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Abstract. This review highlights the ubiquity of black carbon (BC) produced by incomplete com-
bustion of plant material and fossil fuels in peats, soils, and lacustrine and marine sediments. We
examine various definitions and analytical approaches and seek to provide a common language.
BC represents a continuum from partly charred material to graphite and soot particles, with no
general agreement on clear-cut boundaries. Formation of BC can occur in two fundamentaily dif-
ferent ways. Volatiles recondense to highly graphitized soot-BC, whereas the solid residues form
char-BC. Both forms of BC are relatively inert and are distributed globally by water and wind via
fluvial and atmospheric transport. We summarize, chronologically, the ubiquity of BC in soiis and
sediments since Devonian times, differentiating between BC from vegetation fires and from fossil
fuel combustion. BC has important implications for various biological, geochemical and environ-
mental processes. As examples, BC may represent a significant sink in the global carbon cycle,
affect the Earth’s radiative heat balance, be a useful tracer for Earth’s fire history, build up a
significant fraction of carbon buried in soils and sediments, and carry organic poilutants. On land,
BC seems to be abundant in dark-colored soils, affected by frequent vegetation burning and fossil
fuel combustion, thus probably contributing to the highly stable aromatic components of soil or-
ganic matter. We discuss challenges for future research. Despite the great importance of BC, only
limited progress has been made in calibrating analytical techniques. Progress in the quantification
of BC is likely to come from systematic intercomparison using BCs from different sources and in
different natura} matrices. BC identification could benefit from isotopic and spectroscopic tech-
niques applied at the bulk and molecular levels. The key to estimating BC stocks in soils and
sediments is an understanding of the processes involved in BC degradation on a molecular level. A
promising approach would be the combination of short-term laboratory experiments and long-term

fieid trials.

1. Introduction

Black carbon (BC) is produced by incomplete combustion of
fossil fuels and vegetation [Goldberg, 1985}. BC can be under-
stood as a continuum from partly charred plant material through
char and charcoal to graphite and soot particles recondensed from
the gas phase, with no general agreement on clear-cut boundaries
[Seiler and Crutzen, 1980}. BC is purely terrestnal in origin and
occurs ubiquitously in soils and terrestrial sediments and is cou-
pled to a common marine fate via fluvial and atmospheric trans-
port {Goldberg, 1985]. In recent years, geochemical and biologi-
cal studies of different forms of BC, such as plant chars, char-
coals, and soots, have received increasing attention owing to their
potential importance in a wide range of biogeochemical
processes. As examples, BC may represent a significant sink in
the global carbon cycle [Kuhlbusch, 1998a], affect the Earth’s ra-
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diative heat balance {[Crutzen and Andreae, 1990}, be a useful
tracer for Earth’s fire history [Bird and Cali, 1998}, build up a
significant fraction of carbon buried in soils [Skjemstad et al.,
1996; Schmidt et al., 1999} and sediments {Masiello and Druffel ,
1998}, and act as an important carrier of organic pollutants
{Gustafsson and Gschwend, 1997} or heavy metals [Hiller and
Briimmer, 1997]. The presence of BC may also have led to an
overestimation of marine organic productivity [Verado, 1997}
and soil humus content {Skjemstad et al. , 1996]. In soils, BC may
produce highly aromatic humic acids that can interfere with ex-
tracts from soil humic substances [Haumaier and Zech, 1995;
Skjemstad et al., 1997]. In addition to burning vegetation, fossil
fuel combustion presently also contributes similar amounts of
aerosol BC to the global biogeochemical cycle of carbon
[Kuhlbusch, 1998a] and up to 80% of the total soil organic carbon
[Schmidt et al., 1996]. Charred particles from both biomass
burning and fossil fuel combustion share a relative lack of (bio)
chemical reactivity and thereby strongly resist decomposition
over a geological timescale. For example, BC residues are con-
stituent of many coals dating back to the Devonian {Taylor et al.,
1998].

The purpose of this review is to introduce different scientific
communities, including soil, sediment, and marine geochemists
and biologists, to the many different aspects of the global impor-



778

tance of BC. BC has been studied in a variety of widely separated
scientific fields, with the result that essentially no generally
accepted analytical protocols, terminologies, and conceptual
approaches exist. Independent literatures on BC continue to
develop depending on the medium (soil, sediment, atmosphere, or
water), timescale (pre-Quaternary versus Quaternary), analytical
approach (qualitative versus quantitative) and operational defini-
tions (optical properties, chemical and thermal resistance, or indi-
rect evidence). A combination of knowledge on BC coupled with
a carefui calibration of analytical techniques holds promise for a
better understanding of data obtained in biogeochemical, envi-
ronmental, and agricultural studies. Since the 1980s, increasing
interest in fire, and thus the formation of BC in the global carbon
cycle, resulted in a series of interdisciplinary conferences and
monographs which attempted to integrate approaches and find-
ings of traditionally separate scientific disciplines {Clark et al.,
1997; Crutzen and Goldammer, 1993; Zepp and Sonntag, 1995].

With this review we want to bridge the gap between
disciplines and enhance familiarity with information contained in
literature from the fields of coal petrology, palynofacies, paly-
nobotany, fire ecology, and marine, environmental, and soil
chemistry. We point out the variability of analytical techniques
and the ubiquitous presence of BC originating from vegetation
burning and fossil fuel combustion in the geological record and in
contemporary sediments and soils. To facilitate access to litera-
ture of the different scientific disciplines, we focus on recent and
generally available publications providing access to further lit-
erature, rather than a comprehensive literature review.

2. Definitions, Fluxes, and Analytical Approaches

2.1. Definition

There is no unambiguous definition of the carbonaceous resi-
dues resulting from incomplete combustion of plants, wood, and
fossil fuel {Goldberg, 1985]. In soils and sediments these residues
often coexist with two other forms of carbon, i.e., thermally un-
altered organic carbon (e.g., decaying plant material) and in-
organic carbon. Numerous terms have been used to describe these
organic particles, which vary with techniques of isolation and
scientific discipline. For example, definitions in coal petrology
are based mainly on optical and chemical properties. Numerous
terms were introduced to describe the black, opaque constituent
of coal often displaying cell morphology, e.g., fusain, fusinite,
and subgroups, mineral charcoal, Faserkohle, Russkohle, and
charbon fibreux [Stach et al., 1982; Taylor et al., 1998]. Astro-
physical, atmospheric, and environmental science terms include
elemental, polymeric, graphitic, free or black carbon, carbon
black, char, charcoal, soot, and graphite. However, there is no
generally accepted terminology for BC, as summarized elsewhere
[Jones et al., 1997; Kuhlbusch et al., 1996}. For simplicity we
will use the term BC, unless the authors of the referenced litera-
ture introduced a different term.

2.2. Formation

Formation of BC can occur in two fundamentally different
ways. The volatiles recondense to highly graphitized soot-BC,
whereas the solid residues form char-BC. Soot-BC forms via
small molecules that are released by pyrolysis and subsequently
recombine by free radical reactions. The randomness of these re-
actions results in a characteristic, but widely varying, spectrum of
products, including polycyclic aromatic hydrocarbons (PAH) and
graphitic moieties. Char-BC forms during the flaming and smo}-
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Figure 1. Black carbon formation from vegetation fires is
dependent on burning efficiency, as exemplified for grasses (line)
and two samples from deciduous wood (data from Kuhlbusch and
Crutzen [1995]). At low burning efficiency (i.e., volatilized
carbon), not all biomass is exposed to thermal degradation,
yielding only a small amount of black carbon. With increasing
burning efficiency, formation of BC increases up to a maximum
conversion rate (1.8 £ 0.2%) of initial carbon to black carbon at
90 % buming efficiency, which is common for savanna fires
{Kuhlbusch et al, 1996]. With further increasing volatilization
the exposed plant material, pius the newly formed black carbon,
undergo thermal alteration until all black carbon is consumed.
Black carbon formation in the two deciduous wood samples is
larger by a factor of 2—3, probably owing to the physically more
dense structure, delaying access of oxygen.

dering phases of combustion, when oxygen reacts with carbon
that builds up on solid fuel surfaces. At this stage, fuel gases pro-
duced by pyrolytic reactions are insufficient to maintain the flame
envelope, and oxygen must diffuse to the fuel surface to maintain
combustion. Turbulence in the combustion zone enhances this
transport and oxidation at the fuel surface provides heat evolution
and heat feedback to accelerate pyrolytic reactions and volatiliza-
tion of fuel gases [Shafizadeh, 1984; Ward, 1990}. BC is formed
in an exothermic reaction occurring at temperatures between 280°
and 500°C. In nature, BC is a common product of wildfires {Cope
and Chaloner, 1980; Komarek, 1972}. Increased ground tem-
peratures during wildfires are restricted to the top 30-40 mm of
soil and may vary between 200° and 500°C for many fires, being
lowest for grassland fires (50°-80°C) and highest for scrubland

wildfires (700°-1000°C) {Raison, 1979; Scott, 1989].

