
Organic Geochemistry 107 (2017) 33–45
Contents lists available at ScienceDirect

Organic Geochemistry

journal homepage: www.elsevier .com/locate /orggeochem
Long term change in chemical properties of preindustrial charcoal
particles aged in forest and agricultural temperate soil
http://dx.doi.org/10.1016/j.orggeochem.2017.02.008
0146-6380/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: brieuc.hardy@uclouvain.be (B. Hardy).
Brieuc Hardy a,⇑, Jens Leifeld b, Heike Knicker c, Joseph E. Dufey a, Koen Deforce d, Jean-Thomas Cornélis e

a Earth and Life Institute – Environmental Sciences, Université catholique de Louvain, 1348 Louvain-la-Neuve, Belgium
b Institute for Sustainability Sciences, Agroscope, CH-8046 Zürich, Switzerland
c Instituto de Recursos Naturales y Agrobiología de Sevilla (IRNAS-CSIC), E-41012 Sevilla, Spain
dDirectorate Earth and History of Life, Royal Belgian Institute of Natural Sciences, B-1000 Brussels, Belgium
eDepartment Biosystem Engineering (BIOSE), Gembloux Agro-Bio Tech (GxABT), University of Liège (ULg), 5030 Gembloux, Belgium
a r t i c l e i n f o

Article history:
Received 22 August 2016
Received in revised form 15 February 2017
Accepted 22 February 2017
Available online 7 March 2017

Keywords:
Preindustrial charcoal kiln
Land-use change
Biochar
X-ray photoelectron spectroscopy (XPS)
Differential scanning calorimetry (DSC)
Fourier Transform Infrared Spectroscopy
(FTIR)
13C nuclear magnetic resonance (13C NMR)
Dichromate oxidation
a b s t r a c t

Black carbon (BC) plays an important role in terrestrial carbon storage. Nevertheless, the effect of culti-
vation on long term dynamics of BC in soil has been poorly addressed. To fill this gap, we studied the
chemical properties of charcoal particles extracted from preindustrial kilns in Wallonia, Belgium, along
a chronosequence of land use change from forest to agricultural soil, up to 200 years of cultivation.
Preindustrial charcoal samples were compared with charcoal subjected to short term ageing in a cur-
rently active kiln.
Cultivation increased the association of charcoal with soil minerals, which is favored by deprotonation

of carboxylic acids under liming, thereby enhancing the reactivity of charcoal toward mineral surfaces.
The large specific surface area of charcoal, related to its porosity, promotes the precipitation of 2:1 phyl-
losilicates and CaCO3. Both ageing and cultivation decreased the resistance of charcoal to dichromate oxi-
dation, related to an increase in the H/C of charcoal. Differential scanning calorimetry revealed the
presence of three fractions of distinct thermal stability. Saturation of carboxylate groups with Ca2+ under
liming decreased the thermal stability of the O-rich, less thermally stable fraction of charcoal. This frac-
tion decreased over time of cultivation, leading to a relative accumulation of the thermally most stable
fraction of charcoal. This might result from the preferential loss of the O-rich fraction or the slowdown
of charcoal from oxidation via association with minerals. Our results highlight the idea that land use sig-
nificantly affects the properties of BC through the modification of soil conditions, which might influence
the kinetics of BC loss from soil.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Black carbon (BC), the solid residue of thermal decomposition of
biomass, is ubiquitous in soil and sediments (Schmidt and Noack,
2000). According to recent estimates, soil stores ca. 200 Pg of BC
in the uppermost 2 m (Reisser et al., 2016), which corresponds to
ca. 10% of global soil organic carbon (SOC) stocks calculated by
Batjes (2016). BC promotes the long-lasting fertility of Amazonian
dark earths (Glaser and Birk, 2012) and contributes to long term
soil C storage because it is more resistant to degradation than
uncharred soil organic matter (SOM). Hence, soil amendment
with biochar (BC produced intentionally to be applied to soil) is
increasingly being regarded as a feasible alternative to tackling
greenhouse gas emissions by increasing soil carbon sequestration,
while enhancing sustainably soil fertility (Lehmann, 2007).

Despite the general agreement that BC lasts longer in soil than
uncharred OM, its stability and persistence in soil is still debated.
On one hand, the presence of BC in geological records since the
Devonian and of millennial BC in a range of soils at global scale
provides evidence that some persists for a very long time in the
environment (Schmidt and Noack, 2000). On the other hand, the
content of BC stored in soil is low with respect to annual
production rate from wildfires, which demonstrates that large
amounts are lost from soil (Schmidt and Noack, 2000; Masiello,
2004; Schmidt, 2004), possibly by microbial decomposition
(Baldock and Smernik, 2002; Hamer et al., 2004; Wengel et al.,
2006), erosion (Rumpel et al., 2006) or dissolution and transport
with water fluxes (Hockaday et al., 2007; Jaffé et al., 2013). The
longevity of BC in soil seems to depend on both intrinsic quality
and the environmental conditions where it is deposited (Bird
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et al., 2015). Feedstock and conditions of production control the
degradation potential of BC, with a main role for the maximum
temperature of pyrolysis that controls the degree of condensation
of aromatic clusters (Keiluweit et al., 2010; Wiedemeier et al.,
2015).

Once deposited in the environment, BC is subject to a range of
reactions. Ageing consists mainly of oxidation of exposed C rings
with a high density of p electrons and free radicals (Joseph et al.,
2010), which creates a high density of O-rich functional groups
at the BC surface. Oxidation starts at the surface and propagates
to the core of particles over time (Lehmann et al., 2005), promoting
further physical, chemical and microbial degradation (Hammes
and Schmidt, 2009). The drivers of oxidation can be biotic
(Hamer et al., 2004; Wengel et al., 2006) but are mainly abiotic,
at least shortly after introduction to soil (Cheng et al., 2006). The
adsorption of dissolved organic compounds can contribute to the
increase in O content at the surface of BC (Lehmann et al., 2005).
Climatic factors such as water regime (Nguyen and Lehmann,
2009) and temperature were shown to influence the kinetics of
alteration and decomposition of BC (Cheng et al., 2008b; Nguyen
et al., 2010). Soil conditions are also expected to have an influence.
For instance, preferential accumulation of BC was observed in clay-
rich soils (Reisser et al., 2016), which suggests that association
with minerals might be an important mechanism of its stabiliza-
tion in soil (Czimczik and Masiello, 2007).

