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Amazonian dark earths (ADE) are characterized by high fertility and organic carbon content, the latter
being associated with black carbon (BC). BC is recalcitrant in nature due to its aromatic building blocks
and it is expected to remain in the non-hydrolyzable fraction after the sequential extraction of soil organic
matter (SOM). In this context, the aim of this study was to compare the composition of non-hydrolyzable
SOM samples from an ADE and an adjacent soil using pyrolysis - gas chromatography - mass spectrometry
and thermally-assisted hydrolysis and methylation with tetramethylammonium hydroxide. We tested two
hypotheses: (i) non-hydrolyzable organic matter preserves BC in ADE and adjacent soils; and (ii) pyrolysis
products are also produced thermally and are different for ADE and adjacent soils. The results of this study
showed that polycyclic aromatic hydrocarbons were the main pyrolysis products for both soils. In addition,
the benzene / toluene, naphthalene / methylnaphthalene and benzofuran / methylbenzofuran ratios of the
pyrolysis products observed in the case of ADE were around two times higher than the corresponding
values for the adjacent soil, except in the surface horizon, which indicates the presence of a higher
recalcitrant BC in the ADE. The specific organic matter sources for the ADE and adjacent soil could not be
differentiated.
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INTRODUCTION

Anthropogenic soils called Amazonian dark earths (ADE) can be found in the Amazon region. They
have surface horizons with a dark color and contain ceramic material, lithic artifacts, charcoal, fish and
mammal bones, human burial remains and detritus [1]. ADE are fertile soils with high contents of Ca, Mg,
Zn, Mn, P (total and available) and carbon in comparison with adjacent soils [2-9]. The dark color is related
to the presence of large amounts of pyrogenic carbon, i.e., black carbon (BC) [10-11]. The high
concentration of BC in ADE results from incomplete combustion of organic matter (OM) during low
intensity burning [5,12], slash-and-char is another potential explanation [6,13-14].

Biochar plays a significant role in the carbon cycle and it can be used in sustainable agricultural
practices [15]. This pyrogenic carbon may be modified by different processes after deposition and
incorporation into soil [16]. The degradation rate of BC is dependent on the temperature of the burning,
intensity of carbonization, fuel source and soil conditions [17]. Laboratory incubation experiments have
shown that ADE under cultivation has both rapidly mineralizable in very stable types of soil organic matter
(SOM) [18]. The recalcitrance of the stable SOM is due to physical or chemical interaction with soil
minerals and the intrinsic stability of the condensed aromatic structures of BC [11,18]. The incomplete
combustion of wood or other fuel material generates a wide range of products with diverse sources and
recalcitrant BC formed anthropogenically or through natural fires can be preserved in the non-hydrolyzable
fraction [19]. A previous study of extractable and hydrolysable SOM revealed some differences between
anthropogenic and natural soils [9]. Pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) and
thermally-assisted hydrolysis and methylation (THM-GC-MS), using tetramethylammonium hydroxide
(TMAH), can provide information on the macromolecular structure of SOM, including BC [20-24].
Nevertheless, some limitations are associated with the use of Py-GC-MS for the characterization of charred
OM in soils, including: (i) only a semi-quantitative response is possible [24-27]; (ii) carboxylic groups are
often not detected [24-26]; (iii) aromatic compounds are formed in situ at high pyrolysis temperatures
[24,28-30]; and (iv) highly condensed BC is stable under pyrolysis conditions [24,30-32]. Furthermore,
THM-GC-MS can provide additional information on SOM with respect to carboxyl, hydroxyl and phenolic
groups, since they are transformed into methyl esters and methyl ethers, which are more easily identified
and separated by GC-MS than their underivatized counterparts [26,33-34]. In this context, the aim of this
study was to evaluate the presence of BC in the non-hydrolyzable SOM fraction and to compare the
composition of samples of this fraction obtained from ADE and an adjacent soil using Py-GC-MS and THM-
GC-MS. The hypotheses considered were: (i) non-hydrolyzable SOM preserves BC in the case of ADE;
and (ii) Py-GC-MS and THM-GC-MS products show differences between the ADE and the adjacent soil.

MATERIALS AND METHODS
Sample location

The ADE and adjacent soil (AS) samples were collected from the Caldeirdo Experimental Station
(Embrapa, Iranduba - AM, Brazil; 03°14'227-03°15'47”S and 60°13'02"-60°13'50"W). Samples from two
soil profiles, one ADE and one non-anthropogenic adjacent soil, were collected at four different depths for
each profile. The soil with an anthropogenic horizon was classified as Pretic Anthrosol (Orthodystric, Clayic)
and the non-anthropogenic soil as Haplic Xanthic Acrisol (Hyperdystric, Clayic) [35]. These soils were
formed in the Tertiary period during the Alter do Chao formation. Both soils were covered by tropical
rainforest. The ADE profile contained a significant quantity of archaeological pottery fragments whilst in
the adjacent soil no pottery or charcoal fragments were visually observed. Other general information
regarding the ADE and adjacent soil can be found in Table I.
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Sample preparation