The amount and type of BC produced by a fire (Figure 1) is
influenced by the fuel type, fuel load, fuel condition, weather
conditions, substrate heterogeneity, fire intensity, and duration of
the fire [Kuhlbusch et al., 1996; MacDonald et al., 1991; Patter-
son et al., 1987; Shafizadeh, 1984). Consequently, the quantity of
natural BC produced and its composition can vary greatly. Pro-
duction of BC has increased during the last centuries, owing to
dramatically increased deforestation, shifting agriculture, plus
coal and oil combustion for industrial energy supply. Global an-
nual estimates for the formation of BC for the 1980s range from
40 to 600 Tg (=10'? g) from burning vegetation and 7-24 Tg by
fossil fuel combustion [Crutzen and Andreae, 1990; Kuhlbusch
and Crutzen, 1995; Penner et al., 1993). The spatial and temporal
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distributions of these sources vary, depending on the ecosystem,
climate, living standard, and population density. Annual cycles of
combustion of vegetation and fossil fuel depend on regional cli-
mate (fire season), and higher fossil fuel consumption occurs
during winter for domestic heating. Combustion of fossil fuels is
an important source of BC mainly in the highly industrialized
countries, e.g., North America, Europe, and Japan [Crutzen and
Andreae, 1990; Penner et al., 1993].

The chemical structure of BC is highly aromatic, and carbon
can form manifold forms of solid structures because of its ability
to occur in different hybrdization states (Figure 2). Carbon atoms
in the sp’ hybridization state form diamond structures, whereas

sp’ hybridized carbon build up planar graphite structures. Mixed
hybridization states form curved structures, which in the perfect
form, are closed spheres (fullerenes). BC formed by vegetation
fires often consists of randomly orientated stacks of few graphitic
layers (Figure 2c). The short-, medium-, and long-term order of
BC depends on combustion conditions such as temperature and
the moisture content of the fuel. Structure and reactivity of BC
was studied using Fourier transform infrared (FTIR) spectroscopy
in combination with ozonation studies by several workers [Akhter
et al., 1985a; b; Sergides et al., 1987; Smith and Chughtai, 1995}.
The proposed structure for BC formed from n-hexane under labo-
ratory conditions in the flame (Figure 2) exemplifies one of the
more aromatic structures of BC.

Figure 2. Basic structural units and two principal structures of black carbon. (a) Black carbon as formed in the
laboratory [Sergides et al., 1987], forming (b) basic structural units of three to four layers [ Heidenreich et al., 1968].
(c) Randomly oriented basic structural units consisting of a few graphite layers (here shown in a two-dimensional
schematic diagram). (d) Onion-type particle with several condensation seeds [Heidenreich et al., 1968). Sergides et
al. {1987] reprinted from Appl. Spectrosc., 41, Sergides, C.A., J.A. Jassim, A.R. Chughtai, and D.M. Smith, The
structure of hexane soot, part III, Ozonation studies, 482-492, 1987, with permission from the Society for Applied
Spectroscopy, and Heidenreich et al. [1968] reprinted from J. Appl. Crystallogr. , 1, Heidenreich, R.D., W.M. Hess,
and L.L. Ban, A test object and criteria for high resolution electron microscopy, 1-19, 1968 with permision from the

International Union of Crystallography.
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2.3. Loss Processes

BC is generally considered to be (bio) chemically relatively
inert. Its presence in the sedimentary record back to Devonian
times, in terrestrial environments over thousands to millions of
years, and in glacial and lacustrine sediments of the late Quater-
nary are cited as evidence of its extreme resistance to degradation
(Table 1). However, it would seem degradation does occur at the
Earth's surface. Goldberg {1985} calcuiated, on the basis of the
estimates of global biomass burmning of Seiler and Crutzen {1980},
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that without degradation it would take <100,000 years to convert
the Earth's surface carbon to BC. Clearly, this is not the case.
However, there is little direct evidence for photochemical and
microbia} oxidation, the two mechanisms proposed for the degra-
dation of BC. Some studies have suggested microbial degradation
of BC in soils. Goldberg [1985] described work by Potter {1908}
leading to the proposal that microorganisms could slowly oxidize
amorphous carbon. Shneour {1966} suggested microbial degrada-
tion to account for the release of '*CO; from labeled graphite that
was mixed with soil and the subsequent reduction in specific

Table 1. Analytical Techniques for the Determination of Black Carbon in Sediments and Soils

Material Studied Method

Reference

Pretreatment Oxidation

Determination

Optical Techniques

Soil - - visual Pessenda et al. {1996}, Saldarriaga
and West {1986}, and Sanford et al.
{1985}

Acrosol collection plates - microscopy Schultz [1993}

Sediment thin section - microscopic counting Clark [1988b] and Clark and
Hussey [1996]

Sediment HCI, HF, density sep. - microscopy Kruge et al. {1994}

Sediment HCI, HF H, 0, counting Kershaw [1986]

Plant/laboratory experiment ~ HCI, HF - SEM Jones and Chaloner {1991}

Forest soils, N-Sweden HCl, HF H,0, MICroscopy Wik and Renberg {1987}

Thermal Techniques
Aerosol filtration 100-700°C transmissivity Chylek et al. [1995, 1987}

Plant, aerosol
Plant, aerosol
Soot in sediments
Plant, soil

Sediment, marine, K-T
Sediment

Sediment

Sediment marine
Plant, synthetic soti
Synthetic sediment
Soil, plant

Sediment

Sediment

Sediment, marine, lake,
K-T

Soil with coal/charcoal
Sediment, soil, plant

Sediment, K-T
Sediment, Boston harbour

Sediment, peat

HCI, filtration
solvent extraction
grinding

grinding

HCL HF
HCI, HF
HCY, HF
HC}

HCl
HCl, HF
sieving
HCl, HF
HC1
HCI, HFl

size fractionation, HF
HCI, HF

solvent extration

solvent extraction

340°Cfor2h
340°Cfor2h
375°C for 24 h

combustion
Chemical Techniques

Cr,07%, H,S0y, 50°C
KOH, H,0,, 55°C 48 h
KOH, H,0,, room °C 24 h
HNO; hot

HNO;, 170°C

H,0,, KOH

UV photo-oxidation

KOH, H,0;, room °C 24 h
HNO; hot

Cr, 0%, H,S0,, 55°C 60 h

Cr,0,%, HyS04, 60°C 72 h +
KOH, H,0, 60°C 8 h

Indirect Evidence

coulometry
GC/mass balance

HCI, elemental analysis

mass balance

mass loss, titration
counting

combustion, MS

GC

derivatization, GLC
IR

C NMR, coulometry
IR

combustion, MS
coulometry

Cachier et al. {1989]
Kuhlbusch {1995}
Gustafsson et al. [1997]
Fearnside et al. {1993}

Wolbach and Anders {1989}

Odegaard {1993} and Rose {1990}

Emiliani et al. [1991}
Verado {1997}

Glaser et al. {1997}

Smith et al. {1975}
Skjemstad et al. {1993, 1996}
Herring [1985]

