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Pyrogenic Carbon (PyC) is ubiquitous in global environments, and is now known to form a
significant, and dynamic component of the global carbon cycle, with at least some forms
of PyC persisting in their depositional environment for many millennia. Despite this, the
factors that determine the turnover of PyC remain poorly understood, as do the physical
and chemical changes that this material undergoes when exposed to the environment
over tens of thousands of years. Here, we present the results of an investigation to
address these knowledge gaps through chemical and physical analysis of a suite of
wood PyC samples exposed to the environment for varying time periods, to a maximum
of >90,000 years. This includes an assessment of the quantity of resistant carbon,
known as Stable Polyaromatic Carbon (SPAC) vs. more chemically labile carbon in the
samples. We find that, although production temperature is likely to determine the initial
“degradation potential” of PyC, an extended exposure to environmental conditions does
not necessarily mean that remaining PyC always progresses to a “SPAC-dominant” state.
Instead, some ancient PyC can be composed largely of chemical components typically
thought of as environmentally labile, and it is likely that the depositional environment
drives the trajectory of preservation vs. loss of PyC over time. This has important
implications for the size of global PyC stocks, which may have been underestimated,
and also for the potential loss of previously stored PyC, when its depositional environment
alters through environmental or climatic changes.

Keywords: charcoal, preservation, aromaticity, wood, pyrogenic carbon

INTRODUCTION

Pyrogenic Carbon (PyC) is a term for biomass that has undergone chemical alteration by
exposure to high temperatures and low oxygen availability (i.e., pyrolysis) and comprises a
continuum from lightly charred substances to highly condensed soot (e.g., Preston and Schmidt,
2006; Bird and Ascough, 2012). This paper focuses upon the macro-charcoal component of this
continuum, covering material produced in both natural and anthropogenically-mediated events,
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including where the purpose of the latter was not the production
of charcoal itself per se (for example, domestic fires). PyC is
an important source of archaeological and palaecoenvironmental
information, e.g., as a proxy for fire frequency, or the type,
abundance, and stable isotopic composition of vegetation burnt
at a site (Aleman et al., 2018; Hawthorne et al., 2018). Charcoal
is also frequently used for radiocarbon age measurement (Bird,
2007). PyC is ideal for these purposes as its significant production
rate in fires and environmental persistence means it is both
abundant and ubiquitous in the natural environment (e.g., Bird
et al., 2015; Coppola and Druftel, 2016; Cotrufo et al., 2016;
Reisser et al., 2016; Santin et al., 2016). In suitable depositional
environments in terrestrial, freshwater, and marine settings,
PyC has been shown to persist with half-lives of the order of
>1,000 years (Preston and Schmidt, 2006), and is present in the
geological record (e.g., Scott, 2010).

The high carbon content and long environmental lifetime of
PyC has led to the concept of “Biochar” for carbon sequestration;
this is pyrogenic carbon produced intentionally by controlled
pyrolysis and “intended for use as a soil application or broader for
environmental management” (Lehmann and Joseph, 2015). The
environmental persistence of PyC is predominantly attributed
to a chemical structure containing abundant carbon aromatic
rings, which require high energy input to break down, compared
to non-polyaromatic structures such as cellulose. These ring
structures grow in size with increasing production temperature
and/or pyrolysis duration (Ascough et al., 2008). The importance
of PyC is also increasingly apparent to the modern global carbon
cycle, both in terms of its size as a global carbon stock, and its
environmental dynamics (Bird et al., 2015; Santin et al., 2015).

Despite the importance of PyC in a range of environmental
research questions (e.g., global carbon cycling and soil
interactions), the role of PyC in these areas, and the interactions
it undergoes with its environment, remain poorly understood.
It is now quite clear that although its aromatic structure
confers the potential for long-term preservation, PyC is not
an environmentally inert substance, but can be degraded to
CO; (e.g., Bird et al,, 2017), can be chemically altered (Knicker,
2011), and can mediate processes in soils, such as priming
effects during processing of non-PyC organic matter (e.g.,
Tilston et al., 2016). Important knowledge gaps include the
specific ways in which PyC interacts with its environment,
the timescales over which these interactions occur, and the
drivers of these processes. Previous work has indicated there is
a time-dependent “maturation” of PyC in the environment, in
which its various chemical sub-components are progressively
degraded (e.g., Ascough et al.,, 2011a). These sub-components
are defined by their chemical resistance to degradation, and
broadly consist of labile, semi-labile, and Stable Polycyclic
Aromatic Carbon (SPAC) (c.f. Ascough et al., 2011a; Bird et al.,
2015). This concept implies that there should be a relationship
between the abundance of these components in a particular
PyC sample, and the time over which it has been exposed to
environmental conditions. The ultimate state would be a near-
dominance of SPAC, potentially followed by complete chemical
breakdown and loss of the PyC, if the SPAC itself is eventually
exposed to degradation in either particularly aggressive chemical

environments, or by exposure to chemical attack (e.g., oxidation)
over very extended time periods (Ascough et al., 2011a). This
may not be directly linear, as the rate of alteration should be a
function of the intensity of degradation processes, both abiotic
(e.g., photooxidation, Wang et al., 2017), and biotic (Wang et al.,
2016; Woo et al., 2016). These clearly could vary through time if
environmental conditions (e.g., soil pH, moisture regime, etc.)
were to fluctuate. However, in the above paradigm, there would
be an overall progressive shift toward the SPAC-only state, before
potential total loss.

In the above concept, the time period over which PyC
remained “intact” in any given context would be dictated
firstly by production conditions, predominantly temperature. As
production temperature increases, so does aromaticity, shifting
the initial structure of the PyC to a “SPAC-dominant” state
(Ascough et al, 2008; McBeath et al, 2015). In identical
environments therefore, the PyC produced at higher temperature
would be preserved over a longer period than material produced
at lower temperatures. Secondly, depositional conditions would
dictate the fate of PyC, with identical PyC subjected to conditions
of high and low “degradation potential” being altered at different
rates. This concept is appealing, as, if correct, it could provide a
means to model and/or predict PyC behavior (e.g., C release from
PyC degradation) on large geographic and temporal scales.

To date, systematic chemical investigation of these processes,
the timescales over which they operate, and how closely PyC in
the environment follows the “maturation” concept, has largely
used laboratory experiments, or field studies of <10 years
duration. These studies provide important insights but would be
usefully consolidated by studies of PyC that have been exposed
to the environment for the extended half-lives of PyC that have
been proposed (e.g., >1,000 years; Preston and Schmidt, 2006).
This is desirable as there is evidence that the residence times
of PyC predicted by laboratory incubations can be shorter than
those measured for “real world” conditions (see Knicker, 2011),
and that the initial chemistry (likely vital in determining the
trajectory of PyC change) of laboratory-produced PyC often
used in experiments, including field trials, differs significantly
from that produced in “natural” events such as wildfires (Santin
et al., 2017). This paper therefore provides a detailed chemical
analysis of a suite of PyC of varying antiquity, recovered from
palaeoenvironmental and archaeological deposits.