The samples were dried in an oven with air circulation at 60 °C for 24 h. They were then macerated in
a porcelain mortar and sieved (250 um). Free lipids were removed by extraction with a mixture of CHCI,:
(CH,),CO (9:1 v/v, 10 mL in an ultrasound system for 30 min) and ester-bound lipids were eliminated by
alkaline hydrolysis with a 1.0 mol L' KOH solution in MeOH (96%, 10 mL, 70 °C, 30 min) and then
extracted with MeOH:CHCI, (1:1, v/v, 1 x 10 mL) and CHCI, (2 x 10 mL). After alkaline extraction the
residue was dried (60 °C) and crushed to obtain fine particles for the Py and THM analysis. The carbon
content (%) was measured using an elemental analyzer (Vario Macro cube, Elementar, Hanau,
Germany) [37].

Py-GC-MS and THM-GC-MS

Dried soil (ca. 500 pg) was placed in a quartz tube and the tube was inserted into a Pyroprobe inlet.
For the thermally-assisted hydrolysis and methylation, 5 yL of TMAH (0.25 mol L™ in MeOH) was added
and then the MeOH was evaporated by pre-heating the sample at 110 °C for 60 s. Pyrolysis and THM
were then carried out at 700 °C for 10 s, and 600 °C for 5 s, respectively, both with heating at 10 °C/ms,
using a CDS 5000 pyrolyzer (CDS analytical, Oxford, UK). The Pyroprobe interface and the oven were
at a temperature of 290 °C. Both the Py and THM products were analyzed on-line (inlet 290 °C with split
mode 1:10) using GC-MS (Focus GC instrument coupled to a Polaris ion trap mass spectrometer;
Thermo, Waltham, USA) and a DB5MS column (60 m x 0.25 mm, 0.25 pm film thickness). The GC oven
programs were: (i) 40 °C (held 5 min) to 300 °C (held 5 min) at 7 °C/min for Py-GC-MS; and (ii) 40 °C
(held 5 min) to 150 °C at 10 °C/min and then to 300 °C (held 5 min) at 4 °C/min for THM-GC-MS. Helium
was used as the carrier gas at a constant flow of 1.0 mL/min. The GC-MS interface and ion source
temperatures were 290 °C and 200 °C, respectively. The ion trap mass spectrometer was operated in
electron ionization mode at 70 eV, scanning at m/z 50 - 650 (0.58 total scan time), with an emission

current of 250 mA.
All compounds were identified with the support of an interactive chemical information structure (ICIS)

and the NIST/EPA/NIH mass spectral database version 4.5 1994, as well as from the interpretation of the
mass spectra.

The relative contribution (RC) of products was quantified as the ratio between the peak area for each
compound and the total area of identified peaks, according to the formula:

RC:; = (=2 100
v 2 X; '

Where x;is the total integrated area of compound “j” in sample ", “} x” the sum of all integrated peak areas
of identified compounds and “RC," the relative contribution of compound “” in sample “".