Winkler[ 1985, 1994}

Lim and Cachier, 1996}

microscopy, BC NMR, "C Schmidt et al. 11996}

combustion, MS

GC-MS, PAH content

GC-FID, PAH partitioning McGroddy and Farrington {1995},

magnetic susceptibility

Bird and Grécke {1997}

Killops and Massoud [1992} and

Venkatesan and Dahl, 1989}

McGroddy et al. [1996]
Thompson and Oldfield [1986}

Cry07%, dichromate; HF, hydrofluoric acid; HC!, hydrochloric acid; H20;, hydrogen peroxide; HNOs, nitric acid; H,SOs,
sulfuric acid; KOH, potassium hydroxide; K-T, Cretaceous-Tertiary boundary; GC, gas chromatography; PAH, polycyclic
aromatic hydrocarbon; MS, mass spectrometry; FID, flame 10nization detector; GLC, gas liquid chromatography; IR, infrared
spectroscopy; SEM, scanning electron microscopy; NMR, nuciear magnetic resonance; PAH, polycyclic aromatic hydrocarbons.
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activity of the residual '*C in the soil. When sterilization by a
number of different methods was used as a control, evolution of
1Co, was negligible. Shindo [1991] incubated charred grassland
plants in volcanic ash soil at 25°C under moist conditions, and
after 40 weeks, the pattern of CO; evolution was almost the same
as that in the system containing soil only, indicating the charred
materials were hardly decomposed. In comparison, there was
initial evolution of CO; from the soil amended with noncharred
plant matenal. At a fire trial site in well-aerated sandy savanna
soils, Bird et al. {2000} found that BC could be significantly de-
graded on a decadal to centennial timescale. From stable carbon
isotopic data they concluded that BC in coarse particle size
classes progressively degraded, becoming part of finer particle
size classes with a concomitant increase in resistance to oxidative
degradation owing to progressive loss of more reactive compo-
nents. Herring [1985] measured BC particles in Cenozoic sedi-
ments of the North Pacific Ocean. Preferential degradation of
smatller particles with higher surface area to volume ratio wouid
be expected, but no consistent trend in size distribution through
the sediment column was found, implying no chemical or bio-
logical destruction of BC after deposition. Winkler [1985] indi-
cated that the organic components of BC can undergo acidic
breakdown in anaerobic sediments of bogs and lakes, a break-
down which was continued in the iaboratory when nitric acid
treatment was used in the assay technique. A marine turbidite in
the Madeira Abyssal Plain provided first direct evidence for an
extensive BC degradation (64%) 1in marine sediments
{Middelburg et al., 1999]. These observations indicate that the
degradation rates of BC may vary in relation to particle size,
chemical composition, environmental setting, and the timescale
of the study. More impure, iess aitered BC may be more prone to
alteration.

Features which BC shares with coal are polycyclic aromatic
rings as a main constituent and probably also small pores inacces-
sible to microorganisms. Relative to other organic substances,
coals seem to offer few sites for microbial degradation [Cohen
and Gabriele, 1982}. Effective microbiai degradation of coal re-
lies on extraceliular oxidative enzymes {Fakoussa, 1992}. For
brown coal, Willman and Fakoussa {1997} observed that the deg-
radation depends on the presence of an easily availabie source of
organic carbon, similar to cometabolic process of lignin degrada-
tion. Wood- and leaf-decaying fungi have proven their ability to
degrade brown coal [Hofrichter et al., 1999]. Lifetime of pyrite-
free bituminous coal in air-saturated water (24°C) was estimated
to be 8000 years for 10 pum particles and 80,000 years for 100 pm
particies [ Chang and Berner, 1999].

2.4. Identification and Quantification of BC

Differentiation between sources of BC has been attempted on
the basis of morphology [Griffin and Goldberg, 1975; Suman et
al, 1997}, elemental composition, and particle size [Clark,
1988a]. There is, however, no parameter that allows unam-
biguous source distinction. Particle size distribution of BC found
in sedimentary environments is influenced by the combustion
process and fuel type and by dispersal and depositional mecha-
nisms. A bimodal size distribution of BC particles is produced in
the burning process with submicron, framboidal particles formed
in the vapor phase and larger charred particles, from tens of mi-
crons upward, which morphologically reflect the fuel structure
and nature of combustion [Goldberg, 1985; Ward, 1990). Part of
the BC is transferred away from the site of the fire immediately
following combustion, and some is temporarily stored in surface

soils [Griffin and Goldberg, 1975]. BC residues are very suscep-
tible to erosion by wind or water [Clark, 1988a; Patterson et al.,
1987]. Large (> 50 pm) BC particles primarily originate from
local fires, whereas smal}l charcoal particles predominantly indi-
cate noniocal fires [Clark, 1988a, b, Clark and Royall, 1995].
Laboratory analysis procedures can aiso bias size distributions
[Patterson et al., 1987}. Clark {1988b]} compared two methods of
BC analysis: pollen slides for particles 5-80 ym in diameter and
petrographic thin sections for particles 5-10,000 pm in diameter.
This study indicated that aerodynamic differences between
particles arise from the relationship between diameter and critical
and depositional velocities. Particles >50 um diameter, which are
deposited closer to fire sites, are of greater value in detecting
remnants of local fires, whereas BC on pollen slides can be used
to interpret the importance of fire on broad spatial and temporal
scales. The morphology of BC and associated particles origi-
nating from industrial processes, such as coking, combustion, and
steel production, and found in soils (Figure 3) can provide source
identification and estimation of formation temperatures [Bailey et
al., 1990; Schmidt et al., 2000].

Analyses of BC in sediments and soils basically have to
differentiate between three different forms of carbon, i.e., inor-
ganic carbonates, thermally unaltered organic carbon, such as
humic substances or plant material, and BC. Methods for BC
determination can be divided into optical, thermal, chemical, and
indirect categories. The first three methods rely on the
assumption that the three carbon classes can be distinguished by
their volatility, oxidizability, and their optical and chemical
properties. Violations of these assumptions vary in degree with
sample composition, characterization, and method and thus resuit
in operational definitions. A lack of accepted standard materials
and terminologies aiso makes interlaboratory comparisons diffi-
cult. Published methods are listed in Table 2. We summarize the
principal approaches here; a more detailed analytical review is
given by Kuhlbusch [1998b}.

Microscopic methods also are a direct resuit of palynological
studies because micron-size BC particles are isolated along with
pollen. Microscopic techniques are often applied because optical
properties are some of the most diagnostic for BC, and the re-
quired expertise and equipment are often available in geoscience
laboratories. BC is either quantified in situ on petrographic thin
or polished sections, extracted from the matrix by sieving, or
concentrated by chemical methods. The preparation and exami-
nation of thin sections or polished sections with different sources
of light and analytical measuremenis is well documented in
geoscience and soil science literature, e.g., Cady et al [1986],
and not discussed here. The same is true for sieving, which in-
volves sequential washing through sieves differing in mesh sizes
and subsequent separation for identification and counting.
Chemical digestion for the isolation of BC involves steps to de-
flocculate sediments (e.g., hot potassium hydroxide, KOH) and to
remove carbonates (hydrochloric acid, HCl) and silicates
(hydrofluoric acid, HF). Only the most recalcitrant minerals (e.g.,
pyrite) and organic particles (e.g., pollen or charcoal) remain and
are suspended in oil and mounted on glass slides for microscopic
investigation. Depending on the particle size and method, micros-
copy can be performed by stereoscope, light microscope, and
scanning (SEM) or transmission electron microscope (TEM).
Charcoal concentration is then measured on an areal basis,
although this is time consuming and relies on the correct differen-
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Table 2. Black Carbon in Soils and Sediments since the Devonian from Vegetation Fires and Fossil Fuel Combustion

Strata

Black Carbon Identified

Reference(s)

Proterozoic
Low-grade metamorphized shungite

Devonian
Gedinian

Carboniferous
Mississippian
Illinois coals
Pennsylvanian coals
Marine sediments

Permian
Gondwana coals

Jurassic

Fluviatile, coastal, deep marine sediments

Gondwana coal, India, Australia
Coal, Russia

Cretaceous
Coal, USA
Coal bed in Colorado, USA

Cretaceous/Tertiary (K/T) boundary
Marine sediment (boundary clay)
New Zealand, Spain, Turkey
Sediment, Mexico
Sediment, USA