Analysis of PyC of demonstrably older age is important as
a counterpart to studies that are, justifiably, highlighting the
potential for rapid alteration and degradation of PyC on short
(<centennial) timescales (e.g., Czimczik et al., 2003; Ohlson et al.,
2009; Singh et al., 2012). This is because a significant proportion
of PyC existing in our Earth system is dated (e.g., by radiometric
dating), to periods greatly in excess of these short timeframes.
This paper aims to contribute to our knowledge of what enables
such contrasts in the timescales of degradation, specifically: (i)
whether this is a clear function of initial chemistry (i.e., via high
production temperature), (ii) whether the hypothesis that more
ancient material should be progressively dominated by SPAC is
correct, and (iii) what the impact of depositional conditions may
be upon PyC chemistry/status after these extended timescales.
The latter is most difficult to ascertain, as records of conditions
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TABLE 1 | Details of sample material used in this study, including production method, depositional environment and age.

Sample ID Production method Depositional environment Deposition date Rational for inclusion
PC-N A* Not Applicable Freshly-produced Included as a “control” example
representing what the ancient material
included in the study likely resembled prior
to deposition
TRAP A* In situ accumulation of midden ¢.2,500-3,000 yr BP? Deposition in anaerobic environment
material on top of clay-sealed (waterlogging), incorporating metal (Fe)
artificial pond/tank foundation compounds potentially linked to catalysis of
deposits. Waterlogged from point of environmental degradation
deposition. (Scotland, UK)' Moderately stable under
laboratory conditions
TDB A* Fluvial deposits of red sand and clay Post 1950 AD (129.7 + Deposition in highly calcareous
in calcareous rockshelter (Brazil)? 4 pMC)° environment, incorporating chemistry
(Ca-based) linked to catalysis of
environmental degradation processes
Moderately stable under laboratory
conditions *¥
MA Bt Pumiceous lapilli and ash, under 53,400 + 1,400 "“C yr Highly stable/resistant under laboratory
andisol and basaltic-andesite lapilli. BPP conditions, e.g., 4,000 h oxidation required
No subsequent significant soil to degrade structure®, <2% loss in alkali
development (Sumatra)® extraction¥
AZ B* Lahar deposit resulting from basaltic 1,049 + 24 14C "C yr Highly labile/ degradable under laboratory
eruptions (Azores)* BPP conditions, e.g., near complete loss in 4 h
chemical oxidation*, >50%Y mass loss in
alkali extraction
NNB Bt Embedded in extensive tephra 92,000 years (via OSL Highly labile/degradable under laboratory
(volcanic ash) deposit (Australia)® date in stratigraphic conditions e.g., near complete loss in alkali
section)® extraction?

A brief rationale for inclusion (according to the requirements outlined in the methods section) is also provided.

"Production method A: Hearth fire, Short term heating duration, Slow deposition event.

*Production method B: Volcanic event (pyroclastic flow), Instantaneous deposition followed by long heating duration as matrix cooled.
References for depositional environment: ' (Armit et al., 1999, 2000); 2(Steelman et al., 2002); 3(Alloway et al., 2004); *(Cruz et al., 2006); 5F. Petchy (Waikato) pers comm.
References for age measurements: @(Armit et al., 1999, 2000); (Ascough et al., 2010a); °F. Petchy [Waikato per comm., and (Waikato Radiocarbon Dating Laboratory, 2017) (AMS

Processing technical report)].

References for chemical characteristics/rational for inclusion: *(Ascough et al., 2011a); Y (Ascough et al., 2011b); ?F. Petchy (Waikato) pers comm.

over such extended timescales are often problematic. However,
these questions are insufficiently addressed by analysis of material
from short-term trials or laboratory treatments without requiring
significant assumptions surrounding the equivalence of processes
observed in these settings to those in operation over millennia in
the environment.

METHODOLOGY

Samples

PyC used in this study comprised six different materials
(Table 1). Samples were selected for inclusion in the study from
archaeological and palaeoenvironmental samples on the basis of
known depositional environment, and demonstrable resistance
to chemical changes in pH and laboratory oxidation from prior
experiments. The size of the samples (individual fragments of
PyC) ranged from c. 3cm in length to c. 10cm in length, and
were hence all macroscopic in scale. The aim was that these
would form end members of production types and depositional
environment (see Table 1). As a contrast, a sample of macro-
charcoal was produced in an open fire (simulating archaeological
hearth conditions) for this research, but which not exposed to

environmental deposition. This was achieved by heating wood
of Pinus sylvestris (Caledonian Pine) on an open fire for 60 min.
Oxygen availability was restricted during production of these
samples by wrapping the wood in aluminum foil during heating.
Previous work (Ascough et al., 2011a) found a marked difference
between PyC that was exposed to the environment, and freshly-
produced material at a range of temperatures. We therefore
included this sample as a “control” example representing what
the ancient material included in the study likely resembled prior
to deposition, using an open fire, rather than laboratory pyrolysis
(e.g., in a muffle furnace) or industrial process. We acknowledge
this is a generalization, due to the small sample size, but the
aim was to identify any consistent differences that were apparent
across the “environmental exposure” material vs. the freshly-
produced material. We also note that none of our materials
were produced in wildfires. Instead, for our samples, the heating
duration during production would most likely have exceeded the
minimum 60 min that Guo and Bustin (1998) found that further
heating at a constant temperature did not result in significant
further changes in PyC chemistry. This increases the likelihood
that our freshly-produced PyC represents a reasonable indicator
of general PyC chemistry prior to deposition.
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FIGURE 1 | Reflectance images, from polished blocks under oil, (A) AZ showing very low reflectance of conifer cell walls either side of a growth ring seen in transverse
section; (B) TRAP Low reflectance of wood seen in longitudinal section, perforation plate at bottom left corner suggests angiosperm wood; (C) PC-N, anatomy as in A
but high reflectance; (D) MA High reflectance of wood seen in longitudinal section, bordered pits at top right suggest gymnosperm.

The age of the samples was previously obtained via either
radiocarbon (C) measurement, or stratigraphic grounds.
One sample dated to <50 years (129.7 £+ 0.4 pMC) in
the environment, while the remainder had been exposed to
environmental conditions for 1,000 to >90,000 years. Material
was obtained from previously excavated palaecoenvironmental or
archaeological sites with permission from the excavators. Where
material was small in size or embedded in a soil matrix, material
was isolated from the sedimentary matrix by conventional water
floatation, which removed visible soil contaminants. Samples
were visually inspected in the lab and further soil material was
removed by sonication in deionized (Milli-Q™) water in the lab
for 2 h, followed by air-drying at 40°C.

Reflectance of PyC: Temperature of
Formation, Anatomical Structure, and

Mineral Content

Mean Random Reflectance (Ropean) is a robust measure from
which to assess formation temperature of PyC even after an
extended period exposed to environmental conditions, and
independent of wood species feedstock (see Scott and Glasspool,
2005; Ascough et al., 2010b). In the present study, we used Romean
as a measure of the key production condition (temperature)
that dictates the chemical structure of PyC prior to entering
the environment. Typical production temperatures mediated by

human activity span 300-800°C (though reaching >1,100°C in
metal smelting and casting; McParland et al., 2009), and are
broadly paralleled by natural PyC production temperatures in
non-anthropogenic fires (Stinson and Wright, 1969; Stronach
and McNaughton, 1989); Romean Operates well-across this full
range of temperatures. Assessing formation temperature is
important, as temperature is directly correlated with the size and
extent of aromatic domains in PyC, which is a direct predictor
of its resistance to chemical degradation (e.g., by oxidation).
This also dictates the proportions of PyC that fall into the
“labile;” “semi-labile;” and “SPAC” categories before exposure to
environmental conditions (Bird et al., 2015).

