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ABSTRACT: Charcoal plays a significant role in the long-term carbon cycle, and its use as a soil
amendment is promoted as a C sequestration strategy (biochar). One challenge in this research
area is understanding the heterogeneity of charcoal properties. Although the maximum reaction
temperature is often used as a gauge of pyrolysis conditions, pyrolysis duration also changes
charcoal physicochemical qualities. Here, we introduce a formal definition of charring intensity
(CI) to more accurately characterize pyrolysis, and we document variation in charcoal chemical
properties with variation in CI. We find two types of responses to CI: either linear or threshold
relationships. Mass yield decreases linearly with CI, while a threshold exists across which % C, %
N, and δ15N exhibit large changes. This CI threshold co-occurs with an increase in charcoal
aromaticity. C isotopes do not change from original biomass values, supporting the use of charcoal
δ13C signatures to infer paleoecological conditions. Fractionation of N isotopes indicates that fire
may be enriching soils in 15N through pyrolytic N isotope fractionation. This influx of “black N” could have a significant impact
on soil N isotopes, which we show theoretically using a simple mass-balance model.

■ INTRODUCTION

Black carbon is the range of products that results from
incomplete combustion,1−3 and this continuum can be quite
diverse. One form of anthropogenically produced material on
this spectrum, biochar (which is produced under restricted O2),
has the potential to help address several environmental issues,
dependent on biochar quality; for instance, biochar can
promote soil fertility and plant growth,4 and sequester
carbon5−7 to variable degrees dependent on pyrolysis
conditions. Another form, wildfire charcoal (which is produced
under a range of O2 concentrations and substrate sizes) is
ubiquitous in soils8 and sediments,9 is often older than bulk
organic carbon, and can provide fire-event markers. However,
the range of charcoal properties is large, causing complications
in optimizing biochar for soil remediation and carbon
sequestration and in using charcoal to reconstruct past fire
regimes.
Charcoal chemical properties undoubtedly change with

increasing pyrolysis temperatures. Carbon (C) and nitrogen
(N) isotopes and chemical functionalities show stark changes
during pyrolysis (e.g., refs 6, 10−12, and others). An increase in
aromatic C functionalities with increasing maximum pyrolysis
temperature is well-established,10,12−14 as well as a decrease in
aliphatic and polysaccharide functionalities. However, C
isotopes have been shown to stay relatively unchanged under

differing pyrolysis conditions,13,15 contributing to the use of
charcoal C isotopes in paleoecological studies. N in charcoal, or
black N, is far less studied due to its lower concentrations, yet
black N also undergoes chemical changes during pyrolysis,
forming heterocyclic N functionalities not present in the
original biomass.16−18 N isotopes, however, seem to undergo
very little change during the charring process,19−21 as is seen
with C isotopes, yet the studies that observe 15N through
pyrolysis have not covered a large range of conditions. In
natural fires with higher temperatures, increases in δ15N in the
environment have been observed,22 which could be due to the
fractionation of black N during charring.
Increasing pyrolysis duration also results in similar changes in

charcoal properties as increasing maximum pyrolysis temper-
ature.23−28 Despite this, maximum pyrolysis temperature is
often used alone as a measure of overall pyrolysis
conditions.23−26 The conflation of temperature and reaction
duration may at least partially explain the differences in
properties between charcoals produced under apparently
similar conditions. By holding the maximum temperature
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constant and only varying the duration of pyrolysis, early
experiments showed that charcoals produced over a longer
duration had greater surface area and aromaticity and an
increased capacity for pollutant sorption,29 trends also found
with increasing maximum pyrolysis temperature.30 In studies
where the effects of both maximum temperature and treatment
duration were measured concurrently, increases in both
pyrolysis conditions resulted in greater surface area (as
measured with BET surface area analysis); greater ash content;
more relative amounts of N, potassium, and phosphorus;
greater C-to-H ratios; lower yields; lower C-to-N ratios; and
lower amounts of volatile matter.23−26 Additionally, the higher
heating value (as measured with bomb calorimetry) and
amount of fixed C both increased independently with
temperature and treatment duration.25 This may explain why
soil incubation experiments have displayed a concurrent
increase in lifetime of applied charcoals with increases in
both treatment duration and temperature,23,25,31 as well as less
mineralized charcoal C and greater amounts of energy required
to oxidize charcoal C,25,27 either biotically or abiotically.28

