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RESUMO

Génese e quimica da matéria orgénica de horizontes sdmbricos em solos subtropicais

(Parand, Brasil)

A matéria organica do solo (MOS) desempenha um papel importante no
ciclo global do carbono. Portanto, é importante entender a estabilidade da MOS,
que esta relacionada a varios processos. As suas propriedades intrinsecas podem
estar relacionadas com a sua estabilidade, por exemplo, o “black carbon” é
considerado relativamente resistente a degradacdo. Na maioria dos solos, 0s
horizontes escuros coincidem com as camadas ou horizontes superficiais devido
ao maior acumulo de matéria organica, mas nos estados do sul do Brasil, a
presenca de solos com horizontes subsuperficiais escurecidos é frequentemente
observada. O horizonte subsuperficial escurecido destes solos assemelha-se a um
horizonte sdbmbrico. Aspectos sobre sua origem, formacdo e preservacdo ainda
ndo foram totalmente elucidados. O objetivo deste trabalho é compreender a
formacéo de horizontes ‘sémbricos’ em solos da regido de Tijucas do Sul (Parana,
Brasil). Foram descritos e coletados cinco perfis de solo, dos quais trés estdo
localizados em uma topossequéncia e continham um horizonte similar ao
sdmbrico (P1-P3), um solo de referéncia representativo da area (P5) e um solo
intermediario (P4) que apresentou uma morfologia entre o solo de referéncia e os
solos com horizonte ‘sdmbrico’. Para este fim, a MOS foi estudada pela sua
composicdo molecular através da técnica de pir6lise acoplada a cromatografia
gasosa e espectrometria de massa (pir6lise-GC-MS). Além disso, estudou-se a
composicdo isotépica =*C (8*3C) e a composicéo fitolitica, a fim de compreender
as condigdes paleocliméticas que foram relacionados com as condigdes ambientais
passadas usando técnicas de datacdo com *C, e suportados pelas anélises
cléssicas de solo. As amostras dos horizontes foram submetidas ao fracionamento
quimico MOS, gerando duas fracdes: fracdo extraivel com NaOH (EXT) e residuo
(RES). A morfologia dos perfis mostrou uma intensa atividade bioldgica nos
horizontes A e uma ampla distribuicdo de microfragmentos de carvao. Observou-
se também a continuidade lateral de horizontes ‘sémbricos’ em solos da
topossequéncia (P1-P3), diferenciando-os dos horizontes A enterrados. A
distribuicdo da MOS nas fracGes estudadas pela pirdlise foi a mesma para os cinco
perfis: EXT> RES. Os produtos relacionados a incéndios florestais como o0s
poliaromaticos (PAHs, BC) foram encontrados em todos os perfis, mas em maior
abundéancia relativa nos horizontes sdmbricos, indicando uma maior incidéncia de
incéndio durante a formacdo destes horizontes. Os PAHs podem estar
relacionados com a manutencdo da cor escura dos horizontes ‘sémbricos’. Em
relacdo as condi¢bes paleoclimaticas observou-se que o0s horizontes
subsuperficiais escurecidos foram desenvolvidos durante o Holoceno Médio sob
vegetacdo composta principalmente por gramineas C4 com arbustos, evidenciando
um clima mais seco correspondente a maior incidéncia de incéndio.

Palavras-chave: Pirélise-CG/EM; Composicdo isotopica (5°C); Black carbon;
Reconstrucdo paleoambiental






ABSTRACT

Genesis and organic matter chemistry of sombric horizons in subtropical soils (Parané
State, Brazil)

Soil organic matter (SOM) plays an important role in the global carbon
cycle. Therefore, it is important to understand the stability of SOM, which is
related to several processes. Its intrinsic properties may be related to its stability,
for example black carbon is considered to be relatively resistant to degradation. In
most soils, the dark horizons coincide with the superficial layers or horizons due
to the greater accumulation of organic matter, but in the southern states of Brazil,
the presence of soils with dark subsurface horizons is frequently observed. The
dark subsurface horizon of these soils are similar to a sombric horizon. Aspects
about its origin, formation and preservation have not yet been fully elucidated.
The objective of this work is to understand the formation of ‘sombric’ horizons in
soils of the region fromTijucas do Sul (Parand, Brazil). Five soil profiles were
described and collected, from which three originate from a toposequence and
contained a ‘sombric’ horizon (P1-P3), a reference soil that is representative of
the area (P5) and an intermediate soil (P4) that showed morphology between the
reference soil and the soils with a ‘sombric’ horizon. To this end SOM is studied
for its molecular composition by the pyrolysis technique coupled to gas
chromatography and mass spectrometry (pyrolysis-GC-MS). In addition, **C
isotopic composition (5°C) and phytolytic composition were studied in order to
understand paleoclimatic conditions. These results will be related to past
environmental conditions using **C dating techniques, and supported by classical
soil analysis. The samples of the horizons were submitted to the SOM chemical
fractionation, generating two fractions: extractable fraction with NaOH (EXT) and
residue (RES). The morphology of the profiles showed an intense biological
activity in A horizons and a wide distribution of microfragments of charcoals. The
lateral continuity of ‘sombric’ horizons in toposequence soils was also observed,
which differentiated them (P1-P3) from buried A horizons. The distribution of
SOM in the fractions studied was the same for the five profiles studied: EXT>
RES. Products related to wildfires such as polyaromatics (PAHs; BC) were found
in all profiles, but in greater relative abundance in the ‘sombric’ horizons,
indicating a higher incidence of fire during the formation of these horizons and
these compounds can be related to the maintenance of dark color of the ‘sombric’
horizons. In relation to the paleoclimatic conditions it was observed that the dark
subsurface horizons were developed during the Mid-Holocene under vegetation
composed mainly by C, grasses with shrubs, evidencing a drier climate
corresponding to a higher fire incidence.

Keywords: Pyrolysis-GC/MS; ™C isotopic composition; Black carbon;
Paleoenvironmental reconstruction
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1. INTRODUCTION

The soil organic matter (SOM) contains about three times more carbon than the
atmosphere and terrestrial vegetation (Schmidt et al., 2011), being an important carbon source
to atmosphere. Therefore, it is important to understand the stability of soil organic matter and
about the characteristics of paleoenvironmental conditions. According to Klotzbtcher et al.
(2011) the stability of SOM or decomposition rate is controlled by: a) differences in
molecular structure; and b) resistance to transformation of plant macromolecules. Another
important factor is the pyrogenic carbon (black carbon - BC) (Schmidt et al., 2011) that is
highly resistant to decomposition because of the aromatic rings in their structure and the
macromolecular rearrangement caused by fire (Knicker, 2011). However, external factors
such as pH, moisture, temperature, redox conditions, availability of nutrients, oxygen,
microorganisms and also by intrinsic factors to the organic material such as the C/N ratio and
amount of recalcitrant molecules may differ between species and parts of plants. Even do,
during the SOM decomposition physical and chemical alterations can happen as well as
stabilization. The stabilization of SOM protects it the losses by leaching and erosion.
According to Six et al. (2002) and Sollins et al. (1996) it is connected to the following
mechanisms: a) chemical recalcitrance; b) adsorption of organic material in the surface of clay
minerals; and c) physical protection.