Samples were embedded in resin and polished (using 60-,
240-, 400-, and 600- grit SiC papers followed by 0.3 micron
alumina on Buehler Texmet paper and 0.05 micron alumina on
silk) to provide a surface for study in either the transverse or
longitudinal plane of the material. Polished blocks were viewed in
reflected light under immersion oil (Cargille type A, density 0.923
g/cc at 23°C, RI of 1.514) using a Leica reflected light microscope
and either x20 or x50 oil immersion objectives. Reflectance
data, ROmean, are based on measurement of 100 points per
specimen. The microscope was calibrated using one of two sets of
standards depending on visual indication of the likely reflectance
(i) low reflectance standard set [YAG, Spinel, Silica glass] (ii)
Medium-High reflectance standard set [Cubic Zironium, GGG.
YAG]. Where the transverse section was polished (specimens
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FIGURE 2 | Reflectance image, from polished block under oil, of Sample NNB
showing very low reflectance of cell infills (inferred organic) in wood rays seen
in tangential longitudinal section. Cell walls either not polished or too thin to
measure reflectance. Bright silvery speckly areas within some cell lumina are
inferred to be mineral, based on brightness and straight edges (e.g., right of
center near base of image). Orange material, some of which may be mineral, is
within the block i.e., unpolished.

AZ and PC-N, Figures 1A,C) the corner junctions of thicker
cell walls were used to provide a large enough area to measure
reliably. For polished longitudinal sections (specimens TRAP and
MA Figures 1B,D) all areas of the cell walls were available for
measurement. Each measurement was from a different cell and a
transect across the specimen was used. Specimen NNB presented
a very different appearance in the polished block (Figure 2). In
this case no cell walls could be measured (either not polished
or too narrow) and the measurements presented are from the
inferred organic cell infills (Figure 2). For all samples it was
ensured that the area for measurement was in focus and care was
taken to avoid scratches on the blocks where possible. Values of
RoOmean and standard deviation are provided in Table 2.

Anatomical data seen in the polished blocks, including cell and
tissue structure and were recorded. Reflectance differing from
that of the recogniseable plant cells was noted and is inferred to be
mineral (e.g., very brightly reflecting tiny specks and some silvery
gray cell infills).

All data for specimen TDB are taken directly from Ascough
et al. (2010b) sample there named Env-5.

Values of Romean Were converted to production temperatures
using the equation experimentally determined for PyC
reflectance in Ascough et al. (2010b):

y = le>x* +0.0011 x —1.2855
(where y = Ropean and x = temperature).

Hydropyrolysis

Hydropyrolysis (HyPy) was used to assess the content of
polycyclic aromatic carbon structures of >7 rings (also known
as Black Carbon as defined by HyPy: BCpypy) in the samples

TABLE 2 | Results of Reflectance Spectroscopy and Hydropyrolysis (HyPy)
investigations [Black Carbon (BC) as a proportion of Organic Carbon (OC)]
performed upon the sample materials listed in Table 1.

Sample ROmean Standard deviation Derived formation BC/OC%
on Romean temperature °C

PC-N 2.19 0.61 490 26
TRAP 1.05 0.18 395 17
TDB 0.70 0.21 361* 15
MA 1.96 0.11 475 60
AZ 0.26 0.03 315 1
NNB 0.28 0.03 315 1

Derived formation temperature is obtained from the results of Romean-
"Reflectance values and derived temperature taken from Ascough et al. (2010b).

on a secure chemical basis (Ascough et al, 2009; Meredith
et al., 2012). Immediately after formation, the proportion of
these (resistant) chemical structures is a function of production
temperature (Ascough et al, 2008). The process separates
the larger polycyclic aromatic domains from labile chemical
structures in the sample, and therefore provides a quantitative
assessment of the proportion of the sample that exists in either
the polycyclic aromatic or non-aromatic (or small aromatic
structural) chemical forms.

Samples were crushed in a pestle and mortar to
<lmm. 100-300mg of sample was loaded with a catalyst
using an aqueous/methanol (1:1) solution of ammonium
dioxydithiomolybdate [(NH4),M00,S;]. As these were
individual PyC samples, the catalyst was added at 10% by
weight (nominal Mo loading of 0.5%). Samples were gently
agitated to ensure full coating with catalyst, before drying under
air. Catalyst-loaded samples were pyrolysed at 550°C under a
hydrogen pressure of 150 bar and sweep gas flow of 5L min~!
(ATP). The proportion of sample composed of >7 aromatic rings
(also known as Black Carbon: BC) was obtained by comparison
of the organic carbon (OC) content of the catalyst loaded
samples with their HyPy residues (defined as BC/OC%). The
OC content of samples before and after HyPy was obtained by
elemental analysis on a Costech elemental analyzer (EA). The
BChypy content of the sample was then calculated via:

BC o (Residual OC mg C in HyPy residue including spent catalyst) 4100
2oy =
ocC

Initial OC mg C in sample including catalyst

Raman Spectroscopy

Raman spectroscopy provides an analysis of the underlying
chemical structure of the material analyzed. For PyC, two major
peaks relating to carbon chemistry are of particular interest:
the G (or graphitic) peak indicative of highly stable, ordered
carbon atoms at ca. 1,575 cm ™! and the D (or disordered) peak
at ca. 1,300-1,350 cm ™! caused by the presence of defects and
discontinuities in crystallites (e.g., Alon et al., 2002; McDonald-
Wharry et al,, 2013). The G peak therefore relates to highly
polycyclic aromatic domains (e.g., those comprising SPAC), that
are chemically resistant, and the D peak to more disordered
carbon chemical structures, encompassing the “labile” and “semi-
labile” fractions of PyC. Raman spectroscopy was included
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in this study to complement the information provided by
hydropyrolysis, as this provides a direct qualitative assessment
of the chemistry of the sample; while HyPy provides a robust
quantitative measure, it does not directly observe the carbon
chemistry during the process.

Raman measurements were made in air at room temperature
using a Horiba Jobin Yvon Raman microscope employing a
x50 brightfield objective (NA 0.75, working distance ~ 0.5 mm).
Polarization state was not defined. Continuous excitation at
532 nm (green) was produced by a frequency-doubled Nd:YAG
laser, with power at sample estimated to be 5-10 mW, focused
into a spot estimated to be 2-3 um diameter. Laser power was
set using a combination of variable laser drive current and
fixed-transmission neutral density filters on the microscope,
arranged to avoid visible signs of sample pyrolysis, as judged by
observation images obtained in reflected light using white light
illumination and captured by the microscope’s onboard color
video camera. Each measurement consisted of six separate scans,
each of 60 s exposure on the CCD detector, with the spectrograph
set to capture the range 1,000-2,000 cm~!. The first dataset was
discarded (as it often resulted in the loss of loose surface powder
material) and the remaining 5 averaged. Spectral resolution was

estimated as ~5 cm ™ L.