In the last decade, much effort has been made to characterize
the short term effects of various types of biochar after addition
to soil, to design biochar with a high persistence in soil and favor-
able agronomic properties (Abiven et al., 2014). Nevertheless,
properties are known to change over time (Joseph et al., 2010)
and mid-term to long term dynamics in soil have been poorly
addressed due to the lack of long term experiments. Amazonian
dark earths, which triggered interest in biochar, probably comprise
the best documented long term case study of BC in soil. Neverthe-
less, results from terra preta are difficult to extrapolate to other
soil, climatic and agronomic contexts. In particular, the dynamics
of BC ageing under intensive cultivation have been disregarded.
As soil amendment with biochar targets mainly agricultural soils,
a better assessment of the effect of cultivation on BC properties
is crucial for predicting the long term dynamics of biochar and
BC in soil.

Recently, Hardy et al. (2017) characterized the effect of prein-
dustrial charcoal kiln sites on the chemical properties of agricul-
tural soils from Wallonia, Belgium. On bare soil, the sites appear
as black spots a few decameters in diameter, with the topsoil lar-
gely enriched with charcoal residues (Kerré et al., 2016; Hardy
et al., 2017). Traditional charcoal production occurred in the forest,
but part of the land was cleared for cultivation from the early 19th
century. The presence of charcoal kiln sites in agricultural soils
provides the opportunity to investigate how cultivation affects
the dynamics of charcoal ageing, by comparison with sites from
the same episode of charcoal production that remained forested
since the time of charcoal production.

Nguyen et al. (2008) studied the evolution of properties of BC
particles over time in agricultural soils in Kenya cleared from forest
by fire. They highlighted that association of charcoal with soil min-
erals increases over time. They also showed that the content of BC
in soil decreased sharply during the first 20 yr after clearing but
remained similar after that. As the decrease in BC loss correlated
with the increase in association with soil minerals, they suggested
that organo-mineral association might be an important mecha-
nism in the stabilization of BC. Nevertheless, Nguyen et al. (2008)
studied BC dynamics over time in agricultural soil, which does
not allow distinguishing between the effect of time and of cultiva-
tion on BC properties. By selecting kiln sites abandoned at the same
time and converted to agricultural land at different times, we
aimed to discriminate between the effect of time and of cultivation
on the organic and inorganic composition and stability of charcoal
particles aged in soil. We assumed that cultivation might acceler-
ate the physical, chemical and biological weathering of charcoal
by way of the mechanical action of tillage and the improved soil
fertility related to liming and the use of organic and inorganic fer-
tilizers. Properties of preindustrial charcoals were also compared
with those of charcoal from a currently active kiln site, used as a
reference with limited ageing.
2. Material and methods

2.1. Study sites and sampling

On bare soil, preindustrial charcoal kiln sites are easily detected
in the field or from interpretation of high spatial resolution aerial
photographs and satellite imagery based on their black color
(Hardy et al., 2017). We sought agricultural fields containing char-
coal kiln sites in cultivated areas deforested since the time of char-
coal production, based on a map of mutations of theWalloon forest
since 1777 (Kervyn et al., 2014). In these areas, mean annual pre-
cipitation varies from 864 to 1145 mm and mean annual tempera-
ture from 9.2 to 10.0 �C. We selected fields affected by charcoal
production exclusively on Haplic Luvisols developed in quaternary
loess, which is a homogeneous substrate. Accordingly, intrinsic soil
properties (texture, mineralogy . . .) that can affect the kinetics of
charcoal ageing were similar for all sites.

We identified different episodes of land use change from forest
to cropland thanks to a number of historical maps. For early defor-
estation, we referred to the map of Ferraris (1770–1778), that of
Vandermaelen (1846–1854), that of the ‘‘dépôt de la guerre”
(1864–1872) and those of the ‘‘Institut de Cartographie Militaire”
that include several mapping campaigns between 1878 and
1940. For more recent cultivation time steps, we referred to several
maps of the national geographic institute, completed by interviews
of farmers. In total, 8 plots were chosen for sampling, with 6 differ-
ent cultivation times from 2 to ca. 200 yr cropping (Table 1). For
time zero of cultivation, we chose a plot that had remained in
grassland after deforestation. Historical maps allowed us to define
a minimal and maximal age of land use change from forest to crop-
land, but not an accurate time of deforestation. Therefore, for fur-
ther data analysis, we attributed to each field the mean value of the
range of possible cultivation time, assuming that fields were
cropped continuously thereafter (Table 1). In spite of the uncer-
tainty about the exact time of cultivation, the total organic carbon
(TOC) content of the soil adjacent to the kiln sites, unaffected by
charcoal production, decreased progressively with mean cultiva-
tion time as estimated from historical maps. This supports the idea
that we had correctly identified a chronosequence of cultivation
(Fig. A1), as conversion of land from forest to cropland decreases
soil C stock (e.g. Nye and Greenland, 1964; Guo and Gifford,
2002; Goidts and van Wesemael, 2007; Solomon et al., 2007). Soils
were sampled in November 2014. For each field, we sampled the
topsoil (0–30 cm) from 3 charcoal kiln sites with a gouge auger
3 cm in diameter. Each sample was bulked from 20 cores from
the center of the kiln site.

For comparison with charcoal aged in forest soil (never con-
verted to cropland since the last production of charcoal) we refer
to four sites on Luvisols from the weathering of quaternary loess
described and characterized by Hardy et al. (2016). The sites are
the forest equivalent of those deforested for cultivation. We also
refer to the topsoil of a currently active charcoal kiln close to Dole
(France) and characterized previously (Hardy et al., 2016), as a ref-
erence subjected to limited ageing (the site was sampled 6 months
after the last pyrolysis). Except for the currently active kiln, the



Table 1
Coordinates, land use type and years of cultivation at time of sampling.

Land use Lat. N (�) Long. E (�) Time of cultivation (yr) Dominant feedstocka

Forest – – 0 Quercus sp., Carpinus betulus L., Corylus avellana L., Betula sp.
Grassland 49.996 4.209 0 Carpinus betulus L., Quercus sp., Fagus sylvatica L., Betula sp.
Cropland 49.997 4.213 2 Carpinus betulus L., Quercus sp., Fagus sylvatica L.
Cropland 50.002 4.207 23 Carpinus betulus L., Quercus sp., Betula sp.
Cropland 4.995 4.201 23 Quercus sp., Carpinus betulus L., Fagus sylvatica L., Betula sp.
Cropland 50.534 4.761 130 Quercus sp., Corylus avellana L., Carpinus betulus L.
Cropland 50.541 4.764 155 Quercus sp., Corylus avellana L., Alnus sp.
Cropland 50.521 4.755 200 Carpinus betulus L., Corylus avellana L.
Cropland 50.588 4.509 200 Carpinus betulus L., Corylus avellana L., Betula sp.

a Refers to wood species identified from microscopic observation of randomly chosen charcoal particles.