Generally, SOM is observed in surface horizons, but in the southern region of Brazil,
this is common in subsurface horizons (Almeida et al., 2015). The formation of these horizons
is not well known, but they show a similar morphology with sombric horizons, which are
described from Oxisols and Ultisols of the high-altitude areas of Central Africa (Caner et al.,
2003; Frankart, 1983). According to Soil Taxonomy (Soil Survey Staff, 2014) and World
Reference Base for Soil Resources (WRB-FAO, 2014) the sombric horizon is considered it as
a horizon with illuvial humus that is not associated with aluminum (such as in spodic
horizons) neither with sodium (such as in natric horizons). Several theories for the genesis of
the sombric horizons have been proposed. According to Sys et al. (1961) sombric horizon is
formed by the illuviation of organic compounds. Studying Andean soils of Colombia, Faivre
(1990) proposed that the sombric horizons are a result of migration and precipitation of clay-
humic complexes, while Caner et al. (2003) proposed that the genesis of these horizons in
India are related to a vegetation changes and origin of SOM caused by a climatic changes in

the past.
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Knowing this and the possible genesis of the dark subsurface horizon cited above
could be hypothesized that de darkening of color observed in soil profiles of Tijucas do Sul
can be related to: a) changes in the nature of the OM from the surface horizon induced by
climatic changes with persistence of more stable OM in the subsurface, like a BC (Caner et
al., 2003; Velasco-Molina et al., 2013); b) humus have been transported and accumulated in
these horizons in combination with clay or similar fraction in form of OM-metal complexes
like in Podzolization process (Faivre, 1990: Almeida et al., 2009, 2015).

So, in order to understand the formation of dark subsurface horizons, the factors that
control the stability of SOM and a possible climatic change, a qualitative characterization of
the OM of the soil profiles of Tijucas do Sul it is important. For this, the pyrolysis-gas
chromatography-mass spectrometry (Py-GC-MS) was chosen to study the molecular
composition of SOM in combination with classical soil analyzes (micromorphology,
mineralogy, chemical and physical) and specific analysis for paleoenvironmental
reconstruction (phytoliths, 8*C isotopic composition and **C datings). The pyrolysis GC-MS
is a technique that provides detailed information about the molecular composition and origin
of organic materials (Buurman et al, 2012; Carr et al, 2013; Derenne et al., 2015; Nierop et
al., 2001; Schellekens et al, 2011, 2013). This powerful molecular information is used to
compare the molecular composition of organic matter from different soils, different horizons
of a given soil profile, different fractions resulting from physical or chemical separations and
changes in relation to land management, carbon stability and influence of fire materials (black
carbon) in the history of soil (Derenne et al., 2015). Even do, the use of phytoliths, §°C
isotopic composition and **C datings analysis are important for characterization of past and
current plants present in soil profiles studied here, as well as the climatic conditions can be
reconstructed, because these techniques are a powerful paleoenvironmental interpretation and
reconstruction (Calegari, 2013a; Oliveira 2014; Paisani et al., 2013b; 2014; Pessenda et al.,
1996b).
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2. MATERIALS AND METHODS

2.1. Study area and sampling

The study area is located in Tijucas do Sul (Parana, Brazil, 25°55°41”S,
49°11°56”W) (Figure 1). The parent material of soils in this study seems to be a residuum and
a deep colluvium derived mainly from migmatites with local influence of other metamorphic
rocks (Santos et al., 2006). The native vegetation is classified as a mosaic of mixed
ombrophilous forest which have significant occurrence of Araucaria trees and grassland. The
climate is temperate and humid (Cfb, Képpen classification) subtropical with a mean annual

precipitation of 2000 mm and a mean annual temperature of 22 °C (Behling, 2001).

Lat: 25°55740'S
Long: 49°16"23'W

Figure 1. Localization of study area.

The sampled profiles are located at about 950 m a.s.l. and included three pedons with
a dark subsurface horizon which is similar to a sombric horizon. The soil profiles were
classified as Sombric Nitisol humic (WRB-FAO, 2014; P1-P3). These pedons were situated
in a toposequence, with P1 on the summit of a hill, P2 on the upper backslope 58 m
downwards, and P3 in lower backslope at a distance of 30 m from P2. A reference soil (P5)
was located a distance of 2 km from the toposequence, in the lower backslope of other hill,
and was classified as an Abruptic Acrisol humic. In addition, an intermediate soil was
sampled (P4); this profile was situated on the summit of the hill from profile P5, and was
classified as Sombric Nitisol humic and seemed an intermediate between the ‘sombric’ and

reference soils based on morphology of the dark subsurface horizon. The five profiles were
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sampled according to pedogenic horizons as determined in the field according to Santos et al.
(2013) and Schoeneberger et al. (2002), resulting in a total of 54 samples. Most analysis was
done using these samples. However, for isotope analysis, profiles P1, P4 and P5 were
additionally sampled at regular depths at 5 cm intervals and for phytoliths analysis sampled at
regular depths at 10 cm intervals until 140 cm of death. Photographs of all five profiles are
given in Figure 2. The samples were air-dried and sieved through 2 mm for laboratory

analysis.

Figure 2. The five pedons of this study.

2.2. General chemical and physical soil characteristics

Chemical analysis included pH (H,0), Ca**, Mg?*" and Al**exchangeable by KCI 1
M, H and Al by calcium acetate at pH= 7; P, K" and Na* by Mehlich; Organic carbon (Corg)
was determined by wet oxidation with potassium dichromate (K,Cr,0-) 0.4 mol L™ (Walkley
Black) (Embrapa, 2011). Cation exchange capacity (CEC) was calculated by sum of the
exchangeable cations at pH= 7: ((Ca**, Mg**, K) plus H* + Al).

The clay fraction was determined by the hydrometer method (Embrapa, 2011). The
sand fraction was sieved and classified into five fractions: very coarse sand (2—1 mm), coarse
sand (1-0.5 mm), medium sand (0.5-0.25 mm), fine sand (0.25-0.10 mm) and very fine sand
(0.10-0.05 mm). The silt fraction was calculated by subtraction, i.e., silt fraction = 100 —
(sand fraction + clay fraction).

X-ray fluorescence spectroscopy was used in bulk samples to quantify some
elements (Ti, Zr; to detected eventual soil discontinuities). The equipment was Epsilon 3 of
the Panalitical that was located in a mineralogy laboratory at State University of Santa
Catarina (UDESC) - Lages Campus.
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Ten samples were analyzed by x-ray diffraction (XRD; Jackson, 1979; Kampf and
Schwertmann, 1982), including four samples from dark subsurface horizons, one from an A
horizon and five from B horizons. The equipment was a XRD Rigaku Miniflex 1l with CuKa
radiation (A = 0,154 nm) worked at 10 mA and 15kV. This analysis aims to characterize the
mineralogy of the soil profiles and identify differences between them.