RESULTS AND DISCUSSION
General distribution of Py-GC-MS and THM-GC-MS

The major Py-GC-MS products were monoaromatic compounds (benzene, toluene, etc.), polycyclic
aromatic hydrocarbons (PAHs) (naphthalene, phenanthrene, etc.), phenols, N-compounds and
polysaccharide pyrolysis products (Table IlI). The same compound classes were detected with THM-GC-
MS, but with additional information on lignin-derived products. Derivatized alkanoic and phosphoric acids
were the major products observed by THM-GC-MS. Benzene was not detected with the THM-GC-MS
technique, because it eluted within the solvent delay period programmed in the software.
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Table Il. Relative contribution (%) of compounds obtained in Py-GC-MS
Sample miz' ADE AS
Depth (cm) 0-36 36-56  56-84 84-150 1538 38-55 55-90 90-130
Compound Monoaromatics
Benzene T7+78 73 128 109 12.8 59 71 75 8.3
Toluene 91+92 8.0 2 6.6 Fi2 79 79 74 69
Ethylbenzene 91+106 07 0.4 0.5 0.5 09 09 0.7 07
Dimethylbenzene 91+106 14 1.3 15 1.7 15 17 1.8 23
Trimethylbenzene 105+120 05 04 0.3 0.3 04 05 0.5 05
TOTAL 179 220 19.8 23 16.7 18.1 179 188
PAH
Naphthalene 128 21 36 44 6.4 24 34 40 49
Methylnaphtalene 141+142 21 36 3 43 25 38 38 40
Biphenyl 153+154 0.7 19 1.8 2d 1.0 14 1.8 1.9
2-Methyl-1,1"-biphenyl 167+168 04 0.3 02 0.2 04 08 0.7 04
Fluorene 165+166 14 24 25 3:3 16 21 26 30
Dimethylnaphthalene 141+156 11 10 09 13 T 13 1.2 14
Phenanthrene 178 06 0.9 11 16 05 06 1.0 09
Methylphenanthrene 192 0.1 0.2 02 0.3 03 03 0.3 04
Methylanthracene 192 04 0.3 0.2 0.3 04 04 0.3 04
Pyrene 202 01 0.3 02 0.7 0.1 02 04 04
Fluoranthene 202 0.0 0.1 01 0.3 0.0 01 0.1 0.1
Methylpyrene 216 0.1 0.2 0.2 0.3 0.1 0.2 0.5 0.2
Hydroxypyrene 189+217 0.0 0.1 0.0 02 0.0 0.0 01 01
8,9-Dihydrocyclopenta[deflphenanthrene 189+191+192 0.1 0.3 0.2 0.3 0.2 02 04 03
1-Methylbenzo[c]phenanthrene 242 02 0.1 02 0.5 02 03 04 03
TOTAL 9.4 15.4 15.2 27 11.0 14.9 175 18.6
Oxyaromatics
Benzofuran 89+118 1.2 16 1.1 1.9 1.0 17 14 13
Methylbenzofuran 131 19 20 16 g 1.9 21 23 21
Dimethylbenzofuran 115+145 09 0.5 04 0.3 07 07 0.8 08
Dibenzofuran 138+168 08 21 18 21 1.1 15 1.7 17
Methyldibenzofuran 152+182 02 0.3 02 0.4 02 03 0.4 06
TOTAL 5.0 6.4 5.2 6.0 5.0 6.3 6.5 6.5
Polysaccharide products
Furan 67 1.3 21 18 1.5 14 15 15 15
Methylfuran 53+82 24 22 20 14 16 1.7 1.5 13
Ethylfuran 53+96 0.3 0.2 0.3 0.2 02 03 0.2 0.3
Dimethylfuran 53+96 1.0 0.6 06 0.3 07 08 0.6 06
Furfural 95 139 36 O 45 139 10.5 8.5 6.8
5-Methyl-2-furaldehyde 109+110 4.0 22 14 0.4 ALTY 21 1.2 07
TOTAL 23.0 10.9 15.7 8.0 26 16.8 13.5 111
N-compounds
1-Methylpyrrole 80+81 41 59 82 106 28 48 58 8.3
Pyridine 52+79 44 50 44 38 3T 40 40 39
Methylpyridine 66+93 09 = = - - - - E
Pyridinol 95+96 16 26 20 11 22 21 1.8 14
Benzonitrile 76+103 29 41 3.5 25 39 35 33 29
Benzeneacetonitrile 89+117 12 1.1 08 0.7 =3 13 11 1.0
2-Phenylpyridine 154+155 06 0.8 08 0. 09 09 14 16
TOTAL 15.7 19.4 19.7 19.6 148 16.6 174 19.2
Phenols
Phenaol 66+94 100 126 104 12.3 L7 91 97 8.2
Methylphenal 107+108 74 6.2 56 5:3 76 64 6.3 55
Dimethylphenal 107+122 05 18 04 0.5 05 05 0.5 08
4-Vinylphenol 91+120 04 0.7 05 0.5 04 07 0.6 06
Trimethylphenol 121+136 0.5 0.1 0.0 0.1 05 0.3 0.2 02
TOTAL 18.8 214 16.9 18.6 18.6 16.9 17.3 15.3
Aliphatic compounds(n-alkenes and n-alkanes)
Ci10Ciao 57+71%55+69° 0.53 017 0.14 0.08 0.43 0.18 0.26 0.06
Co1.0-Coan 57+71%55+69° 0.19 0.04 0.04 0.01 013 0.04 0.09 0.01
Ci20-Cana 57+71%55+69° 0.54 0.15 0.13 0.05 0.40 017 0.22 0.04
Co0-Cosa 57+71%55+69° 0.18 0.03 0.03 0.00 0.11 0.03 0.06 0.01
TOTAL 1.44 0.40 0.37 0.14 1.07 0.42 0.63 0.11

'lon fragment used to quantify the relative contribution. *n-alkane. °n-alkene.
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In relation to the Py-GC-MS products, monoaromatic compounds (benzene, toluene, ethylbenzene,
dimethylbenzene, trimethylbenzene and styrene) ranged from 16.7% (15-38 cm) to 18.8% (90-130 cm) in
the AS soil, and from 17.9% (0-36 cm) to 22.3% (84-150 cm) in the ADE soil (Table Il). Benzene was the
main monoaromatic compound, with the exception of the top horizon of the adjacent soil, where toluene
was more abundant (Table Il). According to the THM-GC-MS results, the relative contribution of
monoaromatic compounds in the ADE samples ranged from 3.3 to 6.3% (Table IlI).