B. Hardy et al. / Organic Geochemistry 107 (2017) 33–45 35
sites here result from the same episode of charcoal production,
related to preindustrial iron smelting and steel making (Hardy
et al., 2016). It is likely that they date to the late 18th century,
when charcoal production reached a peak inWallonia. At that time,
75% of available wood resources were necessary to supply the
charcoal needed for smelting activity (Hardy and Dufey, 2012).
Charcoal production virtually ceased in the early 19th century,
when coke replaced charcoal as an industrial fuel in iron metal-
lurgy, and had stopped by 1860 (Evrard, 1956). Therefore, we
assumed that our sites were active in the same time period, mak-
ing land use the main discriminatory variable impacting on the
evolution of soil and charcoal properties at the kiln sites over time.
More precise radiocarbon dating of charcoal is complicated
because of the ‘Suess-effect’, which makes it difficult to discrimi-
nate between ages younger than 1650 AD (Reimer, 2013).

It is important to note that the change of land use from forest to
cropland, frequently referred to in the text as ‘‘cultivation”,
consists of a whole system change that involves (i) tillage, (ii) the
frequent application of organic and inorganic fertilizers, liming
amendment, and herbicides and pesticides and (iii) a shift in the
quality and quantity of SOM inputs due to the shift from forest veg-
etation to field crops and the export of biomass through harvesting.
The present study did not aim to test individually the different fac-
tors related to this system change.

2.2. Soil properties

A subsample of each soil was gently ground and sieved to 2 mm
for physico-chemical characterization. The pH was measured in
water (pHH2O), with a 1:5 soil:water ratio. Texture was determined
by sedimentation (Day, 1965) on ca. 10 g soil pretreated with 2.5 M
HCl and 30% H2O2 to remove carbonate and SOM, respectively
(AFNOR X31-107). Total C content was measured by way of dry
combustion with a Vario MAX (� Elementar, Earth and Life Insti-
tute, Louvain-la-Neuve, Belgium) elemental analyzer. Inorganic C
content was determined with the modified pressure calcimeter
method (Sherrod et al., 2002) on finely ground subsamples (<
200 mm). SOC content was calculated by difference between total
and inorganic C content.

2.3. Separation of charcoal particles and identification of wood species

Charcoal particles > 1 mm were separated from soil using wet
sieving. The residue, containing charcoal particles, was rinsed
abundantly with demineralized water and air dried. Charcoal
pieces were separated from inorganic material by flotation in
water and then rinsed again several times with demineralized
water in a 500 ml beaker, until the water was clear. Plant residues
were removed manually from charcoal pieces. Between 50
and > 400 charcoal pieces were collected for each site.

In the environmental context of the sites, the potential natural
forest is dominated by oak (Quercus robur L.), with mainly horn-
beam (Carpinus betulus L.) in the understorey (Bohn et al., 2003).
To verify the assumption that these forest species were the domi-
nant feedstock used for charcoal production, randomly selected
charcoal fragments (n = 995) were identified for at least one kiln
site from each plot. The fragments were broken in transversal,
radial and tangential planes and studied with an incident light
microscope with dark field illumination at 50–500� magnification
(Fig. A2). Identification of wood type was based on characteristic
anatomical features (Schweingruber, 1990) and comparison with
a reference collection of modern charcoal samples. Except for the
modern kiln that is dominated by beech (Fagus sylvatica), the char-
coal assemblages of all the samples were generally dominated by
oak (Quercus sp.) and hornbeam (C. betulus) (Table 1). Beech (F. syl-
vatica), hazel (Corylus avellana) and birch (Betula sp.) also occurred
frequently, whereas maple (Acer sp.), alder (Alnus sp.), dogwood
(Cornus sp.), common ash (Fraxinus excelsior), apple subfamily
(Maloideae) and willow (Salix sp.) were minor components of the
assemblages. The results support that the idea that all preindustrial
kilns in this study originated from the exploitation of the same
woodland type.

2.4. Chemical analysis of charcoal particles

Charcoal particles were ground to a powder with an agate pes-
tle and mortar.

2.4.1. Elemental composition, loss on ignition
Elemental composition (C, H, N and O) of charcoal powder was

determined with a Euro EA elemental analyzer [HEKAtech GmbH,
Germany]. C, H and N were measured via dry combustion and O
was analyzed using pyrolysis at 1000 �C. Whereas N and H derive
exclusively from OM, C and O originate from OM and carbonate.
To differentiate between organic and inorganic C and O, carbonate
content was determined from loss on ignition between 550 and
1000 �C; ca. 100 mg charcoal powder were weighed and dried at
105 �C. The sample was then heated overnight at 550 �C to oxidize
all the OM, and heated again overnight at 1000 �C to remove car-
bonate. OM (D550–105 �C) content and carbonate (D1000–
550 �C) content were determined gravimetrically, and inorganic C
and O content from carbonate were calculated on the basis of
atomic mass. Between the different heating steps, samples were
systematically kept in a desiccator. Organic C and O were calcu-
lated from the difference between elemental and inorganic con-
tent. OM content, estimated by summing organic C, H, N and O
content (viz. after retrieving the contribution of carbonate), was
consistent with OM content estimated from loss on ignition
(D550–105 �C; Fig. A3).

2.4.2. X-ray photoelectron spectroscopy (XPS)
To quantify total atomic content of major elements (C, O, N, Si,

Al, Fe and Ca), charcoal powder was analyzed with a SSX 100/206
photoelectron spectrometer [Surface Science Instruments, USA]
equipped with a monochromatized micro focused Al X-ray source
powered at 20 mA and 10 kV. Powder was fixed on a stainless steel
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multi-specimen holder with double sided insulating tape. The
analysis chamber was around 10�6 Pa and the angle between the
surface normal and the axis of the analyzer lens was 55�. The pass
energy was 150 eV and the area analyzed was ca. 1.4 mm2. In these
conditions, the full width at half maximum (FWHM) of the Au 4f7/2
peak of a clean Au standard sample is about 1.6 eV. A flood gun at
8 eV and a Ni grid placed 3 mm above the sample surface were
used for charge stabilization (Bryson, 1987). The C-(C, H) compo-
nent of the C1s peak of carbon was fixed at 284.8 eV to calibrate
the binding energy scale. Data were analyzed with CasaXPS [Casa
Software Ltd., UK]. Atomic fractions were calculated using peak
areas after a non-linear background subtraction (Shirley, 1972),
based on experimental sensitivity factors and transmission factors
provided by the manufacturer.

