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Abstract | Black carbon (BC) is produced by incomplete combustion of biomass by wildfires and
burning of fossil fuels. BC is environmentally persistent over centuries to millennia, sequestering
carbon in marine and terrestrial environments. However, its production, storage and dynamics,
and therefore its role in the broader carbon cycling during global change, are poorly understood.
In this Review, we discuss BC cycling across the land-to-ocean continuum. Wildfires are the main
source of BC, producing 128 + 84 teragrams per year. Negative climate-BC feedbacks could
arise as wildfire increases with anthropogenic warming, producing more BC, which in turn will
sequester carbon, but the magnitude of these effects are unknown. Most BC is stored in terrestrial
systems with some transported to the ocean via rivers and the atmosphere. However, the oceanic
BC budget is not balanced, with known BC removal fluxes exceeding BC inputs. We demonstrate
these observed inconsistencies using a simple ocean box model, which highlights key areas of
future research. Measurements of BC mineralization and export rates along the land-to-ocean
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close the global BC budget.

Wildfires and fossil fuel combustion produce substantial
amounts of charred pyrogenic organic materials, includ-
ing black carbon (BC)'. Globally, fires produce about
128 + 84 teragrams (Tg) BC per year?, of which most is
left behind on the landscape as part of charcoal, ash and
other charred plant residues. A smaller fraction (2-11Tg
BC per year) is emitted to the atmosphere as soot™".
Fossil fuel burning emits an additional 5-13 Tg aerosol
BC per year®. Because these processes convert relatively
labile biomass carbon to more environmentally persistent,
more slowly cycling BC, they modify rates of turnover in
the global carbon cycle. Omitting BC production from
assessments of fire impacts on the carbon cycle leads
to overestimation of the strength of positive feedbacks’
between climate change and wildfire emissions>®’.

The precise definition of BC varies depending
on discipline, but the BC term used in this Review
refers to the carbonaceous, polycondensed aromatic
product (>60% organic carbon) derived from the
incomplete combustion of biomass and fossil fuels®
since first described in 1985. BC is part of an incomplete
combustion continuum consisting mainly of polycyclic
aromatic structures of high molecular diversity, whose
size, configuration and functionality is driven by forma-
tion temperature, heating duration, oxygen availability
and fuel materials’® (FIC. 1). It is operationally divided
into dissolved black carbon (DBC), which passes through

continuum and quantification of previously unexplored sources of oceanic BC are needed to

a filter (usually 0.1-0.7 pm), and particulate black carbon
(PBC), which is retained on a filter. These operational
definitions are inherited from the oceanography com-
munity, in which dissolved organic carbon (DOC) and
particulate organic carbon (POC) are traditionally divided
on the basis of filtration. In reality, however, the range
from DOC to POC is a size continuum that includes
monomers, polymers, colloids and gel particles' (FIC. 1),
and DBC and PBC can occur along a continuum of
size and phase.

In the environment, BC persists on timescales of cen-
turies to millennia. This stability and longevity is related
to its condensed aromatic chemical structure, which is
resistant to microbial decomposition®'". The reactiv-
ity of BC is further constrained by ecosystem proper-
ties including microbial populations, enzyme kinetics,
environmental conditions and matrix protection'"'">. As a
result, BC is the oldest and most abundant molecularly
characterized component of the modern carbon cycle'!*.

In this Review, we describe the occurrence, cycling
and persistence of BC in the environment. We focus on
BC, rather than on all fire-derived pyrogenic residues,
because the BC fraction is the longest-lived'!, making
it relevant for carbon sequestration in a changing cli-
mate. The implications of BC production, in which fast
cycling biomass carbon is converted to environmentally
persistent BC, are reviewed as a long-term feedback
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Key points

* Black carbon (BC) is produced from incomplete combustion of biomass and fossil fuels
and persists for centuries to millennia in the environment.

* BC production is expected to increase with increasing fire activity under
anthropogenic warming and could act as a negative feedback to climate change.

* BCis often divided into particulate and dissolved BC, which can have different
environmental transport mechanisms, residence times and fates.

® The largest BC pool s in the soil (160-200 petagrams (Pg) C globally). Rivers transport
43+ 15 teragrams (Tg) BC per year; BC is cycled in other inland aquatic systems,
but the global relevance of these processes is unknown.

* Oceans store 12-14 Pg C of dissolved BC. The observed age of this BC
(4,800+620C years in the surface ocean, >20,000 *C years in the deep ocean)
does not match expected ages based on mass balance estimates.

e Future research must further explore the possibility that some of the dissolved BC
in marine waters is not derived from terrestrial fires.

mechanism, which is currently under-represented in
Earth system models (ESMs). The modern global BC
budget for all major components of the Earth System
is then presented. We next describe inconsistencies
between apparent ages of oceanic BC determined via
geochemical methods and BC turnover rates inferred
by mass balance equations, and highlight areas of the
global BC budget that exhibit the highest degrees of
uncertainty. Explanations of the observed inconsisten-
cies in the oceanic BC budget are explored using a sim-
ple ocean box model. Finally, we define major research
activities that must be prioritized in the coming years to
close knowledge gaps and minimize uncertainties in the
global BC cycle.

Dissolved black carbon
(DBC). The black carbon
fraction measured within
dissolved organic carbon.

Particulate black carbon
(PBC). The black carbon
fraction in solid environmental
matrices, such as particulate
organic carbon, soils and
sediments.

Dissolved organic carbon
(DOC). Organic carbon
dissolved in water that passes
through a filter, usually with

a pore size of 0.1 to 0.7 um.

BC climate feedbacks

Open biomass fires, including wildfires, deforestation
fires and other land-use fires, are the dominant source
of BC. Changing wildfire occurrence relates strongly
to climate and has the potential to invoke feedbacks to
climate change via emission of CO, and production of
BC. Climate change has increased wildfire risks glob-
ally by increasing the frequency of fire-prone weather
conditions'>'®. In some regions, particularly in temperate
and boreal forests, increased weather-related fire risks
have translated into rising wildfire activity'’. Globally,
fires have widespread impacts on the carbon cycle,

Particulate organic carbon
(POC). Organic carbon
suspended in water that is
retained on a filter, usually with
a pore size of 0.1 to 0.7 um.
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directly emitting around 2.2 (2-3) petagrams (Pg) C
per year, mainly in the form of CO, (REF."). In turn,
post-fire vegetation regrowth recaptures about 1.8 PgC
per year'®". Much of the remaining 0.4 PgC per year is
emitted by deforestation and peatland fires and is further
lost indefinitely to the atmosphere'®. However, changing
wildfire frequencies in some regions are also leading
to an imbalance between fire emissions and post-fire
recovery fluxes and net loss of C to the atmosphere®***'.
While large declines in burned area have been observed
in savannahs during the past two decades, forest burned
area has synchronously increased and so global CO,
emissions from fire have remained approximately stable
or increased slightly'”**.

The biogeochemical feedbacks between anthropo-
genic climate change and fire emissions are positive
(FIC. 2), with a warmer climate leading to increased fire
activity, ecosystem disturbance and CO, emission. For
example, increased fire frequency has already been
observed to reduce boreal forest carbon stocks and
release carbon to the atmosphere®. Taken together,
the magnitude of the positive feedback from fire emis-
sions and climate change has been modelled to be on
the order of 6 ppm of CO, in the atmosphere per degree
of warming®.

The positive feedback between climate change and
increased fire CO, emissions has been studied widely,
but increased fire activity also leads to an understud-
ied enhancement of BC production and storage, with
the potential to invoke a negative feedback®”* (FIC. 2).
Because the turnover of BC is considerably slower than
that of unburned biomass carbon?, the distinction
between these fire feedbacks are critical to modelling the
carbon balance in the decades to centuries following a
fire. Moreover, methane emission from peatlands could
be suppressed by the presence of BC, acting as a negative
feedback by partially offsetting increased emissions of
greenhouse gases from warming peatlands relative to
the scenario in which no BC production is considered®.
Although this effect has thus far only been reported by
one laboratory-based study, it appears that further inves-
tigation of the role of BC in the peatland methane cycle
is warranted®. Unlike positive feedbacks between cli-
mate change and fire CO, emissions, fire-enabled ESMs
do not consider the production of BC. Consequently,
ESMs are biased towards positive fire-driven feedbacks
under a warming climate. The plausible magnitude
of this bias is of the order of 10-20% of the positive
feedback, based on rates of BC production”*. Overall,
omitting the BC cycle from ESMs limits the accurate
quantification of the role of fire in the global carbon
cycle under climate change.

BC stocks, ages and losses

Following its production during wildfires and fossil fuel
combustion, the first interactions between BC and water
influence its fate in the environment. BC can be incor-
porated into the soil matrix, where it slowly degrades,
or is transferred via water or wind erosion to aquatic
systems”®. BC in soils can also physically disaggregate
and be transformed through microbial or abiotic activity
into submicrometre-sized particles or DBC, which are
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Fig. 1| BC characteristics. Pyrogenic material is chemically heterogeneous and is best
described as a continuum from char to soot®***!"!. The amount of recognizable plant
structures and solubility of charred material depends on the formation temperature,
fuel type and duration of incomplete combustion. Black carbon (BC) is formed at high
charring temperatures and is characterized as having a condensed aromatic structure.
BCis present in both dissolved organic carbon (DOC) and particulate organic carbon
(POC), which are operationally defined on the basis of pore size during filtration of water.
Thus, dissolved black carbon (DBC), which is a part of bulk DOC, can include colloidal,
truly dissolved, macromolecular and nanoparticulate forms of BC. We note that the
position of labels along the combustion continuum does not necessarily correspond
directly to the size continuum. PBC, particulate black carbon.

transported via surface water or groundwater flows. This
section describes BC cycling and export to the ocean.

BC in the atmosphere. BC aerosol emission inventories
suggest that biomass burning and fossil fuel combustion
emit 2-11Tg BC per year and 4.5-12.6 Tg BC per year,
respectively’. BC aerosol is initially emitted as soot in the
PM, ; size-class, but over time it ages, photodegrades and
coagulates with hydrophilic aerosol species, leading to
its solubility in rain droplets”. Submicrometre-sized BC
can remain airborne for up to 14 days®, indicating that
BC aerosols can be deposited far from the fire source. BC
leaves the atmosphere by either dry deposition (falling
from suspension in the atmosphere) or wet deposition
(deposition with falling rain droplets) to the land or
surface ocean®.

Aerosol BC deposited to river catchments represents
a secondary source of BC to rivers. Indeed, regional BC
aerosols can contribute 5-22% of riverine DBC fluxes**.
For example, in some tributaries of the Amazon River,

PM, 5
Fine particle matter 2.5um
or smaller in size.
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local sources of fossil fuel emissions from cities along
rivers reveal a low-DBC "C signature but are effectively
removed further downstream®.

Aerosol BC deposition on the surface ocean can be a
BC source to the global ocean, with global flux estimates
in the range 1.8 +£0.83 Tg per year™ for wet deposition
only, up to around 12 Tg per year” for wet and dry dep-
osition. In the western North Pacific Ocean and South
China Sea, for example, atmospheric deposition of aero-
sols from fossil fuel combustion is probably the major
source of DBC in the surface ocean™". In fire-affected
coastal areas of the western USA, direct inputs of DBC
from atmospherically deposited ash and smoke appear
to be negligible®*. However, under experimental con-
ditions, leaching of wildfire ash in seawater released
a substantial amount of DBC?*. Taken together, these
observations suggest that the deposition of BC aerosols
from wildfires could be an important, transient source
of fire-derived material to marine surface waters.

BC in soils and terrestrial intermediate reservoirs.
Although BC aerosol fluxes are important, most
BC produced during wildfires is retained on-site
(128+84 Tg BC per year)’, in tropical savannas, forests
and peatlands”. BC accumulation in soils is determined
by BC production rates minus losses via mobilization,
degradation or re-combustion. BC in soils comprises
160-200 Pg C globally, or 13% of the total soil organic
carbon on average'**. Higher soil clay content, greater
soil depth, higher wildfire temperatures, lower pH
and lower soil cation exchange apparently enhance the
retention of BC in soils'****.

Soil BC is degraded and lost by multiple biotic and abi-
otic pathways. BC in soil can be microbially oxidized*'-*,
which reduces the hydrophobicity of the condensed
aromatic structures, thereby increasing solubility and
mobilization by leaching and enhancing accessibility
for further microbial degradation*. Photo-oxidation
and sorption of DBC to minerals or other particulates is
an important DBC loss mechanism**°, but in situ rates
for photodegradation and sorption processes have not
yet been robustly quantified. There is also little under-
standing of how mobility varies across DBC and PBC,
as mobility can depend on many factors, including par-
ent materials, fire temperature and behaviour, soil type,
climate and topography***.