Table lll. Relative contribution (%) of the compounds detected in THM-GC-MS analysis
Samples miz' ADE AS

Depth (cm) 0-36 36-56 56-84 84-150 15-38 38-55 55-90 90-130
Monoaromatics

Toluene 91+92 0.7 0.8 4.4 1.3 23 7.3 4.5 3.0
Ethylbenzene 91+106 0.3 0.6 0.1 0.4 1.7 1.9 21 0.7
Dimethylbenzene 91+106 0.1 0.2 0.6 0.2 2.2 3.6 0.2 1.1
Styrene 78+104 0.5 0.7 0.4 0.6 0.6 2.3 0.7 -
Trimethylbenzene 105+120 1.7 1.7 0.9 1.4 25 0.9 23 0.8
TOTAL 3.3 4.0 6.3 4.0 9.2 15.8 9.8 5.7
Polycyclic aromatic hydrocarbons
Indene 115+116 0.7 0.4 0.9 1.1 24 4.4 1.5 -
Methylindene 115+129 0.4 0.5 1.0 0.7 0.8 2.1 2.0 -
Dimethylindene 1154143 0.6 0.5 0.3 0.3 1.3 1.0 1.0 -
TOTAL 1.7 1.3 2.2 2.0 4.5 7.5 4.6 -
Oxyaromatics
Benzofuran 89+118 0.3 0.7 0.1 1.1 0.7 0.3 0.4 0.6
Methylbenzofuran 131 0.5 0.3 0.2 0.3 1.2 1.2 0.9 0.4
Dibenzofuran 139+168 0.3 0.2 0.2 0.2 0.3 0.6 0.4 -
TOTAL 1.1 1.2 0.4 1.6 2.2 2.1 1.6 1.1
Polysaccharides
Dimethylfuran 67+95 0.3 0.3 0.2 0.3 0.4 0.1 0.4 -
Furfural 95 5.5 9.2 5.3 8.6 6.2 5.2 6.7 1.1
5-methyl2-furaldehyde 108 1.9 1.3 0.9 1.7 1.2 0.4 1.7 0.9
Trimethylfuran 109+110 1.5 0.9 1.3 3.6 2.3 1.6 5.1 2.8
TOTAL 9.2 11.7 7.6 14.2 10.0 7.3 13.8 4.8
N-compounds
1H-methylpyrrole 80+81 24 3.2 1.5 9.4 3.0 29 4.4 7.1
Methoxybenzene
Methoxybenzene 78+108 0.9 1.0 2.3 2.4 1.0 1.2 0.7 1.0
1-Methoxy-4-methylbenzene 91+122 4.0 3.0 3.0 7.5 4.7 3.2 6.0 -
Methyl 4methoxybenzoate 171 6.1 3.1 4.5 2.2 5.6 3.9 5.5 7.7
Methyl 3-(4-methoxyphenyl}2-propenoate 161+192 0.8 0.1 0.3 - 0.4 0.3 - -
1-Methoxy-3,5-dimethylbenzene 121+136 1.7 7.3 3.6 7.5 5.6 2.0 8.3 1.6
TOTAL 13.6 14.5 13.7 19.6 17.6 10.6 20.5 10.2
Dimethoxybenzene
1,2-dimethoxybenzene 123+138 1.8 2.6 3.1 3.0 2.7 2.5 4.3 3.5
4-methyk1,2-dimethoxybenzene 137+152 1.4 1.1 1.0 1.0 1.5 1.8 2.0 -
4-vinyl-1,2-dimethoxybenzene 149+164 0.7 1.5 0.1 - 4.5 6.6 0.8 -
4-allyl-1,2-dimethoxybenzene 163+178 0.7 0.5 0.5 - 1.1 1.1 0.8 -
Cis-1,2-dimethoxy-4-propenylbenzene 163+178 0.3 0.1 0.1 0.1 0.4 0.6 0.1 -
1,2-dimethoxy-4-propenylbenzene 163+178 0.4 0.1 0.2 - 0.2 0.2 0.1 -
Methyl 3-(3,4-dimethoxyphenyl)propenoate 191+222 0.5 0.1 - - 1.5 0.3 0.1 -
1,2-Dimethylmethoxybenzene 121+136 1.7 7.3 3.6 7.5 5.6 2.0 8.3 1.6
Methyl 3-(3,4-dimethoxyphenyl)propenoate 191+222 0.7 - - - 0.4 0.1 0.3 -
Methyl 3,4-dimethoxybenzoate 165+196 2.0 0.3 0.2 - 1.8 0.5 0.4 -
TOTAL 10.2 13.5 9.0 11.5 19.7 15.7 16.9 5.1
Trimethoxybenzene
1,2,3-Trimethoxybenzene 163+168 2.0 1.7 1.6 1.1 2.9 1.4 2.5 1.6
4-methy-1,2,3-trimethoxybenzene 167+183 0.3 0.3 0.3 - 0.4 0.3 0.4 -
4-vinyl-1,2,3-trimethoxybenzene 193+208 0.2 - - - 0.2 0.4 - -
4-allyl-1,2,3-trimethoxybenzene 193+208 0.1 0.1 - - 0.2 0.4 0.2 -
3,4,5-Trimethoxybenzaldehyde 181+196 0.5 0.1 0.2 - 0.6 0.4 0.2 -
1,2,3,5-Tetramethoxybenzene* 183+198 1.4 0.7 0.4 0.2 2.0 1.4 1.2 0.5
TOTAL 4.5 2.9 2.4 1.3 6.1 4.4 4.5 2.1
Dicarboxylic acid
Dimethyl 1,2benzenedicarboxylate 163 0.81 0.46 0.76 0.62 0.60 0.42 0.50 0.82
Trimethyl 1,2,4benzenetricarboxylate 221+252 0.19 0.07 0.13 0.03 0.20 0.06 0.03 -
Tetramethyl1,2,4,5-benzenetetracarboxylate 279 0.08 0.02 0.08 - 0.07 0.02 0.01 -
Pentamethyl 1,2,3,4,5benzenepentacarboxylate 368 0.01 - 0.02 - 0.01 0.01 - -
Hexamethyl 1,2,3,4,5,6benzenehexacarboxylate 395 - - - - - - - -
TOTAL 1.09 0.55 0.99 0.65 0.88 0.51 0.54 0.82