2.4.3. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of charcoal powder were obtained with a Bruker

Equinox 55 FTIR spectrometer (�Bruker, USA), in transmission
mode, with single-bounce diamond attenuated total reflection
(ATR) equipment and a Trans DTGS detector. One hundred scans
were taken for both background and samples, from 4000 to
400 cm�1, with a resolution of 2 cm�1. Spectra were normalized
on the basis of maximal deviation. Attribution of organic and inor-
ganic components to bands was based on Lehmann and Solomon
(2010) and Biester et al. (2014).

2.4.4. Cross polarization magic angle spinning-13C nuclear magnetic
resonance spectroscopy (CPMAS-13C NMR)

Solid state 13C NMR spectra were obtained with a Bruker
Avance III HD 400 MHz Wideboard spectrometer (Bruker, USA) at
100.65 MHz using Zr rotors of 4 mm outer diameter with KEL-F-
caps. CPMAS was applied during magic angle spinning of the rotor
at 14 kHz. A ramped 1H pulse was used to circumvent spin modu-
lation of Hartmann-Hahn conditions. A contact time of 1 ms and a
90� 1H-pulse width of 2.5 ms were used. The chemical shifts were
calibrated to 0 ppm with tetramethylsilane and to 176.04 ppm
with glycine. Pulse delay between single scans were 300 ms. Pro-
portions of different types of C were estimated by integrating sig-
nal intensity in the spectra for different chemical shift regions
(Knicker, 2011), with MESTRE NOVA software. The region from 0
to 45 ppm was attributed to alkyl-C, from 45 to 110 ppm to O-
and N-alkyl and from 160 to 225 ppm to carbonyl-, carboxyl-
and amide-C. For quantification of aryl-C, the spinning side bands
(�50 to 0 ppm and 225–300 ppm) were added to the signal rang-
ing from 110 to 160 ppm.

2.4.5. Differential scanning calorimetry (DSC)
Samples were scanned with a DSC Q100 instrument; TA Instru-

ments, USA) after heat flow calibration with sapphire, and temper-
ature and heat calibration with the melting of In (Danley, 2003).
Before analysis, all samples were diluted 20� with Al2O3 and
homogenized in a ball mill. Between 15 and 25 mg charcoal pow-
der were weighed into an open Al pan. An empty pan served as ref-
erence. Samples were heated under a flow of 50 ml/min synthetic
air from room temperature to 600 �C at 10 �C/min (Leifeld, 2007).

Peak temperature (�C), height (W/g) and area (J/g) and total
heat of reaction (J/g) were determined from DSC thermograms
with Universal Analysis 2000 software (TA Instruments, USA). After
identification of a maximum, peak height was measured as the
maximum deviation from a linear baseline drawn between 150
and 600 �C. Peak area was obtained by vertical drop between two
adjacent peaks based on the position of the minima (Fig. A4). For
each parameter, we estimated a 95% confidence interval from
repeated measurements (n = 6) on the same sample, which was
systematically < 2% of the measured value.
2.4.6. Dichromate oxidation
The oxidizable C content of charcoal was determined via oxida-

tion with K2Cr2O7 according to the original procedure described by
Walkley (1947). In brief, 10 ml 0.167 M K2Cr2O7 was poured in a
500 ml Erlenmeyer flask containing between 25 and 50 mg char-
coal powder; 20 ml conc. H2SO4 were added and the mixture sha-
ken for 1 min. After 30 min, reaction was stopped by adding 200 ml
demineralized water. Excess of Cr2O7

2� was titrated with 0.25 M
FeSO4 in the presence of concentrated H3PO4, BaCl2 and dipheny-
lamine as an indicator.
3. Results

3.1. XPS

Even though XPS measures the binding energy of core electrons
from the surface (< 10 nm) of a sample, we assumed that atomic
composition established from the method is representative of the
bulk properties of a sample, as charcoal samples finely ground to
powder were analyzed (Nguyen et al., 2008). Charcoal contained
from 45.1% to 77.2% C, 17.4% to 42.2% O and 1.34% to 1.93% N. It
also contained 1.46% to 6.18% Si, 0.86% to 3.33% Al, 0.23% to
1.75% Ca and 0.16% to 1.22% Fe. Small amounts of K and Mg were
detected in some samples. Other elements expected to take part in
the composition of charcoal, such as P, S or Na, were not present in
sufficient concentration to yield a signal.

We investigated the relationship between elements present in
significant amount in charcoal land-use history (Fig. 1). Total C
content decreased largely with both ageing and cultivation time,
in contrast to total O, which increased sharply (Fig. 1). Total N
did not appear to be affected by ageing or cultivation. Si, Al and
Fe all increased sharply with ageing and, overall, cultivation time,
whereas Ca decreased with ageing in an acidic forest soil but re-
increased sharply with cultivation (Fig. 1).
3.2. FTIR

All spectra showed a main peak at ca. 1550 cm�1, corresponding
to aromatic C@C vibration and stretching (Fig. 2). A smaller signal
at ca. 1700 cm�1 corresponds to C@O stretching of carboxyl, qui-
none, amide, ketone, ester or aldehyde (Lehmann and Solomon,
2010). The peak seemed to decrease gradually from forest charcoal
to charcoal with the longest cultivation time, like another weak
signal at ca. 1230 cm�1 corresponding to CAO stretch or to OAH
bending of COOH groups (Fig. 2). In contrast, the signal at ca.
1350 cm�1, attributed to COO�, was weaker for charcoal from for-
est soil than from grassland or cropland soil. A double peak in the
1100–950 cm�1 region, corresponding to OASiAO stretching,
clearly increased over time of cultivation, as well as the peaks in
the 550–400 cm�1 region, attributed to OASiAO stretching or
FeAO bending (Fig. 2). The signal from inorganic soil components
overlapped with peaks of small intensity corresponding to cellu-
lose, carbohydrate and polysaccharide (at ca. 1200, 1030 and
890 cm�1; Biester et al., 2014).
3.3. Carbonate

Carbonate content varied from 0.22% to 5.73% in charcoal. It
correlated closely with the pH of the soil from which it was
extracted (r 0.944; Fig. 3a), if data from the active kiln site were
removed. Ca content, determined from XPS, appeared to relate clo-
sely to carbonate content (r 0.894; Fig. 3b), supporting the idea
that the carbonate was in the form of CaCO3.