Many studies have noted that the charring duration results in
chemical differences in charred products, but this connection is
not typically incorporated into broader conclusions.27

In this study, we introduce a metric that combines the
temperature and duration of pyrolysis to characterize the
continuum of chemical transformations observed as biomass is
pyrolyzed. Although there are many other parameters that can
be varied in pyrolysis reactors (e.g., sample insulation, O2
concentration in purge gas, and particle size), here we focus on
maximum pyrolysis temperature because it is widely used to
characterize charcoal and is often the only measure of reaction
conditions. This is a formalization of the concept of charring
intensity (CI) introduced previously,2,32 intended to better
represent the charring process in pyrolysis reactors at thermal
equilibrium.
We tested the effectiveness of this new metric at representing

data for a series of charcoals made from a range of feedstocks.
Because the metric of CI presented here is designed to better
capture chemical changes occurring throughout the charring
process, we hypothesized that it may provide a better
intercomparison method between charcoals. To test this, we
analyzed the samples for chemical and isotopic qualities across
a large gradient of CI values. Our results reveal chemical trends
resulting from the temperature and duration of charring and
also have implications for soil N cycling, in which the periodic
influx of black N may cause a modest increase in the δ15N of
soils in fire-prone ecosystems. To test this hypothesis, we added
a fire component to a simple mass-balance model of nitrogen
isotopic and mass fluxes in soils and plants and found that even
modest charcoal N contributions can have a large impact on
soil N isotopic composition.

■ MATERIALS AND METHODS

Biomass Samples. We examined the effects of CI on
charcoal properties using charcoal produced from a suite of four
feedstocks: applewood (Malus domestica), mesquite wood
(Prosopis glandulosa), cocklebur (Xanthium strumarium), and
corn stover (Zea mays). We chose these to represent wood,
grass, and herbaceous materials and to span a range of C and N
isotopic signatures. All of the samples were first dried in an
oven at 120 °C for 24 h and then ground using a Thomas
Scientific Wiley Mini Mill 3383-L10 to pass a 841 μm sieve.

Charcoal Production. After grinding the samples, we made
pellets of all of the samples using a press (Parr 2811). We put
five pellets (∼1 g) of each biomass sample in ceramic crucibles
and covered them with a fine silica powder (U.S. Silica
Company Min-u-sil-40) up to 5 mm below the top of the
crucible to minimize oxygen exposure during pyrolysis. This
silica is 99.5% SiO2 and has a pH of 6.5. All of the particles have
an equivalent spherical diameter less than 50 μm, and 50% are
less than 10 μm.33 Although this was an efficient method for
oxygen restriction, some silica may have adhered to our
samples, introducing silica peaks in the FTIR spectra and
depressing the %C in the chemical analyses. We fired the
crucibles in a muffle furnace over a range of temperatures and
times, from 250 to 600 °C and from 1 to 5 h at 5 °C s−1, and
massed all sample-containing crucibles before and after
pyrolysis to find mass yields. At higher temperatures, the
samples did not survive 5 h reactions, limiting data from this
end of the CI spectrum.

Integral Metric of Charring Intensity. Previously,
charring intensity has been used as a nonquantitative
representation of the amount of energy input to biomass
during pyrolysis, roughly understood to be related to the
maximum pyrolysis temperature. However, we argue here that
the continuum of charring products versus temperature2 can be
better represented by an equation integrating the heat applied
and the reaction duration. Here, we define CI as the integral:

∫= T t tCI ( ) d
t

t

0

f

where T(t) is the temperature history of the pyrolyzing
biomass. For the typical slow pyrolysis experiment, biomass is
heated to a maximum temperature Tmax, held there for some
time, and then allowed to cool. We define the beginning
temperature of charring as 200 °C, below which dehydration is
the main reaction and above which changes to the chemical C
structure may start occurring.6,34,35 Therefore, the limits of
integration t0 and tf are defined as the times at which the sample
temperature rises above 200 °C during the heating phase and
drops below 200 °C during the cooldown phase.
To quantify the CI for each sample, we inserted a