In situ mineralization, erosion and solubilization via
water, and wind-driven transport are key loss mecha-
nisms for soil BC*~*°. Most research has focused on
microbial decomposition*>*'~**, with physical degrada-
tion and mobilization studied less™. Very different resi-
dence times have been estimated for soil BC. Field-based
approaches and long-term laboratory incubation exper-
iments have estimated the soil residence time of BC to
be 88-870years®. Conversely, mass balance assess-
ments (annual global BC production minus riverine
BC export) suggest that soil BC turnover occurs within
2,400 2,100 years, which is consistent with some incu-
bation experiments that indicate BC to be stable in soils
for millennia™.

Once mobilized from production sites, BC can be
physically retained in intermediate reservoirs on land
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Fig. 2 | Climate—carbon cycle feedbacks involving fire. The role of wildfire in the terrestrial carbon cycle as it is typically
conceptualized and represented in Earth system models (ESMs) is shown in yellow. Wildfire leads to large emissions of

CO, that can be recaptured through subsequent vegetation recovery in the longer term. However, as wildfire frequency
increases under climate change, rates of CO, emission from fires also increase and a carbon imbalance can emerge even

after post-fire recovery regrowth. This leads to a net reduction in the carbon stored in vegetation and a corresponding
increase in CO, in the atmosphere. A positive feedback to climate change results because increases in atmospheric CO,
concentration contribute to further global warming, which in turn elevates the risk of more wildfires. However, about
5-30% of burned biomass is transformed into black carbon (BC; shown in blue), which can persist in the environment for
centuries to millenia. BC cycles slowly in the terrestrial soils (centuries) and sediments, and when rivers transfer BC to the
global oceans (blue arrow at far right), BC degradation is further slowed to millenia timescales. Increases in fire activity
lead to more BC production and storage, producing a negative feedback to climate change by sequestering carbon as
this environmentally persistent form of BC. ESMs omit the BC cycle and associated negative feedback. Consequently,
these models overestimate the magnitude of positive feedbacks to climate change.

prior to riverine export. For example, BC contributes up
to 20% of the soil organic carbon in mollic horizons of
European floodplains*” and to around 10-30% in surface
sediments in restored Chinese wetlands™. Deposition in
lakes and other fresh water deltaic sediments could be a
key but understudied BC retention mechanism, because
lake sediments store twice the amount of macroscopic
BC than surface soils in boreal forest watersheds do*’.
Groundwater could also contain BC, although the mag-
nitude of this pool as well as the flux to the ocean is
unknown®*'. Therefore, despite the potential relevance
of intermediate reservoirs like waterlogged soils, sedi-
ments and groundwaters, the depositional and decom-
position rates and storage of BC in these areas are not
sufficiently constrained, which prevents a comprehensive
understanding of their role in the global BC cycle.

BC transport in rivers. Rivers transport 43+ 15Tg BC
per year?, which equates to approximately 34 +26% of
the BC produced annually by wildfires. Globally, river-
ine DBC and PBC are exported in similar proportions
(18+4Tg DBC per year and 17-37 Tg PBC per year,
respectively). These estimates are based on data sets with
global-scale coverage, and the fluxes are well constrained

in comparison to other elements of the aquatic BC
cycle** (FIG. 3). Compared to other soil particles, PBC is
preferentially transported by water erosion and is there-
fore prone to rapid lateral transfer from hillslopes to the
hydrological system during water erosion events, par-
ticularly within the first days to few years post-fire’»%5,
By contrast, the release of DBC from soils to streams is
driven by the solubilization of soil BC by biotic or abiotic
mechanisms, followed by export with soil pore water to
river channels®*®. Relative to PBC export, DBC export
occurs over longer time periods, after the slow ageing and
oxidation of soil BC to functionalized condensed aro-
matic molecules for enhanced solubility in water*. The
continual export of DBC from historically fire-affected
watersheds® further supports the hypothesis that ageing
of condensed aromatic structures and solubilization in
soils is a prerequisite to their export by rivers.

The different transport and transformation mecha-
nisms of DBC and PBC are reflected in their apparent
radiocarbon ages. In rivers, DBC age is generally mod-
ern (contemporary), whereas PBC can be highly varia-
ble, up to several thousand years old*** (FIC. 3). This age
discrepancy between DBC and PBC is also observed in
both bulk organic carbon and other compound-specific

www.nature.com/natrevearthenviron



fractions®”*. The apparent lag in PBC mobilization and
in-stream export might be explained by the PBC physi-
cochemical properties that enhance its long-term stability
and ageing in intermediate reservoirs. Freshly produced
charcoal and ash can leach considerable amounts of
DBC***%¢* (BOX 1). From their established transport
mechanisms, we might expect the apparent radiocarbon
age of DBC (slow leaching over time) to be older than
that of PBC (rapid erosion soon after wildfire). This
observation runs counter to what has been measured for
BC in rivers (FIG. 3). This discrepancy may be driven, in
part, by the general lack of spatiotemporal radiocarbon
data for BC in rivers globally. Submicrometre-scale BC
soot aerosols deposited within river basins also contrib-
ute a minor fraction of riverine DBC*¥, of the order of
5-20%, with wide variation across regions*"*>"",
Riverine DBC fluxes are usually highest at peak dis-
charge and lowest during baseflow®°-”, This coupling
between DBC concentration and discharge results from
DBC mobilization from upper organic soil horizons dur-
ing heavy rainfalls*’. The concentration and radiocar-
bon age of DBC and dissolved organic carbon (DOC) is
often coupled, presumably because both forms of carbon
share a soil source’”*. However, the DBC content in bulk
riverine DOC can vary between 2% and 15% depend-
ing upon biome, latitude, climate, soil type and land
cover””® (FIG. 3). Moreover, DBC and DOC export are
largely decoupled in some locations, such as the Amazon
River and other channels in Brazil’*’**> where variable
soil properties, rainfall and aerosol deposition affect
DBC mobilization. Decoupling of DOC and DBC con-
centrations might also result from variation in the tim-
ing of rainfall events with respect to stages of soil pore
water replenishment with DOC and DBC (pore water
DOC stocks are probably replenished more quickly than

REVIEWS

pore water DBC following prior rainfall events owing to
the greater recalcitrance of soil BC)*”’°. Freshly burned
watersheds can have higher in-stream concentrations of
DBC that can persist for years after the fire event”’s.
However, some studies have shown that watershed fire
history has little to no effect on in-stream DBC con-
centrations, which suggests that other environmental
factors, such as topography, soil type, climate, fire and
vegetation characteristics are also important®”**. With
changes in watershed properties, mainly due to agri-
cultural activities, shifts in molecular composition and
reactivity of DBC can be expected®"*” with yet-unknown
consequences for the fate of riverine export of DBC.
Like DBC, PBC inputs to rivers are elevated during
precipitation events and periods of overland flow®,
because the lateral transfer of charcoal from hillslope
to stream channels is primarily controlled by phys-
ical erosion. However, riverine PBC is not exclusively
sourced from contemporary wildfires. In temperate
river systems, around 90% of PBC has been retained
in catchment soils for millennia prior to export and
deposition in aquatic sediments®. In addition, PBC
deposited within the stream corridor can be resus-
pended during periods of high discharge®”. This suc-
cessive hydrological redistribution of river-transported
material within stream channels and alluvial plains****
causes an observed lag between fire occurrence and
sedimentary charcoal deposition in coastal basins®.
Therefore, the weighted average age of riverine PBC is
3,700 £ 400 "“Cyears, which reflects enhanced residence
times and some degree of storage within intermediate
reservoirs®, including locations where environmental
conditions favour both preservation or mineralization.
In several high-latitude rivers®, the apparent age of
PBC was as high as 17,000 “Cyears (FIC. 3). The ratio
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Fig. 3| BC in terrestrial systems. Riverine particulate black carbon (PBC) A*C values, shown by basin on the map. Fluxes
of PBC are shown in the bar graph®2. Horizontal arrows indicate the global flux of dissolved black carbon (DBC) from each
30° latitude range (Tg C per year), based on values in REF”. In terrestrial systems, DBC A™C signatures are generally
modern, whereas PBC is older. Marine DBC A™C signatures are not shown here. BC, black carbon. Figure adapted from

REF.®%, Springer Nature Limited.
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Box 1| Measuring BC

The use of consistent scientific language and methods to describe black carbon (BC) (and fire-derived pyrogenic carbon
generally) promotes efficient communication within and among disciplines. It is also important to clearly articulate the
specific methodological techniques and associated analytical windows used to assess BC, as these each have biases
and artefacts that should be considered in the comparison and interpretation of results'*°. The main approaches used
by various disciplines are described here.

Atmospheric sciences

Aerosol BC (soot) is quantified using optical approaches that detect particles with highly absorptive properties that are
characteristic of BC'7%'"%, Optical methods fundamentally differ from other BC observation approaches, and method-
ological intercomparisons have been smallin scale'’, but optical methods are generally thought to identify only the
most persistent forms of pyrogenic carbon*’*/%17%,

Soil science

BC is usually measured using benzenepolycarboxylic acid molecular markers. Bulk organic material is thermally digested
in acid, after which benzenepolycarboxylic acid molecular markers (presumed to originate solely from condensed aro-
matic compounds) are separated and quantified chromatographically’’*"". *C nuclear magnetic resonance spectros-
copy (NMR) is also used to identify polycyclic aromatic structures in soils. *C NMR yields different but complementary
information about the aromaticity and condensation of BC. Hydrogen pyrolysis eliminates labile organic carbon from
total organic carbon using thermochemical decomposition into gases in the absence of oxygen'’?, isolating samples for
stable and radiocarbon analysis'’®. The weak nitric acid method isolates and quantifies the BC fraction in mineral soil
samples'®’.

Oceanography

In the oceanography community, two methodologies have emerged for the determination of BC. The first approach
involves chemothermal oxidation of bulk organic material to reductively eliminate chemically reactive organic com-
pounds, leaving behind a BC residue that is then quantified via elemental analysis'®******2. This method is suitable for
coastal sediments and other matrices with a relatively high content of BC, but it is less suited for environmental samples
with low BC content. For open-ocean applications, the benzenepolycarboxylic acid molecular marker approach is
most often applied for molecular level determination of dissolved black carbon (DBC)'®. A correction factor accounts
for the conversion efficiency of DBC into benzenepolycarboxylic acids during the analytic digestion method'***%“.
For consistency, BC data should be published before and after these corrections*".

Radiocarbon (AC) and stable carbon (§*C) isotopic analysis of chemothermal BC residues® and BC-derived
benzenepolycarboxylic acids'®*" have enabled unprecedented insight into potential sources and environmental

residence times of BC in the Earth system.

of PBC to particulate organic carbon (POC) varies in
smaller watersheds and at high temporal resolution,
reflecting local geomorphological and hydrological
effects of fire and associated charcoal inputs® (FIC. 3).
However, the PBC to POC ratio in global rivers is
roughly constant (15.8 +0.9%) (FIC. 4a), regardless of
environmental conditions or watershed characteristics®,
which permits scaling of PBC fluxes.