2.3. Dithionite, oxalate and pyrophosphate extractable Fe and Al

Different forms of Fe and Al were determined. Extraction with ammonium oxalate
solution (Fe, and Al,) was done at pH 3.0 in the dark, and extracts most of the amorphous
materials (Schwertmann, 1964). Extraction with dithionite-citrate- bicarbonate (Feq and Alg,
Mehra & Jackson, 1960) extracts large proportion of the crystalline (pedogenics oxides —
hematite and goethite) as well as the amorphous materials. Extraction with 0.1 M sodium
pyrophosphate (Fe, and Aly) was done at pH 10 according to USDA (1996) and can provides
the Fe and Al that is bound to OM.

2.4. Phytoliths

The samples used to study phytoliths were collected at regular intervals of 10 cm,
with the aim to identify the past vegetation composition. First of all, the organic matter and
iron oxides were removed according to Mehra and Jackson (1960). Then, the separation of
phytoliths was carried out with sodium polytungstate (Madella et al., 1998; Calegari et al.,
2013). Samples were mounted on slides and they were counted phytoliths. The phytoliths
were identified according to International Code for Phytolith Nomenclature - ICPN 1.0
(Madella et al., 2005).

2.5. Micromorphology

In order to investigate possible organic, clay or organic-clay coatings and the
presence of charcoal fragments in soils, seventeen undisturbed soil samples were collected

from different horizons and transitions within the profiles for micromorphological
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descriptions and analysis. Thin 5 x 9 cm sections were prepared and described according to
Bullock et al. (1985) and Castro et al. (2003).

2.6. C datings

Because no macroscopic charcoal was found in the dark subsurface horizon and B
horizons of the soil profiles, the humin fraction was used for *C dating. This means that
instead of absolute ages, the datings reflect mean residence times. Humin of twelve samples
was separated according to Pessenda et al. (1996b). *C analysis was carried out at the
Radiocarbon Laboratory (Centro de Energia Nuclear na Agricultura, CENA and the AMS
Laboratory at University of Georgia, USA). *C ages were expressed and calibrated in years

before present (25).

2.7. Soil OM
2.7.1. Soil OM fractionation

Ten grams of air dried fraction were extracted with 100 ml 0.1 M NaOH and shaken
for 18h. The suspensions were centrifuged for 30 min at 8000 rpm and decanted to collect the
extracts. This process was repeated until the supernatant remained colorless after centrifuging
(four times) and the extracts were combined. The combined extracts (NaOH extracts) were
acidified to pH 1-2 with 1 M HF/HCI (3:1) and 15 ml of HF was added, and shaken for 18h.
To remove excess salt, the extracts were dialyzed against ultrapure demineralized water in
cellulose acetate dialysis tubes with a cut off of 6000 Da, and freeze-dried.

The residue after NaOH extraction was shaken for 18h with a solution of 100 ml 0.1
M sodium pyrophosphate (NasP,O7; Nierop et al., 2005). The suspensions were centrifuged
for 30 min at 8000 rpm and decanted to collect the extracts. Because of the colorless extract,
this process was not repeated. Similar to the NaOH extracts, the NasP,O; extracts were
acidified, dialyzed, and freeze-dried.

The soil residue after NasP,0O; extraction was oven-dried at 40 °C, from which 1 g
was collected for total C and N analysis. Thereafter, this residue was shaken with 30 ml 1 M
HF/HCI (3:1). The suspension was centrifuged for 30 min at 8000 rpm and the supernatant
was discarded. This step was repeated seven times to remove reactive minerals (Zegouagh et

al., 2004). The residue was shaken for two hours with 30 ml 1 M HCI, leaving standing
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overnight and washed with distilled water. The final residue was dried at 40 °C and
homogenized.

This sequential fractionation was used to separate the fractions of OM with different
binding affinity in the studied soils. The NaOH extractable OM is comparable with the
combined operationally defined humic and fulvic acid fractions (Leinweber and Schulten,
1999), representing small fragments (< 0,45 pm) that are water soluble and/or weakly bound
to mineral surfaces. The NasP,O; extract was expected to contain OM in metal-organic
complexes (Nierop et al., 2005). The residue, after both extractions, contains OM that was
not extractable with 0.1 M NaOH nor with 0.1 M NasP,07, and may include i) strongly
mineral bound OM, ii) OM > 0,45 um and iii) hydrophobic material, or a combination of
these characteristics (Knicker et al., 2005; Schellekens et al., 2013, 2016; Wattel-koekkoek et
al., 2001). The fractionation scheme is given in Figure 3. For all samples, the color of the
NayP,0O7 extract was transparent; therefore, only the NaOH extract (EXT) and residue (RES)
were analyzed with pyrolysis-GC/MS.

10 g bulk soil® (< 2 mm)

\L NaOH (0.1 M)

EXT * NaOH —residue

\L Na P.O_(0.1 M)
4 25

Na P.O_—extract Na P.O —residue’
4 25 4 25

\L HF/HCI (1 M)

RES*

* Fractions _Pyrolysis
*Total Cand N.
Figure 3. SOM fractionation scheme.
2.7.2. Total C and total N, and 8*C isotopic composition
Total carbon (C;) and total nitrogen (N;) were determined by dry combustion. The

equipment was a CN elemental analyzer coupled to an ANCA-SL mass spectrometer 2020

Scientific Europe in Stable Isotope Laboratory of CENA USP. Total C was analyzed for bulk
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samples (C;) and for the RES fraction (Cges; Fig. 2). The total C and N of EXT were obtained
through the difference between bulk and RES (Cext = C; — Cgres), Which may result in some
overestimation of the RES. ¢%C isotopic composition was determined with the same
equipment using bulk samples from profiles P1, P4 and P5 (collected with a sample resolution
of 5 cm; Section 2.1).

2.7.3. Pyrolysis-GC/MS

Pyrolysis was performed at the Department of Soil Science from ESALQ/USP
(Piracicaba, Brazil) using a single shot PY-3030S pyrolyser (Frontier Laboratories,
Fukushima, Japan) coupled to a GCMS-QP2010 (Shimadzu, Kyoto, Japan). The pyrolysis
temperature was set at 600 °C (+/—0.1 °C); Helium was used as carrier gas at a constant flow
of 34.5 ml min~". The injection temperature of the GC (split 1:20) and the GC-MS interface
were set at 320 °C. The GC oven was heated from 50 to 320 °C (held 10 min) at 7 °C min ™"
The GC instrument was equipped with an Rtx-5MS column (RESTEK), length 30 m,
thickness 0.25 mm, diameter 0.25 pm. The MS was scanning in the range of m/z 45-600.
Pyrolysis products were identified using the NIST '14 mass spectral library and literature
(Schellekens et al., 2013; Vancampenhout et al., 2015).

Both EXT and RES were analyzed for all 35 samples resulting in a total of 70
pyrograms. About 900 pyrolysis products were identified, of which 115 products were
quantified (Appendix A). The products were grouped according to chemical similarity into a
number of source groups: n-alkanes (Czo — Czs), branched alkenes, alkylbenzenes, diterpenes,
polycyclic aromatic hydrocarbons (PAHS), benzofurans, aromatics, phenols, lignin phenols,
N-containing compounds, and polysaccharides. Quantification was based on the peak area of
characteristic fragment ions (m/z values) for each pyrolysis product. All quantification was
checked manually. For each sample, the sum of the quantified peak areas, expressed as total
ion current (TIC), was set at 100% and relative amounts were calculated with respect to this
sum. The resulting quantification allows a reliable comparison of the relative abundance of

each pyrolysis product within a set of samples.
2.8. Data analysis

In order to identify lithologic discontinuities (LDs) in the studied soil profiles, many
indexes have been used. Schatzel (1998) found that the uniformity value (UV) was the most
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useful parameter to identify LDs. Furthermore, the distribution of the Ti/Zr ratio and the
sand/silt ratio was used too. The UV was calculated according to Cremeens and Mokma
(1986) and Schatzel (1998) comparing particle-size data in the upper horizon and lower
horizon.