Tertiary
Miocene Niger Delta sediments
Miocene brown coal
Brown coal

Quaternary
BC from vegetation fires

Marine sediments,
Atlantic, Pacific, Mediterranean

Lake sediments

Sediments, biomass burning in Australasia,

Central and South America, Africa
Soils, South America

Soils, Australia

Soils, Germany

Fluvial sediment or soil

Soils, savanna, South Africa
BC from fossil fuel combustion

River sediment

Marine sediment

Harbor sediments, United States

Lake sediments

Forest soil, Sweden
Forest soil, Germany
Agricultural soil, Germany

fullerenes

fusinized tissue of fossil wood
charred fossil wood

inertinite 9-16%

fusain 8-14 vol.%

fusain

fusain 20-85%

charcoal

fusinite
fusinite up to 25%

high proportions of inertinite
fusinite

elemental C (soot, charcoal)

fossil charcoal, fusinite
evidence for fire

charred grass cuticle
charcoal
fusain up to 1% fusain

BC particles

BC in sediments

charcoal in soils

charcoal up to 30% of soil organic matter

charcoal up to 45% of organic C
black carbon from savanna fires

charcoal from Roman ore smelters
fly ash
indirect evidence for a soot-like phase

fly ash

carbonaceous spherules

combustion residues, bituminous coal
brown coal, combustion residues

Ebbesen et al. {1995} and Parthasarathy et al. {1998}

Burgess and Edwards {1988}

Beck et al. {1982}

Harvey and Dillon {1985}
Robinson {1997} compilation
Nichols and Jones [1992]

Cook [1975}, Taylor and Cook {1962} and Taylor et al. {1989}

Cope and Chaloner {1980}, Harris [1958] and Jones and
Chaloner {1991}

Beeston {1987} and Taylor et al. {1989}

Lapo {1976}

Kalkreuth and Leckie {1989}
Tschudy et al. {1984}

Wolbach et al. [1985; 1988, 1990] and Wolbach and Anders
{19891

Kruge et al. {1994}

Venkatesan and Dahl {1989}

Morley and Richards {1993}

Kershaw et al. {1993}

Robinson {1989}, Robinson et al. [1997} compilation of
Pennsylvania State University database

Griffin and Goldberg {1975}, Herring {1985}, Lim and Cachier
{1996}, Middelburg et al. {1999}, Smith et al., {1975}, Suman
{1986} and Verado and Ruddiman [1996}

Clark [1988a, 1988b}, Clark and Royall {1995}, Cwynar [1978],
Swain {1973, 1978] and ; Waddington [1969]

compilation by Kershaw et al. {1997} with ~40 references
describing charcoal and fire history

Pessenda et al. {1996}, Saldarriaga and West {1986} and
Sanford et al. {1985}

Skjemstad et al. {1996}

Schmidt et al. {1999]

Anderson and Smith {1994}

Kuhlbusch et al. {1996}

Foellmer et al. {1997}

Dueser et al. [1983}

Gustafsson and Gschwend [1998}, McGroddy and Farrington
[1995), McGroddy et al, [1996]

compilation by Wik and Renberg [1996]

Wik and Renberg [1987]

Schmidt et al. [2000]

Schmidt et al. [1996}
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Figure 3. Airborne carbonaceous particle in a German forest soil originating from industrial coal processing. This
char sphere has a maximum diameter of 200 um and probably was formed in steel smelters at temperatures of
1500°C. Included in these spheres are coal particles, mainly inertinite particles, which probably already were
formed in Carboniferous swamps. The particle was found in the mineral horizon of a Podzol. [Schmidt et al., 2000].

tiation among charcoal, pyrite, and other opaque or dark-colored
debris. Advantages of optical methods include the potential for
particle size analysis and morphological description which can
give information on sources and transport distances. Charcoal
identification by light microscopy, however, is limited by size to
approximately >10 um. Coupling electron microscopy and
chemical analyses by energy dispersive X-ray spectrometry
(EDX) provides additional information on the elemental compo-
sition of the particles. Quantification of aerosol BC particles col-
lected on filter papers can be conducted by measuring light ab-
sorption.

Thermal techniques often are applied for analysis of atmos-
pheric BC particles (Table 2). These methods typically rely on
the combustion of a sample in oxygen, thereby converting all
carbon to COy, which can then be measured. Carbonate content is
calculated by comparing results between HCl-treated and un-
treated samples. Separation of BC relies on the assumption that

temperature conditions can be chosen to thermally oxidize other
organic carbon while BC remains nonvolatile. Such methods, de-
veloped for atmospheric BC particles, are not directly applicable
to a complex matrix as found in soils and sediments. Soils and
sediments may have lower BC concentrations and may also have
closely associated macromolecular organic matter, which is not
easy to thermally degrade or volatilize. Because BC comprises a
continuum of compounds, a single “true” thermal limit does not
exist for this heterogenous component, and an operationally de-
fined cutoff temperatures need to be set empirically.

Chemical techniques often involve removal of carbonates and
silicates as a pretreatment step. To remove kerogen, humic sub-
stances, and other organic material, chemical oxidants, such as
acid dichromate, nitric acid, hydrogen peroxide or UV light, are
used, often in combination and at different temperatures. The
resistant carbon fraction can then be characterized by counting,
elemental or isotopic composition, molecular tracer techniques
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{Glaser et al., 1997], and spectroscopic methods, such as infrared
{Herring, 1985}, raman, nuclear magnetic resonance [Skjemstad
et al, 1993, 1996}, and mass spectroscopy {Bird and Gricke,
1997; Winkler, 1985, 1994].

Indirect evidence for the presence of BC can be obtained by
magnetically enhanced secondary ferrimagnetic oxides, which
may be formed in the burning of soils. Changes in magnetic sus-
ceptibility and saturated isothermal remnant magnetization can
aid in the interpretation of fire history because the magnetic
values of burnt soils can be several orders of magnitude greater
than those of unburned soils {Rummery, 1983]. Another form of
indirect evidence for the presence of BC is its ability to act as a
strong partition medium for PAH in aquatic systems [Gustafsson
and Gschwend, 1997).

Summarizing, an enormous range of analytical approaches
have been applied to determine the content of BC in soils and
sediments. The problem with the large variation in BC methods is
that BC is a continuum of thermally altered material, whereas
many methods rely on operational definitions with clear-cut
boundaries leading to incomparable results. Sizes and positions of
analytical windows strongly depend on objectives of the study
(e.g., quantification of BC, assessing fire history etc.), and vary
with the associated matrix (aerosol, soil, or sediment). Very little
is known about the comparability of the chemical and physical
properties of the BC components measured by the individual
methods. Systematic intercomparison exercises on well-defined
standard materials could help immensely to circumvent these
problems and allow more accurate determinations of BC types
and fluxes in sediments and soils.

3. BC Distribution in Sediments and Soils

BC is distributed via wind and water to many natural envi-
ronments inciuding soils, peat bogs, lake sediments, and marine
sediments. The distribution of BC in the environment is depen-
dent both on the amount of BC produced and its subsequent
dispersal, deposition, and preservation throughout the geological
record. Major sources of BC have included burning vegetation,
now augmented by increasing contributions by fossil fuel com-
bustion.

3.1. Devonian to Tertiary

BC in the form of fullerenes has been detected in low-grade
metamorphosed Proterozoic rocks [Ebbesen et al, 1995;
Parthasarathy et al., 1998}. Burning vegetation has produced BC
since the Late Devonian 350 Ma), as evidenced by the local
abundance of charcoalified plant fragments, called inertinite, in
many post-Devonian sedimentary sequences {Cope and Cha-
loner, 1980; Goldberg, 1985; Jones and Chaloner, 1991}. Over-
all, inertinite seems to be ubiquitous, though not abundant, in
most Carboniferous coals (Table 1). There are exceptions, such as
fusinite-rich coal seams in the German coal fields in Zwickau and
Ibbenbiiren and vast quantities of charcoal in Lower Carbonifer-
ous carbonates and clastics of Ireland. The latter were interpreted
as the product of a single catastrophic wildfire in a former coastal
environment {Falcon-Lang, 1998]. Debate on the recognition and
origin of fossil charcoal (fusain) in the geological record was re-
viewed by Scott [1989], who produced experimental criteria for a
wildfire origin by comparing chars produced in the laboratory
with fossil material. Random reflectance of charcoal has been
shown to increase linearly with temperature of formation {Jones
and Chaloner, 1991; Kruge et al, 1994]. When the correlation
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was applied to Carboniferous fossii charcoal from Yorkshire coal
measurements, a paleowildfire temperature of 370°-480°C
+100°C was indicated, which is consistent with temperatures re-
corded for modern wildfires. Winston [1993] presented further
evidence against the existence of fusinite formed without under-
going charring or oxidation (primary fusinite) and fusinite formed
owing to decay or degradation (degradofusinite). The acceptance
of a fire origin for at least some fusain has enabled its use as an
indicator of wildfire since at least the Late Devonian, with broad
implications for palecatmospheric oxygen content.