Fourier Transform Infrared Spectroscopy
(FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) uses the mid-
infrared region of the electromagnetic spectrum (~4,000-400
cm™!) to reveal qualitative detail regarding the nature of
chemical bonds in a sample (e.g., Guo and Bustin, 1998;
Nishimiya et al., 1998; Moore and Owen, 2001). This has been
used for PyC to identify a range of bonds relating to aromatic
and aliphatic structures, and highlight the presence of material
such as cellulose, which can be attributed to the precursor
biomass, or non-PyC contaminants from the environment (e.g.,
Ascough et al., 2011b). In addition, bonds characteristic of
mineral components (e.g., silica-based rock-derived material),
can also be detected in the spectra. We applied FTIR in this study
to be able to attribute any non-polycyclic aromatic material in the
samples to specific groups of chemical compounds or structures
that are present in the environment, including those that can be
derived from incomplete pyrolysis of biomass (i.e., the original
PyC precursor), and from in situ degradation of PyC itself (e.g.,
material resembling substances traditionally classed as humic; c.f.
Trompowsky et al., 2005; Ascough et al., 2011b).

Several small scrapings of each sample were taken with a clean
scalpel for analysis using a Bruker Alpha mid-IR with a diamond
crystal and Platinum ATR (Attentuated Total Reflectance). Each
sample was placed directly onto the crystal and scanned 16 times
in absorbance mode between 4,000 and 400 cm ! wavenumbers,
with 4 cm™! resolution. The background was subtracted and
individual peaks were identified using Opus™ software. The
chemical bonds represented by these peaks were identified
through reference to the existing literature (Guo and Bustin,
1998; Bustin and Guo, 1999; Benites et al., 2005; Trompowsky
et al., 2005).

X-ray Fluorescence (XRF)

X-ray Fluorescence (XRF) was used to identify the mineral
elements present in the samples (detectable elements between
sodium and uranium). XRF has a greater sensitivity than SEM-
EDX for identifying the mineral infill elements, but does not have
the spatial resolution of the SEM.

The elemental compositions of samples were assessed by
using a Seiko Instruments SEA6000VX XRF spectrometer.
Measurements were taken in a helium atmosphere to enhance
sensitivity to lighter elements, and over a 3 x 3mm area at
the instrument’s normal focusing distance. The spectrometer’s
rhodium target X-ray tube was operated at 50 kV, with automatic
beam current and with additional filtration to reduce background
noise in the vicinity of the characteristic X-ray lines for the
elements of interest. Each spectrum was collected for 60s and a
semi-quantitative calculation of concentrations of the elements
was obtained by using the instrument’s standard fundamental
parameters program with the balance of the sample assumed to
be carbon.

Two different surfaces of PyC sample TDB were analyzed,
due to differing surface coloration (lighter material and
darker surface), presumably reflecting residual depositional
contamination on an external surface.

Scanning Electron Microscopy and Energy

Dispersive X-ray Spectroscopy

Scanning Electron Microsopy (SEM) was used to image the
preservation state of the original precursor plant structure in
the macro-PyC and, where relevant, mineral infills. Chemical
degradation or alteration of the PyC is often accompanied
by physical alteration, for example, physical fragmentation,
cracking, splitting (Spokas et al., 2014), and fungal or microbiota
ingress (Bird et al., 2014). We therefore investigated evidence
for these processes using a qualitative approach. Energy
dispersive X-ray spectroscopy (EDX) was used in parallel to
analyse the elemental composition of any mineral content
within the PyC structure. Soil minerals have been linked to
catalysis of alteration and degradation of PyC structure during
environmental deposition, with evidence that severely degraded
PyC is often chemically or physically incorporating mineral
substances in some way (Hockaday et al., 2007; Bird et al., 2014,
2017).

For SEM analysis, where possible, pieces of charcoal were cut
with a clean scalpel so that only freshly exposed surfaces were
imaged, but surface data was interpreted with caution to ensure
that only in situ particulate material was analyzed rather than any
external contamination. The PyC pieces were mounted on sticky
conductive carbon tabs on aluminum stubs prior to placing in the
SEM. Analysis was conducted using a Hitachi SU5000 in variable
pressure mode, with an attached EDAX TEAM microanalysis
system. The conditions used were; a 20 kV accelerating voltage,
a chamber pressure of 60 Pa and a nominal working distance of
10mm (optimal for elemental analysis). Backscattered electron
imaging was used throughout the analysis, with the detector set to
compositional contrast. The TEAM software enabled elemental
spectra to be acquired from selected area(s) of interest on each
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image, with an acquisition time of 100 s for each EDX spectrum.
Elemental maps were similarly acquired, but the acquisition was
left to run (summing scan frames) until the map was sufficiently
clear to enable visualization of topographical and compositional
variations within the maps. Map collection times therefore varied
between samples but were a minimum of 1,000 s.

RESULTS
Reflectance of PyC

Temperature of Formation

Results of Romean for all samples are presented in Table 2. Two
samples have fairly high reflectance Romean 2.91 (PC-N) and 1.96
(MA), Figures 1C,D); two low reflectance values Ropmean 1.05
(TRAP, Figure 1B) and 0.70 (TDB, Ascough et al., 2010b) and
two very low reflectance near the limits of measurable values with
the system used here (AZ and NNB; Figures 1A, 2).

The freshly-produced PyC (PC-N) reflectance indicates
production around 490°C. The SD of 0.61 shows variable
temperature distribution over even a relatively small sample
during production in the Recent hearth fire. The two PyC
samples produced in ancient hearth fires returned lower Romean
values (with much lower SD), indicating production at around
395°C (TRAP) and 361°C (TDB).

Sample MA, recovered from a pyroclastic deposit associated
with an eruption dating to beyond 50 ka BP (Alloway et al,
2004), gave high Romean values (and low SD), translating to
production temperatures of around 475°C similar to sample PC-
N from the Recent hearth fire. Samples AZ and NNB were also
formed during pyroclastic events and both have very low Romean
with very low SD corresponding to formation at around 315°C.
Different depositional environments (Table 1) may explain these
different temperatures of formation. It should be noted that
reflectance for sample NNB was measured on what are inferred
to be organic cell infills of former cell lumina and not on cell
walls. The value is therefore not directly comparable with that for
other samples. No higher reflecting organic material was present
anywhere in the sample.

Plant Anatomy and Mineral Content
Samples PC-N and AZ both represent gymnosperm (probably
conifer; known to be the conifer genus Pinus for PC-N) wood
with transverse sections of tracheids seen either side of a growth
ring in transverse section (Figures 1A,C). Samples TRAP and
MA are also wood but are seen in longitudinal section. Bordered
pits in MA indicate gymnosperm wood (Figure 1D), whereas a
complex perforation plate in TRAP (bottom left of Figure 1B)
is indicative of angiosperm wood. Sample NNB shows uniseriate
and biseriate (to multiseriate) rays of wood seen in tangential
longitudinal section with material, inferred to be organic, infilling
many of the cell lumina (Figure2). No data are available
for TDB which was studied previously (Ascough et al., 2010b
sample Env-5).