Fig. 1. Mean (n = 3) atomic composition of charcoal, quantified from XPS), plotted vs. estimated cultivation time. Error bars correspond to one standard deviation. Charcoal
from the currently active kiln site (cross) and from preindustrial kiln sites in forest (triangle) and cropland (circle) are presented; ‘‘forest” indicates the shift from modern
charcoal to preindustrial charcoal aged in forest soil, and ‘‘cropland” the shift from preindustrial charcoal aged in forest to preindustrial charcoal aged in forest soil for 200 yr.
P-values were obtained from ANOVA and refer to relationship between variable and time of cultivation (excluding charcoal from the currently active kiln).
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3.4. Organic composition

Data were plotted in a Van Krevelen diagram (Fig. 4) for atomic
H/C ratio vs. atomic O/C ratio for the organic fraction (after removal
of inorganic C and O content from carbonate). In relation to the
diagram, the charcoals were compared with literature data for bio-
mass heated in the absence of air at various temperature values up
to 800 �C, resulting in a range of products from uncharred biomass
to biochar with a high degree of aromaticity and aromatic conden-
sation (Keiluweit et al., 2010; Budai et al., 2014). Whereas charcoal



Fig. 2. Mean (n = 3) FTIR spectra of charcoal, for each time step of cultivation. Attribution of organic and inorganic components to peaks is based on Lehmann and Solomon
(2010); pH value under each curve corresponds to mean pH of soil from which charcoal was extracted.

Fig. 3. (a) Carbonate content of charcoal vs. soil pH (measured in demineralized water). (b) Atomic Ca concentration of charcoal (measured with XPS) vs. carbonate content of
charcoal.
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from the active kiln site had H/C 0.30 and O/C 0.11 (Fig. 4), prein-
dustrial charcoal samples had H/C ranging from 0.57 to 0.77 and O/
C ranging from 0.34 to 0.43. H/C and O/C for preindustrial charcoals
correlated positively (r 0.58).

OC and organic O content, as well as organic H/C and O/C ratios
were also plotted vs. time of cultivation (Fig. 5). OC followed the
same trend as for total C from XPS, consisting of a sharp decrease
from ageing in a forest soil and a continued decrease over time
of cultivation. Organic O, however, evolved differently from total
O with time of cultivation: it increased largely with ageing but
decreased clearly with time of cultivation (Fig. 5). Both organic
H/C and O/C increased with ageing (Fig. 5), as observed on the
Van Krevelen diagram (Fig. 4). Their evolution with time of cultiva-
tion was not clear; however, if we excluded forest charcoal
samples, both organic H/C and O/C appeared to decrease slightly
vs. time of cultivation (r �0.44 and r �0.57, respectively).
3.5. CPMAS-13C NMR

Proportions of different types of C in charcoal were estimated
(Fig. 6) for a selection of preindustrial charcoals (one per plot) from
integration of chemical shift regions in the spectra, according to
Knicker (2011). All preindustrial charcoals had a comparable signa-
ture, comprising mainly aromatic C ranging from 73.4% to 79.5%
(Fig. 6). They also contained 4.35–8.70% alkyl-C, 7.8–11.3%
O- and N-alkyl and 6.6–8.0% carboxyl, carbonyl or amide-C. All sig-
natures were comparable, with no clear effect of cultivation time.

3.6. DSC

DSC thermograms showed three easily detectable local maxima
– peak 1, peak 2 and peak 3 – corresponding to three levels of
increasing thermal stability (Fig. 7a). The temperature for peak 1



Fig. 4. Charcoal plotted in a Van Krevelen diagram (organic H/C vs. organic O/C) and compared with literature data from uncharred biomass to biochar produced at ca. 800 �C
(Keiluweit et al., 2010; Budai et al., 2014).

Fig. 5. Elemental properties of the organic fraction of charcoal vs. time of cultivation; ‘‘forest” indicates the shift from modern charcoal to preindustrial charcoals aged in
forest soil and ‘‘cropland” the shift from preindustrial charcoal aged in forest to preindustrial charcoal aged in forest soil for 200 yr. P-values were obtained from ANOVA and
refer to relationship between variable and time of cultivation (excluding charcoal from the active kiln); (a) OC; (b) organic O; (c) organic H/C; (d) organic O/C.
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ranged from 360 to 416 �C, that of peak 2 from 418 to 430 �C and
that of peak 3 from 493 to 519 �C. We investigated the evolution
of both peak temperature and peak area with time of cultivation.
The temperature of peak 1 correlated negatively with cultivation
time (r�0.74; data not shown), whereas the temperature for peak
2 and 3 was poorly positively correlated with time of cultivation
(r 0.39 and r 0.42, respectively; data not shown). Like for peak tem-
perature, the area of peak 1 was negatively correlated with time of
cultivation (r�0.82; Fig. 7b). The area of peak 2 correlated poorly
with time of cultivation (r 0.28), whereas that for peak 3 correlated
positively with time of cultivation (r 0.86; Fig. 7c). From compar-
ison with elemental analysis, the area of peak 1 correlated strongly
with organic O content (r 0.91; Fig. 8a), whereas the area of peak 3
area correlated negatively with organic O content (r�0.91; Fig. 8b).
In contrast, peak 2 area did not relate to organic O content (r 0.08).
We also found a strong negative correlation (r �0.93) between
temperature of peak 1 and Ca content (Fig. 8c).
3.7. Dichromate oxidation

Charcoal from the modern kiln was quite resistant to dichro-
mate oxidation, as only 6.6% of OC was oxidized. In contrast, prein-
dustrial charcoals were less resistant. Recovery of OC ranged from
7.32% to 20.9% for charcoal aged in forest soil and from 23.9% to
58.6% of OC for charcoal aged in agricultural soil. Overall, we found
a positive relationship between the susceptibility of charcoal to
dichromate oxidation and H/C (Fig. 9).



