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Infrared spectroscopy refines
chronological assessment,
depositional environment
and pyrolysis conditions

of archeological charcoals

E. Smidt?, J. Tintner'™’, O. Nelle?, R. R. Oliveira?, R. Patzlaff*, E. H. Novotny® & S. Klemm®

Based on infrared spectral characteristics, six archeological sample sets of charcoals from German

(5) and Brazilian (1) sites, covering the time span from the nineteenth century CE to 3950 BCE, were
compared to a chronological (present to the fifteenth century BCE) series of Austrian charcoals. A
typical chronological trend of several bands (stretch vibrations: O-C-O of carboxylates at 1,585-
1,565 and 1,385-1,375 cm™, C-O carboxylic acids at 1,260-1,250 cm™) that indicate oxidation and
subsequently increasing hydrophilicity (O-H stretch vibration at about 3,400 cm™) was also contained
in the archive samples. Three sample sets fit in the typical band development according to their

age. For three sample sets this conformity was not observed. Despite the age of two sample sets
(3950-2820 BCE), most charcoals were assigned to the Modern Period. Apart from the high degree of
carbonization, anaerobic depositional conditions over a longer period of time seem to contribute to
the surprising conservation. Non-removable mineral components in charcoals, as observed in a third
sample set, strongly influence infrared band intensities and positions of organic compounds. The role
of inorganic components in terms of charcoal aging, and the information we can obtain from spectral
characteristics in an archeological context, are discussed.

Black carbon (BC), a product of incomplete combustion, comprises a wide range of charred organic materials
with different chemical and physical properties. Charcoal represents a main component. Apart from its func-
tion as remains in the historical and archeological context, its behavior, stability and turnover under different
environmental conditions are the focus of numerous investigations in diverse research fields.

Due to its recalcitrance, BC is considered to be a relevant sink in the carbon cycle!. Stable and relatively
persistent BC is found in deep marine sediments?, at archeological sites>* and as component of Chernozems™®.
Charcoals are archeological evidences for former land use and deforestation’ and support the reconstruction of
the long-term development of forest ecosystems®?, forest fires'*'> and anthropogenic activities associated with
fire’>. Chemical changes in soils due to the aging of pyrogenic carbon from slash-and-burn practices and the
evolution of stable carbon stocks were observed in the Fujian Province'*.

The aim to quantify the stable carbon pool in soils and sediments and to understand the behavior of black
carbon, its residence time, degradation, turnover rates and the associated influencing factors in the environment
has prompted many studies, both lab and field experiments. These have led to apparently contradictory obser-
vations due to the individual chemistry of pyrogenic organic matter and different storage conditions in soils in
terms of temperature, moisture and oxygen access'®. Some fundamental facts can be deduced from numerous
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experimental set-ups: feedstock composition, production temperature/carbonization degree and environmental
conditions, e.g. soil properties'®!” are the main influencing factors for black carbon longevity or short-term
degradation. These findings were compiled in review articles'®!, including uncertainties regarding the stocks
and stability of BC, especially in boreal regions®. Litterbag experiments during one year in the tropical rainfor-
est confirmed that extensive aromatization due to higher pyrolysis temperatures led to reduced degradability.
Furthermore, non-lignocellulosic materials were more susceptible to degradation?!. Specific formation conditions
result in chemical and physical differences between the pyrogenic carbon fraction in biochars and wildfires?.
Charcoals of low carbonization degree are scarcely found in the environment after only 20 years®. Other effects
besides degradation, e.g., additional wildfires?, erosion and translocation into deeper soil horizons? can also
cause charcoal remains to disappear. Different approaches of laboratory and field incubation experiments to
evaluate the stability of biochar in the environment were the basis for degradation models*. The quality of BC
fractions and erosion should be included to improve modeling of the fate of BC in soils*’. Degradability and qual-
ity are the main prerequisites for the function and interaction of biochar in soils*®, such as adsorption behavior?,
pore size and pore size distribution®® and the effects on plant growth?'-%.

A variety of analytical methods and experimental approaches have been applied to investigate the chemistry
of charcoals and alterations in field or lab experiments. Elemental analyses of C, O and H** and their ratios in the
van Krevelen diagram demonstrate the relation between rising carbon content and increasing temperatures>-¢,
The O:C ratio of fresh biochar seems to be a reliable parameter for its stability in soils'®. The determination of
benzenepolycarboxylic acids, a molecular marker for BC, is one of the established methods for quantification of
BC in different environments, e.g. soils*” and marine sediments®.

Analyses of isotopes can trace the fate of BC from its origin as well as elucidate its behavior and residence
time*. Removal of contaminants (e.g. non-pyrogenic carbon) might be relevant for the characterization of pyro-
genic carbon. In this context, '*C NMR spectra were used to compare different pretreatments and the efficiency
of decontamination®®*!. For a mass balance of stable carbon, hydrogen pyrolysis was applied to the litterbag
samples®! prior to the *C NMR analyses in order to differentiate the stable aromatic carbon fraction from exog-
enous organic materials, incorporated during exposure in the environment*?. The formation of new nitrogen
heterocyclic components was observed during thermal oxidation of peat samples using *C- and ’'N-NMR
spectroscopy®’. ?*C NMR and FTIR spectroscopy were applied to track the progressive dichromate oxidation of
charcoals, produced at different temperatures, and natural charcoals, altered in the environment. They revealed
that polyaromatic structures formed at temperatures >400 °C are highly resistant to oxidation, whereas aged
samples are more susceptible!”. Chemical alterations of charcoals along the aging process over several centuries
were revealed by their infrared spectral patterns**.