The few, very small, bright flecks in samples AZ and PC-
N (Figures 1A,C) are likely to be mineral. However, those in
cell lumina could be derived from dust during handling rather
than original presence in the sample. TRAP (Figure 1B) clearly

contains abundant mineral infill (speckly grayish to gray-orange
material) in the cell lumina. This is also seen to a much lesser
extent in MA. Although sample NNB is hard to interpret the
bright speckly silvery material is interpreted to be mineral, both
based on reflectance brightness and some straight edges in places
(Figure 2). Some of the orange speckly material may also be
mineral but unpolished. No data are available for TDB which was
studied previously (Ascough et al., 2010b sample Env-5).

Hydropyrolysis

Results of BC/OC% derived from hydropyrolysis for all samples
are presented in Table 2. Of the three samples (PC-N, TRAP,
and TDB) produced on hearth/open fires (361-490°C), the
freshly-produced material pyrolyzed at the highest temperature
(PC-N) contained the largest proportion of highly polycyclic
aromatic material. Approximately one quarter of the carbon
in this sample was composed of material comprising seven or
more aromatic rings. The carbon in the two ancient hearth
samples (TRAP and TDB) contained 17 and 15% of highly
polycyclic aromatic material, respectively. The 34°C difference
in production temperature between these two samples did not
correspond to a substantial difference in polycyclic aromatic
carbon, although the PyC produced at the higher temperature
(TRAP) appeared slightly more polycyclic aromatic.

Material produced in pyroclastic events differed widely in
terms of polycyclic aromatic content. The material produced at
the highest temperatures (475°C), emplaced in a non-organic
deposit (MA) contained a very high quantity of polycyclic
aromatic material (60% BC/OC). This sample is hence likely
to be very resistant to chemical or biological attack, with
many aromatic bonds that would require substantial energy
input to break. In contrast, AZ and NNB, both produced
at low temperatures (c. 315°C), contain very little polycyclic
aromatic material (1% of total organic carbon is of this chemical
form). This means that, although these materials are likely
to contain more polycyclic aromatic material in total than
1% of OC, it is hosted mainly in chemical domains that are
smaller than seven aromatic rings in extent. It is also likely
that a high proportion of these samples is non-aromatic in
chemical composition.

Raman Spectroscopy

The Raman spectra of all samples are shown in Figure 3. The
modern sample PC-N shows distinct peaks corresponding to the
Raman shift (cm™!) for both the G and D bands (centered on
1,575 and 1,350 cm™!, respectively). Increasing extent and size
of polycyclic aromatic domains in PyC is usually represented by
narrower G bands, positioned closer to 1,575 cm™! (Tuinstra
and Koenig, 1969; Knight and White, 1989). The results support
the interpretation of PC-N as containing a high proportion of
crystalline (graphite-like) material, relative to other samples, with
the exception of MA. The MA sample is highly crystalline, also
with a very well-defined G peak.

Humic substances are known to fluoresce strongly (Yang and
Wang, 1997), and the relative intensity of Raman spectra of
archaeological charcoal has been shown to reflect the amount of
humic substances present (Alon et al., 2002). The PC-N and MA

Frontiers in Environmental Science | www.frontiersin.org

January 2020 | Volume 7 | Article 203


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Ascough et al.

Long-Lived Pyrogenic Carbon

25000

20000 '//_ﬁw"'””“mwﬁ \

N N, AZ

s
p
15000 .~ -

s TDB

10000 M/ e NNB

Intensity (arb. units)

5000

St o PO

1000 1200 1400 1600 1800 2000
wavenumber (cm?)

FIGURE 3 | Raman spectra of all samples analyzed in this study. For
convenience, spectra with broad similarities are grouped on the figure,
although all material analyzed displayed some form of both G and D peaks;
this, and the similarities and contrasts between material, is fully discussed in
the text.

spectra both have low intensities relative to the other samples,
suggesting low levels of humic substances, which correlates to
the high quantities of polycyclic aromatic material observed
by HyPy.

The Raman spectra of samples AZ and NNB (low temperature
pyroclastic formation, low polycyclic aromatic content as
assessed by HyPy), appear similar to each other, although AZ
has a much higher relative intensity. These both contain G and
D peaks, but the relative height of the D peak is lower than the
G peak, and the peaks themselves broader, when compared to
the more crystalline PC-N and MA. The G peaks of AZ and
NNB are also at slightly lower wavenumbers. This indicates a
greater proportion of disorganized carbon within the structure
of these samples.

Sample TDB also has very broad peaks shifted to lower
wavenumbers than those of PC-N and MA, and appears to be
somewhat more crystalline than AZ and NNB. Samples AZ,
NNB, and TDB all have much higher intensities relative to
MA and PC-N, potentially reflecting higher humic content than
the latter samples. However, there is not a direct correlation
between low OC values as measured by HyPy and relative
Raman intensity.

Sample TRAP differs from all other samples, as distinct peaks
in the region for carbon (either organized or disorganized)
are very muted, likely due to the lower proportion of carbon
within the sample itself relative to the mineral content. Because
of this, the G and D peaks are difficult to distinguish from
the remainder of the signal, but appear to be of broadly
equivalent intensity. The relative intensity of the TRAP spectrum
is similar to that of both MA and PC-N, but should be
interpreted with caution due to the contribution of the
mineral content.
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FIGURE 4 | FTIR spectra of all samples. As discussed in the text, the figure
focuses upon the “fingerprint” region between 400-2,000 cm~".

Fourier Transform Infrared Spectroscopy
(FTIR)

The FTIR spectra for all samples are shown in Figure 4. Peak
assignments are detailed in Table 3. The majority of signal for
all spectra was concentrated in the “fingerprint” region of 600-
2,000 cm™!, hence discussion below focusses on this region.
For the two most chemically aromatic samples (PC-N and MA),
there is strong signal for aromatic C=C ring structures at 1,570

1,580 cm~!, and a well-defined series of peaks for aromatic

CH deformation at 700-900 cm™!. Both spectra also contain
a broad and indistinct signal centered at c. 1,180 cm™! (PC-
N), and 1,106 cm™! (MA). In MA this region contains more
structure, indicating a wider range of distinct different bonding
environments. The region has been assigned to the C-O stretch
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TABLE 3 | Assignment of Infra-Red peaks for analysis of FTIR spectra (From
Ascough et al., 2011b, assignments after Guo and Bustin, 1998; Bustin and Guo,
1999; Benites et al., 2005; Trompowsky et al., 2005).