thermocouple in the biomass and recorded the temperature
of the pyrolyzing sample at 10 s intervals. After noting the time
level N, at which the temperature first reached 200 °C (TN ≈
200°C), and the time level M, at which the temperature
dropped back to 200 °C (TM ≈ 200°C), we calculated the
integral by summing all the temperatures between these two
points and multiplying the sum by the measurement time
interval:
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Elemental Analysis and Isotope Measurements. We
measured sample % C, % N, and % H on a Costech ECS 4010
CHNSO Analyzer at Rice University. Isotopic measurements
were performed in the Stable Isotopes for Biosphere Sciences
Lab at Texas A&M University. Both charred and uncharred
plant materials were pulverized, weighed into tin capsules using
a microbalance, and analyzed for elemental (C and N) and
isotopic (δ13C and δ15N) composition using a Carlo Erba EA-
1108 (CE Elantech, Lakewood, NJ) elemental analyzer
interfaced with a Delta Plus (ThermoFinnigan, San Jose, CA)
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isotope ratio mass spectrometer operating in continuous flow
mode. C and N isotope ratios are presented in δ notation:

δ = − ×[(R R )/R ] 10sample std std
3

where Rsample is the
13C/12C or 15N/14N ratio of the sample, and

Rstd is the
13C/12C or 15N/14N ratio of the standard. δ13C values

were expressed relative to the V-PDB standard,36 and δ15N
values were expressed relative to the atmospheric N standard.37

Precision of duplicate measurements was <0.1 ‰ for δ13C and
<0.2 ‰ for δ15N.
Fourier Transform Infrared Spectrometry. We gener-

ated attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra using a Nexus 670 Fourier transform
infrared spectrometer (Thermo Scientific, Waltham, MA). Prior
to analysis, we ground the samples and dehydrated each sample
in an oven overnight at 120 °C to reduce the signal from
adsorbed water. We then made measurements on three
separate aliquots of each sample. We baseline-corrected each
spectrum, analyzed the peak areas using Fityk 0.9.8 software,38

and present results as percent radiation transmitted. The peak
areas are solved for in Fityk with a Gaussian function, and peak
areas were then averaged between the three subsamples before
being used for analysis.
Mass-Balance Model. We used a simple mass-balance

model for N ecosystem modeling outlined in a grassland
study39 for total soil N (Ns) and plant N (Np) as well as isotope
ratios:

= − + −
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t
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where N is total N, 15N is total amount of the heavy isotope of
N, Iex is N deposition (kg m−2 yr−1), Ifix is N fixation (kg m−2

yr−1), k is the decay constant for N reservoirs (yr−1), R is the
ratio of 15N to 14N for N reservoirs, and α is the fractionation
factor between reservoirs.39 Subscripts s and p refer to soil and
plant pools, while subscript “ex” refers to N deposition and “fix”
refers to N fixation. We extended the model using Matlab
software by adding a periodic fire pulse where a large portion of
the plant N reservoir is lost to the atmosphere and a smaller
portion is transferred to the soil reservoir with the associated
fractionation factor for charring we found in our results. The
parameters for the extended model are in Supplemental Tables
2 and 3.

■ RESULTS AND DISCUSSION
Here, we compare the effectiveness of CI at characterizing
charcoal properties to that of peak temperature alone and find
that CI is a better metric. We also find that some properties of
charcoal, such as mass yield, have a linear relationship with CI,
while others (%N, δ15N, %C) display a step-function
relationship. These step-function relationships share a common
threshold value for CI, which is the boundary between more
heterogeneous charcoals and more aromatically condensed

charcoals. Additionally, we find that N isotopes fractionate with
increasing CI while C isotopes did not, which has implications
for soil, paleoecological, and archeological studies.

Charring Intensity Linearly Captures Mass Yield. CI
better captures mass changes during pyrolysis compared to
peak temperature alone (Figure 1A,B). The linear regression

for mass loss improves from an R2 range of 0.54−0.64, when
mass versus temperatures were compared, to an R2 value of
0.74−0.84, when comparisons were made of mass versus CI
across all types of biomass. Holding temperature constant and
varying only reaction duration (temperature isolines in Figure
1A) shows that charring transformations continue for the entire
duration of reaction rather than ceasing when the highest
temperature is reached. This impact on trends is also observed
in the other chemical characteristics we measured (Supple-
mentary Figures 1 and 2).