Factor analysis was performed on the quantified phytoliths and pyrolysis products
with Statistica software, version 6 (Statsoft). Factor analysis was applied to pyrolysates from
all soil samples (A-BA horizons) (EXT and RES) to provide an indication of the main
chemical differences, between the fractions, profiles and/or depth. Sample resolution for
phytoliths and ¢*°C isotopic analysis differed compared to other analysis, and had a higher
resolution (10 cm for phytoliths, 5 cm for isotopes) and lower number of profiles (P1, P4 and
P5). Statistical comparison with pyrolysis data is therefore presented, and depth records were
used to compare the different sample sets. Factor analysis was used to extract the main
differences/changes in phytolith composition between profiles and with depth. Depth records
of the factor scores were used for comparison with molecular proxies and §*3C isotopic

composition.
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3. RESULTS AND DISCUSSION

3.1. Soil morphology, micromorphology, classification and general characteristics

The profiles of the toposequence (P1, P2 and P3) and profile P4 were characterized
by the presence of a dark subsurface horizon which was classified like a ‘sombric’ horizon in
P1-P3. The depth of this horizon ranged between 50 and 95 cm. The ‘sombric’ horizon
presented color differences in relation to the epipedons and its lateral configuration follows
the topography of the slope in several parts of the local landscape (Figure 4), which
distinguish them from a buried A horizon. The color of these dark horizons varied from dark
reddish brown (5YR 3/2, moist) in P1 to black (7,5YR 2.5/1, moist) in P2 and P3, as well as a
lower color value and chroma in relation to epipedons (Table 1; Figure 2). These color
differences are in agreement with those found by Caner et al. (2003) in sombric-like
subsurface A horizons from India. Apart from the absence of this dark subsurface horizon, the
reference soil (P5) showed some additional morphologic differences, including the presence
of an O horizon, as well as a hyperhumic horizon (FAO, 2014). The colors of the epipedons in
profile P5 were homogenously until 90 cm depth, being black (7.5YR 2.5/1) according to the

Munsell soil-color chart.
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Occurrence of sombric horizon

Figure 4. Occurrence of sombric horizon in the region of the studied soil profiles. a) Photographic composition
of the soils of the toposequence (P1-P3), observe the sombric horizon; b) Lateral configuration of the sombric
horizon (subsurface dark horizon); c) and d) Sombric horizon a nearby area.



Table 1. General properties of the studied soil profiles.

Pedon Horizon  Depth Colour pH CEC®Y VvV (%)¥  Clay Silt/Clay T©
(cm) (moist) water  (cmol/Kg) (g/Kg™)
P1 A 0-10 75YR 3/2 3.8 12.1 12 530 0.35 23
A, 10-20 7.5YR 3/2 3.9 8.8 9 527 0.30 17
Az 20-40 7.5YR 3/2 4.2 8.1 3 527 0.32 15
Ay 40-65 7.5YR 4/2 4.5 6.6 7 552 0.22 12
As 65-70 5YR 3/2 4.6 6.3 0 556 0.22 11
Ag 70-85 5YR 3/2 4.7 6.8 5 494 0.42 14
A, 85-95 5YR 3/2 4.7 5.7 0 510 0.26 11
AB 95-100 5YR 3/3 4.8 5.4 8 535 0.23 10
BA 100-110 5YR 4/4 4.8 4.8 9 567 0.24 8
B: 110-130 5YR 4/6 5.0 4.1 20 541 0.31 8
B, 130-170 2.5YR 4/6 5.0 3.7 19 426 0.54 9
BC 170-200" 5YR4/6 51 3.9 12 303 1.26 13
P2 A 0-13 75YR 3/2 4.1 10.1 14 543 0.23 19
A, 13-26 75YR 3/2 4.0 9.2 8 562 0.24 16
Az 26-70 75YR 3/2 4.2 8.2 5 587 0.17 14
Ay 70-105 7.5YR 2.5/1 4.3 8.0 4 595 0.11 13
AB 105-120 7.5YR3/2 4.3 6.8 4 597 0.16 11
BA 120-135 7.5YR3/4 4.4 6.6 8 620 0.10 11
B, 135-180 7.5YR 4/6 4.5 4.8 9 652 0.06 7
B, 180-210 5YR 4/6 4.7 3.8 9 657 0.07 6
B; 210-250 2.5YR4/6 4.9 3.4 10 641 0.08 5
B, 250-320 2.5YR4/8 4.7 2.9 10 634 0.09 5
2Bs 320-380 2.5YR4/6 4.6 4.1 15 428 0.76 9
2BC 380-450" 5YR6/8 4.6 4.1 12 276 1.47 15
P3 A 0-10 75YR 3/2 3.9 16.7 16 373 0.80 45
A, 10-42 75YR 3/2 4.1 11.0 9 520 0.33 21
Az 42-60 75YR 3/2 51 8.8 13 542 0.28 16
Ay 60-75 75YR 3/2 4.5 7.1 1 546 0.23 13
As 75-94 75YR25/1 4.6 6.7 1 577 0.18 12
Ag 94-101 75YR 3/2 4.6 6.2 1 576 0.17 11
AB 101-118 5YR 3/2 4.7 5.9 9 583 0.16 10
BA 118-135 5YR 5/6 4.8 4.6 1 606 0.14 8
B, 135-165 2.5YR 4/6 4.8 3.7 0 620 0.16 6
B, 165-200" 2.5YR 3/6 4.7 35 0 654 0.11 5
P4 A, 0-20 75YR 3/2 4.6 9.5 4 531 0.35 18
A, 20-50 75YR 2.5/1 4.9 7.7 2 505 0.44 15
Az 50-60 7.5YR25/1 5.0 6.5 4 581 0.22 11
AB 60-65 7.5YR3/2 5.0 5.8 7 556 0.31 10
BA 65-75 7.5YR3/2 5.2 4.8 8 581 0.24 8
B; 75-110 75YR 4/4 4.9 2.6 1 586 0.17 4
B, 110-140 7.5YR 4/6 5.4 2.1 1 669 0.09 3
B; 140-180" 5YR 4/6 5.4 2.2 1 691 0.09 3
P5 (0] 20-0 75YR 2.5/1 4.5 13.9 6 174 2.60 80
A, 20-35 75YR 2.5/1 4.6 12.0 1 126 3.52 96
A, 35-60 7.5YR25/1 4.7 9.8 3 252 1.63 39
Az 60-80 7.5YR25/1 4.9 9.5 3 349 1.06 27
A, 80-90 75YR 2.5/1 4.9 8.0 4 177 1.77 45
AB 90-105 7.5YR25/2 5.0 6.9 4 278 1.09 25
BA 105-120 7.5YR3/2 5.2 4.8 6 584 0.12 8
B; 120-132 7.5YR 4/4 53 3.7 12 568 0.17 7
B, 132-175 7.5YR4/6 5.2 3.2 14 615 0.09 5
B3 175-200 5YR 4/6 5.2 2.8 14 633 0.18 4
B, 200-250" 2.5YR 4/6 5.2 3.4 12 636 0.20 5

WCEC: cation exchange capacity;
@v/: base saturation;
®T: clay activity.
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All five soil profiles contained a stone line and its depth which varied between 90 cm
and 110 cm featuring a colluvium as cited above in Section 2.1. According to Schaetzl (1998)
a stone line in soils within an old landscape, like our study area, can be related to pedogenetic
or geomorphic processes such as surface wash, creep, eolian transport, and bioturbation. The
contribution of these processes will be discussed in more detail in Section 3.2 according to
several proxies that enable identification of LDs.