The formation of organized polyaromatic domains in charcoals is a basis for reflectance measurements that
allow the reconstruction of the production temperature of modern and archeological charcoals formed at 400 °C
and above®*. Aging in the environment leaves characteristic mechanical properties of charcoals that can support
the identification of original wood species®.

Based on previous investigations that have shown a characteristic trend of infrared spectral features with
age under similar environmental conditions, it was the objective of this study to corroborate this development
using additional sample sets of historical and archeological charcoals from archives (from the nineteenth cen-
tury CE to 3950 BCE). The classification into an existing chronological series of reference charcoals that cover
the time span from the present to a period from the fifteenth to the thirteenth century BCE should verify the
conformance of their spectral signature with historical, dendrochronological and/ or *C dating. Discrepancies
between the spectral signature and the determined age are discussed in the context of literature regarding the
influencing factors of aging.

Results and discussion

The relevant bands that were used for sample evaluation are compiled in Table 1. Band positions are indicated
according to Smith*” and Guo and Bustin*. The list is limited to visible band maxima. Aging/oxidation lead to
interactions (e.g. H-bonds) and subsequently to broadening of bands*. Strong bands of inorganic components
overlap smaller organic bands. Nevertheless, underlying features are included by multivariate data analysis of
the spectral pattern. Data analyses were performed with selected wavenumber regions.

Stepwise procedure in the interpretation of sample sets from additional sites. Principal Com-
ponent Analysis (PCA) of infrared spectra (wavenumber regions of 4,000-2,400 cm™ and 1,800-400 cm™) is
performed for all samples (reference samples and dated sample sets). If their scores correspond to the age deter-
mined by the reference method, it is indicative that alteration proceeds according to the spectral pattern of the
reference samples. Otherwise, further investigations are necessary as described below.

Trend of the spectral pattern of natural charcoal aging. Due to the determined age, it can be
assumed that all samples were pyrolyzed at temperatures >400 °C. Charcoals produced at lower temperatures are
more affected by microbial degradation as shown by incubation®, field experiments* and chemical oxidation'.
During the aging process a common succession of the spectral changes is noticeable. Figure la and b display the
PCA (4,000-2,400 cm™ and 1,800-400 cm™) of reference samples from Austria (recent, A, B, C) and sample sets
of charcoals from Brazil (Rio) and Germany (Wittnau WI and Iznang IZ). Despite the heterogeneity within the
group, their scores in PCI are proportional to age. The loadings plot (Fig. 1b) clearly reveals the relevance of the
organic bands with regard to the aging process.

The average infrared spectra of each sample set are shown in Fig. 1c to support the loadings interpretation.
They feature the characteristic development of relevant bands in the region from 1,800 cm™ to 1,100 cm™: the
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Wavenumber (cm™') | Molecular vibration Functional group
3,500-2,500 O-H stretch Carboxylic acids, water
3,000-2,800 C-H stretch aliphatic
3,050-3,030 C-H stretch aromatic
1,730-1,700 C=0 stretch (aliphatic) Carboxylic acids
1,710-1,680 C=0 stretch (aromatic) Carboxylic acids
1,610-1,560 C=C vibration (aromatic) aromatic ring
1,585-1,565 O-C-O stretch (asymm.) Carboxylates
1,385-1,375 O-C-O stretch (symm.) Carboxylates
1,260-1,250 C-O stretch; O-H bending | Carboxylic acids
~1,030 Si-O-Si stretch (asymm.) Silicates
1,060-1,030 C-O stretch (aliphatic) Ethers and Alcohol
894, 823,758 C-H (deformation)

Table 1. Wavenumber position and assignment of functional groups.

increase in intensity of the carboxylate bands (1,585-1,565 cm™ and 1,385-1,375 cm™) and the concomitant
increase, followed by a relative decrease in the oldest samples, of the carboxylic acid bands at about 1705 cm™ and
1,260-1,250 cm™. This decline is observed starting from the fifteenth to the thirteenth century BCE (reference
samples “C”). The samples from Brazil (Rio), Wittnau (WI) and Iznang (IZ) fit in the series according to their
determined age. Emerging functional groups and changes of band intensities in the carboxylic/carboxylate region
are paralleled by a corresponding increase of the O-H stretch band in the spectral region 3,500-2,500 cm™,
which is in accordance with the increasing hydrophilicity due to oxidation (as shown in Fig. 3). Despite differ-
ent sampling sites (Germany, Brazil) and therefore different climatic conditions, the oxidation process follows a
useful regularity. The degree of carbonization seems more important than some differences in the environment,
as confirmed by litterbag experiments, where degradation was generally highest in 500 °C chars and lowest
in 300 °C chars, independent of storage conditions such as soil surface, litter, or layer of limestone chips*.
Changes regarding drought, humidity and temperatures might be counterbalanced over the long-lasting residence
time in the environment. Nevertheless, some environmental conditions have a strong impact on alteration or
preservation'®. Heterogeneity within groups is pronounced from the nineteenth to the thirteenth century CE,
whereas older groups become more uniform. Over a period of millennia, the relevance of individual degrees
of carbonization or environmental exposure abates and only samples with high degrees of carbonization and
appropriate environmental conditions remain.