Bands (cm™') Assignment

3,400-3,320 —OH stretching

3,000-2,800 aliphatic CHx stretching vibration

1,700 Aromatic carbonyl/ carboxyl (COOH) C=0 stretching
1,650 C=0 of amide groups

1,610 COO~

1,600-1,570 Aromatic C=C ring stretching

1,510 Aromatic C=C ring stretching (lignin)

1,450 aliphatic CH, deformation

1,420-1,430 cellulose CH, symmetric bending

1,380 COO~

1,270-1,250 O-H deformation in COOH

1,200-1,220 Aromatic C-O

1,190 C-0 stretch of esters, phenols and ethers
1,030-1,160 Aliphatic ether C-O- and alcohol C-O stretching
800-900 aromatic CH deformation

870 1 adjacent H deformation

810 2 adjacent H deformation

750 3-4 adjacent H deformation

of esters, phenols and ethers (Marshall et al., 2005). Both MA
and PC-N also contain small amounts of signal at c. 1,690 cm™!.
This likely relates to carboxylic acids (COOH), although the latter
are more frequently assigned at 1,700 cm™!. This interpretation
is supported by the presence of structure at 1,250-1,270 cm™!
within the broad region mentioned above.

Samples TDB, NNB, and AZ also contain prominent signal for
C=C ring structures. In NNB this centers on 1,590 cm~!, and
is shifted to slightly lower wavenumbers in TDB and AZ. TDB,
and NNB also contain identifiable peaks for aromatic C-H in the
region 700-900 cm !, but these are much less distinct than for
material such as PC-N and MA. In AZ this signal is not clear in
the spectrum. In TDB peaks at c. 1,380 cm ™! are likely to relate
to COOH (COO™) groups, and signal at c. 1,245 cm™! to O-
H deformation in COOH. In NNB bands for COOH are evident
in the spectrum, particularly at 1,700 cm™!. Carboxylic groups
are represented in AZ by very minor peaks around 1,700 cm ™!,
and greater signal in the c. 1,250 cm ™! region. A peak at c. 1,380
cm~! is also present. All three of these samples contain signal
for oxygenated functional groups of cellulose, including aliphatic
ether and alcohol bonding (C-O-C and alcohol OH groups) at
1,030-1,160 cm ™! (Guo and Bustin, 1998; Colom and Carrillo,
2002). NNB also contains signal relating to lignin aromatic
stretching at c. 1500 cm™!, and aliphatic CHy deformation at
1,450 cm™! (Owen and Thomas, 1989).

Sample TRAP contains little distinct signal compared to the
other PyC materials. This relates to a clear peak for C=C ring
structures at 1,570 cm™!, and for COOH (COO™) groups at
c. 1,390 cm~!. The most prominent peak is centered on 1,000
cm~!, This is lower than the usual range for aliphatic ether
linkages. It is possible this relates to some aliphatic structures, or

aromatic linkages in alkenes, however it seems most likely that
this represents a strong signal for iron phosphates, derived from
the depositional environment (c.f. Palacios et al., 2012).

X-ray Fluorescence (XRF)

Results of XRF analysis are shown in Table 4. Samples were
examined for 12 elements which were observed to be present
in one or more sample. Note PC-N had not been exposed to
environmental depositional conditions, and therefore serves as
an example of elemental abundances levels that can be present
naturally in PyC immediately following production, although
we acknowledge that the specific quantity of these will vary
somewhat depending on feedstock. This therefore serves as an
indicator of minimum values. This sample contained low levels
of tested elements across all elements analyzed.

For the remaining PyC samples, AZ, TDB, and TRAP
contained Ca at abundances higher than other samples. Calcium
was particularly high in TDB, with Ca content more than twice as
high as all other PyC samples. This is consistent with deposition
in a calcareous environment, highlighting that minerals from
the environment had ingressed, and at least partially infilled,
the PyC through openings in the cell lumina structure. Sulfur
was present in much higher quantities in MA and NNB than all
other PyC, consistent with a pyroclastic formation mechanism,
where sulfur minerals are commonly present (i.e., iron sulfide).
MA also contained quantities of Fe. In sample TRAP however,
the abundance of elements measured by XRF was higher in the
categories of Fe, Zn, and Sr, than in all other samples. Fe in
particular was anomalously high in this sample, consistent with
its depositional environment in a waterlogged, anaerobic setting
high in soluble iron minerals, again showing that elements from
the environment freely ingress to PyC during deposition.

Scanning Electron Microscopy and Energy

Dispersive X-ray Spectroscopy
SEM micrographs for the samples are shown in Figures 5A-F.
The purpose of SEM examination was to investigate the physical
structure of the samples, identifying whether significant physical
degradation (e.g., cracking) was present, and also examining for
the presence of mineral infills. EDX was used to identify the
composition of mineral material present on or in the samples.
The freshly produced PC-N had the expected structure of a
modern PyC showing very clear plant anatomy of bordered pits
on cell walls, characteristic of gymnosperm (and known to be
the conifer Pinus) wood seen in longitudinal section, with some
cracking (Figure 5A). Compositionally the inorganic or mineral
content, present at minor or trace levels, was K, Ca, Mg, P, S,
and CI, as expected for an uncontaminated wood (Herzog et al.,
2006). The natural mineral inclusions are within the cell walls and
so are not observable in the SEM micrograph. AZ (Figure 5B)
shows the same plant anatomy as PC-N. MA (Figure 5C) is
wood seen in radial longitudinal section (rays running slightly
obliquely from top to bottom evident at near right and left
of image); similar width in most cells running left to right in
image (probably tracheids) suggests gymnosperm wood. Both
the AZ and MA specimens were similarly free from particulate
contamination, with the visible debris being fragments of the
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TABLE 4 | Concentrations (weight %) of the elements observed in the PyC samples as determined by XRF (balance C).

S K Ca Ti Cr Mn Fe Cu Zn As Br Sr
PC-N 0.05 0.15 0.27 <0.01 <0.01 0.02 <0.01 <0.001 <0.001 nd nd 0.001
TRAP 0.06 0.129 0.77 0.12 0.01 0.14 8.07 0.002 0.014 0.004 0.0006 0.036
TDB Light 0.02 0.06 117 <0.01 <0.01 <0.01 0.02 <0.001 <0.001 nd nd 0.002
TDB Dark nd 0.07 3.40 <0.01 <0.01 <0.01 0.04 <0.001 <0.001 <0.001 0.0001 0.003
MA 1.62 0.09 0.26 <0.01 <0.01 0.01 0.26 0.002 0.002 <0.001 nd 0.001
AZ nd 0.08 0.60 <0.01 <0.01 <0.01 0.01 <0.001 <0.001 nd 0.0014 0.005
NNB 1.34 <0.01 0.01 0.02 <0.01 nd 0.03 0.000 <0.001 0.003 0.0007 0.000

nd, not detected.

FIGURE 5 | Scanning Electron Microscopy images for all samples analyzed, showing areas that are representative of the overall structure of the specimen. Images are
ordered: (A) PC-N; (B) AZ; (C) MA; (D) NNB; (E) TRAP; (F) TDB. PC-N and AZ show bordered pits in longitudinal fracture of conifer wood; MA shows radial
longitudinal fracture of conifer wood with rays (e.g., right of image); NNB shows tangential longitudinal fracture of conifer wood with uniseriate and biseriate rays; TRAP
and TDB show little plant anatomy (see text) due to presence of mineral.
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PyC likely to be generated during sample preparation. Visually,
there was no direct evidence of infill in the SEM (Figures 5B,C)
to explain the XRF results, although the EDX spectrum for AZ
did have a minor Ca peak, whereas MA produced a minor S
peak. This suggests that the infill does not penetrate throughout
the entirety of the samples as the SEM and XRF analyses were
on different regions of each PyC sample. We also note that
this does not preclude the deposition/precipitation of Ca-rich
minerals on internal pores or surfaces on a scale that may only
be visible at higher magnification, or at the molecular level via
the strong affinity of Ca2+ to carboxylic groups (Hardy et al,,
2017). Specimen NNB (Figure 5D) shows wood in tangential
longitudinal section with mainly uniseriate rays and one biseriate
ray near base left of image. Other cells may be fibers or
tracheids. Specimen NNB had a relatively uniform, if minor,
mineral infill forming small particles which were iron rich with
phosphorus (the latter not detectable by XRF due to the low
energies involved).