The clay mineralogy of the studied soil profiles is composed by kaolinite, hydroxy-
interlayerd vermiculite, gibbsite, goethite and hematite. We not observed a strong
mineralogical difference between superficial and subsuperficial horizons.

The association of a clayey texture (Table 1) and humid conditions (Section 2.1) may
indicate microshearing. Microshearing is a result of shrink and swell processes which leads to
reorientation of the individual clay plates into planar zones with face-to-face alignment of
clay domains (Stoops et al., 2010) and reflects in the field as a shiny surface on peds. This
feature was indeed identified with micromorphology and appeared in B horizons of all
profiles (Figure 5a and 5b) and is described as a striated b-fabric (pore-striated) by Bullock et
al. (1985). B horizon are mainly reddish brown, clayey and have a small size and strong
blocky structure breaking into polyhedral, than with the shiny surfaces characterize Nitic
horizons (WRB 2015). Some troubles appear to classify those soils with ‘sombric’ horizon
as Nitisol because it is not predicted for this class as a qualifier in the WRB classification.
Thus we propose here the inclusion of that main qualifier for Nitisol in future updates of
WRB. Profiles 1,2,3,4 were classified as Sombric Nitisol humic and profile 5 as a Abruptic
Acrisol humic.

In surface horizons and dark subsurface horizons loose discontinuous infillings were
observed (Figure 5c¢ and 5d), indicating an intense biological activity in studied soils (Bullock
et al., 1985; Silva and Vidal-Torrado, 2001).
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Figure 5. Microshearing in B horizon of P2 (a and b; white arrows); loose discontinuous infillings in A horizons
of P3 (c) and P5 (d), indicated by the red arrows.

Microscopic charcoal fragments were observed in the soil matrix of all five profiles
(Figure 6a and 6b), which indicates the presence of (past) fires in the area and indicates that
black carbon (BC) may have an important influence to the genesis of these dark subsurface
horizons. The role of BC will be discussed in more detail in Section 3.6.2.

An interesting characteristic that was observed in the micromorphology analysis was
the fact that the organic matter was not concentrated in pores neither in peds (Figure 6¢ and
6d). However, was observed concentrations of OM in the soil matrix suggesting an
interaction between organic matter and the mineral fraction (Almeida et al., 2009), indicating
that this dark subsurface horizons (sombric) was not formed by an illuvial process like
described by Faivre (1990) and Sys (1961).
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Figure 6. Microscopic charcoal fragments in B horizons (a, b) (black arrows) and organic matter dispersed on
soil matrix in dark subsurface horizons of P2 (c) and P3 (d); Difference of soil color matrix in P3 A; (e) and P3
A, sombric horizon (f).

3.2. Lithologic discontinuities (LDs)

According to Wang and Arnold (1973) the estimates of LDs should be based on
various criteria. LDs can be identified based on differences in particle-size fractions (sand/silt
ratio and UV indices; Tsai and Chen, 2000), and on an immobile and difficult to weather
particle size fraction (Ti/Zr ratio; Tsai and Chen, 2000). Depth records of these parameters are
given in Figure 7. The occurrence of LDs in the studied soil profiles is important to
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understand the formation of the dark subsurface horizon, because any LD may be indicative
for a colluvium. For that reason, the classification of the sombric horizon does not admit the
presence of LDs at its upper limit (WRB-FAOQ, 2014).

Depth records of sand/silt ratio, UV index and Ti/Zr ratio indicate the presence of
LDs in all soil profiles (Figure 7). In the soils from the toposequence (P1-P3), LDs occurred
at the same depth (100 cm) in the summit (P1), upper backslope (P2) and in lower backslope
(P3). For profiles P4 and P5, that are located on another hill, the LD also occurred at 100 cm
depth for profile P5 (located at lower backslope). However, for profile P4, that was located at
the summit of the hill, the LD was found at about 55 cm depth.

The combination of depth and **C age for the LDs, in combination with soil
morphology and geomorphology, leads some considerations about the ‘sombric’ and the
occurrence of LDs. First, all LDs were found at the base of the ‘sombric’ horizon (profiles
P1-P4), which corresponded to a similar age of about 4000 yrs Cal. BP in profiles that are
located at the upper slope (P1, P2 and P4; Table 2), while in profiles P3 and P5, that are
located in the lower parts, the age was somewhat younger. This similarity in **C age at the
depth of the LDs probably indicates an event that suggest these soils passed through some
creep and erosion event in this area caused by morphoclimatic process (Bigarella et al., 1965).
Second, the similar age corresponding to the LDs in profiles P1 — P4, but in different depth of
the LD in P4, suggests that the upper part of profile P4 has been eroded, in agreement with its
location at the top of the hill. This would imply that profile P4 is not an “intermediate”
between soil profile with a ‘sombric’ horizon (P1- P3) and the reference soil (P5), but reflects
a profile with a ‘sombric’ horizon (similar to P1- P3) from which the upper part has been

eroded and on which a newly formed A horizon was superimposed.



28

uv Ti/Zr Sand/Silt Fep C C EXT C/N

org t

0.0 0.3 0.6 35 70 0.0 25 5.0 40 80 50 75 100 0 20 40

[
iy

O
Depth (cm) =
= =
I o w
o =] =] o
./M

200
0.0 25 50
p2 0
50 -
B
£ 100 -
£
a
150 A
200
00 03 06 25 50 0.0 25 5.0
P3
50
B
£ 100
£
a
150
200
0.0 05 1.0 20 40 49 25 50
P4 0 L J

Depth (cm)

=

o «n

) o
‘\V’\/

% ioho

0.0 1.5 3.0 20 40 O 3 6

Yo

Figure 7. Lithologic discontinuities indexes and some chemical parameters (Vertical axis correspond to depth in
cm); UV (uniformity value); Ti/Zr ratio; Sand/silt ratio; Fe, (9/Kg); Corg (9/K0); C; (9/Kg) and EXT (%).

50

100

150

Depth (cm) 3
o

200



29

Table 2. C datings of the study soil profiles.