BC processing in rivers. Rivers are not passive pipes that
conservatively transfer organic materials from land to
the ocean. A substantial amount of riverine organic
carbon is lost as CO, during transit owing to biogeo-
chemical processes, such as photodegradation and
biodegradation®*, specifically in two loops carrying
carbon from land to inland waters, and then from tidal
wetlands to the ocean ocean®. In situ rates for BC deg-
radation and remineralization along the river-to-ocean
continuum have not been measured but can be inferred
from known removal mechanisms for bulk organic car-
bon. Like organic carbon, BC losses could be focused in
areas where water masses with different physicochem-
ical properties mix, such as at river confluences, along
estuaries, within river plumes and in the coastal ocean®.
However, coastal zones are not only potential hotspots
of BC turnover, but can be sources of DBC to the ocean
themselves, especially in areas with high tidal water
exchange”. The addition of bio-labile substrates (for
example, algal biomass and exudates) might enhance

the decomposition of environmentally persistent organic
matter such as BC”'. This priming effect, which has been
well studied in soils™, is an emerging research topic in
aquatic environments**?, but has yet to be meaningfully
explored within the context of BC degradation.
Photochemical degradation is a major loss and alter-
ation pathway for DBC in aquatic environments’"*.
For example, DBC leached from grass and oak chars
is highly photolabile (>75% removal in 5 days) under
experimental conditions'®. The photolability of DBC is
mainly controlled by the abundance of polycyclic aro-
matic structures, with larger condensed structures being
more susceptible to photo-oxidation than less condensed
structural features®. In laboratory experiments, the
photochemical half-life of polycyclic aromatic structures
is one to two days and therefore is much shorter than the
typical riverine transit time to the ocean’. However,
the DBC content is relatively high in most river mouths
(12+5% of DOC)? Therefore, factors such as turbid-
ity, shading and protection by mineral associations’
with suspended matter might protect dissolved organic
matter from photodegradation” and explain why DBC
is largely conserved in river waters despite high photo-
degradation rates in laboratory experiments. It is also
hypothesized that constant inputs from the surround-
ing landscape and smaller tributaries maintain relatively
constant levels and compositions of dissolved organic
matter along the mainstem of large rivers until they
reach the sea, despite high rates of remineralization®.
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Microbial remineralization at river-ocean interfaces
is another BC loss process. In contrast to photodegra-
dation, DBC of lower molecular weight is mineralized
by microbes first™, whereas DBC of high molecular
weight is comparably resistant’®. Microbial reminer-
alization and photodegradation are probably coupled
by a process in which photo-exposure breaks down
the condensed aromatic structures, thereby potentially
increasing the bioavailability of DBC*>**®. The overall
balance between the two processes in the environment
is, however, unknown. The photo-mineralization rates
of organic matter in the Amazon River are seven times
greater than for microbial remineralization. However,
when intergraded over the entire water column, micro-
bial remineralization is likely to be the dominant organic
matter removal process because it is not restricted to sur-
face waters, as is photo-mineralization®. There is cur-
rently no global estimate for losses of DBC via microbial
degradation at aquatic interfaces.

Sources and fates of oceanic BC

After transport from rivers and other sources, PBC is
thought to be primarily buried in coastal shelf and marine
sediments and sequestered on long-term and potentially
geologic timescales'*'”". Semi-enclosed basins act as a
trap for riverine PBC burial'*%, where PBC storage could
be related to oxygen conditions'*”. However, burial and
retention of PBC in marine sediments remains largely
unconstrained on a global scale'”*-'%.

The fraction of DBC that escapes mineralization at
the river-ocean interface becomes part of the 662 Pg C
marine DOC pool*'” (FIG. 4a). DBC accounts for
about 2-6% of oceanic DOC, which corresponds
to a 12-14 PgC standing stock of DBC in the global
oceans'>'% (TABLE 1). DBC in the Atlantic, Pacific and
Arctic Oceans ranges from 1.4 to 2.6 uM in the surface
and is 1.2+ 0.1 uM in the deep Atlantic. The average “C
age of surface DBC is 4,800+ 620 “C years and much
older in the deep ocean (23,000-25,000 *C years)'*'®.
The range of DBC structures and 'C ages indicates that
DBC is not homogeneous in the ocean and consists of
two distinct pools of marine DBC, a younger pool that
cycles on centennial timescales and an ancient pool
that cycles on >10°year timescales". This suggests that
despite its polyaromatic structure, most BC delivered via
rivers is not accumulating in the ocean, given the low
concentrations observed despite larger inputs by rivers.
Therefore, loss processes such as photodegradation and
microbial degradation along this long pathway could be
important for altering and removing DBC**>!"".

At the basin scale, DBC behaves largely conserv-
atively on a timescale of decades to centuries in the
absence of photodegradation®'**''°, Sorption onto
sinking particles is potentially the dominant removal
mechanism for DBC in the dark ocean and explains
the decrease in DBC concentration along deep-ocean
meridional circulation”. The global removal flux of
DBC to abyssal sediments via sorption to sinking parti-
cles has been estimated as 40-85 Tg C per year'*, which
is larger than the estimated global inputs of DBC via riv-
ers and atmospheric deposition. This mismatch in the
mass balance reflects major uncertainties of estimated
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rates and pools, but it could also indicate other substan-
tial as-yet-unidentified sources of DBC in the ocean or
unknown losses of DBC. For example, hadal zones are
an apparently important, but long-unrecognized sink
of BC, removing 1.0 0.5 TgBC per year via the higher
accumulation rates in these zones'"".

There are a number of major uncertainties in the BC
cycle, including the fate of DBC. Riverine DBC fluxes
(184 TgC per year) are sufficient to sustain the turn-
over of the entire oceanic DBC pool in just 500 years
(simply dividing the marine stock by the riverine dis-
charge)”. This value suggests that the apparent C ages
of oceanic DBC should be young. However, apparent “C
ages of oceanic DBC are on average 4,800 + 620 **Cyears
in the surface ocean (though with a large range, probably
due to variable inputs of modern DBC through rivers
and aerosols)'***'” In the deep ocean, apparent ages
are >20,000 "“Cyears" (FIC. 4b and TABLE 1). Calculating
the residence times of abyssal oceanic DBC on the basis
of estimated removal fluxes and pool sizes results in
much younger (2,100-4,100 years) DBC ages than the
measured apparent “C age of DBC in the deep ocean'”?,
although still longer than the timescale of meridional
circulation in the deep ocean. These long residence times
and smaller removal fluxes in the deep ocean suggests
that the size of the deep-ocean DBC pool can increase
or decrease depending on the strength of the source'**.
Thus, despite its expected recalcitrance, most BC deliv-
ered by rivers is not accumulating in the ocean DBC as
would be expected, suggesting losses are important in
balancing the BC budget.

This conundrum highlights the gaps in our under-
standing of DBC losses in the ocean, which include
photo-oxidation in the surface ocean, sorption of DBC
onto sinking POC, burial of DBC in hadal zones and
(potentially, but not yet investigated) losses of DBC by
bursting bubble plumes (FIC. 5). For example, the high
degree of uncertainty associated with first-order esti-
mates of DBC removal via photodegradation® could be
preventing the closure of ocean BC budgets. The turn-
over of DBC in the ocean is apparently related to the rate
at which DBC is cycled through the photic zone®. The
entire oceanic DBC pool could, in principle, be photo-
degraded in approximately 30-800 years®, yet DBC per-
sists in the ocean for up to 23,000 “Cyears in the deep
ocean'”. For instance, the current understanding of
marine DBC photodegradation rates does not consider
light fields or quantum yields, which makes it difficult
to accurately scale these loss rates globally. Therefore,
a realistic and scalable rate for the photo-oxidation of
DBC is still needed.

photic zone via sorption to sinking particles, which
has been identified as a major loss process in the west-
ern South China Sea and the western Arctic Ocean™'".
Primary marine aerosols produced by bursting bub-
ble plumes in the surface ocean and its subsequent
photo-oxidation is a major removal pathway for old
DOC from ocean. Around 2-20Tg of aged DOC is
removed annually by this mechanism, of which 19-40%
of freshly produced primary marine aerosols contains
aged DOC'". Because DBC is an aged component
of DOC, and assuming DBC is 6% of DOC", this
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un-measured loss could represent 0.02-0.48 Tg BC per
year. However, the actual amount of BC lost by primary
marine aerosol formation is unknown'".

Although there remain many unknowns in how DBC
is lost from the ocean, there are also questions about the
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sources of DBC. Rivers are the largest known source of
DBC to the ocean, but the stable carbon isotopic com-
position (§"°C) of DBC in the ocean is inconsistent with
a terrestrial source from C3 plants, pointing to a large
contribution of C4 plant combustion to fire-derived BC
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< Fig. 4| Global dynamics of the BC cycle. a| The relative size of the stocks (circles) and
fluxes (triangles) of organic carbon and black carbon (BC) in soils, sediments, dissolved
organic carbon (DOC) and suspended particulate organic carbon (POC)’. Where relevant,
stocks and transfers of BC (in black) are shown as a proportion of total organic carbon
(lighter shades), with the ratios of BC to organic carbon shown as percentages. b | Estimates
of BC A™C values (darker reds indicate older **C ages). Values of stocks, fluxes and BC
agesin TABLE 1. The largest stocks and fluxes of BC are observed on land because wildfire
is the main BC source. Most BC remains on the burned site following a fire and is incorpo-
rated into soils. Rivers transport BC from soil stocks to the oceans in dissolved and partic-
ulate forms, while atmospheric circulation can also redistribute some emitted aerosols
to the ocean surface. BC is a relatively large component of oceanic DOC and POC stocks
owing to its conservative behaviour during transport to the oceans. Eventually, some BC
is deposited to the deep ocean sediments, where it enters the geological stores. DBC,
dissolved black carbon; OC, organic carbon; PBC, particulate black carbon. Panel a
adapted from REF.*?, Springer Nature Limited, and from REF?, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/).

in the oceans or to an autochthonous, marine source of
oceanic DBC'” (Supplementary Fig. 1). This observa-
tion is surprising for two reasons. First, it implies the
almost complete removal of riverine and aerosol-derived
DBC at the sea surface, prior to deep water formation at
high latitudes. Second, it implies that there is another
major source of DBC in the ocean, but the main source
of riverine DBC (biomass fires) would not be expected
underwater. However, condensed aromatic molecules
can be produced from other thermogenic processes.

In the deep sea — mainly at mid-ocean ridges —
hydrothermal processing of marine debris might pro-
duce molecular structures resembling those produced
during charring of terrestrial biomass. Therefore, hydro-
thermal marine sediments could be a source of DBC to
the ocean'’®'"”. Indeed, BC structures have been identi-
fied in petroleum"'*'** and abiotic synthesis of graph-
ite occurs in marine hydrothermal vents'"’. However,
deep-sea dissolved organic matter, including the con-
densed aromatic fraction, is almost entirely destroyed in
hydrothermal systems'**'*". Organic-matter-rich hydro-
thermal systems can release low amounts (0.000003-
0.000005 Tg per year) of DBC to the water column'*.
Autochthonous biotic sources of condensed aromatic
material that is characterized as DBC and PBC are also
possible, as anaerobic methanotrophs are capable of
synthesizing elemental carbon'*’.

A newly identified, allochthonous source of DBC
to oceanic surface waters'* is the large input of poly-
aromatic hydrocarbons and other semi-volatile
aromatic-like compounds by diffusive air-water
exchange. This source could contribute to the 6"°C
signatures observed for oceanic DBC, but the isotopic
composition of these semi-volatile aromatic-like com-
pounds is unknown. Overall, the sources of the DBC’s
§"C signature and their relative contributions are highly
uncertain.

Insights into the age of oceanic DBC

The conundrum associated with measured radiocarbon
ages'>!'>1%, stable carbon isotopic signatures of oce-
anic DBC, and the inconsistent mass balance of DBC
demonstrate that input fluxes and losses of DBC are not
well constrained”. It also suggests that the input fluxes
of radiocarbon-depleted and stable-carbon enriched
DBC, potentially from an autochthonous source within
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the ocean, are equally important to riverine DBC in
maintaining the oceanic DBC pool”. Here, we incor-
porate current known losses, stocks, ages and fluxes
(TABLE 1 and Supplementary Table 1) into an oceanic box
model with seven boxes and a simplified overturning
circulation”*'”” (Supplementary Information). Although
the box model is a strong simplification of the ocean, it
serves to set known sources and sinks into a common
context and allows for a first approximation on gaps in
the marine DBC budget (Supplementary Fig. 1).

Consistent with previous work", the radiocarbon
age of the marine DBC pool cannot be matched with
existing DBC A™C observations in our model. This mis-
match implies that it is not possible to represent DBC as
a homogeneous pool with a single A*C value using a
box model (Supplementary Fig. 2a,b). Instead, there are
at least two components of DBC: a modern component
from rivers (+58 £207%o) added to an aged background
DBC pool (=945 + 5%o)"*. Moreover, DBC might have
two distinct molecular constituents — one that is old,
abundant and recalcitrant; and another that is young,
sparse and labile. Having these constituents would sug-
gest that DBC follows the same mixing processes as bulk
oceanic DOC'* with modern and aged components.