*Tannin derivative [60]. 'lon fragment used to quantify the relative contribution.
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The PAH in the samples detected by Py-GC-MS were dominated by naphthalene and its methyl-
derivatives. The PAH values ranged from 9.4% (0-36 cm) to 22.7% (84-150 cm) in the ADE profile, and
from 11.0% (15-38 cm) to 18.6% (90-130 cm) in the AS profile (Table Il). Higher molecular weight PAHs,
such as anthracene, phenanthrene, fluoranthene, fluorene and pyrene, were observed for both soils. The
relative contribution of PAH increased with depth for both profiles, probably due to the presence of BC,
since it does not degrade easily and is thus relatively resistant to decomposition (Table Il). The relative
distributions of oxygen-containing PAHs (e.g., benzofuran and dibenzofuran) in the two profiles were
found to be similar in the Py-GC-MS analysis. In contrast, according to the THM-GC-MS results, a minor
number of PAHs and oxygen-containing PAHs were detected, that is, only three compounds for each class
in each of the soils (Table III).

The most abundant polysaccharide products observed by Py-GC-MS were furan, methylfuran, furfural
and 5-methyl-2-furaldehyde. Their presence decreased with depth and ranged from 23.0% (0-36 cm) to
8.0% (84-150 cm) for ADE, and from 22.6% (15-38 cm) to 11.1% for AS (Table Il). In the THM-GC-MS
analysis, the relative contributions of these compounds fluctuated according to depth in the ADE and AS
profiles (Table Ill), with values ranging from 7.6% (56-84 cm) to 14.2% (84-150 cm) and from 4.8% (90-
130 cm) to 13.8% (55-90 cm), respectively.

The N-compounds in the Py-GC-MS products were abundant for both soils, with ranges of 15.7-19.7%
in the ADE profile and 14.8-19.2% in the AS profile. Seven Py-GC-MS components were assigned, of
which pyridine and benzonitrile were the most abundant. Only one N-compound (1-H-methylpyrrole) was
detected in the THM-GC-MS analysis (Tables Il and III).

Phenol derivatives also contributed significantly to the Py-GC-MS pyrolyzates. Phenol, methylphenol,
dimethylphenol, trimethylphenol and 4-vinylphenol were the most abundant (Table II, Figure 1A). The
methylation of hydroxyl and carboxyl groups in lignin allowed a series of unambiguous lignin products to
be detected with THM-GC-MS, based on 1-methoxy (from p-hydroxyphenyl, H), 1,2-dimethoxy (from
guaiacyl, G) and 1,2,3-trimethoxy (from syringyl, S) moieties (Table lll, Figure 1B). Of the lignin THM-GC-
MS-derived compounds, H units were the major type detected, followed by G and S units, with the
exception of the 38-55 cm horizon in the AS profile, for which guaiacyl monomers were the most abundant
(Table III). Note that the dominance of H over G and S moieties is consistent with the detection of 4-
vinyphenol using Py-GC-MS (Figure 1A). The presence of 1,2,3,4-tetramethoxybenzene also was observed
in both soils (Table Ill). Benzene polycarboxylic acids (BPCA) were detected in the upperregions in both
soils, with similar relative contributions. Dimethyl 1,2-benzenedicarboxylate (B2CA) and trimethyl 1,2,4-
benzenetricarboxylate (B3CA) were the most abundant BPCAs present (Table Ill).