Pedon Horizon Depth 2 Sigma calibrated Medium age

(cm) age BP calibrated BP
P1 A, 40-65 3923-4085 4004
A, 85-95 4809-4850 4829
B, 130-170 9515-9557 9536
P2 A, 70-105 2357-2508 4865
B, 180-210 12672-12742 12707
P3 As 42-60 2765-2857 2811
AB 101-118 3463-3579 3521
B, 165-200+ 10418-10583 10500
P4 As 50-60 4528-4657 4592
B; 140-180+ 13550-13743 13646
P5 A4 80-90 3718-3872 3795
Bs 175-200 20083-20460 20271

3.3. Chemical and physical properties

The main chemical and physical properties are listed in Table 1 and Figure 7. The
five profiles showed a strong acid reaction, a low base saturation and low cation exchange
capacity (CEC). The low CEC go against to the high C content indicating a participation of
black carbon in the studied soil profiles.

The total carbon content (C,) ranged between 0.8 to 12.8 %, and generally showed a
decrease with depth in all profiles (Fig. 7; C;). Furthermore, when C; contents was compared
with Munsell colors (value and chrome), in all studied soils (except P4), the darker colors
were accompanied by decreasing C; contents, similar to Caner et al. (2003) observed in
sombric-like subsurface A horizons in Indian soil profiles. On the other hand, the results
obtained by Walkley Black analysis of organic carbon (Corg) showed an increment of Corq in
the dark subsurface horizons (Fig. 7; Cor). Apart from this general difference, the depth trend
showed a relative increase in the dark subsurface horizons of P1 and P3, which was not
evident for C..

The total carbon content of bulk samples and the distribution of C among the
fractions (expressed as percentage) are given in Figure 7. The EXT fraction dominated in all
samples with a mean contribution of 77% (with a minimum of 55% and maximum of 88%,
compared to 12% and 45% in the RES). The fact that the major part of OM was extractable
with NaOH agrees with studied soils of Von Litzow et al. (2007), but was not found for other

BC rich tropical soils in which the RES fraction dominated (Justi et al., 2016; Schellekens et
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al., 2016). The amount of EXT showed a positive correlation with Fe, (r* = 0.62). The soil
profiles of the toposequence (P1-P3) and P4 generally showed an increment of Fe, with depth
and high values were observed in ‘sombric’ horizons (Section 3.4). The soil profile P5
showed the same tendency. However, this soil profile P5 was the soil that showed the highest
values of extractable material. This indicates that the major part of OM that was bound to Fe
and Al was extractable with NaOH, and explains the absence of OM in the NasP,O7 extract
(Section 2.7.1).

The C/N ratio of bulk samples ranged from 13.9 to 32.5 (Figure 7). All soil profiles
showed an increase with depth for C/N until the AB horizons and then decreased again.
Furthermore, profiles P1, P2 and P3 showed significantly lower C/N values compared to the
reference soil (P5) and the intermediate soil (P4). These lower values suggest that the OM of
profiles P1, P2 and P3 was more decomposed than that in P4 and P5 (Knicker, 2008). The
maximum C/N values were observed in the dark subsurface horizons from P1-P3 and may be
related to BC that has a relatively high quantity of C; this will be further discussed in Section
3.6.2.

3.4. Estimation of Fe and Al forms

The results of Fe and Al forms are given in Table 3. The Feq contents showed a clear
gradually increase with depth, reflecting the increase of clay with depth (pedogenic iron)
(Table 1). This increase with depth was not found for Alg, which can be related to several
sources. First, higher values of Aly in superficial horizons may be caused by the dithionite-
citrate-bicarbonate (DCB) extractions. According to Curi (1983) the successive extractions
with DCB (80 °C) is able to dissolve the kaolinite and gibbsite realizing AI** to extract. The
high values of Aly are most likely due to complexation reactions to sodium citrate catalyzed
by high temperature of the extraction procedure (Zhang et al., 1985). Second, and the most
important in the superficial horizons and dark subsuperficial horizons high values of Aly can
be related to the extraction of the AI** that can be arising from isomorphic substitution of Fe®*
in the iron oxides.

The amount of Fe, was substantially higher than that of Al,, and both showed a
positive correlation (r* = 0.76). The high values of Fep and the high values of the Fey/Feq ratio
suggest that most Fe was in non-crystalline form and were bounded with OM, which is
confirmed by the Feo/Feq ratio. The Feo/Feq ratio showed generally higher values in the A

horizons compared to the B horizons (Table 3). Values of the Fe,/Feq ratio > 0.05 reflect that
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the major part of the Fe in the A horizons was in non-crystalline form (Inda Junior and
K&mpf, 2003). The large contribution from amorphous Fe in the A horizons can be explained
by the relatively high contribution from OM in these horizons, because OM inhibits the
formation of crystalline iron oxides (Inda Junior and Ké&mpf, 2003) and can release iron to
OM-metal complexes formation. This is in agreement with the high values of Fe, that showed
that iron was preferentially complexed compared to aluminum. Although the dark subsurface
horizons of profiles P1-P3 showed high values of Fe, and Al,, profile P5 even showed higher
values, thus suggesting that the dark subsurface horizons are not formed by migration of OM-
metal complexes associated to clay minerals (Almeida et al., 2009; Faivre 1990). This is
confirmed by the absence of clay and OM coatings in micromorphology analysis (Figure 6),
and the gradual decrease of C; with depth (Figure 7).



32

Table 3. Iron and aluminum analysis in study soil profiles determined with dithionite-citrate-bicarbonate (d), ammonium oxalate (0) and sodium pyrophosphate (p).

Pedon Hz. Prof. Feq Fe, Fep Fe /Feq Fey/Feq Alp/Alg Alyg Al Al,
(cm) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)

P1 A 0-10 48860 4538 20150 0.093 0.412 0.031 54650 3520 1701
A, 10-20 50650 5750 27670 0.114 0.546 0.081 19538 4832 1585
Az 20-40 53880 4670 14220 0.087 0.264 0.047 32868 4762 1543
A, 40-65 52372 4470 18790 0.085 0.359 0.102 19488 5182 1979
As 65-70 51860 4278 24990 0.082 0.482 0.071 34680 5340 2446
Ag 70-85 57755 4590 28840 0.079 0.499 0.086 27478 5902 2356
A, 85-95 63355 3275 19010 0.052 0.300 0.101 19018 5182 1914
AB 95-100 68573 2285 13960 0.033 0.204 0.055 24373 4987 1344

BA 100-110 71371 1537 8380 0.022 0.117 0.039 24710 4810 972

B 110-130 72163 1139 450 0.016 0.006 0.016 15065 4605 244

B, 130-170 77894 1107 36 0.014 0.000 0.020 8765 4075 176

BC 170-200" 77894 666 64 0.009 0.001 0.012 19123 3867 223
P2 A 0-13 49500 5320 20550 0.107 0.415 0.114 40135 5765 4583
A, 13-26 55280 5350 25610 0.097 0.463 0.134 26720 5660 3576
Az 26-70 49595 6355 31100 0.128 0.627 0.153 18005 6455 2758

A, 70-105 59410 6820 38750 0.115 0.652 0.073 8735 7135 638
AB 105-120 59665 7225 60070 0.121 1.007 0.103 44490 6740 4578

BA 120-135 57285 8055 290 0.141 0.005 0.032 25235 6735 804

B, 135-180 64466 2214 487 0.034 0.008 0.039 8013 5187 311

B, 180-210 71529 1691 0 0.024 0.000 0.016 19618 4492 321

B; 210-250 75004 1796 0 0.024 0.000 0.028 12818 4442 364

B. 250-320 80277 1833 15 0.023 0.000 0.044 3381 4040 148

2Bs 320-380 91530 980 11 0.011 0.000 0.027 7868 3712 213

2BC 380-450" 56382 778 30 0.014 0.001 0.009 26768 3742 254
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Table 3. Iron and aluminum analysis in study soil profiles determined with dithionite-citrate-bicarbonate (d), ammonium oxalate (0) and sodium pyrophosphate (p)

(Continuing)..