One proposed explanation for the puzzling car-
bon isotope data is that marine DBC contains aged
fossil-fuel-derived BC. However, fossil-fuel-derived
BC input fluxes from land to the oceanic DBC pool are
considered to be minor for several reasons. First, the
annual production of biomass-derived (contemporary)
BC (128 +84 Tg per year)* substantially outweighs the
input of fossil-fuel derived BC because fossil fuel com-
bustion is a recent phenomenon (since around 1750).
Secondly, as soil formation rates span centuries to
millennia, the vast majority of DBC eroded from soils
predates the beginning of the industrial revolution, and
thus must be predominantly biomass-derived, as river-
ine DOC globally is modern (A"C= +22 to +46%o)'”
compared to riverine POC. Based on these assumptions,
fossil-fuel-derived inputs of BC to the oceanic DBC pool
are not high enough to influence oceanic DBC A"C
values.

A second explanation for the old age of DBC in the
ocean is the presence of condensed aromatic carbon of
lithogenic origin deriving from hydrothermal systems or
petroleum, rather than pyrogenic sources. Hydrothermal
vents are considered to be sinks for DBC, as they are
for recalcitrant DOC'"'. However, the hydrothermal
processing of sedimentary organic matter in some sys-
tems could produce condensed aromatic structures as
part of DOC', representing a deep-ocean source of
DBC. Indeed, natural asphalt seep samples released
water-soluble DBC in a laboratory incubation experi-
ment, suggesting that natural petroleum seeps could
represent a deep-ocean source of DBC. From a con-
servative, first-order estimate scaled up from an asphalt
volcano in the Gulf of Mexico, about 3.3-5.0 x 10°g
(0.000005Tg) DBC could be released from petroleum
seepages per year'*.

To assess the role of hydrothermal carbon input, a
larger estimated input compared to measurements'*
from the sea floor of 0.12-1.2 Tg per year of DBC (with a
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1C fossil age of 50,000 years) was used. These values are
based on DOC inputs by hydrothermal vents of pre-aged
hydrothermal DOC (1.2-5Tg per year)"*! and methane
seeps (0.2-20 Tg per year)'*>. Assuming hydrothermal
DBC content in DOC is present at the upper limit of the
percentage of DBC of marine DOC (assuming that
the percentage of DBC in marine DOC is in the range
2-6%)">'", then hydrothermal DBC fluxes would cover
arange of 0.012-1.2 Tg DBC per year by pre-aged hydro-
thermal sources. Using the smaller input of 0.012 Tg
DBC per year, pre-aged sediment input reconciles
the budgets better, but the overall modelled age range
between surface (about 7,000 years) and subsurface

(about 11,000 years) remains too narrow. A 10x higher
sediment source (1.2 Tg per year) would increase the
subsurface age to >20,000years, but overestimates bulk
DBC concentrations (Supplementary Fig. 2e,f). This
gap indicates that there could be other missing sources
of old material and/or unknown bulk DBC sinks, and
reinforces the need for a direct study of the amount of
DBC originating from lithogenic materials present in the
ocean. This modelling exercise suggests that hydrother-
mal DBC is a possible source that might explain the age
of DBC. However, a sink of DBC is also missing, in addi-
tion to the known losses in hadal zones'*''"'"* that are
needed to reconcile the low concentrations in the ocean.

Table 1| BC and OC stocks and fluxes

Pools and processes

Fluxes (Tg per year)

Radiocarbon Percentage BC

content of OC

Assumed 50 (+30)

Production of BC in post-fire residues —
(charcoal, charred plant material)

Production of BC as aerosol through - -
biomass burning

Production of BC as aerosol through  — -
fossil fuel combustion

Fossil fuel —885%o; biomass 2.8
+131+52%0 (mean biomass

Atmospheric deposition

age of 20years)

River PBC Variable between 15.8+9
rivers; average age
3,700+ 400years

River DBC Modern 1245

Yangtze River —60 £ 30%o;
Yellow River —140 + 20%so;
Pearl River =91 + 3%o

Leaching DBC from soils to rivers - -

Biodegradation at river—ocean - -
interfaces

Marine sinking PBC 1,700+ 200years

below 100 m depth 6%
Transport to hadal zones - -
Loss by primary aerosol formation - -
Ultraviolet loss - -
Coastal sedimentation - -

Pre-aged hydrothermal fluxes from - -
DBC and DOC

Pools (Pg)

Terrestrial soils 13% on average in the

top 2 m of soil
2-6%

Variable surface age;
modern to millennia

Oceanic DBC Variable surface DBC age;
average 4,500+ 1,200 years;

deep 23,100+ 300 years

Surface 6,000+ 800years;
deep 24,000+ 520years

4-22% of ocean
sediment OC pool

Oceanic sediments

Upper 100m 0.5-2.5%;

Value of BC fluxes (Tg per year) or Refs.
stocks (Pg)

128 +84 2z
2-11 *
4.5-12.6 !

Globally variable 2-12 Tg per year;
to ocean DOC pool 1.8 +£.83 Tg per year

17-37Tg per year

18+4Tg peryear

203 Tg peryear

Unknown

40-85Tg per year; 16 Tg per year
(limited data)

1.0-0.5Tg per year
Unknown

2-4Tg per year
Unknown

For DBC: 0.000003-0.000005 Tg per
year (3.3%x10°to 5.0x 10°g)

Pre-aged hydrothermal DOC in range
of 1.2-5Tg per year; methane seep
DOC inputs to the deep ocean of
0.2-20Tg per year

160-200Pg

12-14Pg; surface 3Pg; deep 14+ 2 Pg

Global coastal zones 480-1140Pg;
global open ocean 80-240Pg

28,32,164-166

2,30,69

100,112,164,167,168

111

114

93

122,131,132

14,55,56

13,108

100,133,169

Values in the table were used to construct FIG. 4 and the marine box model. Standard deviations included where applicable. BC, black carbon; DBC, dissolved black
carbon; DOC, dissolved organic carbon; OC, organic carbon; PBC, particulate black carbon; POC, particulate organic carbon.
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Fig. 5 | BC processes across the Earth system. Key black carbon (BC) processes along the land—river—ocean continuum
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stood, followed by marine BC. There is an emerging understanding of riverine and soil BC, but large gaps in understanding
and quantifying storage, transformation and transportation remain be addressed. Intermediate reservoirs are poorly
understood, and both field and laboratory-based investigations are needed to understand their role in BC cycling.

Figure adapted with permission from REF!, Wiley.

A third proposed explanation is that the oceanic
stocks of DBC experience pre-ageing on land before
transport to the ocean®'**. Although DBC in rivers is
generally modern, aged PBC from rivers might solubilize
to the DBC fraction at river-ocean interfaces'. Riverine
PBC experiences long periods of ageing in intermediate
terrestrial reservoirs (estimating 1,500-3,000 *Cyears),
such as in alluvial fans®. If solubilized to DBC, the
PBC could potentially act as an aged DBC source®.
However, taking these values into account does not
conclusively reconcile the BC budget (Supplementary
Fig. 2g,h). The input of pre-aged material increases the
overall age in the box model simulation, especially in the
deep ocean (around 24,000 years, closer to the measured
values), but the resulting surface ocean BC age is too old
(around 17,000 years). Increasing the amount of sedi-
ment DBC input would require the adjustment of sink
terms to balance simulated concentrations, violating the
turnover times given'’ to match observed DBC concen-
trations. This synthesis underlines that the currently
known sources and sinks of marine DBC are incomplete,
and work is urgently needed to identify the enigmatic
source of the large marine DBC pool.

Summary and future perspectives

In summary, BC is environmentally persistent® and
represents a mechanism for long-term carbon seques-
tration over centuries to millennia*'%. It is clear
that rivers transport substantial amounts of BC from
wildfires to the ocean. Ultimately, most of the BC on
Earth is stored in ocean sediments. However, there are
outstanding gaps in our understanding of BC cycling.
For example, residence times of BC in soils are poorly
constrained and vary considerably across studies™*.
Likewise, the modelled ocean BC concentrations ver-
sus observation-based age profiles do not agree, on
the basis of the current expected sources and sinks of

marine DBC. Reconciliation of BC budgets is essential
for a comprehensive understanding of the global BC
budget, and also to support Earth system modelling of
the BC cycle and to enable quantitative assessment of the
negative feedback to climate change.

Future research should target a refined framework for
understanding the chemical identity of BC, improved
measurement of BC decomposition across all pools of
the Earth system (but particularly in soils, floodplains
and inland water bodies), and improved identifica-
tion and quantification of BC sources to the ocean. Rates
of BC degradation and transfer between pools, and cou-
pled processes that influence its fate, in particular, are
needed to incorporate BC feedbacks into ESMs.

Here, we discuss the major open questions and chal-
lenges that the BC research community should address
in the years to come in support of model development
(FIC. 5 and TABLE 2). We also highlight judicious obser-
vations that are likely to provide critical constraints in
understanding the role of BC in the Earth system as a
potential negative carbon feedback.

Chemical identity of BC. Isolating BC from other organic
components in an environmental matrix (soil, sediment,
water, air) is still a challenge (BOX 1), and contributes
to inconsistency amongst research on BC in different
environments. Future improvements in both techniques
and reporting are needed, and there must be consis-
tency when reporting BC amounts and isotopic signa-
tures across a large suite of environmental standards
and across analytical approaches'*®. A cross-laboratory
comparison that incorporates multiple methods mea-
suring a larger range of BC reference materials with iso-
topic measurements'*”"** would facilitate direct linkages
between BC reactivity, source and apparent residence
time. For example, Fourier transform-ion cyclotron
resonance mass spectrometry can identify the ionizable
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Table 2 | Assessment of the level of BC process understanding required for incorporation into models

Earth system
component

Atmosphere

Soil BC

Rivers

Underground waters
Riverine fluxes

of DBC

Riverine fluxes of PBC

Aquatic continuum

Models

Freshwater sediments

Oceans
Oceanic DBC

Process

*Water-soluble aromatic carbon
deposition onto the ocean surface

*Loss of BC through injecting
primary aerosol formation

****Storage in soils

*Microbial loss in soils
****Biotic transformation in soils
***Abiotic transformation in soils

***Movement within and from soils

*Storage and transport of PBC and
DBC

***Solubilization in soils and river
fluxes

***Slope erosion and riverine export
of PBC

*In channel decomposition of DBC
and PBC

*Biodegradation at river—ocean
interfaces

**Sedimentation at coastal shelves

**Photodegradation losses

*Transfer between DBC and PBC
pools

**Fractionation of DBC §*C

*Modelling land-to-ocean transfers

*Storage in intermediate reservoirs

*Decomposition in intermediate
reservoirs

***Turnover rates and ages in marine
DOC inferred by mass balance

**Patterns in concentration and
isotopes across biogeochemical and
physical regimes

**Photodegradation of DBC

****Storage in DOC

****Decomposition estimates
inferred by mass balance

****Turnover and ages inferred
by “C

Knowledge or research effort needed
Quantify BC present as water-soluble aromatic carbon

Quantify removal pathway at surface ocean for DBC,
amounts and isotopic values

Collect data from under-represented soils

Quantify long-term (decades to centuries)
mineralization rates

Field-based studies, incubations, mesocosm
experiments and upscaling

Description, quantification and modelling, mesocosm
experiments

Quantify and model at landscape and larger scales

Description, quantification and modelling

Characterize chemical composition of BC post-fire;
in situ mechanistic studies; regional studies

Characterize chemical composition of BC post-fire;
in situ mechanistic studies; regional studies

Quantify DBC budgets and mass balances; incubation
studies; in situ labelling studies using isotopes

Establish biodegradation rates under key conditions;
measure flocculation and dissolution along salinity
transect

Establish rates under key conditions; quantify
large-scale rates; evaluate the seasonal variability,
residence timescale in seawater and settling flux

Establish photodegradation rates under key
conditions; measure flocculation and dissolution along
salinity transect

Regional studies of pristine versus anthropogenically
affected locations

Measure DBC §*C across aquatic continuum

Collect globally relevant flux and stock data
(continue measuring and publishing data along
terrestrial-aquatic continuum)

Evaluate using field studies in all major reservoirs
and scale up

In situ laboratory incubations and field studies

Identify and quantify new sources and fluxes
of marine DBC

Compare river outlets; compare upwelling and
downwelling regions (to address photoactivity
and bioactivity, respectively)

Establish photodegradation rates in situ or in the
laboratory under key environmental conditions

Measure global marine DBC concentration;
large-spatial-scale and multi-season and multilayer
seawater sampling campaign; sample localized
sources

In situ measurements

Global marine DBC A¥C measurements
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Table 2 (cont.) | Assessment of the level of BC process understanding required for incorporation into models

Earth system Process
component

Oceans (cont.)