Fig. 6. (a) CPMAS-13C NMR spectra of three charcoal samples aged in contrasting soil conditions. Main carbon bonds were attributed to chemical shift region according to
Knicker (2011). Asterisks indicate spinning side bands of aryl-C. (b) Proportion of carbon bonds estimated by way of integration of chemical shift regions in CPMAS-13C NMR-
spectra (Knicker, 2011) for charcoal aged under contrasting land uses.

Fig. 7. (a) DSC thermograms of three charcoal samples with contrasting land use history. (b) Area of peak 1 vs. time of cultivation. (c) Area of peak 3 vs. time of cultivation.
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4. Discussion

4.1. Organic composition of charcoal

During pyrolysis of biomass, elemental O/C and H/C ratios
decrease, related to the transformation of cellulose, hemicellulose
and lignin to aromatic clusters, and the loss of gaseous products.
The loss of O and H increases gradually with temperature of pyrol-
ysis, according to the degree of aromaticity and aromatic conden-
sation of char (Wiedemeier et al., 2015). Literature data for biochar
produced at increasing temperature were plotted in a Van Krevelen
diagram to illustrate the transformation (Fig. 4; Keiluweit et al.,
2010; Budai et al., 2014). Charcoal extracted from the topsoil of
the active kiln has a signature close to that of fresh biochar, with



Fig. 8. DSC thermograms from charcoal against (in)organic properties of charcoal;
(a) area of peak 1 vs organic O content; (b) area of peak 3 vs. organic O content; (c)
temperature of peak 1 vs. Ca content.

Fig. 9. Fraction of OC oxidized with dichromate (CW&B/Corg) vs. H/C for organic
fraction of charcoal.
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slightly larger O/C ratio (Fig. 4). The larger O content might result
from an atmosphere not completely depleted in O during tradi-
tional charcoal production with a mound kiln, as conditions of
pyrolysis with such a kiln are more difficult to control than labora-
tory conditions. It might also originate from limited but significant
ageing in soil, as charcoal pieces were extracted from soil 6 months
after the last pyrolysis.
Compared with fresh biochar, preindustrial charcoal samples
have large H/C and O/C values, ranging respectively from 0.57 to
0.77 and from 0.34 to 0.43 (Fig. 4). Ageing of charcoal in soil results
mainly from oxidation starting from the surface and propagating to
the core of the particles (Lehmann et al., 2005). Oxidation creates
phenol, carbonyl and carboxyl functionalities at the edge of aro-
matic rings, responsible for the increase in cation exchange capac-
ity of charcoal over time (Cheng et al., 2008a). Accordingly, both O/
C and H/C of charcoal increase through ageing (Cheng et al., 2008a;
Calvelo Pereira et al., 2014), somehow counterbalancing the trans-
formations that occur through pyrolysis (aromatization and loss of
O-rich functional groups). Weathering is not exactly the reverse
process of pyrolysis, however. During pyrolysis, biochar loses on
average 2.5 H for one O when the temperature increases
(Keiluweit et al., 2010; Budai et al., 2014; cf. Fig. 4). Through
weathering, we evaluated from our data that charcoal gains on
average 1.36 H atoms for one O. This may result from hydroxyla-
tion and carboxylation at edges of the graphene sheets in charcoal
(Lehmann et al., 2005), but also from contamination by organic
acids from soil solution (Pignatello et al., 2006) or microbial films
in the porosity of charcoal (Lehmann et al., 2011).

Nguyen et al. (2008) estimated from XPS analysis an organic O/
C ratio of ca. 0.35 for fire-derived pyrogenic carbon residue in cul-
tivated soils cleared by slash and burn. In their study, ageing did
not affect bulk O/C of charcoal over one century. Compared with
the value of 0.11 for charcoal from the active kiln, an O/C value
of 0.35 is very large. This is attributed to the O-rich conditions of
production of fire residue contrasting with the O-depleted condi-
tions of pyrolysis. As oxidation of charcoal particles is a prelimi-
nary step for microbial decomposition (Hammes and Schmidt,
2009), a smaller O/C value supports a greater stability of charcoal
produced by pyrolysis than for fire-derived pyrogenic OM. Never-
theless, after > 150 yr, preindustrial charcoal has O/C values com-
parable with that of fire-derived pyrogenic OM (Nguyen et al.,
2008). This suggests that the oxidation degree of charcoal increases
over time until it reaches a constant value. The slow (a)biotic
decomposition of the O-rich fraction of charcoal (Hamer et al.,
2004; Kuzyakov et al., 2009), more microbiologically reactive than
condensed aromatic rings (Hammes and Schmidt, 2009), might
balance oxidation over time and explain why oxidation reaches a
steady state after a long time in soil.

In contrast to ageing, there is no clear effect of cultivation on the
atomic composition of charcoal. The decrease in organic C content
and O content with time of cultivation (Fig. 5) is related to the rel-
ative increase in Si, Al, Fe and Ca (Fig. 1), supported by the strong
negative correlation between C content and the sum of contents
of Si, Al, Fe and Ca quantified from XPS (r �0.98). Despite their high
degree of weathering, preindustrial charcoal samples remain
mainly aromatic, as shown from FTIR and NMR spectra (Figs. 2
and 6), with a significant fraction of carboxyl-C and carbonyl-C
resulting from oxygenation through ageing. From forest to agricul-
tural soil with the longest cultivation time, the FTIR signals from
charcoal at ca. 1700 cm�1, corresponding to carboxylic acids, and
at ca. 1260 cm�1, corresponding to phenolic acids and CAO bonds
in COOH groups (Fig. 2), decrease gradually. This corresponds to
the deprotonation of (aromatic) carboxylic acid to carboxylate
related to a progressive increase of soil pH from 3.5–4.0 in acidic
forest soil to 7.5–8 after 200 yr liming (Cheng et al., 2008a).
Accordingly, the peak at 1375 cm�1 (Fig. 2), attributed to COO�,
increases with time of cultivation.