Paleoatmospheric oxygen concentrations have been estimated
using the occurrence of BC in the geological record as an indica-
tor [Cope and Chaloner, 1980]. During pyrolysis, gases are
generated which support the combustion of wood. As the avail-
ability of oxygen decreases, the temperature range for combus-
tion of these gases is restricted, eventually to a level below which
there is no combustion. The minimum atmospheric oxygen con-
tent required to initiate and maintain this combustion process has
been determined by several workers [Chaloner, 1989; Cope and
Chaloner, 19801. On the basis of these data it is generally agreed
that if the oxygen content fell below a factor of 0.6-0.7 of the
present atmospheric level (13-15 mol % oxygen), combustion of
plant material by wildfire could not occur. The fairly continuous
record of plant material with charcoal characteristics since the
Late Devonian suggests that the oxygen level has been sufficient
to support wildfires. A maximum oxygen level of 35 mot % has
been suggested by Chaloner {1989} on the basis of the flam-
mability of vegetation. In the absence of anthropogenic influence
most wildfires are ignited by lightning strike {Cope and Cha-
loner, 1980; Watson et al, 1978]. At the present atmospheric
ievel of oxygen, only dry lightning would initiate fire. At a raised
oxygen content of 25 mol %, vegetation at the fiber saturation
point has a significant chance of ignition even in a rainstorm, and
the probability of fire ignition becomes extremely high. Owing to
this increased likelihood of ignition and combustion, Watson et
al. {19787 conciuded that the existence of land-based vegetation
is incompatible with atmospheric oxygen levels of 25-35 mol %.
Thus the presence of charcoal in the environment indicates a
minimum limit for the oxygen content of the atmosphere near 15
mol %, and the absence of totai combustion of vegetation pro-
vides an upper iimit of ~35 mol %.

The Cretaceous/Tertiary (K/T) boundary ~66 million years
ago is marked by massive extinctions on a global scale. The cause
of this global catastrophe has been variously attributed to impact
by a meteorite and massive terrestrial volcanism. Debate contin-
ues on the actual cause of these extinctions, including the impact
of a global winter [McLean, 1991} and the possibility of wildfires
on a global scale as evidenced by BC in the geological record
(Figure 4). Graphitic carbon was found in clay samples from the
K/T boundary at much higher concentration than in adjacent
strata [Wolbach et al., 1985]. The mean carbon abundance of
0.021 g cmi' represents a worldwide flux 10* times the present
flux [ Goldberg, 1985} and 10* times that of the Late Cretaceous-
early Tertiary, as determined from samples immediately above
and below the K/T boundary. Scanning electron microscopy indi-
cated a bimodal size distribution, with submicrometer particles
having morphologies characteristic of BC derived from flaming
combustion as soot, and large micrometer particles were similar
to those obtained from forest fires. Wildfires were postulated as
the source of the charcoal layer. Subsequent work by Wolbach et
al. 1988} was improved with better techniques, which allowed
the resolution of kerogen and elemental carbon and for the esti-



SCHMIDT AND NOACK: BLACK CARBON IN SOILS AND SEDIMENTS

"’l‘ F 3

£

Figure 4. Charred organic particles from the Creataceous-Tertiary (KT) boundary layer, as seen by reflected light
microscopy [Kruge et al., 1994]. The morphology is typical forxylem cell structures from plants, both in (a) cross
and (b) longitudinal section. The chemical structure, however, was typical for products of partial combustion. Ana-
lytical pyrolysis—gas chrormatography—mass spectrometry revealed a highly (poly) aromatic character. Reprinted
from Geochim. Cosmochim. Acta, 58, Kruge, M.A., A.B. Stankiewicz, J.C. Crelling, A. Montanari, and D.F. Ben-
sley, Fossil charcoal in Cretaceous-Tertiary boundary strata: Evidence for catastrophic firestorm and megawave,

1393-1397, 1994, with permission from Elsevier Science.

mation of the proportion of the fine soot and coarse carbon frac-
tions of the elemental carbon. Their refinements showed that soot
enrichment coincides with the iridium layer and suggested that
the fire was triggered by meteorite impact.

Herring [1985] calculated BC fluxes from charcoal concen-
tration and sediment accumulation rates in Cenozoic sediments
from deep-sea cores of the North Pacific Ocean. Charcoal con-
centrations were consistently greater in Holocene than older
sediments. Charcoal fluxes were small through the Paleogene and
began to increase in the Neogene to ~2 orders of magnitude
greater in the late Neogene. Chemical or biological destruction of
the charcoal in older sediments was ruled out on the basis of con-

sistent size distributions of charcoal particles throughout the
sediment column. Increased charcoal flux was related to in-
creasing plant burning on land, which is consistent with paleo-
botanical and paleoclimatical evidence, indicating an increasingly
cool climate throughout the Cenozoic and increased relative
abundance of temperate, more combustible plants. Charcoal
fluxes for the last 5 million years indicated the annual removal of
~10" g of carbon in this form from the atmosphere.

3.2. Quaternary

3.2.1. BC from vegetation fires. In lacustrine sediments,
there is considerable evidence of the presence and persistence of
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BC. For example, Singh et al. {1981] found that charcoal has re-
mained plentiful since ~120,000 years before present in the clay
sediments of Lake George, New South Wales, Australia. In the
200,000 year sedimentary record of Lynch's Crater, Queensland,
Australia, charcoal peaks corresponded with major vegetational
change and the abundance of charcoal increased by an order of
magnitude 35,000 years BP, coinciding with the arrival of
aboriginals, who through their use of fire, changed the vegetation.
Pollen and charcoal analysis of sediment from Rutz Lake, Minne-
sota, both indicated that fire was more frequent and severe during
the mid-postglacial warm period [Waddington, 1969}. Annuail
taminations, called varves, provided excellent time control in
sediments from the Lake of Clouds, Minnesota, and allowed the
calculation of charcoal and pollen influxes for comparison
through the postglacial period [Swain, 1973]. Peaks in the
concentration of charcoal were correlated with post 1690 AD
fires inferred by analysis of tree rings, and indices were devised
to identify peaks in charcoal attributable to fire. Further studies
[Swain, 1978} demonstrated a direct correlation between charcoal
in lake sediments and patterns of fire occurrence on a broad, re-
gional scale. Pollen, charcoal, aluminum, and vanadium analyses
were made on decadal segments of a 500 year section, spanning
750-1270 AD, of laminated sediment from Greenieaf Lake,
Algonquin Park, Ontario, Canada [Cwynar, 1978]. Peaks in char-
coal to pollen ratios were considered to indicate major fires, of
which six were identified.

In marine sediments, Smith et al. {1973] investigated charcoal
contents in samples taken from the top 150 mm of sediment of
Pacific Ocean deposits, representing an estimated 150,000 year
sedimentation history. Charcoal in pelagic sediments increased
from the southern equatorial regions northward, the latitudinal
zonation corresponding to distributions of nontropical forest.
Debris from burning biomass was transported through the lower
atmosphere by zonal wind systems. These were the easterly trade
winds of the eguatorial zone, blowing east to west, the mid-
latitudinal westerlies which were more intense at higher eleva-
tions, and the polar easterlies of relatively low intensity and high
variability. Reanalyzing this data, Suman et al. {1997} concluded
that BC in marine sediments varied not zonally but with distance
from continents.