Archeological sites Bodnegg and Olzreute. Two sample sets (Bodnegg and Olzreute) do not fit in
the series of reference samples in terms of their spectral features. Despite the age of several thousand years
(3950-3650 BCE and 2900-2820 BCE, respectively), sample positions in the scores plot of the PCA (not shown),
based on all reference samples and the wavenumber regions 4,000-2,400 cm™ and 1,800-400 cm™’, are close to
recent samples (rec) or overlap samples from reference set “A” (about 1800 CE). This first PCA was the basis for
the second PCA (Fig. 2), which emphasizes these two relevant periods. This second PCA used the wavenumber
regions 4,000-2,400 cm™ and 1,800-1,100 cm ™. The wavenumber region from 1,100 to 400 cm™ was excluded,
as mineral compounds were not visible in the spectra.

According to their position in the scores plot, close to either recent samples (rec) or reference samples “A’,
single spectra of the marked samples in Fig. 2 from both groups (BO1 and BO2, OL1 and OL2) are displayed in
Fig. 3. The wide variability of intensities in the carboxyl/carboxylate region indicates different partial oxidation
degrees among different BO and OL samples (within-group variation).

As the spectra of BO2 and OL2 feature properties of reference samples C (increase of the bands at
1,585-1,565 cm™" and 1,385-1,375 cm™! and the concomitant decrease of the bands at 1,705 cm™ and 1,260 cm™),
a SIMCA (Soft Independent Modeling of Class Analogy) was calculated to find out the membership of the
samples.

Most of the samples are located in the area “neither-nor”, but closer to the class “rec” than “C”. Only 7 out of
125 samples from Bodnegg, and none from Olzreute, are assigned to the class “C”, as would be expected from
their determined age.

The similarity to recent samples or reference samples “A” (i.e., low degree of partial oxidation) indicates some
protective mechanism from aging or high charcoal recalcitrance, which could be provided by a high degree of
carbonization. The minor evidence of aging and the discrepancy between the indicated age and the spectral
signature required additional investigation.

The scores plot of the PCA (Fig. 2) and the Coomans plot (Fig. 4) reveal the heterogeneity within these groups
(BO and OL), which raises the question of whether charcoals with a wider range of age coexist in the same sites.
In such cases FT-IR spectroscopy provides advantageous information as it allows analyses of huge sample sets
due to low costs and a rapid procedure. The spectral feature can be used for sample screening to confirm previous
dating results or to initiate additional investigations. Two samples from each site, Olzreute and Bodnegg, with the
highest distance in the scores plot (see squares in Fig. 2) were subjected to *C-dating, which confirmed the same
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Figure 1. (a) Scores plot and (b) corresponding loadings plot of the PCA based on the wavenumber regions
4,000-2,400 cm™! and 1,800-400 cm™, (c) average spectra (wavenumber range 1,800-1,100 cm™) of Austrian
reference samples (rec, Azoo cp> Bis-early 15th cent. CB> Cish-13th cent. Bcp) @0d samples from Brazil (Rioygy,_jo cent. ci)
and Germany (WLsi_17 cent. c& a0 [Z350 3550 pcr)-

age for both contrasting BO- and OL-samples. Therefore, we can conclude that a high degree of carbonization
and/or special environmental conditions are responsible for the preservation.

In the next step, the carbonization temperature that the wood was exposed to, was determined based on
spectral characteristics using an established prediction model®'. It has to be emphasized that the prediction
model has been calibrated with fresh charcoals from laboratory experiments®! and applied on recent traditional
kiln processes™. The aging effect is not considered in the model. Prediction results for the current sample sets
are presented in Fig. 5a and indicate that many charcoal samples from Olzreute (OL) and Bodnegg (BO) were
subjected to similar temperatures as kiln samples®?. Comparison of standard deviations of all sample sets (Fig. 5b)
confirms that the application of the temperature prediction model is limited to charcoal samples that are similar
to recent charcoals. High standard deviations indicate that the material departed from material characteristics
of the calibrated recent charcoals.
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Figure 2. Scores plot of the PCA based on infrared spectra (wavenumber regions 4,000-2,400 cm™ and 1,800-
1,100 cm™) of reference samples (rec, A) and (a) samples from Bodnegg (BO) and (b) samples from Olzreute
(OL); squares indicate samples (BO1, BO2, OL1, OL2) for single spectra (Fig. 3) and *C analyses (see below).
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Figure 3. Average infrared spectra (wavenumber regions 4,000-2,400 cm™ and 1,800-1,100 cm™) of reference
samples (rec, A, B) and single spectra of marked samples (Fig. 2) from Bodnegg (BO1 and BO2) and Olzreute
(OL1 and OL2).