Oceanic PBC **Storage in marine POC
*Transfer between POC and
DOC pools

Oceanic sediments ***Deposition to sediments

*Hadal zone sinks of BC

***Storage in ocean sediments
*Decomposition in ocean sediments

*Hydrothermal vent fluxes

Models *Global ocean modelling

Knowledge or research effort needed

Spatiotemporal measurements, global estimates
of fluxes and *C measurements

Laboratory dissolved organic matter particle studies,
oceanic observations (particle traps)

Evaluate global sinking POC time series, global
evaluation of sediment cores in coastal and abyssal
locations

Update current conservative estimate by including
episodic events such as earthquakes

Global evaluations
Measure rates over long and short timescales

Measure pore water to determine whether it comes
from a DBC source

Build BC into a more complex and spatially resolved
ocean biogeochemistry model with water mass
circulation; verify that data produced from different
methods is comparable; correlate BC concentrations
and remote sensing measurements

The number of asterisks indicates the level of understanding of these terms related to the proportion of the research effort

and number of studies, as used in REF.””°. *Limited understanding (with low or scarce measurements, laboratory-based testing,
unknown processes or methods impeding the process); **emerging understanding (uncertain, not global but with good quality
regional studies, in-situ testing, but not able to quantify robustly); ***ready understanding (the processes can quantify on global
scales, estimates exist, and there is an understanding of the drivers or processes); ****applied knowledge (where information is
used only in individual models, or included in coupled models but parameterization is needed). BC, black carbon; DBC, dissolved

black carbon; DOC, dissolved organic carbon; PBC, particulate bla

fraction of DBC, based on its molecular formulas®"!'3*!“,

Atomic force microscopy can also quantify and charac-
terize DBC structures, based on visualization of poly-
condensed aromatics'’. Combining approaches like
these could address method biases associated with dif-
ferent analytical measurements’*"** and improve our
understanding of BC itself.

Other known sources of non-pyrogenic condensed
aromatic carbon should be included in the next phase
of method intercomparisons, such as petrogenic and
lithogenic lignite, coal and petroleum'”'*>. Recoveries
of BC for coal, oil and lignite samples have already been
reported'”, and these are present in negligible amounts
in the rocks eroded in the global river catchments®,
but potentially important condensed aromatic carbon
contributions have not yet been explored. For example,
Green River Shale as a reference standard is a good ana-
logue of riverine petrogenic carbon, yet has only had
very low BC recoveries”” (BOX 1). Other more common
shales and lithogenic carbon which might also interfere
should be tested. For instance, kerogen, the main organic
component of sedimentary rocks, incorporates highly
aromatic structures'®’. Other potential sources of con-
densed organic matter derived from composting'** and
degraded lignin products'* should also be considered.
At the moment, there are no quantitative constraints on
non-pyrogenic sources of BC in the ocean, but they are
likely to have contributions.

DBC and PBC fractions should be analysed syn-
chronously, given that BC cycling occurs along a size
continuum'** (FIG. 1). As POC (3 Pg) is only a small
fraction of oceanic OC (DOC is 700 Pg)'”, it is assumed

ck carbon; POC, particulate organic carbon.

that that most observed oceanic DBC is due to the dis-
solved fraction but not particles. However, high PBC
concentrations might enhance the transfer of carbon
from dissolved to particulate phases by DOC absorption
and aggregation’'*>'*, In rivers, BC is unequally dis-
tributed across operationally defined dissolved, colloi-
dal and particulate size fractions® and within the DOC
pool®. Therefore, BC might also be unequally distrib-
uted within the oceanic DBC and PBC pools, requiring
the routine quantification of both pools.

Rates across the Earth system. Increased observations
of decomposition rates and transport flows are required
to constrain rates of transformation and turnover, and
therefore the global BC budget in ESMs. Soil decompo-
sition rates are the largest source of uncertainty in the
global BC cycle in absolute terms. Widespread field cam-
paigns are needed to assess decomposition rates across
diverse environments, climates, soil types and landscape
positions (such as uplands, slopes and depositional envi-
ronments). In particular, decomposition rates in lakes,
reservoirs and other inland water bodies are unknown,
and pioneering measurements are required to construct
an initial understanding of BC dynamics in these envi-
ronments. Sampling at high resolution across hydrolog-
ical gradients will help us to constrain when and under
what conditions BC is mobilized or decomposed in ter-
restrial environments, and provide valuable insights for
process-based representation of BC decomposition and
transport for use in global modelling applications.
Immediate research is required to quantify the role of
intermediate reservoirs and coastal areas in transforming

NATURE REVIEWS | EARTH & ENVIRONMENT




REVIEWS

1. Santin, C., Doerr, S. H., Preston, C. M. 6.
& Gonzalez-Rodriguez, G. Pyrogenic organic matter
production from wildfires: a missing sink in the global
carbon cycle. Glob. Change Biol. 21, 1621-1633

(2015).
2.
Nat. Commun. 11, 2791 (2020).
3.
Biol. 22, 76-91 (2016).
4.
5.

9, 663-677 (2018).

Jones, M. W. et al. Fires prime terrestrial organic
carbon for riverine export to the global oceans.

Santin, C. et al. Towards a global assessment of 8.
pyrogenic carbon from vegetation fires. Glob. Change

Bond, T. C. et al. Bounding the role of black carbon

in the climate system: a scientific assessment. 10.
J. Geophys. Res. Atmos. 118, 5380-5552 (2013).
Harrison, S. P. et al. The biomass burning contribution 1
to climate—carbon-cycle feedback. Earth Syst. Dynam.

BC, and might be key to understanding the mismatch
between observed and modelled DBC ages in the ocean.
Encouragingly, some work has started to address pro-
cesses occurring at the interface of different ecosystems
along the land-ocean continuum®*>'*°, At present,
although well represented in the China Sea'?"!0510614150
and the Northwestern Pacific’*'*', corresponding global
observations of DBC and PBC are extremely sparse in
the coastal domain.

Dedicated studies of the processes leading to BC
decomposition in oceans are also required to con-
strain the oceanic BC balance. For example, rates of
loss by photodegradation are very poorly constrained.
Expanding a mechanistic understanding of processes
that drive BC transformation and stability across aquatic
interfaces® requires research to target coupled processes
occurring in aqueous and solid phases. For example,
priming effects’'"> and BC-mineral interactions'*'**
could affect BC reactivity.

DBC sources in the ocean. The lack of explanation for
the aged DBC in the ocean highlights the uncertainty
around its source, fate and cycling in marine environ-
ments. Rivers are the main source of marine BC, but
there is an incomplete understanding of the composi-
tion, concentration and timing of material export out of
watersheds immediately in the short term (hours to a few
years) following a burn event. The first-year post-burn
is a critical time for the mobilization and redistribution
of carbon, as wildfires substantially alter landscapes
by changing the hydrology and geomorphology of the
burned area'””. Sampling and monitoring should take
place at the beginning of the window of wildfire distur-
bance through initial system recovery (at least a year)
and ideally longer. Given the complex nature of BC
production and timing of subsequent transport to the
deposition sites, charcoal calibration studies are essential
for relating sedimentary charcoal records to regional fire
activity"**~'**. Thus, modern data coupled with calibrated
sedimentary records will enable the community to model
and predict future fire-hydrology interactions better.
Increasing the spatial coverage of concentration and
radiocarbon age measurements in the ocean is required
to constrain large-scale processes such as the turnover
times on decadal and longer timescales. It will also ena-
ble models to address better how future changes to BC
production rates may influence the carbon cycle’. Box
models such as the one trialled here are useful for rough
assessments, but a higher-resolution spatial model with

15, 135-142 (2022).

7. Landry, J.-S. & Matthews, H. D. The global pyrogenic
carbon cycle and its impact on the level of atmospheric 14.
CO, over past and future centuries. Glob. Change Biol.

23,3205-3218 (2017).

(2011).

Goldberg, E. D. Black Carbon in the Environment:

Properties and Distribution (Wiley, 1985).

9. Masiello, C. A. New directions in black carbon organic 15.
geochemistry. Mar. Chem. 92, 201-213 (2004).

Azam, F. & Malfatti, F. Microbial structuring of marine
ecosystems. Nat. Rev. Microbiol. 5, 782-791 (2007). 16.
Schmidt, M. W. I. et al. Persistence of soil organic

matter as an ecosystem property. Nature 4718, 49-56

localized river and atmospheric sources is required to
further constrain the processes and fate of marine
DBC'”. Future modelling approaches would benefit
from increased spatial coverage of PBC and DBC con-
centration and radiocarbon age measurements across
different water masses in the ocean. Measurements along
water masses of different ages will further constrain net
production or consumption rates of DBC''"”. Targeting
potential sources of DBC in the ocean will help us to
identify whether there are other BC sources to oceanic
DBC, explaining the stable isotope differences between
oceanic and riverine DBC'".

At present, the time, effort and expense of sam-
ple collection and processing is hindering progress in
measuring oceanic BC, as is often the case for oceanic
measurements more broadly. Establishing optical or
other easy-to-measure proxies is a promising way for-
ward for collecting proxy data, such as by utilizing remote
sensing data'” to track post-fire riverine DBC export
through estuaries using the links between DBC molecu-
lar markers and chromophoric properties of DOC and at
a higher spatiotemporal resolution'*. Using absorbance
data, it is possible to track DBC photodegradation from
soil sources to the marine environment using an index of
condensed aromatic carbon as an indicator of aromatic
BC cluster size*. As part of ocean-observing systems,
gliders equipped with fluorescence sensors targeting
polycyclic aromatic hydrocarbons could potentially
increase the coverage of deep open ocean environments
that are not accessible by satellites'**'*'. Also, biosensors
could be engineered to detect the presence of BC in soils
and waters; initial research on this topic seems very
promising'*>'*. Lastly, establishing regional or global
correlations between BC concentrations and high reso-
lution or remote sensing measurements (such as dis-
charge and absorbance data from satellites) could scale
land-based assessments through time and space.

Data availability

The fluxes of PBC, radiocarbon ages of PBC and mapped
river basins derive from REF*. The fluxes of DBC within
latitudinal ranges derive from REF”. The magnitude of the
global stocks, fluxes, and radiocarbon ages of BC shown in
FIG. 4 derive from the studies cited in TABLE 1. The data set
is on the PANGAEA data repository (www.pangaea.de)
under the username alyshacoppola (connected to the
ORCID ID https://orcid.org/0000-0002-9928-2786).

Published online: 07 July 2022

Bowring, S. P. K., Jones, M. W,, Ciais, P., Guenet, B. 12. Kleber, M. What is recalcitrant soil organic matter.
& Abiven, S. Pyrogenic carbon decomposition critical Environ. Chem. 7, 320-332 (2010).
to resolving fire’s role in the Earth system. Nat. Geosci. 13. Coppola, A. I. & Druffel, E. R. M. Cycling of black

carbon in the ocean. Geophys. Res. Lett. 43,
4477-4482 (2016).

Reisser, M., Purves, R. S., Schmidt, M. W. I. &

Abiven, S. Pyrogenic carbon in soils: a literature-based
inventory and a global estimation of its content in

soil organic carbon and stocks. Front. Earth Sci. 4,

80 (2016).

Jolly, W. M. et al. Climate-induced variations in global
wildfire danger from 1979 to 2013. Nat. Commun. 6,
7537 (2015).

Abatzoglou, J. T., Williams, A. P. & Barbero, R. Global
emergence of anthropogenic climate change in fire
weather indices. Geophys. Res. Lett. 46, 326-336
(2019).

www.nature.com/natrevearthenviron


https://www.pangaea.de
https://orcid.org/0000-0002-9928-2786

17. Jones, M. W. et al. Global and regional trends and
drivers of fire under climate change. Rev. Geophys.
60, e2020RG000726 (2022).

18. van der Werf, G. R. et al. Global fire emissions
estimates during 1997-2016. Earth Syst. Sci. Data
9, 697-720 (2017).

19. Yue, C. et al. How have past fire disturbances
contributed to the current carbon balance of boreal
ecosystems? Biogeosciences 13, 675-690 (2016).

20. Walker, X. J. et al. Increasing wildfires threaten historic
carbon sink of boreal forest soils. Nature 572,
520-523 (2019).

21. Arora, V. K. & Melton, J. R. Reduction in global area
burned and wildfire emissions since 1930s enhances
carbon uptake by land. Nat. Commun. 9, 1326 (2018).

22. Zheng, B. et al. Increasing forest fire emissions
despite the decline in global burned area. Sci. Adv. 7,
eabh2646 (2021).