BC is commonly found in soils as microscopic and macro-
scopic particles of charcoal. Although BC in soil is generally an
indicator of past fire, without the time constraints offered by
laminated sediments its use in the interpretation of fire history is
limited. BC is introduced to agricultural soils as a result of land
clearing practices, and subsequent straw buming would add
finely divided BC. In soils the formation of BC by savanna fires
is reported from southern Africa [Kuhlbusch et al., 1996}, with
>90% of the charcoal remaining on the ground after fires. Char-
coal seems to be common in soils of rain forests in the northern
central Amazon Basin, and '*C dating indicated the occurrence of
numerous fires since the mid-Holocene, with the earliest evidence
of fire predating evidence of human presence [Saldarriaga and
West, 1986; Sanford et al., 1985]. Isotopic data from charcoals
collected from soils suggested widespread occurrence of forest
fires in central Brazil during the Holocene [ Pessenda et al., 1996}
and in east Borneo in the late Pleistocene [Goldammer and
Seibert, 1989]. Thus fire disturbance appears to be a natural part
of rain forest ecosystems. Wildfires in tropical rain forest have
been observed in dry seasons, for example during the drought
years of 1982-1983, wildfires bumed in rain forest of east Borneo
[Goldammer and Seibert, 1989] and near San Carlos, Venezuela
[Sanford et al., 1985].
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Charcoal deposited at the soil surface is very susceptible to
erosion by wind and water. Griffin and Goldberg {1975] meas-
ured charcoal in soils from San Diego County and suggested
charcoal was not persistent in soil owing to resuspension and re-
moval. Nevertheless, analysis of soil profiles has indicated the
presence of charcoal throughout the soil profile; its persistence
being attributed to its inert nature. Charcoal fragments of milli-
meter dimension are incorporated into the soil either at the time
of deposition with aeolian silt, during mass movement, or by
biological or frost churning {Fedoroff et al., 1990}. Smalier frag-
ments of micrometric dimension are translocated to lower hori-
zons with clay particles [Fedoroff et al., 1990; Ohta et al., 1986].
The possibility of breakage and damage of charcoal pieces due to
abrasion during movement down the profile in the coarse fabric
environment of mineral soil was proposed for discussion by Pat-
terson et al. [1987]. It seems likely that charcoal would be physi-
cally broken down; however, this search of the literature did not
find any research testing this hypothesis.

Charcoal is commonly found in the light fraction of soils and
contributed up to 45% of the whole soil organic carbon in a num-
ber of Chernozemic soils in Germany [Schmidt et al., 1999} Spy-
cher et al. [1983] identified charcoal in the light fraction (<1.65
Mg m™) of a forest soil by scanning electron microscopy. The
charcoal, which was encrusted with colloidal soil materials that
had not been removed by the ultrasonic treatment, was irregularly
distributed down the soil profile, which was sampled to 83 cm
depth. This distribution biased the carbon to nitrogen (C:N) ratios
of the light fractions, which were very high (30.8-70.7), with
large standard deviations. This was particularly important at very
low concentrations of nitrogen where analytical errors also con-
tribute significantly to variance in the C:N ratio. Charcoal parti-
cles were found in the black humus of sandy grassiand soils with
C:N ratios >16, whereas the two sandy soils used with C:N ratio
<16 containing brown humus and the loams and clays containing
gray-colored humus did not contain charcoal [Hassink, 1994].
When the effect of soil texture on soil organic carbon and nitro-
gen contents and rates of mineralization were assessed, differ-
ences in C:N confused the relationships between these properties.
The presence of inert carbon as charcoal in the sandy soils with
high C:N ratio could explain the negative correlation between the
C:N ratio and carbon mineralization. .

Charcoal was found in the particulate organic matter (POM)
fraction (>53 um) of grassland soils by Cambardella and Elliot
[1992]. It was contained in the heavy fraction (>1.85 Mg m’) of
the POM and accounted for most of the carbon in this fraction,
representing 5-10% of the POM by weight. The charcoal compo-
nent would have increasing importance to the turnover rate of
POM with increasing decomposition of the other components.
Skjemstad et al. [1990] found charcoal in light fractions (<1.6 Mg
m) obtained from grassland and rainforest soils. The presence of
charcoal imposed uncertainties on the interpretation of 33C re-
sults, and consequently, charcoal was removed prior to analysis.

The presence of charcoal in soil can cause misleading inter-
pretations of soil organic matter parameters, such as content and
chemical structure of organic matter, mineralization rates, and
age as measured by 4C dating. As examples, concentrations of
“soil organic carbon” might be overestimated by dry combustion
owing to the presence of charcoal. Charcoal may produce humic
acids and thus may interfere with chemical extracts of humic sub-
stances [Haumaier and Zech, 1995; Skjemstad et al., 1996}.

3.2.2. C from fossil fuel combustion. With increasing human
activities the fraction of BC from fossi! fuel combustion has con-
tinuously increased. In lake sediments, particles from coal com-
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bustion have been identified by microscopy [Lim and Renberg,
1997; Renberg and Wik, 1985; Wik and Renberg, 1987, 1991].
BC from Lake Michigan was analyzed by Griffin and Goldberg
{1979; 1983] to determine the impact of fossil fuel consumption.
Sediments deposited after 1900 contained coal-, oil- and wood-
derived BC, whereas older sediments contained only wood
charcoal based on the morphology of the particles. The size
distribution also reflected the onset of the industrial revolution
and increased intensity of fossil fuel combustion during the
twentieth century. The <1 um fraction, primarily from burning of
wood, dominated prior to 1900, whereas after 1900, larger
particles, particularly >32 um, derived from burning of coal and
oil made a larger contribution to charcoal concentrations. The
input of larger particles is indicative of a shorter distance from
their major sources, the power plants along the shore of the lower
Lake Michigan Basin. A decrease in BC concentration in deposits
after 1960 to the time of the study was attributed to improved
emission controls on power plants and industrial facilities. In a
microscopic study of Lake Michigan sediments, Karls and
Christensen [1998] differentiated between coal-, wood-, and oil-
derived carbon particles and correlated this pattern to the local
combustion history between 1900 and 1990.

In soifs the potential influence of emissions from coal indus-
tries on the properties of soil organic matter has only recently
been recognized. Increased magnetic susceptibility in British soils
and peats gave indirect evidence for the presence of carbon-rich
particles, most likely originating from industrial combustion
[Thompson and Oldfield, 1986}. Coal, char and coke resulting
from recent industrial processes were found to be preserved in
urban soiis { Hiller and Briimmer, 1997}. In soils of highly indus-
trialized areas of Germany the atmospheric deposition of com-
busted particles and coal dust from coal processing industries
contributed up to 80% of the total soil organic carbon, which was
equivalent to 35 kg m  for the top 25 cm layer {Rumpel et al.,
1998; Schmidt et al., 1996; 2000}.

4. BC in Recent Soils and Sediments:
Implications

4.1. BC and Soil Organic Matter Composition

The presence of BC has been proposed as a source of highly
aromatic components of soil humic acids extractable from soils
{Haumaier and Zech, 1995; Skjemstad et al., 1996). Shindo et al.
{1986] found the physico-chemical and spectroscopic properties
of humic acids of charred residues from Miscanthus sinensis
(pampas grass) were similar to those from the A horizons of vol-
canic ash soils, indicating charred products of grassiand vegeta-
tion as a possible source of the A type humic acids found in Japa-
nese volcanic ash soils. Kumada [1983, 1987} compared humic
acids prepared from charred materials with soil humic acids.
Charcoal collected from soil horizons yielded the largest amounts
of humic acids, followed by samples picked up from bonfires.
However, commercial charcoal and cinder prepared by quenching
a wood fire contained no alkali-extractable materials until after
treatment with KClO3-HNOs, which seemed to indicate some de-
polymerization and carboxylation of the carbonaceous material
was required to make it extractable. Thus Kumada [1983] pro-
posed that carbonaceous products of plant combustion are
"weathered" under natural conditions to form parts of the humic
and fulvic acid fraction. Experimental burning increased propor-
tions of aromatic humic acids [Kumada et al, 1967, Kumada
1987}, whereas in other humic acids, aliphatic and aromatic car-

bon dominate [Tate et al., 1990}. Heating of some volcanic ash
soils above 250°C lowered yields of humic acids [Shindo and
Urabe, 19931