It has to be emphasized that the sample set “rec” comprises samples with a high carbonization degree. It is not
evident that such carbonization conditions can be presupposed for all pyrolysis processes to which charcoals were
subjected at archeological sites. Reflectance measurements might provide more information about the produc-
tion temperature, at least for >400 °C***. The boxplots show that most samples BO and OL had been exposed
to temperatures >400 °C, half of them even > 580 °C corresponding to high thermal alteration.

Apart from the high degree of carbonization in the BO and OL samples, environmental conditions have to
be considered. According to the archeological information about the sampling sites, charcoals from Bodnegg
and Olzreute were embedded in a permanently wet peat. As oxygen availability and accessibility are essential
factors for degradation, anoxic environments such as waterlogged ecosystems, peats and river sediments foster
preservation'®. Anaerobic environmental conditions over longer periods of time, together with the high degree of
carbonization, seem to be responsible for the good state of preservation. Lab experiments with a strong chemical
oxidative reagent revealed a considerable resistance of charcoals produced at 600 °C against oxidation'.

Sample set with partially high content of mineral compounds (site Speckhau). The spectral
pattern of the sample set from Speckhau (SP) conspicuously indicates the environment where the charcoals were
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Figure 5. Boxplots representing (a) the temperature prediction of recent samples and samples from Bodnegg
(BO) and Olzreute (OL) and (b) the standard deviations of temperature prediction for all charcoal sample sets.

buried. These charcoals originated from a tumulus and were embedded in a mineral matrix. Mineral compo-
nents (silicates, clay) had permeated the pores and could not be removed without additional chemical methods.
According to Huisman et al.**, who investigated remains of a Neolithic settlement, alkalinity is a main factor for
charcoal alteration and pedological processes that lead to clay coatings. Figure 6a displays the average spectra of
both samples containing high mineral contents (SP-H) and samples with a low content (SP-L).

The high mineral content with intense infrared bands (e.g. Si-O at about 1,030 cm ™) obliterates other bands,
with organic indicator bands disappearing almost completely. In 21 (SP-L) out of 40 samples the characteristic
indicator bands of aging are at least visible. The PCA (Fig. 6b) based on infrared spectra of the whole sample set
in the wavenumber range 4,000-2,400 cm ™ and 1,800-400 cm™ illustrates the conspicuous heterogeneity due to
different portions of mineral components. The corresponding loadings plot (Fig. 6¢) of the 1* and the 2"¢ Princi-
pal Component (PC) reveals the spectral regions that are responsible for the main variance (explained variance
by PC1 and PC2: 74% and 18%, respectively). Besides the characteristic spectral regions that represent the aging
process (>1,200 cm™), the dominant contribution of mineral components with atom pairs with large reduced
mass, such as Si-O, Al-O, Fe-O etc., resulting in stretching bands at low wavenumbers (region <1,200 cm™)
is obvious. Charcoals with low contents (SP-L) overlap reference samples “C” and pretend an earlier period.

Although the classification into the chronological series is not possible due to the strong influence of min-
eral components, we can obtain some relevant information about these charcoals by means of spectral data
and multivariate analysis: knowledge of the mineral environment, the heterogeneity within the group and the
characteristic development of indicator bands that reveal the oxidation process.

Figure 6 displays the PCA with the same settings as in Fig. 1. Rotating the PCA (Fig. 6d, e), it is possible to
isolate both sources of variation: the aging in the component 1 and the mineral contaminants in the component
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Figure 6. (a) Average FTIR-ATR spectra of samples with low (SP-L) and high (SP-H) mineral content; (b)
scores plot of the PCA based on infrared spectra (wavenumber range 4,000-2,400 cm™ and 1,800-400 cm™) for
all samples (SP) and reference samples (rec, A, B, C); (c) corresponding loadings plot of the 1* and the 2" PC;
(d) scores plot of the Varimax-Rotation based on infrared spectra (wavenumber range 4,000-2,400 cm™ and
1,800-400 cm™!) for all samples (SP) and reference samples (rec, A, B, C); (e) corresponding loadings plot of the
rotated component 1 and rotated component 2.
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Sample ID | Origin Age? No. of samples
rec Rohr im Gebirge, Austria | recent 61
A Eisenerz, Austria about 1800 CE 35
B Eisenerz, Austria 13th-early 15th cent. CE | 32
C Eisenerz, Austria 15th-13th cent. BCE 26
Additional sample sets

Rio Rio de Janeiro, Brazil 18th-19th cent. CE 30
WI Wittnau, Germany 15th-20th cent. CE 38
1Z Iznang, Germany 3270-3250 BCE 76
BO Bodnegg, Germany 3950-650 BCE 125
OL Olzreute, Germany 2900-2820 BCE 97
SP Speckhau, Germany 400-300 BCE 40

Table 2. Sample ID, origin and age of reference samples** and new sample sets. *Dated by means of '*C and/or
dendrochronology.

2. However, the estimated age for SP samples, based on their scores in component 1, is overestimated (appearing
as “C” or even older).

Ex post we can only hypothesize which factors were responsible for the accelerated aging process. Alkaline
environments promote the fragmentation of charcoals and facilitate further alteration'**>**. For the charcoals
under limestone treatment, a lower effect of alkaline conditions was observed as expected*.