23. Jones, M. W,, Santin, C., van der Werf, G. R.

& Doerr, S. H. Global fire emissions buffered by the
production of pyrogenic carbon. Nat. Geosci. 12,
742-747 (2019).

24. Santin, C. et al. Carbon sequestration potential and
physicochemical properties differ between wildfire
charcoals and slow-pyrolysis biochars. Sci. Rep. 7,
11233 (2017).

25. Sun, T. et al. Suppressing peatland methane
production by electron snorkeling through pyrogenic
carbon in controlled laboratory incubations.

Nat. Commun. 12, 4119 (2021).

26. Masiello, C. A. & Berhe, A. A. First interactions with
the hydrologic cycle determine pyrogenic carbon’s fate
in the Earth system. Earth Surf. Process. Landf. 45,
2394-2398 (2020).

27. Fierce, L., Riemer, N. & Bond, T. C. Explaining variance
in black carbon’s aging timescale. Atmos. Chem. Phys.
15,3173-3191 (2015).

28. Jurado, E., Dachs, J., Duarte, C. M. & Simo, R.
Atmospheric deposition of organic and black carbon
to the global oceans. Atmos. Environ. 42, 7931-7939
(2008).

29. Jones, M. W. et al. Do regional aerosols contribute
to the riverine export of dissolved black carbon?

J. Geophys. Res. Biogeosci. 122, 2925-2938
(2017).

30. Wang, X., Xu, C., Druffel, E. R. M., Xue, Y. & Qi, V.

Two black carbon pools transported by the Changjiang
and Huanghe rivers in China. Glob. Biogeochem. Cycles
30,1778 (2016).

31. Coppola, A. I. et al. Marked isotopic variability within
and between the Amazon river and marine dissolved
black carbon pools. Nat. Commun. 10, 4018 (2019).

32. Bao, H., Niggemann, J., Luo, L., Dittmar, T. & Kao, S.
Aerosols as a source of dissolved black carbon to the
ocean. Nat. Commun. 8, 510 (2017).

33. Nakane, M., Ajioka, T. & Yamashita, Y. Distribution
and sources of dissolved black carbon in surface
waters of the Chukchi Sea, Bering Sea, and the North
Pacific Ocean. Front. Earth Sci. 5, 34 (2017).

34, Mori, Y., Nishioka, J., Fujio, S. & Yamashita, Y.
Transport of dissolved black carbon from marginal
sea sediments to the western North Pacific.

Prog. Oceanogr. 193, 102552 (2021).

35. Fang, Z., Yang, W., Chen, M. & Ma, H. Source and fate
of dissolved black carbon in the Western South China
sea during the Southwest Monsoon prevailing season.
J. Geophys. Res. Biogeosci. 122, 2817 (2017).

36. Wagner, S. et al. Investigating atmospheric inputs of
dissolved black carbon to the Santa Barbara channel
during the Thomas Fire (California, USA). J. Geophys.
Res. Biogeosci. 126, €2021JG006442 (2021).

37. van der Werf, G. R. et al. Global fire emissions and
the contribution of deforestation, savanna, forest,
agricultural, and peat fires (1997-2009).

Atmos. Chem. Phys. 10, 11707—-11735 (2010).

38. Bostick, K. W,, Zimmerman, A. R., Wozniak, A. S.,
Mitra, S. & Hatcher, P. G. Production and composition
of pyrogenic dissolved organic matter from a logical
series of laboratory-generated chars. Front. Earth Sci.
6, 43 (2018).

39. Sawyer, R., Bradstock, R., Bedward, M.

& Morrison, R. J. Soil carbon in Australian fire-prone
forests determined by climate more than fire regimes.
Sci. Total Environ. 639, 526-537 (2018).

40. Santos, F., Rice, D. M., Bird, J. A. & Berhe, A. A.
Pyrolysis temperature and soil depth interactions
determine PyC turnover and induced soil organic
carbon priming. Biogeochemistry 153, 47—-65 (2021).

41. Cheng, C.-H., Lehmann, J., Thies, J. E., Burton, S. D.
& Engelhard, M. H. Oxidation of black carbon by
biotic and abiotic processes. Org. Geochem. 37,
1477-1488 (2006).

42.

43.

44,

45.

46.

41.

48.

49.

50.

52.

53.

54,

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

Zimmerman, A. R. Abiotic and microbial oxidation of
laboratory-produced black carbon (biochar). Environ.
Sci. Technol. 44, 1295-1301 (2010).

Li, M. et al. Photochemical aging of soot in the
aqueous phase: release of dissolved black carbon
and the formation of 'O,. Environ. Sci. Technol. 53,
12311-12319 (2019).

Abiven, S., Hengartner, P., Schneider, M. P. W.,
Singh, N. & Schmidt, M. W. I. Pyrogenic carbon
soluble fraction is larger and more aromatic in aged
charcoal than in fresh charcoal. Soil. Biol. Biochem.
43,1615-1617 (2011).

Marques, J. S. J. et al. Dissolved black carbon in the
headwaters-to-ocean continuum of Paraiba Do Sul
River, Brazil. Front. Earth Sci. 5, 11 (2017).

Bostick, K. W. et al. Photolability of pyrogenic
dissolved organic matter from a thermal series of
laboratory-prepared chars. Sci. Total Environ. 724,
138198 (2020).

Jones, M. W. et al. Environmental controls on

the riverine export of dissolved black carbon.

Glob. Biogeochem. Cycles 33, 849-874 (2019).
Abney, R. B. & Berhe, A. A. Pyrogenic carbon erosion:
implications for stock and persistence of pyrogenic
carbon in soil. Front. Earth Sci. 6, 26 (2018).

Bellg, S. L. et al. Key drivers of pyrogenic carbon
redistribution during a simulated rainfall event.
Biogeosciences 18, 1105-1126 (2021).

Wagner, S., Ding, Y. & Jaffé, R. A new perspective

on the apparent solubility of dissolved black carbon.
Front. Earth Sci. 5, 75 (2017).

Woo, S. H., Enders, A. & Lehmann, J. Microbial
mineralization of pyrogenic organic matter in different
mineral systems. Org. Geochem. 98, 18-26 (2016).
Zimmermann, M. et al. Rapid degradation of
pyrogenic carbon. Glob. Change Biol. 18, 3306-3316
(2012).

Bostick, K. W. et al. Biolability of fresh and
photodegraded pyrogenic dissolved organic matter
from laboratory-prepared chars. J. Geophys. Res.
Biogeosci. 126, €2020JG005981 (2021).

Spokas, K. A. et al. Physical disintegration of biochar:
an overlooked process. Environ. Sci. Technol. Lett. 1,
326-332 (2014).

Singh, N., Abiven, S., Torn, M. S. & Schmidt, M. W. I.
Fire-derived organic carbon in soil turns over on a
centennial scale. Biogeosciences 9, 2847-2857
(2012).

Kuzyakov, Y., Bogomolova, I. & Glaser, B. Biochar
stability in soil: decomposition during eight years and
transformation as assessed by compound-specific '“C
analysis. Soil. Biol. Biochem. 70, 229-236 (2014).
Rennert, T. et al. Does soil organic matter in mollic
horizons of central/east European floodplain soils have
common chemical features? CATENA 200, 105192
(2021).

Wang, Q., Zhang, P-J., Liu, M. & Deng, Z.-W.
Mineral-associated organic carbon and black carbon
in restored wetlands. Soil. Biol. Biochem. 15,
300-309 (2014).

Ohlson, M., Kasin, |., Wist, A. N. & Bjune, A. E.

Size and spatial structure of the soil and lacustrine
charcoal pool across a boreal forest watershed.

Quat. Res. 80, 417—-424 (2013).

Seidel, M. et al. Benthic—pelagic coupling of nutrients
and dissolved organic matter composition in an
intertidal sandy beach. Mar. Chem. 176, 150-163
(2015).

Seidel, M. et al. Biogeochemistry of dissolved organic
matter in an anoxic intertidal creek bank. Geochim.
Cosmochim. Acta 140, 418—-434 (2014).

Coppola, A. I. et al. Global-scale evidence for the
refractory nature of riverine black carbon. Nat. Geosci.
11, 584-588 (2018).

Abney, R. B. et al. Pyrogenic carbon erosion after the
Rim Fire, Yosemite National Park: the role of burn
severity and slope. J. Geophys. Res. Biogeosci. 124,
432-449 (2019).

Wozniak, A. S. et al. Molecular heterogeneity in
pyrogenic dissolved organic matter from a thermal
series of oak and grass chars. Org. Geochem. 148,
104065 (2020).

Wagner, S., Cawley, K. M., Rosario-Ortiz, F. L.

& Jaffe, R. In-stream sources and links between
particulate and dissolved black carbon following

a wildfire. Biogeochemistry 124, 145-161 (2015).
Dittmar, T. et al. Continuous flux of dissolved black
carbon from a vanished tropical forest biome.

Nat. Geosci. 5, 618-622 (2012).

Mayorga, E. et al. Young organic matter as a source
of carbon dioxide outgassing from Amazonian rivers.
Nature 436, 538-541 (2005).

69.

70.

1.

72.

73.

T4.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

REVIEWS

Martin, E. E. et al. Age of riverine carbon suggests
rapid export of terrestrial primary production

in tropics. Geophys. Res. Lett. 40, 5687-5691
(2013).

Qi, Y. et al. Dissolved black carbon is not likely

a significant refractory organic carbon pool in rivers
and oceans. Nat. Commun. 11, 5051 (2020).
Yamashita, Y., Kojima, D., Yoshida, N. & Shibata, H.
Relationships between dissolved black carbon and
dissolved organic matter in streams. Chemosphere
271, 129824 (2021).

Drake, T. W. et al. Du feu a I'eau: source and flux of
dissolved black carbon from the Congo river. Glob.
Biogeochem. Cycles 34, e2020GB006560 (2020).
Bao, H., Niggemann, J., Huang, D., Dittmar, T.

& Kao, S.-J. Different responses of dissolved black
carbon and dissolved lignin to seasonal hydrological
changes and an extreme rain event. J. Geophys. Res.
Biogeosci. 124, 479-493 (2019).

Jaffé, R. et al. Global charcoal mobilization from soils
via dissolution and riverine transport to the oceans.
Science 340, 345-347 (2013).

Wagner, S., Jaffé, R. & Stubbins, A. Dissolved black
carbon in aquatic ecosystems. Limnol. Oceanogr. Lett.
3,168-185(2018).

Xu, C., Xue, Y., Qi, Y. & Wang, X. Quantities and fluxes
of dissolved and particulate black carbon in the
Changjiang and Huanghe rivers, China. Estuaries
Coasts 39, 1617 (2016).

Wagner, S. et al. Molecular hysteresis: hydrologically
driven changes in riverine dissolved organic matter
chemistry during a storm event. J. Geophys. Res.
Biogeosci. 124, 759-774 (2019).

Roebuck, J. A., Medeiros, P. M., Letourneau, M. L.

& Jaffe, R. Hydrological controls on the seasonal
variability of dissolved and particulate black carbon
in the Altamaha river, GA. J. Geophys. Res. Biogeosci.
123, 3055 (2018).

Hohner, A. K., Rhoades, C. C., Wilkerson, P.

& Rosario-Ortiz, F. L. Wildfires alter forest watersheds
and threaten drinking water quality. Acc. Chem. Res.
52, 1234-1244(2019).

Ding, Y., Yamashita, Y., Dodds, W. K. & Jaffe, R.
Dissolved black carbon in grassland streams: is there
an effect of recent fire history? Chemosphere 90,
2557-2562 (2013).

Myers-Pigg, A. N., Louchouarn, P. & Teisserenc, R.
Flux of dissolved and particulate low-temperature
pyrogenic carbon from two high-latitude rivers across
the spring freshet hydrograph. Front. Mar. Sci. 4, 38
(2017).

Roebuck, J. A, Seidel, M., Dittmar, T. & Jaffé, R. Land
use controls on the spatial variability of dissolved
black carbon in a subtropical watershed. Environ. Sci.
Technol. 52, 8104-8114 (2018).

Wagner, S., Dittmar, T. & Jaffe, R. Molecular
characterization of dissolved black nitrogen via
electrospray ionization Fourier transform ion cyclotron
resonance mass spectrometry. Org. Geochem. 79,
21-30 (2015).

Hanke, U. M. et al. What on earth have we been
burning? Deciphering sedimentary records of
pyrogenic carbon. Environ. Sci. Technol. 51,
12972-12980 (2017).