Chemical Thresholds in Charring: % C, δ13C, % N, and
δ15N. Unlike mass yield, %C shows evidence of a chemical
threshold in the pyrolysis process occurring at a CI of ∼5.0 ×
106 °C·s. All four plant materials show a marked increase in C
loss above this threshold CI (Figure 2), although % C
decreased more in the herbaceous plants (corn and cocklebur)
than it did in the woody material (apple and mesquite). The
apple and mesquite wood chars used in this study decrease
from average % C values of ∼63% at low CI to ∼51% at higher
CI values. Corn stover and cocklebur chars both have average
% C values of approximately 52%, decreasing at high CI to % C
values as low as 2.3% for corn stover and 4.5% for cocklebur.
The much greater C loss in the corn stover and cocklebur is
likely due to the lower levels of lignin in these plant
precursors,40 which breaks down at higher intensities than
cellulose and hemicellulose.2,35 There may also have been a
contribution from silica, depressing the % C in the corn and
cocklebur, while the much higher values in the hardwoods are
due to preferential preservation; this preservation allowed easier
picking of the samples from the crucible and, hence, a lower
chance of silica contamination.
In spite of these large C losses, δ13C values are not

significantly altered in any of the plant materials across all CI
values (Figure 3). These data are in agreement with most other

Figure 1. Pyrolyzed charcoal mass yields compared to (A)
temperature and (B) charring intensity. Apple char samples are
represented by circles, corn char by squares, cocklebur char by
diamonds, and mesquite char by triangles.
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Figure 2. (A) Percent carbon of original biomass remaining in pyrolyzed samples. (B) Carbon isotope values of pyrolyzed samples. Hollow symbols
on the y-axis are uncharred biomass values. Apple char samples are represented by circles, corn char by squares, cocklebur char by diamonds, and
mesquite char by triangles.

Figure 3. (A) Percent nitrogen of the original biomass in the remaining pyrolyzed material. (B) Nitrogen isotope values of each pyrolyzed sample.
Hollow symbols on the y-axis are uncharred biomass values. Corn char samples are represented by squares, cocklebur char by diamonds, and
mesquite char by triangles. (For apple char, very low initial N concentrations limited detection of changes in % N, and it is excluded from N figures.).

Figure 4. Diagram of the chemical vibrations observed when measuring the degree of charring. As charring progresses, aromatic condensation
increases, resulting in bigger and more rigid sheets where CC stretching is limited.
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isotopic studies of charcoal formation, where on average, the
total fractionation observed from biomass values is generally
<1−2‰15 (higher fractionations can occur within the aromatic
fraction but at much greater temperatures41 and when
combustion is the dominant reaction42). Our results support
the efficacy of using charcoal δ13C as a proxy to reconstruct
paleoclimate43,44 and prehistoric human diets.21

The changes in charcoal % N with CI are due to the chemical
transformation of N compounds followed by their volatiliza-
tion. There is an initial increase in % N across all feedstocks as
CI increases (Figure 4). The % N early in the charring process
ranged from 0.6 to 1.8% and then rose to maximum values of
1.1 to 2.4% as CI increased to the threshold value of 5.0 × 106

°C·s (Figure 4). The increase in % N is likely due to the
preferential volatilization of reactive C and O, while N-
containing compounds are initially transformed into more
stable heterocyclic and aromatic compounds. Previous studies
have shown increases in CI converting less-stable N
functionalities into pyrrolic and then pyridinic N, until N-
containing heterocyclic compounds made up the majority of
the N still present,16−18,45 a process even more prevalent in
grasses than woods.18,46 The threshold for this switch from
transformation of N functional groups to the decomposition of
the more stable aromatic N occurs around the same CI for all
species, approximately 5.0 × 106 °C·s, after which all charcoal
species begin showing decreases in %N (Figure 3).
At low CI, there is very little N fractionation, while at higher

CI values, δ15N increases significantly. This effect shows up for
all feedstocks with a measurable % N. The charcoal δ15N also
displays a threshold effect, with significant fractionation from
original biomass after the 5.0 × 106 °C·s threshold in the CI is
crossed (Figure 3). Before this charring threshold is reached,
mesquite wood, corn stover, and cocklebur charcoals have
average isotopic values of 1.7 ± 0.3‰, 0.4 ± 0.3‰, and 5.4 ±
0.3‰, respectively (the initial δ 15N values of mesquite (1.9‰)
and corn stover (−1.1‰) are different from cocklebur (4.4‰),
likely due to the fact that corn was grown with fertilizer, and
mesquite is a legume that fixes atmospheric N2 symbiotically.
Thus, corn and mesquite have δ 15N values close to the 0‰
value of atmospheric N2.