The greatest abundance of mineral was observed in the TRAP
and TDB specimens. Most plant anatomy is obscured in the SEM
images (Figures 5E,F) though small patches with many small
round holes in TDB (Figure 5F) might be the pitted walls of
vessel elements indicative of angiosperm wood and lineation (top
left to bottom right) in TRAP (Figure 5E) suggests a longitudinal
section through wood. The mineral infill is packed throughout
the sample indicating the ingress throughout the material in this
area. However, the particulate appearance and composition is
notably different between the two highlighting the environmental
source differences; TRAP contained an iron-rich mineral with
a minor phosphorus component; TDB contains what is likely a
clay mineral (aluminum silicate) with additional cation Ca and K
accommodation (the Al, Si, and O not detected by XRF).

DISCUSSION

Although observing specific processes operating on the PyC
samples prior to our study has not been possible in the
present study, we have used samples about which there
is broad information on depositional environment. Samples
were selected to cover a range of environments for which
literature evidence suggests there can be an impact upon PyC
alteration/degradation rates. For example, including material
from waterlogged/anaerobic vs. aerated environments (Table 1)
is useful, as evidence suggests strongly reduced PyC degradation
under the former conditions (Nguyen and Lehmann, 2009;
Foereid et al., 2011; Knicker, 2011). We have also used material
for which we have information on the nature of the production
event (e.g., hearth fire vs. pyroclastic event). For example, for
MA, the depositional environment is very low in organic matter
(Alloway et al., 2004), suggesting the original pyroclastic material
(which provided the formation medium) was predominantly
mineral in nature (e.g., pumice, lava). In contrast, AZ was
also formed during a pyroclastic event, but the depositional
environment suggests that the material forming the formation
medium was more organic than for MA, likely to have been
associated with a lahar event (Cruz et al., 2006). NNB was

also formed during a pyroclastic event, during burial by a large
volume of hot volcanic ash. For all three samples (MA, AZ,
and NNB), it is likely that the duration of exposure to elevated
temperatures (during subsequent cooling of the pyroclastic
deposit) was long, compared to that of PC-N, TRAP, and TDB.

Although observing specific processes operating on the
PyC samples in detail is not practical in the present study,
we have been able to obtain material about which there
is broad information on depositional environment. Samples
were selected to cover a range of environments for which
literature evidence suggests there is an impact upon PyC
alteration/degradation rates. For example, including material
from waterlogged/anaerobic vs. aerated environments is useful,
as evidence suggests strongly reduced PyC degradation under the
former conditions (Nguyen and Lehmann, 2009; Foereid et al,,
2011; Knicker, 2011). We have also been able to obtain material
for which we have information on the type and temperature
of production. This enables us to investigate the range of
chemical composition of ancient PyC (up to >90 Ka BP).
These are complemented by material freshly-produced and not
subjected to environmental deposition, and material subjected
to environmental conditions for decadal timescales. One key
feature of the research presented here is a consideration of
whether (ancient and modern) PyC that is “intact” when in situ
may not retain this stability when the depositional environment
changes, for example through climatic changes, or exposure to
the atmosphere/excavation, even when stored in the lab for
a period of weeks, months, years, prior to analysis. There is
evidence that carbon compounds resulting from the alteration
of initial PyC structure can remain at the site of alteration (i.e.,
associated with the remaining PyC structure); this process seems
to be mediated by soil chemistry, particularly the presence of
calcium ions (Bird et al., 2017; Munksgaard et al., 2018).

The results presented provide corroboration of the hypothesis
that the chemical characteristics of long-lived PyC in the
environment are highly variable. It has become apparent over
recent years that PyC is neither a homogeneous material, nor
environmentally inert (e.g., Ascough et al, 2011a; Bird et al,,
2015). It is also apparent that while carbon dominates in the
chemical composition of PyC, a wide range of other elements
are also integral to its structure and are present in significant
quantities (e.g., Ascough et al., 2008; Bird et al., 2017). These
elements also appear to play a role in modulating the fate of
PyC in the environment. Aromaticity is a key feature of PyC,
being fundamental to the chemical structure of freshly-produced
PyC. Bond energies of individual aromatic rings are ~193.71 Kcal
mol~!, and increase proportionally to the size of polyaromatic
structures (Maitland, 2005), in comparison to much lower bond
energies in non-aromatic components, such as C-C (80.711
Kcal mol~!) and C-H (92.241 Kcal mol™!). As aromatic bonds
require substantial energy input to break down, compared to
non-aromatic material (e.g., C-C bonds in cellulose), it is logical
that the aromaticity of PyC is an underlying driver of PyC long-
term preservation in the environment. However, the research
presented here shows that formation temperature (and hence
aromaticity) is not the sole determinant of PyC preservation in
the environment over tens of thousands of years, and neither
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is the length of time to which PyC has been exposed to the
environment per se.

It is important to note that a key distinction in the following
discussion is between degradation (that involves the original PyC
components physically and/or chemically being lost from the in
situ environment) and alteration in situ (whereby the original
PyC chemistry is changed, but the products of this change remain
in situ). Degradation can occur either via mineralisation of the
PyC (or its alteration products) directly to CO; at the deposition
site, or via processes that lead to physical or chemical transport
of the PyC (or its alteration products) away from the in situ
environment. These processes vary in their nature, but the net
effect (loss of the PyC components from the material initially
deposited) is the same.

Our results indicate that very long-lived PyC in the
environment can be composed nearly entirely of chemically labile
components. Both AZ and NNB on visual inspection appear to
be intact PyC fragments, and plant anatomical structure is visible
in them under both reflectance microscopy and SEM. However,
both samples have a very low content of polycyclic aromatic
structures [seven aromatic rings or greater (1%)], and significant
quantities of non-aromatic bonding, as observed by FTIR. The
latter is consistent with incompletely thermally altered material,
and/or a lower order of aromatisation during production at
temperatures c. 315°C (as derived from Romean). It is possible
that the current chemical composition of these materials to some
extent reflects post-depositional alteration processes, however
we note that low-order aromaticity and incomplete thermal
alteration is quite consistent with the chemical structure of PyC
produced at these lower temperatures (e.g., Ascough et al., 2008).
We acknowledge the sample size here is small, but this suggests
that production temperature is not necessarily a determinant
of whether a significant proportion of PyC remains in situ
in an unmineralized state (and hence retaining carbon in the
global sedimentary, not atmospheric sink) for millennia. The
implication of this is that the PyC global sink (as defined
on a chemical basis, ie., aromaticity) could be larger than
hypothesized, if material of low aromaticity (whether the result
of low-temperature production or post-depositional alteration)
is retained in a specific location for very extended timescales.
The results of the present study imply that the depositional
setting for this is important; both AZ and NNB were subject
to rapid burial in relatively extensive (in three dimensions)
deposits. This is consistent with findings from other workers
(e.g., Marin-Spiotta et al., 2014), who have identified large stocks
of PyC preserved on timescales of the order of 10,000 years,
where rapid burial and subsequent lack of disturbance to the
depositional environment appears to have been a key process
that leads to the preservation of PyC of low aromaticity. It
is important to note that the condition of the plant material
prior to transformation to PyC is not known for any of the
samples included in this study (with the exception of PC-N),
in particular which were still living (especially at the time of
a volcanic event) and which were already dead and had begun
to degrade.