Prof. Feq Fe, Fep Alg Al, Al,
Pedon  Hz em) (YK  (mgKg) (mgkg s FeFe AWAL i) (moke)  (mgikg)
P3 Ay 0-10 40745 4975 17530 0.122 0.43 0.076 34353 5677 2607
A, 10-42 47022 6898 19640 0.147 0.418 0.523 5508 5912 2878
Az 4260 52535 7485 21710 0.142 0.413 0.824 3674 6217 3028
A, 60-75 52465 5965 17850 0.114 0.34 0.171 22353 5957 3818
As 75-94 55615 6975 23190 0.125 0.417 0.253 15510 6100 3931
Ag 94-101 55002 4958 23000 0.09 0.418 0.213 12838 4512 2731
AB 101-118 58282 4098 5660 0.07 0.097 0.168 12103 5067 2035
BA 118-135 57762 2208 780 0.038 0.014 0.234 5614 4135 1311
B, 135-165 60235 1685 437 0.028 0.007 0.03 20573 4337 621
B, 165-200" 64052 2168 36 0.034 0.001 0.02 23273 4557 455
P4 Ay 0-20 63097 9313 39940 0.148 0.633 0.233 17138 7192 3996
A, 20-50 66667 7753 47460 0.116 0.712 0.659 5520 7340 3639
As 50-60 70432 6488 37050 0.092 0.526 0.343 10363 6337 3553
AB 60-65 70697 7403 37930 0.105 0.537 1.66 1972 6450 3274
BA 65-75 70607 7283 33680 0.103 0.477 0.531 7018 6632 3730
B, 75-110 84902 2148 397 0.025 0.005 0.04 16843 4347 672
B, 110-140 97685 2205 18830 0.023 0.193 0.027 16762 6568 455
B; 140-180" 97665 3435 13560 0.035 0.139 0.016 28630 4630 453
P5 O 0-20 41175 11375 41150 0.276 0.999 0.128 32558 8792 4170
Ay 20-35 47102 14108 60160 0.3 1.277 0.038 33553 9857 1282
A, 35-60 48782 12318 67770 0.253 1.389 0.04 30350 8480 1221
A 60-80 48675 13805 61850 0.284 1.271 0.156 29443 8417 4599
Ay 80-90 41267 23153 60350 0.561 1.462 0.062 17200 10670 1072
AB 90-105 52917 17673 51360 0.334 0.971 0.02 32518 8512 655
BA 105-120 56542 12698 38780 0.225 0.686 0.126 24603 6427 3106
B, 120-132 64005 6075 18990 0.095 0.297 0.04 29093 4327 1162
B, 132-175 68307 3403 8250 0.05 0.121 0.043 27715 3525 1185
B3 175-200 77977 3393 20 0.044 0 0.028 11770 3150 325
B, 200-250" 81740 3370 0 0.041 0 0.025 18853 2647 479
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3.5. Selection of vegetation, decomposition and fire parameters

For the paleoenvironmental interpretation of the studied soils, vegetation,
decomposition and fire parameters will be selected. The parameters are summed in Table 6,

the justification behind their selection will be described below.

3.5.1. Phytoliths

The results of phytolith counts are given in Appendix B, and their morphotypes in
Figure 8. The phytolith assembly was dominated by Poaceae morphotypes, and included
bilobates, trapeziform polylobate, cross (Panicoid — C,4 grasses), saddle (Chloridoid — C3/Cy4
grasses), rondel (Pooid — Cj grasses) parallellepipedal bulliform and elongate echinate
cuneiform bulliform (Bremond et al., 2008), saddle colapsed (Bambusoid), parallelepipedal
echinate bulliform (Bambusoid), cuneiform echinate bulliform (Bambusoid) (Montii et al.,
2009). Other species encountered included ferns (Piperno, 1988; Thorn, 2006; Mazumbar |,
2011), palm trees (Arecaceae) (Benvenuto et al., 2015; Marcote-Rios et al., 2016) and
Araucariaceae (Parr and Watson , 2007) . The identification of these species, in superficial
soil samples (0-10cm) is in agreement with the present vegetation composition in the study
area, which has been classified as a mosaic of Araucaria forest with grassland (Behling,
2001). The number of phytoliths drastically diminished in the B horizons. In order to correctly
compare the data, samples with less than 100 phytoliths were excluded from further analysis,
and phytoliths counts were expressed as proportion (%) of the total count of identified
phytolith (with taxonomic significance).

A factor analysis was applied to the reduced phytolith data set (FApny:) in which the
total number of phytoliths was also included as a variable. Only the first two factors are
considered here. Factor 1 (Flpny) and factor 2 (F2pn:) together explained 46.8% of the
variance. The factor loadings for each variable are given in Table 4. The morphotypes long
cells, which are produced by all subfamilies of Poaceae, and block (from Eudicotyledons)
showed high negative loadings on F1, while Panicoid and Chloridoid, both produced by C,4
grasses, showed high positive loadings. Factor 2 separated Pooid (C3) and Bambusoid (C,)
(negative loadings) from Araucariaceae, Ferns and Panicoid (high positive loadings). Thus

factor loadings suggest that F1,,,: may reflect a shift between Eudicotyledons (predominantly
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shrub) mixed Poaceae vegetation and C, grasses (parameter V1) with depth, while F2pny
seems to reflect a shift from Araucaria forest/ferns vs. Poaceae (grasses C,)(parameter V2 ).

Table 4. Factor loadings for phytolith types and the sum of phytoliths.

Family Phytolith types F1 F2
Ferns 0.31 0.69
Poaceae Panicooid 0.61 0.65
Pooid 0.44 -0.72
Chloridoid 0.76 -0.02
> Long cells -0.60 0.54
Bulliform -0.37 -0.46
Bambusoid 0.18 -0.55

Cyperaceae 0.51 0.17
Arecaceae 0.12 -0.34
Eudicotyledon Globular 0.53 -0.51
Irregular -0.19 -0.01
Polygonal -0.57 -0.29
Block -0.74 0.18
Araucariaceae 0.23 0.73

Sum 1.23 0.05
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Figure 8. Microphotographs of the main morphotypes found in the studied soil profiles. A) Bilobates; B)
Trapeziform polylobate; C) Cross; D) Saddle; E) Parallellepipedal bulliform; F) Cuneiform bulliform; G) Saddle
colapsed (Bambusoid); H) Parallelepipedal echinate bulliform (Bambusoid); 1) Cuneiform echinate bulliform
(Bambusoid); J) elongate echinate; K) Rondel; L) globular echinate (Arecaceae); M) Globular psilate
(Eudicotiledonea); N) Polygonal Cell (Eudicotiledonea); O) Hexagonal cyperus (Ciperaceae).