47 After the threshold is crossed, there
is significant isotopic fractionation, resulting in δ15N values of
5.5−9.3‰ at the highest CI. This is an isotopic shift of 3.9−
5.6‰. This pattern supports the interpretation that initially
most N functionalities are transformed to stable heterocyclic
rings before those, too, are decomposed at higher intensities,
resulting in isotopic and mass fractionation after the threshold
CI has been reached. Another interpretation of the
fractionation is that during pyrolysis, nitrate is formed and
enriched in 15N, and the ratio of ash nitrate to black N increases
with CI. Our method does not differentiate between black N
and ash N, but in either case, charring will result in an import of
isotopically enriched N to soils. This enrichment in δ15N with
charring may have the potential to influence N isotope ratios in
the surface soils of fire-prone ecosystems (see the Implications
for Interpreting Soil δ15N Data section).
FTIR Shows Chemical Trends along Charring Intensity

Gradient. We evaluate three FTIR peak ratios to probe the
nature of the chemical shift occurring at CI values of 5.0 × 106

°C·s, focusing on previously cited peak ratios that are indicative
of the degree of charring (1620 cm−1:1700 cm−1) and degree of
condensation (aromatic peaks between 885 and 750 cm−1:1600
cm−1).2,48−50 Degree of charring is often represented as the
ratio of CC to CO stretching adsorption bonds.48,51

Although both peaks increase in the early stages of charring, the
peak at 1700 cm−1 (CO) begins to disappear as oxygen is
lost at higher charring intensities; thus, higher ratios indicate
greater charring48,51 and are a measure of sample aromaticity
(fraction aromatic C in a sample).10 Degree of condensation is
the ratio of aromatic C−H out-of-plane-bending to CC
aromatic stretching bonds and increases in this ratio indicate a
transition to larger, more rigid sheets of connected aromatic
rings2,50 or an increase in aromatic condensation.10,12 Increases
in degree of charring are indicative of the creation of more
aromatic C rings relative to other functional groups, while
increases in degree of condensation correspond to larger
aromatic sheets forming (Figure 4).
The representation of the increase in degree of condensation

by an increase in the ratio of C−H aromatic bonds to CC
bonds is nonintuitive because there are relatively more inner
CC bonds than outer C−H bonds in larger aromatic sheets.
For example, a single aromatic ring has six C−H bonds and
three CC bonds, while a three-ring sheet has nine C−H
bonds and nine CC bonds. However, this ratio increase
reflects the signals from these bonds, not their absolute
amounts. As the rigidity of larger aromatic sheets increases, they
are less able to stretch (and generate signal): CC within
large, rigid aromatic sheets generates a reduced signal even
though more double bonds are present than C−H bonds
(Figure 4).2,50 Degree of charring and degree of condensation
increase similarly with CI, although the trend is more
pronounced for the grass and herbaceous dicot than it is for
the two woods. Changes in the charcoal FTIR spectra across
the CI gradient show a loss of the original biomass complexity
as charcoals progress to larger, more rigid aromatic structures.

Integrated Chemical and Isotopic Changes during
Pyrolysis. We use the FTIR peak ratios discussed above to
examine the chemical changes occurring across our charring
continuum and explore the relationship between the threshold
behavior in the N isotopes and the overall chemical structure of
the charcoal. The degree of charring begins increasing at low CI
and continues through the highest values as molecules are
progressively transformed into stable aromatic rings. However,
the increase in the peak ratio indicative of degree of
condensation exhibits threshold behavior with little change
before 5.0 × 106 °C·s and larger changes after. The threshold
pattern observed in N composition and isotopes as well as the
degree of condensation peak ratios may indicate that although
N compounds are being transformed into aromatic N-
containing compounds, these heterocyclic compounds are not
incorporated into larger condensed aromatic sheets. When the
threshold is reached, therefore, heterocyclic-N compounds are
pyrolyzed and lost.

