peat properties
provide a strong control on peat fire combustion
(measured as depth of burn) through the interac-
tion of peat density and moisture content (Wilkinson
et al 2019). While wet peat rarely burns, peatland
drying by climate change or drainage increases the
likelihood of ignition and depth of burn from sev-
eral centimeters to decimeters (Wilkinson et al 2019)
(figure 1—yellow lines). Predicting the change in
depth of burn due to climate change is, however,
highly uncertain due to variability in fuel load, peat
properties, and groundwater connectivity that drives
peatland type (Wilkinson et al 2019).

Further complicating the relationship between
climate change and peatland fires are interactions
with land-use change. Globally, over 25% of peat-
lands have been drained, mainly for agriculture and
forestry, with deeper water table levels switching peat-
lands from atmospheric carbon sinks to sources (Page
and Baird 2016). Combustion of drained peatlands
increases greatly, with some depth of burn observa-
tions exceeding 1 m (Wilkinson et al 2023). As such,
the likelihood that depth of burn reaches and releases
a greater proportion of legacy TMM stores, regard-
less of peat buffer accumulation, increases with both
peatland drainage and climate change (figure 1—red
lines). While peatlands can absorb low rates of TMM
deposition, even over long time periods (Bindler
2006), at some unknown threshold the combined
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Figure 1. Conceptual diagram illustrating hypothetical present and future deep (Left) and shallow (Right) TMM pollution
scenarios under future reduced, contemporary, and enhanced carbon accumulation rates. Contemporary and climate change
enhanced future depth of burn are shown for natural (yellow lines) and degraded (red lines) peatlands, respectively.

TMM load overwhelms the natural ecohydrological
feedbacks (McCarter et al 2020), degrading peatland
functionality and reducing wildfire resistance. Thus,
the overall likelihood of TMM release will be a func-
tion of not only the peatland type, and past and cur-
rent disturbances including climate change, but also
the intensity of legacy and current TMM deposition
history (figure 1).

We suggest the breadth of peatland types severely
limits our ability to identify which peatlands are most
vulnerable to climate change enhanced fire occur-
rence. As such, there is a clear researchneed to develop
peatland models (numerical and conceptual) that
consider the interaction of ecohydrological feedbacks,
carbon cycling and smoldering combustion dynamics
to better establish the physical factors that drive peat
flammability under a changing climate. This inform-
ation is critical to developingmathematical models of
peat burn severity that consider peatland degradation
status, peatland type and landscape position. Ideally,
thismodel would be combinedwithmapping of peat-
land pollution loadings to identify current peatlands
at greatest risk of the release of legacy TMMpollution
and future risks under a drying and warming climate.

4. Known-unknown #3: unknown
interactive processes with peat fires

Peatlands rely on a delicate balance of interacting
hydrological, biological, and geochemical processes
to persistently sequester recent and legacy TMM pol-
lution. Disruption of any one of these processes
can result in a release of previously sequestered

TMMs. Fire is a transformative force in many eco-
systems that changes hydrology, biology, and geo-
chemistry. Peatlands are no exception, but how these
underlying processes change due to fire and sub-
sequently interact to alter TMM mobility is poorly
understood. Toxic metal and metalloid mobility
within and out of peatlands is governed by biogeo-
chemical and hydrophysical processes, increasing
with, for example, increasing organic matter aro-
maticity (Caporale and Violante 2016) and erosion
(Shuttleworth et al 2017), as well as shifts in pH
(Caporale and Violante 2016). However, for mobil-
ized TMMs to reach aquatic ecosystems, there needs
to be active hydrological flow paths to effectively con-
vey the TMMs (i.e. ecohydrological connectivity) that
can be modified by fires in the peatland and the sur-
rounding landscapes. However, such changes to eco-
hydrological connectivity do not always correspond
to the fire season, temporally disconnecting water
quality impacts from the peatland fires (Olefeldt et al
2013). Atmospheric deposition of TMMs contained
within ash can provide an alternative anddirect vector
for TMMmobility during and after a fire (Finlay et al
2012) but we currently lack specific emission factors
of the wide range of TMM chemistries and peat
types needed to quantify this pathway. Thus, TMM
mobility and toxicity are potentially impacted by
fire-induced changes in ecohydrological connectivity,
biogeochemistry and geomorphology, as well as dir-
ect ash-derived deposition, making the ultimatemag-
nitude and fate of TMM pollution uncertain.

Our understanding regarding the mechanisms
and pathways of TMM mobilization due to peat
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fires remains limited. A key step to mitigating peat
fire risks is to develop an international consensus
on the processes and feedbacks between fire, hydro-
logy, climate, biogeochemistry and ecology that
influence TMM mobility before, during, and after
fire. We argue for the formation of an international
peat firemonitoring network to tackle these unknown
interactive processes and encourage more hydrolo-
gists, ecologists, wildfire scientists and biogeochem-
ists to bring their expertise from other disciplines to
the peat fire research community.

5. Mitigating peatland toxic metal and
metalloids legacies

These three known-unknowns are clear barriers to
predicting, minimizing and mitigating the risk to
human and environmental health from peat fire
TMM release. Additionally, some contaminated peat-
lands will require intervention to prevent the release
of TMMs, but restoring and/or rewetting TMM con-
taminated peatlands will likely require alternative and
untested techniques (McCarter et al 2023). Because
ecosystem restoration can take decades to accumu-
late buffer peat of sufficient thickness to reduce burn
severity, we suggest that it is imperative to consider if
the relative rates of restoration can buffer against cli-
mate change enhanced burning or if other (currently)
unknown contamination remediations are needed to
artificially decrease the likelihood of peat ignition.
Despite reductions of point source TMM emissions
and the potential to mitigate this impending dis-
aster through yet untested and unknown approaches,
we argue there is an urgent enough need to focus
policy and research into halting and reversing peat-
land degradation that also minimizes future risks
for environmental and human health exposure to
the toxic environmental legacy held within global
peatlands.
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