The higher aromatic carbon content of humic acids could be
due in part to a history of burning {[d/mendros et al, 1988].
Higher yields of aromatic products were obtained from humic
acids after heating, either in the laboratory at 160° and 210°C, or
from a forest soil burnt 2 years prior to sampling. Although high
yields of aromatic products and high benzene carboxylic-to-phe-
nolic ratios of degradation products has long been considered an
indication of a high degree of biological transformation, it has
now been shown that these properties can also be induced by
thermal alteration. Heating humic acids at 350°C increased the
proportion of aromatic structures observed by CPMAS "*C nu-
clear magnetic resonance (NMR), whereas alkyl, O-alkyl, and
carboxyl forms of organic matter were depleted [A/mendros et
al.,, 1992}. In later work on Japanese volcanic ash soils, Golchin
et al. [1997b] found by '>C NMR that soils managed as Miscan-
thus sinesis grassland by regular burning contained a greater pro-
portion of aromatic and carbony! carbons compared to sites left to
return to forest with cessation of burning. Using proton spin re-
laxation editing (PSRE), an NMR experiment which exploits dif-
ferences in relaxation properties between spatially distinct
domains, subspectra were generated. The faster-relaxing sub-
spectrum from the currently burnt site was very similar to those
obtained for charred residues and charcoal. When density frac-
tions of soils were studied where vegetation burning was prac-
ticed [Golchin et al., 1997a], *C NMR and PSRE indicated the
presence of considerable amounts of charred plant residues and
charcoal in free and mineral occluded forms. Takahashi et al.
19941 concluded that burning vegetation has been an important
factor in the formation of deep black soils in the xeric moisture

regime of northern California.
Several studies reveal an apparent relation between deep black

soil color and the presence of BC or high proportions of extract-
able highly aromatic humic acids. Studies of volcanic ash soils in
Japan and New Zealand revealed a relationship between grass-
land and melanic (deep black) soil color (Sase and Hosono
11996} and references to Japanese literature therein). Using light
microscopy, several workers have found blackish, coal-like parti-
cles often occur with a cellular structure and diameters between 2
and 10 um. Such particles occur in numerous typical Chernozems
from the central Russian highland forest steppe on loess-loam
[Kubiena, 1938; Pawluk, 1985; Yarilova, 1972}, Canadian Cher-
nozems (Pawluk, 1985) and other soil types with dark A horizons
[Altemiiller, 1992). There is also indirect evidence that BC in
soils produces highly aromatic humic acids such as volcanic ash
soils [Hatcher et al., 1989}, Chernozems [Kononova, 1966;
Schnitzer, 1992}, Vertisol in Mali {Gehring et al., 1997}, and an
Argentinean Hapludoll [Zech et al., 1997]. Australian grassland
soils, which were under aboriginal fire management presumably
for thousands of years, are characterized by black A horizons
with up to 30% of the soil carbon present in charred form,
whereas adjacent forested soils that were not subjected to regu-
larly burning are gray and contain little char [Skjemstad et al.,
1997]. In a systematic study of northern Eurasian soils, humic
acid contents increased in the order gray forest soils < dark gray
forest soils < Chernozems [Kononova, 1966]. A 10 km color se-
quence of four German chernozemic soils, which were very
similar in chemical and physical properties, showed a strong re-
lation between color and BC content {Schmidt et al., 1999].
Overall, these observations give further support to the concept
that charred organic materials are the source of the chemically
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stable aromatic components of soil organic matter. It seems that
soils subjected to continued burning comprise considerable
amounts of BC and often have a dark color.

4.2. BC and Soil Ecology

Studies of wildfire in boreal forests suggest that charcoal par-
ticles can act as foct for microbial activity and have adsorbing
capacity for allelopathic compounds, such as phenolica [Wardle
etal , 1998; Zackrisson et al., 1996]. Charcoal particles therefore
have a comparable ecological roie for biodegradation of phyto-
toxic compounds to that of clay in mineral soil. From bioassays
the authors concluded that charcoal has sorptive abilities for only
the first 100 years following its formation but can be reactivated
by subsequent fires.

In laboratory heating experiments in the absence of oxygen,
Miltner and Zech [1997} found that the presence of inorganic
matter increased organic carbon loss as CO,. The presence of
birnesite and Fe(OH); accelerated the decomposition of plant-de-
rived constituents, such as polysaccharides and lignin, whereas
the influence of AI(OH)s; was less pronounced. Adding BC to
rather infertile Oxisols of the Brazilian Amazon basin during pre-
Columbian times has created small areas of very fertile soils
{Glaser et al., 1998]. These soils are characterized by higher
levels of organic matter, phosphorous. and nitrogen. The authors
assume that slow oxidation of BC creates carboxylic groups,
thereby increasing cation exchange capacity and sustainable soii
fertility.

Relatively little is known regarding the effects of coal and its
burned residues on soil ecology. Combustion by-products often
contain heavy metals and soluble salts and can be potentially
harmful to plants and soil organisms [McCarty et al, 1994).
Applied in a field trial, coal fly ash increased plant biomass and
crop yields [Schutter and Fuhrman, 1999}, However, potential
effects of atmospheric deposition of charred organic particles at
the field scale are poorty understood.
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4.3. BC and Sorption of Pollutants

In aquatic environments, BC can act as carrier of organic
pollutants [Gustafsson and Gschwend, 1997]. Recent studies of
PAH, organic carbon, and soot carbon in surficial continental
shelf sediments revealed that the distribution of PAH was highly
correlated with soot carbon [Chiou and Kile, 1998; Gustafsson
and Gschwend, 1997, McGroddy and Farrington, 1995;
McGroddy et al., 1996]. Other organic substances which are
characterized by highly aromatic structures inciude lignin, lignite,
or bituminous coal. These substances were found to act as strong
sorbents for hydrophobic aromatic compounds in soils and sedi-
ments | Garbarini and Lion, 1986; Grathwohl, 1990; Kleineidam
et al., 1999]. Owing to the structural similarities between these
substances and BC, it seems likely that also the presence of BC
may affect sorption of hydrophobic organic compounds in soils
and sediments.

4.4. BC as a Potential Sink in the Global Carbon Cycle

BC is one of the most resistant forms of reduced carbon to-
ward chemical oxidation and is often found in sediments and
soils. High estimated production rates of BC [Kuhlbusch and
Crutzen, 1995] together with high resistance to degradation imply
BC could compose a major proportion of all organic carbon
buried in sediments. If BC is not being mobilized off the conti-
nents at this high rate, it must be either accumulating rapidly in
soils and terrestrial sediments or must be mineralized in these en-
vironments by severe oxidative mechanisms. In soils, oxidation
by microorganisms is reported for BC [Shneour, 1966}, whereas

another author found no degradation [Shindo, 1991]. In marine
sediments first evidence for significant degradation came from

the examination of a relict oxidation front in a turbidite in an
abyssal plain [Middelburg et al., 1999].

To assess the impact of BC on the giobal element cycies
(Figure 5), a detailed understanding of the processes involved in

Pools / Pg

Sources { Sinks

- 1.2
= Atmospheric transport
Q¢
=~ .
~ Emission { of aerosols
N 6-9 ] 5-6
] o
» | Fossil fuel Vegetation
:E combustion fires Wind | N
Y 44194 ind | erosion ’

Soil { erosion ?

River

Deposition
2.4-4.8

Figure 5. The global biogeochemical cycle of black carbon (BC). On land, BC is produced by vegetation fires and

fossil fuel combustion. BC occurs ubiquitously in soils

and terrestrial sediments, and via fluvial and atmospheric

transport, 1t is coupled to a common fate of storage in marine sediments. Values for fluxes are shown as italics in
teragrams (1 Tg = 10'? g) per year, and pools are in petagrams (1 Pg = 10 g). Figure 5 includes data from
[Kuhlbusch and Crutzen [1996), Schmidt et al. {1996, 19991, Suman et al. {1997} and Warneck [1988].
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BC degradation is needed. As part of the global carbon cycle,
vegetation fires are thought to represent a sink of atmospheric
CO; [Kuhlbusch and Crutzen, 1995}. Discrepancies exist, how-
ever, in estimates of net and gross carbon fluxes between the
oceans, the biosphere, and the atmosphere [Seiler and Crutzen,
1980, and references therein; Gifford, 1994]. The rise in
atmospheric CO; content since the beginning of the industrial
revolution does not account for all the CO; released by fossil fuel
and biomass burning. The ocean acts as a sink for some of this
CO», in the form of carbonates and bicarbonates, but this is not
enough to account for estimates of CO; released. An increased
uptake of CO, by plants has been suggested as an important sink
for the missing carbon. Other terrestrial sinks are being sought,
such as BC and oceanic sediments derived from terrestrial runoff.