Implications for Interpreting Soil δ15N Data. Many
different N transformations and losses can lead to a relative
enrichment in ecosystem 15N, with variable magnitudes,52 but
the addition of pyrogenic matter complicates this picture. In
ecological fire studies, an immediate postfire increase in δ15N of
plant N is widely observed (e.g., refs 22, 53, and 54). Several
theories exist as to why this happens, including consumption of
low δ15N surface litter during fire, forcing plants to obtain N
from deeper δ15N-enriched soil N stores52 and increased
nitrification postfire, leaving behind a δ15N-enriched ammo-
nium pool.22,54 However, a recent paper proposed that the
addition to the soil pool of fire-altered materials enriched in 15N
is actually the most important fire effect.22 Previous studies
have shown very little fractionation in black N, yet these studies
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used much lower temperatures and durations than this
study.19−21 In natural ecosystems where temperatures are
often greater than 250 °C and durations longer than 1 h,55 fires
are likely to cause an increase in both whole-soil and charcoal
δ15N isotopes.22,56

N in charcoal has been ignored as a contributor to the soil N
cycle because N is usually <5% charcoal by mass, but new
evidence suggests that black N may play a more complex role in
the soil N cycle.57,58 Our results indicate that above the CI
threshold of 5.0 × 106 °C·s, N does begin to fractionate with
14N in pyrolyzed biomass being preferentially lost because
pyrolysis discriminates against the heavy isotope. In natural
fires, pyrolysis in the interior of substrates likely competes with
combustion at the surface of biomass particles where O2 is
readily supplied,59 potentially resulting in a dominance of
pyrolysis type reactions in woody materials and a dominance of
combustion-type reactions in grasslike materials.55 Therefore,
hotter, longer forest fires will result in greater fractionation and
an input of high δ15N substrate to the top of the soil column,
while grassland fires may have a lower influence from pyrolysis.
δ15N values tend to increase with depth, which in the past has
been explained by age-dependent N fractionation patterns or
the addition of 15N-depleted plant litter at the surface and 15N-
enriched mycorrhizal fungi tissues at depth.47,52,60−62 After
crossing the CI threshold, pyrogenic N additions to the topsoil
are both stable and enriched in 15N relative to their precursor
organic matter, providing an additional potential mechanism
that would result in older, deeper soil nitrogen having higher
δ15N values.
To examine the impact of fire-derived, δ15N enriched

charcoal on soil 15N signatures in fire-prone ecosystems, we
revised a simple model developed by Brenner et al. (2001) to
simulate a fire event every 50 years in a grassland and every 100
years in a boreal forest. We estimate conservative fractionation
factors on the basis of CI values reasonably expected in wild
fires (approximately equivalent to 350 °C for 5 h, 450 °C for 4
h, or 600 °C for 3 h) and on the basis of the relative importance
of pyrolysis that we would expect in a forest versus a
grassland63,64 (see Supplemental Tables 3 and 4), and we
also estimate gaseous losses from combustion for the above-
ground component.65−67 We use MATLAB software to
numerically simulate periodic fires for 4000 years to the
steady-state and find that compared to model results without
fire, a fire-moderated ecosystem had 2‰ higher δ15N steady-
state values in both the biomass and the soil, which we treat in
this simple experiment as one pool (Supplemental Figures 4
and 5). This effect would likely become more pronounced in a
model that included multiple depths and organic matter pools
because black N may be more stable than other forms.68

However, we caution that most of this shift is due to the
atmospheric losses of above-ground biomass; still, approx-
imately 25% of this shift was due to char N addition alone in
our conservative simulations. This indicates that black N, when
present, may shift soil N isotope profiles. These results mean
that in ecosystems where fires persist for hours or burn hot, the
use of N isotopes to reconstruct ecosystem δ15N values requires
careful evaluation.
The concept of CI presented here is a first step in

standardizing comparisons between charcoals produced under
different environmental conditions or in different laboratories,
and our chemical data demonstrate that the previously
observed importance of temperature in controlling charcoal
qualities is better captured by total energy input. Our lab results

also have implications for the interpretation of soil isotopic
values, and our modeling experiment shows that black N may
influence N soil dynamics, altering both SOM recalcitrance and
soil δ15N values. Thermal history impacts on charcoal qualities
may also complicate reconstruction of past fire regimes because
natural fires contain both fast-burning high-temperature regions
as well as smoldering low-temperature regions, leading to
heterogeneity in properties. Defining a continuum of CI instead
of temperature in lab charcoals will help clarify these field
issues, and further work should be done to assess the effect that
oxygen availability has on this parameter.
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I.; Yang, L. Z.; Yin, R.; Lin, X. G.; Dong, Y. H.; et al. Ancient paddy
soils from the Neolithic age in China’s Yangtze River Delta.
Naturwissenschaften 2006, 93 (5), 232−236.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b03087
Environ. Sci. Technol. 2015, 49, 14057−14064

14064

http://dx.doi.org/10.1021/acs.est.5b03087


S1 

 

Supporting Information  

“Chemical and isotopic thresholds in charring: implications for the interpretation of charcoal mass and 

isotopic data” 

Authors: Lacey A. Pyle*, William C. Hockaday, Thomas Boutton, Kyriacos Zygourakis, Timothy J. Kinney, 

Caroline A. Masiello 

Supporting information (7 pages) contains further FTIR analysis and mass balance model description. 