Conversely, the low-SPAC samples (AZ and NNB) are very
chemically labile when exposed to oxidation or changes in pH

in a laboratory environment. A separate sub-sample of AZ was
assessed by Ascough et al. (2011a), who exposed this material
to oxidation by potassium dichromate. This resulted in complete
loss of the material extremely rapidly, when compared to a range
of other PyC, both freshly-produced and of various ages and
from natural depositional environments. Combined with the
present study, this raises the point that PyC that is long-lived in a
particular depositional environment will not necessarily remain
stable if that environment changes. Examples of change would
be exposure to oxidation via excavation (Marin-Spiotta et al.,
2014), and changes in soil pH via climatic changes or alteration
in land-use practice (c.f. Hardy et al,, 2017). Although ancient
PyC does not necessarily contain ever-increasing levels of SPAC
as a precondition for its preservation, chemical degradability (at
least in laboratory conditions) does appear strongly linked to
the amount of SPAC in the sample, in an inverse proportional
relationship (Ascough et al., 2010a, 2011a).

The results also confirm that production at higher
temperatures does directly result in more highly aromatic
PyC. The range of production temperatures inferred for the
six samples by Romean corresponds well to the proportion of
polycyclic aromatic carbon making up the sample as measured
via hydropyrolysis, and also broadly to the relative prominence
of the G band in Raman spectroscopy. If production temperature
apparently remains a reliable (at least in semi-quantitative terms)
indicator of SPAC content in PyC even after millennia in the
environment, this does support the existing interpretation that,
under constant environmental conditions, the degradability of
the PyC is primarily driven by initial production temperature.
However, the results of the present study also emphasize
that it is appropriate to consider PyC as having an initial
degradation potential following production (c.f. Ascough et al.,
2011a; Bird et al, 2015). The pathway that a particular PyC
sample then follows is heavily modulated by the conditions of
deposition (e.g., fast vs. slow burial, shallow vs. deep burial),
and the chemistry of the depositional environment (e.g., oxic vs.
anoxic, pH) through time (Braadbaart et al., 2009; Knoblauch
et al, 2011; Zimmermann et al., 2012; Marin-Spiotta et al.,
2014). A key point is that structures of seven aromatic rings
or greater (as isolated by Hypy) is a feature of all samples
analyzed, and that even material produced at the low end of
conditions conventionally understood to result in PyC (c. 315°C)
still contains at least a proportion of SPAC. This is observed
in the results of Raman spectroscopy, where G band peaks
are evident throughout the samples, and in the proportion
of highly polycyclic aromatic carbon in samples identified
via hydropyrolysis.

This study has shown that PyC samples can appear
physically similar but simultaneously exhibit fundamental
chemical differences. In particular, the similarity in visible
wood cellular structure observed by both reflectance and SEM
in PC-N and AZ (Figures 1A,C, 5A,B) belie the significant
difference in polycyclic aromatic carbon content between the
two samples. The differences in inorganic content of individual
samples measured by XRF and SEM-EDX are partly due to
the greater depth penetration of XRF and the wider range
of elements detectable by SEM-EDX, but also reflect sample
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heterogeneity. The SEM-EDX results show that, even in a small
suite of sample PyC, mineral material from the depositional
environment can become an integral part of the gross structure
of the PyC sample, and that this is a feature of both oxic
and anoxic environments. Consideration of both the XRF and
SEM-EDX data indicate that the infill is localized within the
PyC samples, consistent with mineral laden water permeating
through fissures in the material. In the case of the TRAP
samples in particular, the authigenic mineral lines and infills
individual cell lumina without causing obvious disruption to the
cellular structure, which may potentially protect the remaining
organic matter from alteration and degradation. Information
on the mineral chemistry of the depositional environment
is available for TRAP (Armit et al, 1999, 2000) and TDB
(Steelman et al., 2002), which is consistent with the information
on PyC mineral content analyzed in the present study (see
Table 1). This is further confirmation that compounds potentially
linked to catalysis of environmental degradation can migrate
from the depositional environment to become incorporated
into the PyC structure, for example in micropores and coating
interior surfaces.

CONCLUSION

The work presented here uses wood PyC to address the factors
identified in the introduction, which lead to the contrasts in the
timescales of PyC turnover that have been observed globally,
namely: (i) is this mainly a function of initial chemistry (i.e.,
linked to production temperature), (ii) is more ancient material
progressively dominated by SPAC, and (iii) what impact do
depositional conditions have upon PyC chemistry/status over
tens of thousands of years. We show, firstly, that, within the
sample set investigated, although initial production temperature
is a driver of the “degradation potential” of PyC immediately
after production, the trajectory of PyC in the environment (in
terms of degradation or alteration vs. preservation) is not only
driven by its initial chemistry, but is strongly modulated by
depositional environment, and possibly, features of the initial
depositional event. The latter may include depth and rapidity
of deposition, and the chemistry of the matrix in which the
PyC was first emplaced. Secondly, the composition of ancient
PyC is not necessarily a function of its age, even after millennia
exposed to the environment. Instead, even PyC thousands of
years old can be composed of material that is chemically labile,
and/or is of low aromaticity. The implications of this are two-
fold; that the long-term PyC sink, usually identified as the
most highly aromatic chemical component of PyC, such as
SPAC, is likely to be larger than previously thought, because
of potential for long-term preservation of the labile/semi-labile
fraction in specific depositional environments. However, the
second implication is that when the environmental context of
PyC alters, this situation of long-term preservation may not
necessarily continue. At present, the size of PyC budgets in
depositional environments is largely unknown, and further work

should focus on refining these estimates, particularly as hotspots’
oflong-term PyC preservation may be vulnerable to land-use and
climatic or environmental change. Finally, the specific impact
of depositional conditions upon PyC chemistry/status remains
unclear. This is a difficult problem to address, however we
show that the chemistry of the depositional environment is
reflected in the elements associated with PyC, some of which,
particularly calcium and iron, have been linked with catalysis of
PyC alteration, and mediation of environmental interactions. To
extend this knowledge, it is clear that further investigations of
PyC degradation vs. preservation, and the carbon sequestration
status of this material, would greatly benefit from multi-
technique approaches, which integrate physical investigation of
structural features with a range of chemical characterization
methods, in order to obtain as full a picture as possible of this
material in the environment.
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