Seiler and Crutzen [1980] assessed the role of BC as a sink in
the giobal carbon budget. They estimated that the total annual
biomass exposed to fire amounts to 9-17 x 10'° g dry matter,
equivalent to 4-8 x 10" g carbon. Of this total, 5-9 x 10" g is
actually burned, resulting in an annual flux of 2-4 x 10" g carbon
and indicating a global average buming efficiency of ~50%.
Burning in the tropical and subtropical regions accounted for
70% of the global biomass combusted, with only a 30% contri-
bution from the midlatitudes of the Northern Hemisphere. After a
wildfire, it was estimated that about 20-30% of the biomass re-
maining aboveground was present as elemental carbon, and this
was mainly BC. The total unbumned aboveground biomass was
estimated to be 4-11 x 10" g of dry matter, representing 1.8-5 x
10" g of carbon. On this basis they calculated that the BC re-
maining aboveground after burning represents 0.4-1.5 x 10'° g of
carbon. In addition, the contribution of particulate BC (elemental
charcoal and soot) was estimated at 0.1-0.2 x 10"° g carbon. Thus
the total annual formation of BC was typically 0.5-1.7 x 10" g
carbon, with an average of 1.1 x 10 g carbon. This BC residue
represents a significant sink for atmospheric CO; and as such
should be included in geochemical models of both the carbon and
oxygen cycles.

Herring [1985] calculated an annual removal of ~10" g (0.1 x
10" g) of carbon from the atmosphere, using BC fluxes for the
last 5 million years in deep-sea sediments of the Northern Pacific
Ocean. This flux represents particulate carbon released into the
atmosphere by biomass burning and is similar in magnitude to
that calculated by Seiler and Crutzen {1980]. Schiffman and
Johnson [1989] noted that preparation of sites for reforestation
includes burning and may cause slow, long-term increases in
detrital carbon as BC. About 4.5 x 10° g carbon ha™ as charcoal
(charcoal equals 60.7% C in this study) was present on the forest
floor of a plantation planted on recently cleared land. This
accounted for ~30% of the forest floor carbon.

Subsequent work has indicated that the magnitude of BC pro-
duction is lower than that calculated by Seiler and Crutzen
{1980]. Fearnside {1991} found a lower rate of BC production

than Seiler and Crutzen [1980]. In clearing fires in Amazonia
they determined that only ~3.6% of the aboveground biomass
carbon remained as BC, which is ~20% of the earlier estimate.
Crutzen and Andreae [1990] updated estimates of the quantities
of biomass being burned in the tropics through activities such as
clearing of forests, removal of savanna vegetation, and burning of
fuel wood, charcoal, and agricultural waste, in addition to contri-
butions from prescribed burning and forest wildfires. It was esti-
mated between 2.7 and 6.8 x 10" g carbon per year of biomass
was exposed to burning of which 1.8-4.7 x 10"* g carbon per year
was released as CO; and 0.2-0.6 x 10" g carbon per year was
sequestered as BC. If 70% of BC production occurs in the tropics

[Seiler and Crutzen, 1980, this is equivalent to 0.3-0.9 x 10" g
carbon per year globally. This estimate is slightly lower than that
of Seiler and Crutzen [1980] but is still significant in terms of
global CO; fluxes. In a review on the impact of biomass buming
on global climate, Andreae [1991] concluded that the range of
estimates for the global rate of BC formation is large owing to
these uncertainties in quantification. About 0.05-1.7 x 10" g car-
bon per year is likely to be sequestered as BC, representing be-
tween 3 and 30% of the ~7 x 10"g carbon added to the
atmosphere annually [Kuhlbusch and Crutzen, 1996; Seiler and
Crutzen, 1980]. Esser [1990] recognized the need to consider BC
formation from biomass burning in natural environments, such as
savannas, grasslands, and forests, when modeling terrestrial
sources and sinks of CO,. The Osnabruck Biosphere Model, a
global grid-base model of carbon balance of the terrestrial bio-
sphere, did not consider burning in natural environments and so
did not include the BC component. This was identified as an area
of refinement required in the model.

From stable and radioisotopic measurements of BC in marine
sediments, Masiello and Druffel {1998} concluded that BC, which
aged thousands of years in terrestrial soils, contributed to oceanic
dissolved and sedimentary organic carbon. From the resuits of a
millionyear marine record, Bird and Cali {1998} inferred that BC
from fires in sub-Saharan Africa increased because of anthro-
pogenic activity since Holocene times.

The formation and incorporation of BC into soils and sedi-
ments is an important mechanism in the long-term sequestering
of carbon and is likely to account for some of the “missing” CO;
in the global carbon budget. However, degradation rates of BC
and the magnitude of this carbon pool remains controversial.

5. Conclusions and Present Challenges

Black carbon (BC) has originated from vegetation burning
since the Devonian and recently also from fossil fuel combustion.
BC is relatively inert to environmental degradation processes and
has been globally distributed via fluvial and atmospheric trans-
port to become a virtually ubiquitous component in soils, lacus-
trine, and marine sediments. BC seems to be abundant in dark-
colored soils and especially those affected by frequent vegetation
or fossil fuel burning. Only limited progress, however, has been
made calibrating analytical techniques for a better interpretation
of experimental data obtained in previous studies.

The key to estimating BC stocks in soils and sediments is to
understand the processes involved in BC degradation. Practical
progress toward estimating BC degradation rates on a global
scale requires analytical approaches that elucidate degradation
processes on a molecular level. Studied sites should differ in en-
vironmental settings (oxic versus anoxic) and vary widely in
timescale of observation. A promising approach would be the
combination of short-term laboratory experiments and field trials
whereby BC has already been exposed to weathering and biologi-
cal activity for decades, centuries, or millennia.

To identify BC sources, the analytical focus has mainly been
the determination bulk properties, such as micromorphology,
elemental composition, isotopy, and chemical structure. Progress
in source characterization is likely to come from molecular
approaches, e.g. characterization of further source specific
molecular markers, and determination of compound-specific
properties.

A current challenge complicating the successful quantification
of current and historical rates of BC production from different
sources is a lack of standardization of both identification of BC
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and analytical protocols to quantify BC in the different matrices,
including peats, organic and mineral soils, lacustrine, and marine
sediments. Presently used analytical methods could produce
widely differing results for identical samples. So far, however,
systematic comparison exercises have not been published. This
challenge is especially difficult because the chemical structure
and physical size of BC can be extremely heterogeneous. BC in-
cludes a continuum of thermally altered plant material, with aro-
matization increasing in the order plant tissue < char < charcoal <
graphite. However, no generally accepted clear-cut boundaries
between these forms of BC exist. Commonly applied methods for
measuring BC in the presence of other organic material tend to
rely on the resistance of the highly aromatized components of BC
to extremely oxidizing conditions, either thermally or chemically.
To gain specificity against other organic material present in soils
and sediments, many methods provide conservative measures of
BC and therefore probably overlook much of the combustion
products present.

Urgently needed are standard reference materials available
across the diverse community of scientists studying environ-
mental BC. Depending on the matrix and the various scientific
questions related to BC (degradability, soil fertility, fire history,
radiation budget, etc.), there may be a need for different tech-
niques detecting different fractions of BC. Progress in the quanti-
fication of BC is likely to come from taking further advantage of
noninvasive techniques, such as infrared and nuclear magnetic
resonance spectroscopy coupled with the use of stable isotopes
(e.g. 8°C, 8N, and &S) and radioisotopes (AC). Also mo-
lecular-level indicators can be extremely sensitive indicators of
BC types and amounts.

Improved accuracy of BC quantification could allow identifi-
cation of the sources and histories of BC in soils and sediments.
Further efforts to quantify the rates and mechanisms of BC de-
composition in soils and sediments are urgently needed. Results
could become the key for a number of issues: 1) quantification of
the role of BC as a sink of biospheric carbon in the global cycle,
2) determination of the presence of BC in sediments and soils and
its effects on increased sorption of PAH, pesticides, and heavy
metals, and 3) assessment of long-term effects of BC on soil
fertility, nutrient availability, and fluxes of C, N, and S.
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