Cotrufo, M. F. et al. Redistribution of pyrogenic carbon
from hillslopes to stream corridors following a large
montane wildfire. Glob. Biogeochem. Cycles 30,
1348-1355 (2016).

Mensing, S. A., Michaelsen, J. & Byrne, R. A 560-year
record of Santa Ana fires reconstructed from charcoal
deposited in the Santa Barbara Basin, California.
Quat. Res. 51, 295-305 (1999).

Galeron, M.-A. et al. Lipoxygenase-induced
autoxidative degradation of terrestrial particulate
organic matter in estuaries: a widespread process
enhanced at high and low latitude. Org. Geochem.
115, 78-92 (2018).

Ward, N. D. et al. Where carbon goes when water
flows: carbon cycling across the aquatic continuum.
Front. Mar. Sci. 4, 7 (2017).

Ward, N. D., Sawakuchi, H. O., Richey, J. E., Keil, R. G.
& Bianchi, T. S. Enhanced aquatic respiration
associated with mixing of clearwater tributary and
turbid Amazon river waters. Front. Earth Sci. 7,

101 (2019).

Regnier, P., Resplandy, L., Najjar, R. G. & Ciais, P.

The land-to-ocean loops of the global carbon cycle.
Nature 603, 401-410 (2022).

Dittmar, T., Paeng, J., Gihring, T. M., Suryaputra, .

& Huettel, M. Discharge of dissolved black carbon
from a fire-affected intertidal system. Limnol. Oceanogr.
57,1171 (2012).

NATURE REVIEWS | EARTH & ENVIRONMENT




REVIEWS

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

2.

113.

4.

Bianchi, T. S. The role of terrestrially derived organic
carbon in the coastal ocean: a changing paradigm
and the priming effect. Proc. Natl Acad. Sci. USA 108,
19473 (2011).

Bengtsson, M. M., Attermeyer, K. & Catalan, N.
Interactive effects on organic matter processing from
soils to the ocean: are priming effects relevant in
aquatic ecosystems? Hydrobiologia 822, 1-17
(2018).

Stubbins, A., Niggemann, J. & Dittmar, T.
Photo-lability of deep ocean dissolved black carbon.
Biogeosciences 9, 1661-1670 (2012).

Wagner, S. & Jaffe, R. Effect of photodegradation

on molecular size distribution and quality of dissolved
black carbon. Org. Geochem. 86, 1-4 (2015).
Leonce, B. C., Harvey, O. R., Gryczynski, Z.,
Hockaday, W. C. & Adegboyega, N. F. Structure—energy—
photochemical activity relationships in fluorophoric
water-extracted organic matter from (un)charred plant
materials. ACS EST. Water 1, 859-870 (2021).
Goranov, A. I. et al. Photochemistry after fire:
structural transformations of pyrogenic dissolved
organic matter elucidated by advanced analytical
techniques. Geochim. Cosmochim. Acta 290,
271-292 (2020).

Amon, R. M. W. & Benner, R. Photochemical and
microbial consumption of dissolved organic carbon
and dissolved oxygen in the Amazon river system.
Geochim. Cosmochim. Acta 60, 1783—-1792 (1996).
Seidel, M. et al. Seasonal and spatial variability of
dissolved organic matter composition in the lower
Amazon river. Biogeochemistry 131, 281-302
(2016).

Fu, H. et al. Photochemistry of dissolved black carbon
released from biochar: reactive oxygen species
generation and phototransformation. Environ. Sci.
Technol. 50, 1218-1226 (2016).

Coppola, A. 1., Ziolkowski, L. A., Masiello, C. A.

& Druffel, E. R. M. Aged black carbon in marine
sediments and sinking particles. Geophys. Res. Lett.
41, 2427-2433 (2014).

. Fang, Y. et al. Particulate and dissolved black carbon

in coastal china seas: spatiotemporal variations,
dynamics, and potential implications. Environ. Sci.
Technol. 55, 788-796 (2021).

Feng, N. et al. Semi-enclosed bays serve as hotspots
for black carbon burial: a case study in Jiaozhou Bay,
western Yellow Sea. Sci. Total Environ. 797, 149100
(2021).

Masiello, C. A. & Druffel, E. R. M. Organic and black
carbon '*C and '“C through the Santa Monica Basin
sediment oxic—anoxic transition. Geophys. Res. Lett.
30, 1185 (2003).

Xu, W. et al. Historical variation in black carbon
deposition and sources to Northern China sediments.
Chemosphere 172, 242-248 (2017).

Fang, Y. et al. Flux and budget of BC in the continental
shelf seas adjacent to Chinese high BC emission
source regions. Glob. Biogeochem. Cycles 29,
957-972 (2015).

Fang, V. et al. Spatiotemporal trends of elemental
carbon and char/soot ratios in five sediment cores
from Eastern China marginal seas: indicators of
anthropogenic activities and transport patterns.
Environ. Sci. Technol. 52,9704-9712 (2018).
Hansell, D. A., Carlson, C. A., Repeta, D. J.

& Schlitzer, R. Dissolved organic matter in the ocean
a controversy stimulates new insights. Oceanography
22,202-211 (2009).

Dittmar, T. & Paeng, J. A heat-induced molecular
signature in marine dissolved organic matter.

Nat. Geosci. 2, 175—-179 (2009).

Ziolkowski, L. A. & Druffel, E. R. M. Aged black carbon
identified in marine dissolved organic carbon.
Geophys. Res. Lett. 37, L16601 (2010).

Dittmar, T. in Biogeochemistry of Marine Dissolved
Organic Matter 2nd edn (eds Hansell, D. A. & Carlson,
C. A) 369-388 (Academic, 2015).

Zhang, X. et al. The hadal zone is an important and
heterogeneous sink of black carbon in the ocean.
Commun. Earth Environ. 3, 25 (2022).

Yamashita, Y., Nakane, M., Mori, Y., Nishioka, J.

& Ogawa, H. Fate of dissolved black carbon in

the deep Pacific Ocean. Nat. Commun. 13, 307
(2022).

Fang, Z. et al. Spatial characteristics and removal

of dissolved black carbon in the western Arctic Ocean
and Bering Sea. Geochim. Cosmochim. Acta 304,
178-190 (2021).

Beaupré Steven, R. et al. Oceanic efflux of ancient
marine dissolved organic carbon in primary marine
aerosol. Sci. Adv. 5, eaax6535 (2019).

N

122.

12

~

12

(%2

12

(o))

127.

128.

129.

132.

133.

134,

135.

136.

. Wagner, S. et al. Isotopic composition of oceanic

dissolved black carbon reveals non-riverine source.
Nat. Commun. 10, 5064 (2019).

Podgorski, D. C. et al. Hydrocarbons to carboxyl-rich
alicyclic molecules: a continuum model to describe
biodegradation of petroleum-derived dissolved
organic matter in contaminated groundwater plumes.
J. Hazard. Mater. 402, 123998 (2021).

. Chacon-Patifio, M. L., Rowland, S. M. & Rodgers, R. P.

Advances in asphaltene petroleomics. Part 1:
asphaltenes are composed of abundant island and
archipelago structural motifs. Energy Fuels 31,
13509-13518 (2017).

. Goranov, A. |., Schaller, M. F, Long, J. A.,

Podgorski, D. C. & Wagner, S. Characterization of
asphaltenes and petroleum using benzenepolycarboxylic
acids (BPCAs) and compound-specific stable carbon
isotopes. Energy Fuels 35, 18135-18145 (2021).

. Estes, E. R. et al. Abiotic synthesis of graphite

in hydrothermal vents. Nat. Commun. 10,5179
(2019).

. Hawkes, J. A, Hansen, C. T., Goldhammer, T., Bach, W.

& Dittmar, T. Molecular alteration of marine dissolved
organic matter under experimental hydrothermal
conditions. Geochim. Cosmochim. Acta 175, 68-85
(2016).

. Hawkes, J. A. et al. Efficient removal of recalcitrant

deep-ocean dissolved organic matter during
hydrothermal circulation. Nat. Geosci. 8, 856-860
(2015).

Briinjes, J., Seidel, M., Dittmar, T., Niggemann, J.
& Schubotz, F. Natural asphalt seeps are potential
sources for recalcitrant oceanic dissolved organic
sulfur and dissolved black carbon. Environ. Sci.
Technol. https://doi.org/10.1021/acs.est.2c01123
(2022).

. Allen Kylie, D. et al. Biogenic formation of amorphous

carbon by anaerobic methanotrophs and select
methanogens. Sci. Adv. 7, eabg9739 (2021).

. Trilla-Prieto, N., Vila-Costa, M., Casas, G., Jiménez, B.

& Dachs, J. Dissolved black carbon and semivolatile
aromatic hydrocarbons in the ocean: two entangled

biogeochemical cycles? Environ. Sci. Technol. Lett. 8,
918-923 (2021).

. Stubbins, A. et al. Utilizing colored dissolved organic

matter to derive dissolved black carbon export by
Arctic rivers. Front. Earth Sci. 3, 63 (2015).

. Toggweiler, J. R. Variation of atmospheric CO,

by ventilation of the ocean’s deepest water.
Paleoceanography 14,571-588 (1999).

Mentges, A. et al. Microbial physiology governs the
oceanic distribution of dissolved organic carbon in
a scenario of equal degradability. Front. Mar. Sci. 7,
549784 (2020).

Beaupré, S. R., Walker, B. D. & Druffel, E. R. M.

The two-component model coincidence: evaluating
the validity of marine dissolved organic radiocarbon
as a stable-conservative tracer at Station M. Deep Sea
Res. Part 11173, 104737 (2020).

Marwick, T. R. et al. The age of river-transported
carbon: a global perspective. Glob. Biogeochem.
Cycles 29, 122—-137 (2015).

. Rossel, P. E. et al. Thermally altered marine dissolved

organic matter in hydrothermal fluids. Org. Geochem.
110, 73-86 (2017).

. McCarthy, M. D. et al. Chemosynthetic origin of

14C-depleted dissolved organic matter in a ridge-flank
hydrothermal system. Nat. Geosci. 4, 32—-36 (2011).
Pohlman, J. W,, Bauer, J. E., Waite, W. F.,, Osburn, C. L.
& Chapman, N. R. Methane hydrate-bearing seeps as
a source of aged dissolved organic carbon to the
oceans. Nat. Geosci. &4, 37-41 (2011).

Masiello, C. A. & Druffel, E. R. M. Black carbon

in deep-sea sediments. Science 280, 1911-1913
(1998).

Leifeld, J. et al. Pyrogenic carbon contributes
substantially to carbon storage in intact and degraded
northern peatlands. Land Degrad. Dev. 29,
2082-2091 (2018).

Heinemeyer, A., Asena, Q., Burn, W. L. & Jones, A. L.
Peatland carbon stocks and burn history: blanket bog
peat core evidence highlights charcoal impacts on
peat physical properties and long-term carbon
storage. GEO Geogr. Environ. 5, e00063 (2018).
Zimmerman, A. R. & Mitra, S. Trial by fire: on

the terminology and methods used in pyrogenic
organic carbon research. Front. Earth Sci. 5, 95
(2017).

. Hammes, K. et al. Comparison of quantification

methods to measure fire-derived (black/elemental)
carbon in soils and sediments using reference
materials from soil, water, sediment and the

138.

139.

140.

~

14

143.

144,

145.

146.

14

148.

149.

150.

15

o

153.

154.

155.

156.

e}

15

158.

159.

160.

S}

Q

atmosphere. Glob. Biogeochem. Cycles 21, GB3016
(2007).

Wagner, S. et al. Questions remain about the biolability
of dissolved black carbon along the combustion
continuum. Nat. Commun. 12, 4281 (2021).
Medeiros, P. M. et al. Fate of the Amazon River
dissolved organic matter in the tropical Atlantic
Ocean. Glob. Biogeochem. Cycles 29, 677-690
(2015).

Dittmar, T. & Koch, B. P. Thermogenic organic matter
dissolved in the abyssal ocean. Mar. Chem. 102,
208-217 (2006).

. Fatayer, S. et al. Direct visualization of individual

aromatic compound structures in low molecular
weight marine dissolved organic carbon. Geophys.
Res. Lett. 45, 5590-5598 (2018).

Hindersmann, B. & Achten, C. Accelerated benzene
polycarboxylic acid analysis by liquid chromatography—
time-of-flight—mass spectrometry for the determination
of petrogenic and pyrogenic carbon. J. Chromatogr. A
1510, 57-65 (2017).