The question of why a part of the sample set SP incorporated more mineral components can only be answered
by some assumptions. The anatomical structure of wood species might be a reason for the different ingress of
mineral components*, charcoal burying and incorporation in the soil, and clay migration during pedogenesis.
However, a close exposure to mineral components, especially to clayey materials, influences the aging process.
This fact has also been observed for wood*. Rechberger et al.*® documented an accelerated aging process for bio-
char in acidic soils. Furthermore, a lower degree of carbonization might have led to the accelerated aging'>** The
simple previous inspection of the infrared spectra and identification of a large amount of minerals preclude the
use of these spectra in the current models. New models for this kind of samples could overcome this limitation.

Conclusions
Infrared spectroscopic investigations of charcoals combined with multivariate data analysis have shown that the
method provides useful information on their natural aging process, which takes place in a typical way under
similar environmental conditions. The characteristic pattern can be related to their age determined by other
methods (*C dating and dendrochronology). The question is whether this fact can be used in the future as an
additional dating tool. Deviations of this general pattern are observed if the degree of carbonization, environ-
mental conditions and the ambient matrix disturb the steady transformation of the material. The discrepancy
between the age determined by dating methods and the spectral features indicates additional influencing factors
on the aging processes. Therefore, sampling of archeological charcoals should always be paralleled by a compre-
hensive survey of the sampling site, including a detailed environmental, especially pedological, report to support
data interpretation. The infrared spectra alone already provide clues to some of these outliers, such as high car-
bonization degree and embedded mineral contaminants. In the future, if age and carbonization degree are well
known, FTIR spectroscopy can be expected to provide profound information on the long-term soil conditions.

Due to the advantages of FTIR spectroscopy mentioned above, it is possible to characterize huge sample sets.
Based on multivariate evaluation, the homogeneity of charcoal samples from a sampling site can be checked.
In this case, infrared spectroscopy is a useful tool for a preliminary assessment in order to select additional,
more expensive analyses. Future work will have to separate spectral characteristics, describing the degree of
carbonization®! and those indicating the aging processes*:.

In further steps, prediction models for the age of charcoal based on spectral features might be worked out, if
carbonization degree and field conditions are known.

Materials and methods

Sample sets. Details of charcoal samples, comprising reference samples from Austria* and samples from
Germany and Brazil, are compiled in Tables 2 and 3. Charcoals were not excavated or dated specifically for this
study.

Sample origin and site conditions. Table 3.

Sample preparation. The size of collected charcoal particles was 5 to 15 mm. Charcoal particles from
archives were dried at 65 °C. Attached mineral components were manually removed from the surface of charcoal
particles using a tweezer and scalpel with the help of a magnifying glass. The samples were stored in small sealed

glass jars. For infrared spectroscopic analyses, charcoals were milled with pestle and agate mortar to a particle
size <200 pm and stored in Eppendorf vials at room temperature.
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Point of origin

ID History of charcoal origins of and site description

Austrian reference materials (Smidt et al.**)

Rohr im Gebirge recent | Rectangular charcoal hearths
A Rectangular charcoal hearths
Eisenerz B A charcoal production pit
C Copper smelting site
historic charcoal kilns in the suburb of Rio de Janeiro City (22° 58' 20" $/43° 14’ 55" W), Tijuca forest, samples originate
Brazilian sample set RIO from the first 15 cm of the soil profile Environmental conditions: Atlantic rainforest, altitude of 330 m a.s.l., mean annual

precipitation around 1,070 mm (Details: Solérzano et al.*’)

German sample sets

Wittnau

historic charcoal production site in the southern Black Forest®® with two usage periods (fifteenth to seventeenth century
WI CE and seventeenth to twentieth century CE); soil: acidic (parent material is Gneis-Granitic) and well drained on a slope at
645 ma.sl

Iznang

Domestic energy wood remains from fire places and remains of burnt-down houses from a cultural layer in and above
permanently waterlogged conditions due to groundwater (Horgen settlement at the Untersee near Radolfzell/ Lake
Constance®), dendrochronologically dated settlement with its beginnings at 3,270 BCE and with a second building phase
around 3,250 BCE

1Z

Bodnegg

Charcoals from fire places (settlement according to '“C-dates at the shore of a small lake during the neolithic period
BO 3950-3650 BCE), wetland site with permanent wet conditions; samples embedded in slightly mineralized, but permanently
wet peat

Olzreute

Charcoals from excavated domestic fire places (Goldberg-III-settlement near Bad Schussenried in Upper Swabia den-
drochronologically dated to 900 BCE®; one or two more building phases within the period around 2850-2820 BCE; the
neolithic village was built at the shore of a small lake); samples incorporated and overgrown by peat layers after silting up
of the lake

OL

Speckhau

Tumulus mound in a mineral, well-drained soil environment, near the Celtic settlement Heuneburg in Upper Swabia

sp (constructed 400-300 BCE)

Table 3. Origin of samples and site conditions.