4.2. Inorganic composition of charcoal and organo-mineral association

As shown by atomic proportions quantified from XPS (Fig. 1),
the contents of Si, Al and Fe in charcoal increase sharply with
ageing and, overall, cultivation, which indicates an increase in



Fig. 10. SEM photographs of a small charcoal fragment coated with minerals in the bulk soil of a preindustrial charcoal kiln site (a) and of cracks visible at the surface of a
preindustrial charcoal (b).
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association with inorganic components of soil. Abundant coating of
minerals on the surface of preindustrial charcoal particles, partly
occluding the porosity, illustrates the effect (Fig. 10a). The enrich-
ment in Si, Al and Fe follows the increase in O content measured
from XPS (Fig. 1; r 0.96), which indicates that these elements are
bonded mainly to O in soil minerals. We attribute the increase in
association with minerals to the combined effect of ageing and lim-
ing. Whereas fresh charcoal is highly hydrophobic, ageing mainly
consists of the creation of O-rich functional groups (Lehmann
et al., 2005; Cheng et al., 2008a) enhancing the polarity of charcoal
particles (Criscuoli et al., 2014). Reactivity of organic molecules
toward metal cations and mineral surfaces increases with polarity
(Kleber et al., 2015). Surface functionalities of aged charcoal are
dominated by carboxyl groups (Lehmann et al., 2005), which are
known to play a major role in SOM stabilization through organo-
mineral association (Kramer et al., 2012; Kleber et al., 2015).
Surfaces of clay minerals such as phyllosilicates and Fe or Al
(hydr)oxides can adsorb aromatic carboxylic acids by way of both
outer- or inner-sphere complexation depending on the adsorbate,
mineral type and pH range (Guan et al., 2006). Therefore, the
formation of polar, O-rich functional groups through ageing,
mainly carboxyl groups, promotes the association of charcoal with
soil minerals.

Over time of cultivation, frequent application of liming
amendments by farmers leads to a gradual increase in soil pH
and the consequent deprotonation of carboxylic acids (which have
pKa between 4 and 5) to carboxylate anions, as inferred from FTIR
spectra (Fig. 2). Ionization of organic molecules increases their
affinity for mineral surfaces (Kleber et al., 2015). Therefore,
deprotonation of carboxylic acids through liming most likely favors
mineral association with charcoal over time of cultivation. An
increase in inorganic elements in charcoal may result from the
coating of minerals at the surface of charcoal particles (Fig. 10a)
but also from precipitates in the porosity of charcoal (Fig. 11).
Porosity confers to charcoal a large specific surface area, which is
an interface for the precipitation of minerals. The energy dispersive
X-ray spectroscopy (EDX) signature of foliated structures observed
with scanning electron microscopy (SEM) in the charcoal (Fig. 11)
corresponds to the atomic composition of 2:1 phyllosilicates, pos-
sibly smectite, vermiculite or illite, as significant amounts of Fe, Mg
and K were also identified. This corroborates the Si/Al ratio of ca. 2
calculated from XPS results for charcoal subject to cultivation since
200 yr, suggesting that inorganic components associated with
charcoal are dominated by 2:1 phyllosilicates. In contrast, other
pores of small diameter are not coated with precipitates (Fig. 11).
This might be related to pore occlusion (Pignatello et al., 2006)
causing inaccessibility to solutes transported by water flux, indis-
pensable for neoformation of secondary minerals.

On the other hand, Nguyen et al. (2008) highlighted an increase
in the physical breakdown of BC particles over time in cultivated
soil, possibly caused by tillage and earthworm activity. An increase
in the contact surface accessible to minerals by way of faster frag-
mentation of charcoal particles in agricultural soil is another factor
that might contribute to explain the increase in the content of min-
erals associated with charcoal over time of cultivation. Large cracks
at the surface of charcoal particles illustrate the advanced physical
alteration (Fig. 10b).

Whereas charcoal from the active kiln site contains ca. 1% of Ca,
the content decreases through ageing in acidic forest soils (Fig. 1),
due to the leaching of ‘‘base” cations through natural
re-acidification occurring over time after pyrolysis (Hardy et al.,
2016). In contrast, Ca content in charcoal increases over time of
cultivation in agricultural soils (Fig. 1), with a close correlation
with carbonate content (Fig. 3b). This, again, relates to the applica-
tion of liming amendment (mainly CaCO3 or Ca(OH)2) increasing
soil pH and thereby deprotonating carboxylic acids (Fig. 2) that
are then saturated with Ca2+. We observed from SEM–EDX a strong
signal from Ca in the C-rich membranes of charcoal
(Fig. 11a and b), which supports the idea that Ca is strongly asso-
ciated with the carbonaceous structure of charcoal. The strong
affinity of Ca2+ for carboxylate groups is well known (Kalinichev
and Kirkpatrick, 2007) and the consequent high affinity of Ca for
aged charcoal was highlighted in earlier studies (Hardy et al.,
2016, 2017). Intriguingly, the content of carbonate in soil from
which charcoal was extracted is systematically < 0.10% (data not
shown), whereas charcoal from cultivated plots contain up to
5.73% of carbonate (Fig. 3a). This suggests CaCO3 precipitates pref-
erentially in charcoal due to high specific surface area of charcoal
and the high affinity of Ca for carboxyl groups at the surface of
charcoal. This result provides further evidence that BC is an impor-
tant interface for exchange between solid and liquid phases in soil,
such as precipitation of minerals.

4.3. Stability of charcoal

We investigated the thermal and chemical stability of charcoal
with two oxidative methods, DSC and oxidation with dichromate,
respectively. In agreement with the shift in atomic composition
related to ageing, resistance to dichromate oxidation is less for
preindustrial charcoal samples than for freshly produced charcoal



Fig. 11. (a) SEM photograph of inorganic precipitates in a charcoal from a 200 yr.
cultivated soil (pH 7.85); (b) EDX spectra of cell walls of charcoal; (c), EDX spectra
of inorganic precipitates in the porosity of charcoal. Prior to analysis, samples were
coated with Au and Pd to limit charge effects, which explains the high concentra-
tion of both elements in EDX signatures.

B. Hardy et al. / Organic Geochemistry 107 (2017) 33–45 43
(Fig. 9). Reduced resistance to dichromate oxidation of charcoal
exposed to environmental conditions has been reported and was
attributed to the physical, chemical or biological weathering of
charcoal (Ascough et al., 2011). Accordingly to the findings of
Naisse et al. (2013), we found a positive correlation between the
susceptibility of charcoal to be oxidized by dichromate and H/C
(Fig. 9). H/C, which reflects the degree of aromatic condensation
of BC to some extent, is an indicator of the persistence of BC in
the environment (Budai et al., 2013). Our results suggest that,
through weathering, the H/C ratio of charcoal re-increases, which
might correspond to ‘‘decondensation” of graphene sheets in the
structure of charcoal, possibly caused by physical breakdown cou-
pled with (bio-)chemical oxidation starting at the edges of the gra-
phene sheets and proceeding to their core.