Petsch, S. T., Smernik, R. J., Eglinton, T. I.

& Oades, J. M. A solid state '*C-NMR study of
kerogen degradation during black shale weathering.
Geochim. Cosmochim. Acta 65, 1867-1882

(2001).

Chang, Z. et al. Benzene polycarboxylic acid — a
useful marker for condensed organic matter, but not
for only pyrogenic black carbon. Sci. Total Environ.
626, 660-667 (2018).

Serrano, O., Rozaimi, M., Lavery, P. S. & Smernik, R. J.
Organic chemistry insights for the exceptional soil
carbon storage of the seagrass Posidonia australis.
Estuar. Coast. Shelf Sci. 237, 106662 (2020).
Verdugo, P. in Annual Review of Marine Science Vol. 4
(eds Carlson, C. A. & Giovannoni, S. J.) 375-400
(2012).

Verdugo, P. et al. The oceanic gel phase: a bridge in
the DOM-POM continuum. Mar. Chem. 92, 67-85
(2004).

Mari, X. et al. Seasonal dynamics of atmospheric

and river inputs of black carbon, and impacts on
biogeochemical cycles in Halong Bay, Vietnam.
Elementa 5, 75 (2017).

Fang, Y. et al. Large-river dominated black carbon flux
and budget: a case study of the estuarine-inner shelf
of East China Sea, China. Sci. Total Environ. 651,
2489-2496 (2019).

Fang, Y. et al. Cycling and budgets of organic

and black carbon in coastal Bohai Sea, China:
impacts of natural and anthropogenic perturbations.
Glob. Biogeochem. Cycles 32, 971-986 (2018).

. Fang, Z., Yang, W., Chen, M., Zheng, M. & Hu, W.

Abundance and sinking of particulate black carbon in
the western Arctic and Subarctic oceans. Sci. Rep. 6,
29959 (2016).

. Bianchi, T. S. et al. Positive priming of terrestrially

derived dissolved organic matter in a freshwater
microcosm system. Geophys. Res. Lett. 42,
5460-5467 (2015).

Archanjo, B. S. et al. Chemical analysis and molecular
models for calcium—oxygen—carbon interactions in
black carbon found in fertile Amazonian anthrosoils.
Environ. Sci. Technol. 48, 7445-7452 (2014).

Lian, F. & Xing, B. Black carbon (biochar) in water/soil
environments: molecular structure, sorption, stability,
and potential risk. Environ. Sci. Technol. 51,
13517-13532 (2017).

Lane, P. N. J., Sheridan, G. J. & Noske, P. J. Changes
in sediment loads and discharge from small mountain
catchments following wildfire in south eastern
Australia. J. Hydrol. 331, 495-510 (2006).

Marlon, J. R. et al. Reconstructions of biomass
burning from sediment-charcoal records to improve
data—model comparisons. Biogeosciences 13,
3225-3244 (2016).

. Zou, Y. et al. A new automatic statistical microcharcoal

analysis method based on image processing,
demonstrated in the Weiyuan section, Northwest
China. Front. Earth Sci. 9, 9916 (2021).

Hawthorne, D. & Mitchell, F. J. G. Identifying past
fire regimes throughout the Holocene in Ireland using
new and established methods of charcoal analysis.
Quat. Sci. Rev. 137, 45-53 (2016).

Joshi, I. D. et al. Assessing chromophoric dissolved
organic matter (CDOM) distribution, stocks, and
fluxes in Apalachicola Bay using combined field, VIIRS
ocean color, and model observations. Remote Sens.
Environ. 191, 359-372 (2017).

Liblik, T. et al. Potential for an underwater glider
component as part of the Global Ocean Observing
System. Methods Oceanogr. 17, 50-82 (2016).

www.nature.com/natrevearthenviron


https://doi.org/10.1021/acs.est.2c01123

161. Cyr, F, Tedetti, M., Besson, F,, Bhairy, N. & Goutx, M.
A glider-compatible optical sensor for the detection
of polycyclic aromatic hydrocarbons in the marine
environment. Front. Mar. Sci. 6, 110 (2019).

162. Gao, X. et al. Charcoal disrupts soil microbial
communication through a combination of signal
sorption and hydrolysis. ACS Omega 1, 226-233
(2016).

163. Masiello, C. A. et al. Biochar and microbial signaling:
production conditions determine effects on microbial
communication. Environ. Sci. Technol. 41,
11496-11503 (2013).

164. Pohl, K., Cantwell, M., Herckes, P. & Lohmann, R.
Black carbon concentrations and sources in the
marine boundary layer of the tropical Atlantic Ocean
using four methodologies. Atmos. Chem. Phys. 14,
74317443 (2014).

165. Currie, L. A. et al. A critical evaluation of
interlaboratory data on total, elemental, and isotopic
carbon in the carbonaceous particle reference
material, NIST SRM 1649a. J. Res. Natl Inst. Stand.
Technol. 107, 279-298 (2002).

166. Mouteva, G. O. et al. Black carbon aerosol dynamics
and isotopic composition in Alaska linked with boreal
fire emissions and depth of burn in organic soils.
Glob. Biogeochem. Cycles 29, 1977-2000 (2015).

. Flores-Cervantes, D. X., Plata, D. L., MacFarlane, J. K.,
Reddy, C. M. & Gschwend, P. M. Black carbon in
marine particulate organic carbon: inputs and
cycling of highly recalcitrant organic carbon in the
Gulf of Maine. Mar. Chem. 113, 172—-181 (2009).

168. Yang, W. & Guo, L. Abundance, distribution,
and isotopic composition of particulate black carbon
in the northern Gulf of Mexico. Geophys. Res. Lett. 41,
7619-7625 (2014).

169. Bird, M. I, Wynn, J. G., Saiz, G., Wurster, C. M.

& McBeath, A. The pyrogenic carbon cycle. Annu. Rev.

Earth Planet. Sci. 43, 273-298 (2015).

Fassbender, A. J. et al. Perspectives on chemical

oceanography in the 21st century: participants of the

COME ABOARD meeting examine aspects of the field

in the context of 40 years of DISCO. Mar. Chem. 196,
181-190 (2017).

. Hedges, J. . et al. The molecularly-uncharacterized
component of nonliving organic matter in natural
environments. Org. Geochem. 31, 945-958
(2000).

172. Andreae, M. O. & Gelencseér, A. Black carbon

or brown carbon? The nature of light-absorbing
carbonaceous aerosols. Atmos. Chem. Phys. 6,
3131-3148 (2006).

173. Liu, X. et al. Intercomparison of equivalent black
carbon (eBC) and elemental carbon (EC)
concentrations with three-year continuous

16

~

170.

17

174.

17

a1

176.

177.

178.

@

182.

183.

18

~

185.

measurement in Beijing, China. Environ. Res. 209,
112791 (2022).

Lack, D. A., Moosmiiller, H., McMeeking, G. R.,
Chakrabarty, R. K. & Baumgardner, D. Characterizing
elemental, equivalent black, and refractory black
carbon aerosol particles: a review of techniques, their
limitations and uncertainties. Anal. Bioanal. Chem.
406, 99-122 (2014).

. Brodowski, S., Rodionov, A., Haumaier, L., Glaser, B.

& Amelung, W. Revised black carbon assessment
using benzene polycarboxylic acids. Org. Geochem.
36, 1299-1310 (2005).

Wiedemeier, D. B. et al. Aromaticity and degree of
aromatic condensation of char. Org. Geochem. 78,
135-143 (2015).

Kappenberg, A., Blasing, M., Lehndorff, E.

& Amelung, W. Black carbon assessment using
benzene polycarboxylic acids: limitations for
organic-rich matrices. Org. Geochem. 94, 47-51
(2016).

Waurster, C. M., Saiz, G., Schneider, M. P. W.,
Schmidt, M. W. I. & Bird, M. I. Quantifying pyrogenic
carbon from thermosequences of wood and grass
using hydrogen pyrolysis. Org. Geochem. 62, 28—32
(2013).

. Haig, J., Ascough, P. L., Wurster, C. M. & Bird, M. 1.

A rapid throughput technique to isolate pyrogenic
carbon by hydrogen pyrolysis for stable isotope and
radiocarbon analysis. Rapid Commun. Mass
Spectrom. 34,8737 (2020).

. Maestrini, B. & Miesel, J. R. Modification of the weak

nitric acid digestion method for the quantification of
black carbon in organic matrices. Org. Geochem. 103,
136-139 (2017).

. Gustafsson, O. & Gschwend, P. M. The flux of black

carbon to surface sediments on the New England
continental shelf. Geochim. Cosmochim. Acta 62,
465-472 (1998).

Lim, B. & Cachier, H. Determination of black carbon
by chemical oxidation and thermal treatment in recent
marine and lake sediments and cretaceous-tertiary
clays. Chem. Geol. 131, 143—154 (1996).

Dittmar, T. The molecular level determination of

black carbon in marine dissolved organic matter.

Org. Geochem. 39, 396-407 (2008).

. Ziolkowski, L. A., Chamberlin, A. R., Greaves, J.

& Druffel, E. R. M. Quantification of black carbon

in marine systems using the benzene polycarboxylic
acid method: a mechanistic and yield study.

Limnol. Oceanogr. Methods 9, 140 (2011).

Druffel, E. R. M. et al. Marine organic carbon and
radiocarbon — present and future challenges.
Radiocarbon https://doi.org/10.1017/RDC.2021.105
(2022).

REVIEWS

186. Coppola, A. I., Walker, B. D. & Druffel, E. R. M. Solid
phase extraction method for the study of black carbon
cycling in dissolved organic carbon using radiocarbon.
Mar. Chem. 77, 697-705 (2015).

187. Wagner, S. et al. Online quantification and
compound-specific stable isotopic analysis of
black carbon in environmental matrices via liquid
chromatography-isotope ratio mass spectrometry.
Limnol. Oceanogr. Meth. 15, 995-1006 (2017).

Acknowledgements

A.1.C. acknowledges support from the Swiss National Science
Ambizione grant ‘Fire in the Ocean’ (PZOOP2_185835) and
thanks T. Eglinton, A. Varkalis and L. Tinkham. M.S. and T.D.
acknowledge funding by the German Science Foundation
(DFG) within the Cluster of Excellence EXC 2077 ‘The Ocean
Floor — Earth’s Uncharted Interface’ (project number
390741603). N.D.W. acknowledges funding from the US
Department of Energy (DOE)-funded COMPASS-FME project.
Pacific Northwest National Laboratory (PNNL) is operated by
Battelle for the US DOE under contract DE-ACO5-
76RL01830. Additional support was provided by the
National Science Foundation OCE #2017577 (to S.W.).
M.W.J. was funded by an independent research fellowship
from the UK Natural Environment Research Council (NERC)
(grant NEVO1417X/1).

Author contributions

A.l.C., M\WJ. and C.S. started the first conceptualization of
the review. A.I.C. was responsible for writing and project
administration. S.T.L., A.L.C., M.\W.J. and M.S. contributed to
the box model conceptualization for oceanic black carbon
and S.T.L. applied box model simulations using published
rates. All authors contributed equally to writing in the original
draft, review and editing.

Competing interests
The authors declare no competing interests.

Peer review information

Nature Reviews Earth & Environment thanks Rebecca Abney,
and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Supplementary information
The online version contains supplementary material available
at https://doi.org/10.1038/s43017-022-00316-6.

© Springer Nature Limited 2022

NATURE REVIEWS | EARTH & ENVIRONMENT



https://doi.org/10.1017/RDC.2021.105
https://doi.org/10.1038/s43017-022-00316-6

	The black carbon cycle and its role in the Earth system

	BC climate feedbacks

	BC stocks, ages and losses

	BC in the atmosphere. 
	BC in soils and terrestrial intermediate reservoirs. 
	BC transport in rivers. 
	Measuring BC

	BC processing in rivers. 

	Sources and fates of oceanic BC

	Insights into the age of oceanic DBC

	Summary and future perspectives

	Chemical identity of BC. 
	Rates across the Earth system. 
	DBC sources in the ocean. 

	Acknowledgements

	Fig. 1 BC characteristics.
	Fig. 2 Climate–carbon cycle feedbacks involving fire.
	Fig. 3 BC in terrestrial systems.
	Fig. 4 Global dynamics of the BC cycle.
	Fig. 5 BC processes across the Earth system.
	Table 1 BC and OC stocks and fluxes.
	Table 2 Assessment of the level of BC process understanding required for incorporation into models.