Supplemental Table 1 is starting biomass values for charred products, Supplemental Figure 1 and 2 are 

chemical char characterizations grouped by peak temperature, Supplemental Figure 3 is some 

representative FTIR spectra, Supplemental Table 2 contains FTIR peak ratios, Supplemental Tables 3 and 

4 are model parameters, and Supplemental Figures 4 and 5 are the results of our model runs in two 

different ecosystems and under two different fire regimes. 

  



S2 

 

Supporting Information 

Supplemental Table 1. Biomass characterization 

Biomass δ
15
N %N δ

13
C %C C:N 

Apple Wood 2.87 0.29 -27.39 46.88 161.66 

Mesquite Wood 1.99 0.79 -26.16 46.98 59.47 

Cocklebur 4.49 0.95 -27.84 39.86 41.96 

Corn Stover -1.08 0.63 -12.75 44.04 69.91 
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FTIR Analysis  

Changes in the charcoal FTIR spectra across the CI gradient show a loss of the original biomass 

complexity as charcoals progress to larger, more rigid aromatic structures (Figure 7). This 

spectral charring transition is consistent with previous studies(Pastorova et al 1994; Keiluweit et 

al 2010; Kinney et al 2012). All spectra are dominated by peaks at 1056 cm-1, 1600 cm-1, and 

1700 cm-1 and additionally have a broad water peak between 2500-3700 cm-1 (Figure 7). 

Aliphatic peaks occurring between 3000-2800cm-1 are present at lower CI and disappear at 

higher intensities(Pastorova et al 1994; Guo and Bustin 1998; Keiluweit et al 2010; Hobbie and 

Högberg 2012; Kinney et al 2012). A peak at 1311 cm-1 attributed to aliphatic -CH2- 

deformations initially increases as CI increases, but begins to disappear later, a behavior which 

agrees with the charcoal FTIR literature(Guo and Bustin 1998). Using this aliphatic peak in a 

ratio compared to the aromatic peak at 1600 cm-1 results in a decreasing trend with CI, 

indicating more charred products(Guo and Bustin 1998; Mukome et al 2013).  

Charcoal chemistry becomes increasingly aromatic with a coinciding decrease in aliphatics along 

our CI gradient (Supplemental Figure 1). Additionally a peak at 1160 cm-1, which could 

correspond to cellulose derived charring products, increases linearly with CI (Keiluweit et al 

2010). Although the large method-derived silica peak prevents definitive confirmation that 

carbohydrates are disappearing because deconvolution of the two peaks was not possible, the 

increasing aromaticity of the samples as well as the appearance of aromatic C-H bonds and 

cellulose-derived charring products does indicate increasingly charred products, implying 

carbohydrates are also being consumed. 
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Supplemental Table 2. Selected peak area ratios for pyrolyzed samples (Apple = A, Mesquite = 

M, Cocklebur = X, Corn = C) 