Cultivation had an effect on both chemical and thermal stability
of charcoal. The resistance to dichromate oxidation of preindustrial
charcoal aged in agricultural soils was lower than that of preindus-
trial charcoal aged in forest (Fig. 9). This shift in chemical stability
was not apparent from FTIR or CPMAS-13C NMR, which indicates
that the link between the molecular composition of BC and resis-
tance to oxidation is not straightforward. The lower chemical sta-
bility of charcoal under cultivation might be explained by a
combination of factors. Frequent tillage might deprotect charcoal
pieces via disruption of soil aggregates (Kuzyakov et al., 2009),
and thereby accelerate the mechanical breakdown of charcoal par-
ticles (Nguyen et al., 2008). Liming might also accelerate the break-
down, as the fragmentation of charcoal particles is accelerated by
alkaline treatment (Braadbaart et al., 2009). By way of better soil
aeration, tillage might promote the abiotic oxidation of charcoal,
which is the first step in the weathering of BC (Cheng et al.,
2006; Lehmann et al., 2009). Furthermore, the improved nutrient
status related to the application of liming and fertilizers favors bio-
logical activity in soil and therefore might accelerate the biological
decomposition of the most labile fraction of charcoal, particularly
by way of co-metabolism with natural SOM (Hamer et al., 2004;
Kuzyakov et al., 2009). The decrease in chemical stability of
charcoal particles aged in agricultural soil suggests that the
particles might decompose more rapidly under cultivation.
Nevertheless, Nguyen et al. (2008) proposed that physical
protection of BC by adsorption to minerals and encapsulation in
soil aggregates plays an important role in slowing down BC loss
from cultivated soil. Association of charcoal with minerals was
shown to increase with time of cultivation, which might improve
the protection of charcoal against microbial decomposition and
therefore balance the lower chemical resistance of charcoal aged
in agricultural soil. This assumption is consistent with the high
degree of storage of BC in clay rich soils and in soils with high
pH (Czimczik and Masiello, 2007; Reisser et al., 2016). Our data
do not allow determining which of the two antagonist effects
predominates (decrease of chemical resistance vs. increase of
association with minerals) for the persistence of charcoal in
agricultural soil.

DSC stresses the issue of BC definition and quantification in soil
by highlighting the presence of at least three fractions of C with
distinct thermal stability in preindustrial charcoal (Fig. 7a), which
is not clearly reflected in the organic composition, dominated by
aromatic C (Figs. 1 and 6). Over time of cultivation, we reported
a clear decrease in both temperature and area of the less thermally
stable fraction of charcoal (peak 1) measured with DSC (Fig. 7),
with a strong negative correlation between peak temperature
and Ca content (Fig. 8c) and a strong positive correlation between
peak area and O content (Fig. 8a). This suggests that, with cultiva-
tion, the O-rich fraction of charcoal gets saturated with Ca2+ from
liming, which catalyzes its combustion during DSC analysis. A
comparable decrease in thermal stability related to the content
of Fe3+ and Al3+ was reported for the humic fraction of podzol soil
(Schnitzer et al., 1964). Over time of cultivation, the O-rich, less
thermally stable fraction of charcoal decreases (Fig. 8b) and the
most thermally stable fraction increases accordingly (Fig. 8c).
These results can be interpreted in two ways. The decrease of the
less thermally stable fraction of charcoal under cropping might
result from a faster decomposition of the oxidized fraction of char-
coal resulting in a preferential enrichment of the O-poor, more
thermally stable fraction. The greater survival over one century
of the more condensed fraction of BC in Russian Chernozerms
(Hammes et al., 2008), and the greater stability of BC remaining
after 20 yr cultivation in soil cleared by forest fire in Kenya
(Nguyen et al., 2008) are in agreement with this assumption. How-
ever, the smaller content of the O-rich, thermally less stable frac-
tion of charcoal for the long cultivation times and the relative
enrichment of the O-poor, thermally stable fraction might also
result from the slowdown of the weathering of charcoal related
to a better protection of charcoal particles by association with min-
erals. This is in line with the storage of large amounts of BC in some
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soils with large clay content and high pH (Czimczik and Masiello,
2007; Reisser et al., 2016). Even though both mechanisms are
sound for explaining the relative enrichment of the thermally more
stable fraction of charcoal over time of cultivation, they have oppo-
site implications for the persistence of charcoal in cultivated soil. A
preferential loss of the O-rich fraction would imply a reduced per-
sistence of charcoal under cultivation, whereas better protection
by association with minerals would be synonymous with increased
persistence. Therefore, we cannot determine whether cultivation
slows down or accelerates the loss of charcoal from soil based on
the results of this study.

5. Conclusion

For the first time, properties of preindustrial charcoal particles
produced by pyrolysis in traditional mound kilns were studied
along a chronosequence of land use change from forest to agricul-
tural soil. We investigated the effect of ageing and cultivation on
organic and inorganic properties of the charcoal, as well as its ther-
mal and chemical resistance to oxidation. Compared with fresh
charcoal, preindustrial charcoal has high O and H content due to
advanced weathering. Carbon bonds remain, however, dominated
by aromatic-C, with a significant fraction of O-rich functional
groups such as carboxyl, carbonyl and O-alkyl. Cultivation favors
the association charcoal with soil minerals, which results from
deprotonation of carboxylic acids to carboxylate ions under liming,
enhancing their reactivity toward mineral surfaces. Soil minerals,
including 2:1 phyllosilicates and CaCO3, either coat charcoal parti-
cles or precipitate inside the charcoal. Thermal stability of prein-
dustrial charcoal explored with DSC revealed the presence of
three fractions with distinct thermal resistance in charcoal. The
O-rich, less thermally stable fraction decreased over time of culti-
vation, leading to the relative accumulation of the thermally most
stable fraction of charcoal. This might result from the preferential
loss of the O-rich fraction due to improved soil conditions under
cultivation and the decelerated oxidation of charcoal by associa-
tion with minerals. Both ageing and cultivation decrease the resis-
tance of charcoal to dichromate oxidation, which was not reflected
in the degree of aromaticity. Resistance to chemical oxidation is
negatively correlated with H/C, which is generally considered to
mirror the degree of aromatic condensation of char. Our results
highlight that land use significantly affects the properties of BC
through the modification of soil conditions, which might influence
the kinetics of BC loss from soil. A reliable estimation of the resi-
dence time of BC in cultivated soil is key for unveiling the potential
contribution of biochar to terrestrial carbon storage.
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