Fourier transform infrared (FT-IR) Spectroscopy and data evaluation. Spectra were recorded in
the mid wavenumber range from 4,000 to 400 cm™" using the attenuated total reflection (ATR) mode. Instrument:
Tensor 27 (diamond crystal of the BRUKER Helios FTIR micro sampler with a spatial resolution of 250 um).
Three to four replicates per sample were recorded (32 scans at a spectral resolution of 4 cm™), corrected against
ambient air as background and unit vector normalized with the integrated software (OPUS 7.2). The averages
of normalized replicates were subjected to data evaluation using the Unscrambler X 10.1 (CAMO). The wave-
number regions 4,000-2,400 cm™ and 1,800-400 cm™ or 4,000-2,400 cm™ and 1,800-1,100 cm™ were selected
for Principal Component Analyses (PCA) and SIMCA (Soft Independent Modeling of Class Analogy). SIMCA
provides the classification of new samples to previously defined classes regarding spectral characteristics (or
other parameters). The membership of assigned samples is based on conformity or similarity to the determined
classes with a given level of significance®'. The prediction of pyrolysis carbonization used a model published in
Tintner et al.>! Rotation of PCA was performed using the Varimax criterion®.

Data availability

Original data are available upon request.

Received: 14 February 2020; Accepted: 10 July 2020
Published online: 24 July 2020

Reference
1. Kuhlbusch, T. A. J. & Crutzen, P. J. Toward a global estimate of black carbon in residues of vegetation fires representing a sink of
atmospheric CO, and a source of O,. Glob. Biogeochem. Cycles 9, 491-501 (1995).
2. Masiello, C. A. Black carbon in deep-sea sediments. Science 280, 1911-1913 (1998).
3. Thomsen, I. K. et al. Characteristics of soil carbon buried for 3300 years in a bronze age burial mound. Soil Sci. Soc. Am. J. 72,
1292-1298 (2008).
4. Schmid, E.-M.,, Skjemstad, ]. O., Glaser, B., Knicker, H. & Kogel-Knabner, I. Detection of charred organic matter in soils from a
Neolithic settlement in Southern Bavaria, Germany. Geoderma 107, 71-91 (2002).
5. Eckmeier, E., Gerlach, R., Gehrt, E. & Schmidt, M. W. I. Pedogenesis of chernozems in Central Europe: a review. Geoderma 139,
288-299 (2007).
6. Schmidt, M. W. L, Skjemstad, J. O., Gehrt, E. & Kogel-Knabner, I. Charred organic carbon in German chernozemic soils. Eur. J.
Soil Sci. 50, 351-365 (1999).
7. Church, M. J. et al. Charcoal production during the norse and early medieval periods in Eyjafjallahreppur, Southern Iceland.
Radiocarbon 49, 659-672 (2007).
8. Bobrovsky, M. V,, Kupriaynov, D. A. & Khanina, L. G. Anthracological and morphological analysis of soils for the reconstruction
of the forest ecosystem history (Meshchera Lowlands, Russia). Quat. Int. 516, 70-82 (2019).
9. Cunill, R. et al. Holocene high-altitude vegetation dynamics in the Pyrenees: a pedoanthracology contribution to an interdiscipli-
nary approach. Quat. Int. 289, 60-70 (2013).
10. Vachula, R. S., Russell, . M., Huang, Y. & Richter, N. Assessing the spatial fidelity of sedimentary charcoal size fractions as fire
history proxies with a high-resolution sediment record and historical data. Palaeogr. Palaeoclim. Palaeoecol. 508, 166-175 (2018).
11. Vachula, R. S,, Santos, E., Alexandre, M. R. & Huang, Y. Comparison of black carbon chemical oxidation and macroscopic charcoal
counts for quantification of fire by-products in sediments. Org. Geochem. 125, 50-54 (2018).

SCIENTIFIC REPORTS |

(2020) 10:12427 | https://doi.org/10.1038/s41598-020-69445-6



www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

23.

24.

25.

26.

27.
28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

Couillard, P.-L., Tremblay, J., Lavoie, M. & Payette, S. Comparative methods for reconstructing fire histories at the stand scale using
charcoal records in peat and mineral soils. For. Ecol. Manage. 433, 376-385 (2019).

Braadbaart, E, Poole, I. & van Brussel, A. A. Preservation potential of charcoal in alkaline environments: an experimental approach
and implications for the archaeological record. J. Arch. Sci. 36, 1672-1679 (2009).

Selvalakshmi, S., de La Rosa, J. M., Zhijun, H., Guo, F. & Ma, X. Effects of ageing and successive slash-and-burn practice on the
chemical composition of charcoal and yields of stable carbon. CATENA 162, 141-147 (2018).

Knicker, H. Pyrogenic organic matter in soil: its origin and occurrence, its chemistry and survival in soil environments. Quat. Int.
243,251-263 (2011).

Ascough, P. L. et al. Chemical characteristics of macroscopic pyrogenic carbon following millennial-scale environmental exposure.
Front. Environ. Sci. 7,7 (2020).

Ascough, P. L. et al. Variability in oxidative degradation of charcoal: influence of production conditions and environmental expo-
sure. Geochim. Cosmochim. Acta 75, 2361-2378 (2011).

Spokas, K. A. Review of the stability of biochar in soils. Predictability of O:C molar ratios. Carbon Manage. 1, 289-303 (2014).
Leng, L. & Huang, H. An overview of the effect of pyrolysis process parameters on biochar stability. Bioresour. Technol. 270, 627-642
(2018).