Aliphatic compounds (RC<1.5%) were also detected among the Py-GC-MS products for both soils and
comprised a homologous series of n-alkenes and n-alkanes ranging from C,,to C,, with a predominance
of medium-chain length (C,,-C,,) and a similar contribution of even and odd-numbered chain lengths.
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Figure 1. Partial total ion current (TIC) showing lignin-derived Py (A) and THM (B) products of non-hydrolisable

SOM in top horizon of ADE. H, p-hydroxyphenyl (phenol or methoxybenzene); G, guaiacyl (guaicol or
dimethoxybenzene); S, syringyl (syringol or trimethoxybenzene); T, tannin (1,2,3,4-tetramethoxybenzene),

and * contamination.
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Dealkylation ratios of pyrolysis products

Figure 2 shows a series of ratios of pyrolysis products that reflect the difference between the ADE and
adjacent samples. The ratios can be separated into three groups according to the difference in the profiles:
(i) benzene/toluene and phenanthrene/methylphenanthrene ratios were higher in the ADE considering the
whole profile (p<0.05); (ii) naphthalene/methylnaphthalene and benzofuran/methylbenzofuran were similar
in both samples at the three lowest depths (p>0.05); and (iii) dibenzofuran/metlhyldibenzofuran and
biphenyl/methylbiphenyl were higher in the ADE in the three deepest horizons (p<0.01, Table Il, Figure 2).

Benzene:Toluene Naphthalene:Methyinaphthalene Dibenzofuran:Methyldibenzofuran
T o . . a 3.0 40 50 6.0 70 8.0
£ 19 w B0 0w 12 43w s s B % 4w e T2 s
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Figure. 2. Ratios of Py products for ADE and adjacent soil profiles.

Characterization of non-hydrolyzable SOM

The non-hydrolyzable SOM was marked by a similar distribution of Py-GC-MS and THM-GC-MS
products for the ADE and adjacent soil profiles (Tables Il and IIl), with only small differences in the relative
abundances, which was mainly demonstrated by the dealkylation ratios of the pyrolysis product (Figure 2).
The pyrolysis of SOM obtained from mineral and organic soils generally leads to a high relative contribution
of PAH and benzene derivatives [24,30,38-39] of which alkyl benzenes and PAH have been attributed to
the burning of biomass (BC) [24,26-27,30], methoxyphenols from lignin and carbohydrates and —
containing compounds from microbes [40]. In this study, benzene was a prominent component in the ADE
products, mainly at lower depths (36-150 cm), with a lower abundance being observed for the AS profile
(Table 1l, p<0.05). In fact, the distribution and high abundance of benzene might be indicative of BC, since
this is abundant in the Py-GC-MS derived products of charcoal [23] and natural soil affected by fire [39].

It has been reported that alkylbenzenes (e.g., toluene) are pyrolysis products of microbial tissues [41],
but a predominance of the pyrolysis product of peptidoglycan (i.e., acetamide), a primary component of
bacteria cell walls, was not detected [42]. THM is a suitable technique for obtaining the bacterial alkanoic
acid profile [43], but the amount of bacterial biomarkers (saturated branched C,; and C,, and mono-
unsaturated C,, and C,; alkanoic acids) [44] was relatively low. However, it is possible that after the
extraction of non-hydrolyzable OM most of the alkanoic acids have been removed. Thus, the alkyl
benzenes (including toluene) and PAH detected can be assigned to BC, and this is indicative of the
presence of BC in the ADE and adjacent soils. PAHs were important components of the products obtained
from the soils, particularly naphthalene and its methylated counterparts, with a less significant contribution
from the higher molecular weight PAHs (Table Il). PAH and BPCA sources in soils are associated with the
products of the incomplete combustion of OM (e.g. BC) incorporated through the sorption of pyrogenic
products [22,23,32,45-48]. Some PAH results indicated that the dealkylation ratios of pyrolysis products
were different when the profiles were compared, reflecting the relative accumulation of more condensed
BC in the ADE profiles (Figure 2) [49]. In the thermochemolysis the PAHs showed the same tendency as

the monoaromatic components (see above).
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As seen for the PAH components, no difference in the oxygen-containing PAHs that could differentiate
the studied soils was observed (Tables Il and Ill). Benzofuran and its counterparts are products of charred
cellulose formed above 350 °C [50], and may indicate the presence of charred cellulose material in the
non-hydrolyzable SOM in the two soils. Furans and anhydrosugars are typically pyrolysis products of
cellulose and are commonly obtained in the Py-GC-MS of polysaccharide-rich SOM [51]. In this study,
only furan-like compounds were detected in the products obtained from the non-hydrolyzable fractions of
the ADE and adjacent soils (Tables Il and Ill). The presence of levoglucosan (a product of the pyrolysis of
intact polysaccharides) was not observed [50-51]. Its absence and the presence of furans in abundance
may be indicative of microorganism activity, related to carbohydrate degradation in the soil, this being
more pronounced with depth [52], which is in agreement with tropical soil conditions. The possibility of the
presence of microbial carbohydrates cannot be totally excluded, but given the low abundance of the
pyrolysis products of microbial biomarkers (e.g., acetamide) [42-44] they would be expected to be present
in low amounts in the non-hydrolyzable fraction of soils. Although the Py-GC-MS technique tends to
underestimate the values for N-containing biomolecules [53-54], the N-containing pyrolysis products from
the non-hydrolyzable fraction of the two soils were abundant. The source of these compounds is related
to proteins originating from plant and microbial biomass [53]. The presence of methylated pyridines and
pyrroles suggests that these products may be, in part, derived from microbial biomass [55], but this is not
reinforced by other biomarkers (e.g., acetamide) [42-44]. With respect to benzonitrile, its presence may be
indicative of the presence of BC in the soils (Table 1) [26]. A large contribution from N compounds in the
pyrolysis products of SOM generally corresponds to a contribution from microbial material [40,56-58].
Moreover, the N compounds in soils are usually considered to be pyrolysis products of residues from
burned non-woody material (e.g., leaves and bones) [19,59].