Peak Area 

Ratios 
1600/1700  780-885/1600 2800-3000/1600 

Feedstock A M X C A M X C A M X C 

C
h

a
rr

in
g

 I
n

te
n

si
ti

e
s 

1.7E+06 0.09 0.06 0.06 0.25 0.15 0.82 0.82 0.02 1.00 1.00 1.00 0.64 

1.8E+06 0.12 0.16 0.16 0.40 0.28 0.19 0.19 0.03 0.17 0.10 0.10 0.16 

2.5E+06 0.32 0.22 0.22 0.45 0.14 0.26 0.26 0.02 0.29 0.06 0.06 0.04 

2.5E+06 0.09 0.10 0.10 0.29 0.12 0.58 0.58 0.02 0.66 0.33 0.33 0.39 

2.9E+06 0.12 0.14 0.14 0.45 0.35 1.00 1.00 0.04 0.11 0.13 0.13 0.11 

3.4E+06 0.10 0.06 0.06 0.31 0.10 0.17 0.17 0.01 0.29 0.28 0.28 0.30 

3.8E+06 0.22 0.17 0.17 0.62 0.06 0.55 0.55 0.05 0.11 0.06 0.06 0.04 

3.9E+06 0.21 0.14 0.14 0.50 0.09 0.35 0.35 0.03 0.20 0.09 0.09 0.11 

4.2E+06 0.10 0.07 0.07 0.26 0.25 0.18 0.18 0.04 0.16 0.18 0.18 0.26 

4.2E+06 0.33 0.23 0.23 0.57 0.10 0.34 0.34 0.03 0.05 0.05 0.05 0.01 

4.9E+06 0.26 0.34 0.34 0.35 0.06 0.70 0.70 0.10 0.06 0.04 0.04 0.09 

5.0E+06 0.26 0.13 0.13 0.46 0.06 0.29 0.29 0.08 0.26 0.07 0.07 0.08 

5.0E+06 0.11 0.10 0.10 0.26 0.16 0.29 0.29 0.05 0.15 0.13 0.13 0.22 

5.8E+06 0.31 0.29 0.29 0.47 0.54 0.68 0.68 0.10 0.07 0.04 0.04 0.02 

6.0E+06 0.32 0.11 0.11 0.47 0.39 0.85 0.85 0.08 0.38 0.12 0.12 0.07 

6.2E+06 0.27     0.19 0.87     0.50 0.05     0.26 

7.0E+06 1.00 0.63 0.63 1.00 0.37 0.92 0.92 0.06 0.02 0.02 0.02 0.05 

7.4E+06 0.28 0.32 0.32 0.43 1.00 0.66 0.66 0.13 0.06 0.04 0.04 0.02 

7.4E+06 0.34     0.26 0.14     0.64 0.05     0.40 

8.7E+06       0.38       1.00       0.32 

8.9E+06       0.35       0.44       0.42 

1.0E+07       0.29       0.52       1.00 

1.0E+07 0.94 1.00 1.00 0.35 0.40 0.58 0.58 0.56 0.01 0.01 0.01 0.19 

 

 

Nitrogen Mass Balance Model 

The model in Brenner et al, 2001 is a simple mass balance for total nitrogen and nitrogen 

isotopes in a coupled soil and plant system. We recreated this model but also added a 

perturbation in the form of a fire every 10 years in order to show that the black nitrogen 

produced in a fire makes a significant impact on soil nitrogen isotopes. We used parameters for a 

grassland and a boreal forest, shown in supplemental Tables 3 and 4, to produce Supplemental 

Figures 4 and 5. The fire model simply removes a portion of aboveground biomass to the 
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atmosphere as gaseous losses (kexc) and then a smaller portion is transferred from the plant N 

pool to the soil N pool (kc) with the associated fractionation factor found through our laboratory 

work (αc). It is important to note that in the simulations represented below, the ~4‰ 

fractionation in both grasslands and forests is driven mainly by the large losses directly to the 

atmosphere from combustion of plant material. However, when we simulated with just char 

production alone (an unrealistic scenario not pictured here) we still found a 1‰ increase in soil 

N isotopes.  

 

Supplemental Table 3. Definition and values of all parameters used in 

Matlab grassland fire simulation 

Parameter Description Value Used 

Rex 15N/14N of atmospheric inputs 0.0036765 

αex Soil to environment N fractionation factor 0.995 

αp Soil to plant N fractionation factor 0.990 

Iex Atmospheric N deposition 10 

kex Soil N loss constant (soil to environment) 0.002 

ks Plant N loss constant (plant to soil) 0.1 

kp Soil N loss constant (soil to plants) 0.02 

Ifix N fixation 2.3 

kc plant to char loss constant 0.027 

αc plant to char N fractionation factor 1.000996016 

kexc plant to environment loss after fire 0.93 
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Supplemental Table 4. Definition and values of all parameters used in 

Matlab forest fire simulation 

Parameter Description Value Used 

Rex 15N/14N of atmospheric inputs 0.0036765 

αex Soil to environment N fractionation factor 0.995 

αp Soil to plant N fractionation factor 0.990 

Iex Atmospheric N deposition 12.5 

kex Soil N loss constant (soil to environment) 0.002 

ks Plant N loss constant (plant to soil) 0.1 

kp Soil N loss constant (soil to plants) 0.04 

Ifix N fixation 6.5 

kc plant to char loss constant 0.0174 

αc plant to char N fractionation factor 1.002401008 

kexc plant to environment loss after fire 0.58 
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