Preston, C. M. & Schmidt, M. W. L. Black (pyrogenic) carbon: a synthesis of current knowledge and uncertainties with special
consideration of boreal regions. Biogeosciences 3, 397-420 (2006).

Ascough, P. L. et al. Dynamics of charcoal alteration in a tropical biome: a biochar-based study. Front. Earth Sci. 6, 1615 (2018).
Santin, C. et al. Carbon sequestration potential and physicochemical properties differ between wildfire charcoals and slow-pyrolysis
biochars. Sci. Rep. 7, 11233 (2017).

Alexis, M. A., Rasse, D. P, Knicker, H., Anquetil, C. & Rumpel, C. Evolution of soil organic matter after prescribed fire: a 20-year
chronosequence. Geoderma 189-190, 98-107 (2012).

Doerr, S. H., Santin, C., Merino, A., Belcher, C. M. & Baxter, G. Fire as a removal mechanism of pyrogenic carbon from the envi-
ronment: effects of fire and pyrogenic carbon characteristics. Front. Earth Sci. 6, 11770 (2018).

Knicker, H., Almendros, G., Gonzalez-Vila, F. ., Gonzalez-Perez, J. A. & Polvillo, O. Characteristic alterations of quantity and
quality of soil organic matter caused by forest fires in continental Mediterranean ecosystems: a solid-state 13C NMR study. Eur. J.
Soil Sci. 57, 558-569 (2006).

Leng, L. et al. Biochar stability assessment by incubation and modelling: methods, drawbacks and recommendations. Sci. Total
Environ. 664, 11-23 (2019).

Foereid, B., Lehmann, J. & Major, ]. Modeling black carbon degradation and movement in soil. Plant Soil 345, 223-236 (2011).
Jiang, X., Tan, X., Cheng, J., Haddix, M. L. & Cotrufo, M. E. Interactions between aged biochar, fresh low molecular weight carbon
and soil organic carbon after 3.5 years soil-biochar incubations. Geoderma 333, 99-107 (2019).

Fan, Q. et al. Effects of chemical oxidation on surface oxygen-containing functional groups and adsorption behavior of biochar.
Chemosphere 207, 33-40 (2018).

Lu, S. & Zong, Y. Pore structure and environmental serves of biochars derived from different feedstocks and pyrolysis conditions.
Environ. Sci. Pollut. Res. Int. 25, 30401-30409 (2018).

Palansooriya, K. N. et al. Impacts of biochar application on upland agriculture: a review. J. Environ. Manage. 234, 52-64 (2019).
Kavitha, B. et al. Benefits and limitations of biochar amendment in agricultural soils: a review. J. Environ. Manage. 227, 146-154
(2018).

Novotny, E. H., Maia, C. M. B. D. E, Carvalho, M. T. D. M. & Madari, B. E. Biochar: pyrogenic carbon for agricultural use: a critical
review. Rev. Bras. Ciénc. Solo 39, 321-344 (2015).

Keiluweit, M., Nico, P. S., Johnson, M. G. & Kleber, M. Dynamic molecular structure of plant biomass-derived black carbon
(biochar). Environ. Sci. Technol. 44, 1247-1253 (2010).

Ascough, P. L. et al. Charcoal reflectance measurements: implications for structural characterization and assessment of diagenetic
alteration. J. Arch. Sci. 37, 1590-1599 (2010).

Ascough, P. L., Bird, M. L, Francis, S. M. & Lebl, T. Alkali extraction of archaeological and geological charcoal: evidence for dia-
genetic degradation and formation of humic acids. J. Arch. Sci. 38, 69-78 (2011).

Glaser, B., Haumaier, L., Guggenberger, G. & Zech, W. Black carbon in soils: the use of benzenecarboxylic acids as specific markers.
Org. Geochem. 29, 811-819 (1998).

de La Rosa, J. M. et al. Contribution of black carbon in recent sediments of the Gulf of Cadiz: applicability of different quantifica-
tion methodologies. Quat. Int. 243, 264-272 (2011).

Bird, M. I. & Ascough, P. L. Isotopes in pyrogenic carbon: a review. Org. Geochem. 42, 1529-1539 (2012).

Bird, M. I et al. The efficiency of charcoal decontamination for radiocarbon dating by three pre-treatments: ABOX, ABA and hypy.
Quat. Geochronol. 22, 25-32 (2014).

Ascough, P. L, Bird, M. I, Meredith, W. & Snape, C. Dates and fates of pyrogenic carbon: using spectroscopy to understand a
“missing” global carbon sink. Spectrosc. Eur. 1, 6-9 (2016).

Bird, M. L et al. Loss and gain of carbon during char degradation. Soil Biol. Biochem. 106, 80-89 (2017).

Almendros, G., Knicker, H. & Gonzélez-Vila, F. J. Rearrangement of carbon and nitrogen forms in peat after progressive thermal
oxidation as determined by solid-state 13C- and 15N-NMR spectroscopy. Org. Geochem. 34, 1559-1568 (2003).

Smidt, E., Tintner, J., Klemm, S. & Scholz, U. FT-IR spectral and thermal characterization of ancient charcoals: a tool to support
archeological and historical data interpretation. Quat. Int. 457, 43-49 (2017).