The presence of phenolic compounds may be indicative of a lignin component in the non-hydrolyzable
SOM. It is known that lignin components are not degraded during the alkaline hydrolysis of soils [60]. The
presence of 1,2,3,4-tetramethoxybenzene indicates the incorporation of tannin derivatives into soils
(Table 1l1) [61]. The presence of 4-vinylphenol may be indicative of decarboxylation of lignin during thermal
decomposition [22-23,27]. The p-coumaric acid moiety is released from suberin as a primary source of
4-vinylphenol during pyrolysis, since the suberin tissue is broken down and is freely extracted with organic
solvents after alkaline hydrolysis, it seems not be the source of such pyrolysis product [9,60]. In the THM-
GC-MS analysis, some additional lignin units that were not detected in the Py-GC-MS analysis appeared,
such as: H, p-hydroxyphenyl (phenol or methoxybenzene); G, guaiacyl (guaicol or dimethoxybenzene); S,
syringyl (syringol or trimethoxybenzene) and T, tannin (1,2,3,4-tetramethoxybenzene) (Table Ill, Figure 1B).
The absence of these lignin derivatives during the Py-GC-MS analysis may, in part, be due to
demethoxylation and dihydroxylation in the pyrolysis analysis at temperature higher than 600 °C [22-23,27].
The ADE and adjacent soil profiles showed a high abundance of p-hydroxyphenyl units for all samples,
with the exception of the 38-55 cm adjacent soil horizon, which could reflect the incorporation of an
abundance of non-woody angiosperms (e.g., grasses - Poaceas and Cyperaceaes) into this horizons
[35,62]. The presence of preserved propyl and ester groups in the side chain of the methoxybenzene and
dimethoxybenzene derivatives and the absence of 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane and
1-(3,4,5-trimethoxyphenyl)-1,2,3-trimethoxypropane), which indicates intact propyl site (C3) chains during
THM, are not identified, implying that fresh lignin is not present in any of the samples (Table Ill) [63], but
the relatively high abundance of C-1 non-substituted and 1-methyl substituted compounds may indicate a
mixture of degraded/charred and fresh lignin in the non-hydrolyzable SOM (Table IIl).

An input of cutan/suberin to the soil profiles is detected by the presence of a homologous series of
alkene/alkanes (Py-GC-MS), with a major contribution in the subsoil [64]. The presence of similar
contributions of even short-chain alkanes in the two soils may be a result of the “in situ” thermal
degradation of biomass during the pyrolysis [65]. The presence of alkanoic acids (THM-GC-MS) could be
associated with the residues surviving after the alkaline hydrolysis of plant-derived ester-bound lipids,
thus corresponding to roots [64].
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It seems that both the ADE and adjacent soil profiles have BC in their non-hydrolyzable SOM, though it
is important to note that the Py-GC-MS and THM-GC-MS data are qualitative and do not reflect the amount
of BC in the soils, which, in general, is greater in the ADE compared with the adjacent soil profile [10,12].
This possibility is reinforced by the residual carbon content (%) after alkaline hydrolysis, which decreases
with depth (3.3, 2.2, 1.5, and 0.8 for ADE and 2.3, 1.5, 1.2, and 0.7 for AS), but for the same horizon the
values were always higher for the ADE. The greater contribution of BC in the ADE is in agreement with the
values obtained by Macedo [35], who reported amounts of charcoal of less than 2% in an adjacent soil
and ranging from 5-10% in an ADE samples collected from the same site investigated in this study.
Therefore, the BC formed from wildfires could be responsible for the BC signals in the AS profile. Forest
fires are widespread in the Amazon region nowadays, and it can be assumed that these also occurred in
the past, that is, during the ADE formation [1]. The relative increase in the PAHs with depth may indicate
a high degree of relative recalcitrance in the deepest horizons of the soils [24].

In theory, adjacent soil has a non-anthropogenic and reflects the natural processes involved in SOM
formation. However, the data suggest the presence of BC in the non-hydrolyzable SOM in the AS profile
and its preservation in this soil fraction [24].

Special care needs to be taken when differentiating the OM residues from charred (i.e., fuel) and
degraded biomass sources. In other words, it is difficult, at this stage, to identify a specific source for OM
that could differentiated the ADE and adjacent soils, since it appears that many pyrolysis-derived products
from the two processes (i.e., natural OM decay and charred OM) are comprised of similar compounds [20,
23,60,63,66]. Thus, a distinction based solely on Py or THM investigations seems unable to detect which
process had the greatest influence (i.e., degradation x charring) on the OM to yield the pyrolysis products.
In this case, it is known that an anthropogenic process (e.g., the production of biochar for home gardens
[68]) may be responsible for a remarkable difference in the ADE profile, and thus it was expected that a
difference would be apparent when the two soil profiles were compared. The presence of BC in soils was
characterized by an increase in the relative contributions of benzene, PAH, benzofuran and benzonitrile
[23-24,26-27]. Non-hydrolyzable charred OM consists mainly of highly condensed aromatic compounds
regardless of the source [67]. In this context, the ADE and adjacent samples displayed practically the
same products derived from Py and THM, the differences being, mainly the relative contribution of some
compounds and some of the dealkylation ratios (Figure 2).

ADE BC features

Kaal et al. [23] proposed the use of ratios between aromatics and their methylated counterparts to
measure the charring intensity of BC. Figure 2 shows that the ADE sample has a higher benzene/toluene
ratio of pyrolysis products in all horizons, and the same result was observed for phenanthrene/
methyphenanthrene (p<0.01, Table Il, Figure 2). This trend was less evident for dibenzofuran/
metlhyldibenzofuran and biphenyl/methylbiphenyl, these ratios being higher in the ADE sample considering
only the three lowest horizons (p<0.01, Table Il, Figure 2). This major relative contribution of aromatic
compounds vs. their methylated counterparts in the ADE is a distinct feature of BC, in agreement with the
greater contribution from PAHs without alkyl side chains in a TPl (Terra Preta de indio) soil samples
reported by Schellekens et al. [30] and Justi et al. [49]. These results may indicate a more recalcitrant BC
with a highly condensed aromatic structure and, consequently, a higher dealkylation ratio of pyrolysis
product in anthropogenic soils [26-27,49]. These differences may also be the result of different inputs and/or
decomposition processes for the two soils [30].

Toluene from a microbial source may contribute to the lower value for the benzene/toluene ratio in the
top horizon of the ADE, which could reflect a higher degree of microbial activity. However, considering the
weak evidence of biomarkers from microbial cells in the pyrolysis products [42,44], it can be assumed that
most of the toluene thermally-produced during Py-GC-MS has a BC source.

Basically, fire needs three elements for ignition: heat, fuel and an oxidizing agent (O,). Natural fuel
elements in the forest are wood and leaves, and in anthropogenic soils, besides the natural elements, other
materials brought to the location from elsewhere are present (e.g., food residues). Considering the
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plausible sources for combustion in the Amazon basin (wood and leaves), the more recalcitrant BC in the
ADE may be associated with the heating mode (i.e., anthropogenic fire). For example, Wolf et al. reported
that plant material burns at a low median temperature (503 °C for shrubs) [69]. In contrast, a domestic fire
using wood stacked around pottery reaches a maximum of 962 °C [70] and a domestic fire reportedly has
a median temperature of 797 °C [69]. In this context, a more recalcitrant BC in the ADE may be due to
human interference in the heating mode (e.g., slash and burn, campfire, bonfire and earth kiln).

The burning and charring of debris (e.g., bones) could take place during the clearing of an area for
habitat or the production of biochar for home gardens, as currently practiced by the Caboclos people in the
Amazon basin [68]. In addition, the use of bone as a fuel source associated with other fuel elements (e.g.,
grass and wood) in the archaeological context is well reported in the literature [71]. As the burning of this
material occurs at lower temperatures and for longer periods than the burning of the wood alone, this
prolonged heating could produce a more recalcitrant BC in the ADE [71].

Proteinaceous biomass was detected in the Py-GC-MS but no marked difference was detected in the
distribution of N-compounds in the soils (ADE x AS, Table II). Although, the indirect presence of burned
bone was suggested by Taube et al. [9], due to the high concentration of short chain (<C,,) alkanoic acids
in the extracted lipids, the data reported herein does not reinforce this conclusion. However, evidence of
fish bones has been observed in ADE profiles of the same region of this study, using scanning electron
microscopy in combination with energy-dispersive-X-ray spectroscopy, which revealed the presence of Ca
and P-derived from bones, besides if the presence of charred bones exist it could give pyrolysis products
which are similar to those of any other charred proteinaceous material (e.g., leaves) [72].

CONCLUSIONS

The BC present in an Amazonian dark earth (ADE) sample was produced by high-intensity fire, in
contrast to the wildfires that influenced an adjacent soil sample. This afforded more recalcitrant BC with a
highly condensed aromatic structure in the ADE. The intense fire associated with the ADE could have
occurred as a result of anthropogenic activity (e.g., slash and burn, campfire, bonfire and earth kiln).

The dealkylation ratios obtained from the Py-GC-MS analysis suggest a more condensed structure for
the BC in the ADE, which may be associated with anthropogenic fires. Thus, there is a need for future
investigations using Py-GC-MS and THM-GC-MS analysis to study bone collagen alterations with respect
to incomplete combustion.
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