Braadbaart, E, Poole, 1., Huisman, H. D. J. & van Os, B. Fuel, fire and heat: an experimental approach to highlight the potential of
studying ash and char remains from archaeological contexts. J. Arch. Sci. 39, 836-847 (2012).

Chrzazvez, J., Théry-Parisot, I, Fiorucci, G., Terral, ].-E. & Thibaut, B. Impact of post-depositional processes on charcoal fragmen-
tation and archaeobotanical implications: experimental approach combining charcoal analysis and biomechanics. J. Arch. Sci. 44,
30-42 (2014).

Smith, B. C. Infrared Spectral Interpretation. A Systematic Approach (CRC Press, Boca Raton, 1999).

Guo, Y. & Bustin, R. M. FTIR spectroscopy and reflectance of modern charcoals and fungal decayed woods: implications for studies
of inertinite in coals. Int. J. Coal Geol. 37,29-53 (1998).

Smidt, E. & Meissl, K. The applicability of Fourier transform infrared (FT-IR) spectroscopy in waste management. Waste Manag.
27, 268-276 (2007).

Bruun, S, Jensen, E. S. & Jensen, L. S. Microbial mineralization and assimilation of black carbon: dependency on degree of thermal
alteration. Org. Geochem. 39, 839-845 (2008).

Tintner, J. et al. Impact of pyrolysis temperature on charcoal characteristics. Ind. Eng. Chem. Res. 57, 15613-15619 (2018).
Tintner, J. et al. Pyrolysis profile of a rectangular kiln: natural scientific investigation of a traditional charcoal production process.
J. Anal. Appl. Pyrol. 1, 104757 (2020).

Huisman, D. J., Braadbaart, E, van Wijk, I. M. & van Os, B. J. H. Ashes to ashes, charcoal to dust: micromorphological evidence for
ash-induced disintegration of charcoal in Early Neolithic (LBK) soil features in Elsloo (The Netherlands). J. Arch. Sci. 39, 994-1004
(2012).

Madejov4, J. FTIR techniques in clay mineral studies. Vibr. Spectr. 31, 1-10 (2003).

SCIENTIFIC REPORTS |

(2020) 10:12427 | https://doi.org/10.1038/s41598-020-69445-6



www.nature.com/scientificreports/

55. Tintner, J., Spangl, B., Reiter, F, Smidt, E. & Grabner, M. Infrared spectral characterization of the molecular wood decay in terms
of age. Wood Sci. Technol. 13, 503 (2020).

56. Rechberger, M. V. et al. Changes in biochar physical and chemical properties: accelerated biochar aging in an acidic soil. Carbon
115, 209-219 (2017).

57. Solorzano, A., Cabral, D. & Oliveira, R. in Environmental History in the Making, edited by C. Joanaz de Melo, E. Vaz & L. M. Costa
Pinto, 219-237 (Springer International Publishing, Cham, 2017.

58. Nelle, O., Guggenbichler, E., Robin, V., Jansen, D. & Ludemann, T. K 653 im galgendobel: ein kohlenmeilerplatz im siidlichen
schwarzwald. Archdol Ausgrab. Baden Wiirttemberg 2013, 318-320 (2014).

59. Dieckmann, B., Harwath, A. & Hoffstadt, J. Zum abschluss der rettungsgrabung in moos-iznang am bodensee. Archdol Ausgrab.
Baden Wiirttemberg 2013, 86-89 (2014).

60. Wolf, C. et al. Archdologische untersuchungen im olzreuter ried: ein publikumsmagnet. Archdol Ausgrab. Baden Wiirttemberg
2016, 79-83 (2017).

61. Dunn, W. ]. & Wold, S. Relationships between chemical structure and biological activity modeled by SIMCA pattern recognition.
Bioorg. Chem. 9, 505-523 (1980).

62. Kaiser, H. F. The varimax criterion for analytic rotation in factor analysis. Psychometrika 23, 187-200 (1958).

Acknowledgements

We thank Elisabeth Weber for professional language check and two anonymous reviewers for valuable comments
on the manuscript. This research did not receive any specific grant from funding agencies in the public, commer-
cial, or not-for-profit sectors. Open access funding supported by BOKU Vienna Open Access Publishing Fund.

Author contributions

E.S. designed the study setup, organized and measured the German samples and made the first manuscript draft,
J.T. contributed samples from Brazil, O.N. provided samples and background information about the German
samples, R.0.0. and R.P. provided samples and background information about the Brazilian samples, E.H.N.
supported data evaluation and statistical interpretation, S.K. provided archeological background information.
All co-authors contributed to the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.T.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:12427 | https://doi.org/10.1038/s41598-020-69445-6


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Infrared spectroscopy refines chronological assessment, depositional environment and pyrolysis conditions of archeological charcoals
	Anchor 2
	Anchor 3
	Results and discussion
	Stepwise procedure in the interpretation of sample sets from additional sites. 
	Trend of the spectral pattern of natural charcoal aging. 
	Archeological sites Bodnegg and Olzreute. 
	Sample set with partially high content of mineral compounds (site Speckhau). 

	Conclusions
	Materials and methods
	Sample sets. 
	Sample origin and site conditions. 
	Sample preparation. 
	Fourier transform infrared (FT-IR) Spectroscopy and data evaluation. 

	References
	Acknowledgements