3.5.2. $'*C isotopic composition

Plants with C3 photosynthesis cycle (trees, shrub and some grasses) show values of
§8'3C that vary from -22%o to -32%o, while values of C4 plant species (predominantly grasses)
vary between -9%o. and -17%. (Boutton, 1991; Boutton et al., 1998; Caner et al., 2003;
Desjardins et al., 1996). Therefore, depth records of §3C (parameter V3) can be used to
provide information about the vegetation that contributed to the soil profiles. A dominance of
C,4 species reflects open vegetation that can be characterized like a grassland or savanna
(Victoria et al,. 1995). While dominance of Cj species can reflect a forest vegetation, here the
Araucaria forest (DUmig et al,. 2008).
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3.5.3. Molecular composition of soil OM

The pyrograms of the SOM fractions from the studied soil profiles showed a variety
of compounds. Our aim was to select parameters that can be used to reflect differences in
vegetation, fire and decomposition, both between the profiles and with depth (time). From the
different groups of identified compounds the PAHs are well-known pyrolysis products of BC
(Gonzalez-Pérez et al., 2014). The sum of PAHs will therefore be used to reflect the
contribution from BC to the SOM (parameter F1).

One interesting compound that was identified in soil pyrolysates was totarol, a
diterpene compound (Dtp). Totarol is a biomarker for the conifer families Cupressaceae,
Podocarpaceae and Araucariaceae (Cox et al., 2007; Schellekens et al., 2013). In the context
of the study area, totarol was used to reflect the presence of Araucariaceae (parameter V4).

Because most other pyrolysis products can be influenced by several environmental
factors, other parameters will be selected using factor analysis that allows observing some
tendencies. Factor analysis was applied to all 115 pyrolysis products from both soil OM
fractions (FApy) to verify the major chemical differences within the sample set (i.e., soil OM
fraction, profile, and horizon or depth). The first two factors explained 62.7%% of the total
variance. The distribution of pyrolysis products (loadings) and samples (scores) for the first
two factors are plotted against each other in Figure 9. Because factor analysis does not
differentiate between products with high or low abundance, mean values of groups of
pyrolysis products are provided as well to provide a general idea about the composition of
SOM (Table 5).
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Table 5. Abundance of groups of pyrolysis products.

Origin or chemical group of pyrolysis products EXT RES SD*EXT SD* RES
% % % %

n-Alkanes 0.61 341 0.66 2.20
Branched alkenes 0.98 0.06 1.05 0.08
Alkylbenzenes 0.92 2.51 0.53 0.75
Polyaromatics 2.83 5.96 0.81 1.54
Benzofurans 1.14 1.42 0.23 0.20
Aromatics 19.68 28.38 6.27 4.97
Phenols 6.19 7.10 3.73 4.27
Lignin 1.79 2.12 2.21 2.49
N-compounds 27.0 32.01 3.07 16.99
Polysaccharides 33.16 15.51 7.36 10.30
Aliphatics 5.11 1.46 4.74 0.83
Other 0.58 0.05 1.34 0.09

*Standard deviation

Factor 1 (F1p) generally separated EXT (negative scores) from RES (positive
scores) samples, with exception of some BA and AB horizons from the RES fraction, that
showed slightly negative scores, and A; horizons from most profiles in the EXT that showed
slightly positive scores (Fig. 9a). Within both fractions, factor 2 (F2) generally separated
surface (negative scores) from deeper (positive scores) samples. The EXT samples showed
generally higher negative scores for surface samples compared to corresponding RES
samples. The loadings demonstrate which compounds correspond to this separation of
fractions and depth.

The RES showed the largest contribution from n-alkanes, alkylbenzenes and most
PAHSs and aromatics (high positive loadings on F1). The association of n-alkanes with the
RES that together accounted for 3.41% of the total quantified products in the RES and 0.61%
in EXT agrees with other studies that determined similar soil OM fractions (Lichtfouse et al.,
1998; Laird et al., 2001; Wattel-Koekkoek et al., 2001; Grasset et al., 2009; Schellekens et al.,
2013, Justi et al., 2016). The contribution from n-alkanes was low in relation to these studies
because we quantified only part of the n-alkanes (C—Cys). n-Alkanes in soils may originate
from non-hydrolysable plant polymers (Tegelaar et al., 1995; Nierop et al., 1998), or from
microbial aliphatic cell walls that are resistant to biodegradation (Lichtfouse et al., 1998).
PAHs accounted for 5.96% of the total quantified products in the RES and 2.83% in EXT.
The aromatics and alkylbenzenes (that includes saturated (aBl- aB6; m/z 91, 92) and
unsaturated (aB7— aBl11; m/z 105,106) alkylbenzenes) accounted for 28.4 % and 2.51 %
respectively in the RES and 19.7% and 0.92% respectively in the EXT (Table 5). The



39

association of aromatics and alkylbenzenes with PAHSs indicates a source from BC (Kaal et
al., 2008; Gonzalez-Pérez et al., 2014). A considerable contribution from BC is in agreement

with the micromorphology results that were observed the presence of microscopic charcoals.
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Figure 9. Factor analysis of the pyrolysates products. Factor loadings (a) and scores (b) from soil profiles.
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The EXT showed the largest contribution from mainly polysaccharide products
which accounted 33.2% of the total quantified products in the EXT and 15.5% in the RES
(Table 5). The large contribution from polysaccharides to the EXT fraction was mainly
caused by low molecular furan products as is illustrated by the factor loadings (Ps1-Ps3;
Figure 9a). In combination with the high negative loadings from 3-methoxypyridine, 2,3,4-
trimethylpyrrole, C1 benzonitrile and branched alkenes (BA1, BA2 and BAS3) this suggest a
dominant microbial source for most polysaccharides (Buurman et al., 2007; Buurman and
Roscoe, 2011; Schellekens et al., 2013, 2016).

F2 showed high negative loadings for compounds that are associated with plant
materials, including lignin phenols and phenols from lignin and polysaccharides including 4-
hydroxy-5,6-dyhydro-(2H)-pyran-2-one (Ps4), 1-deoxy-2,4-methylene-d-xylitol (Ps10) and
levoglucosan (Ps11) from (hemi)cellulose (Pouwels et al., 1989; Buurman et al., 2007;
Schellekens et al., 2012). Compounds with high positive loadings on F2 included biphenyl
(PA4), naphthalene (PA1), dibenzofuran (Bf5), benzene (Arl), and benzonitrile (N10), all of
which are associated with BC and have no functional groups. This association is indicative of
degraded BC (Marques et al., 2015; Justi et al., 2016). The fact that products with high
negative loadings on F2 were related with plant materials and those high positive loadings
with degraded BC suggest that de F2 reflects decomposition with high positive loadings
reflecting most resistant SOM. This interpretation is in agreement with the depth trend
demonstrated by factor scores. The loadings on F2 can therefore be used to select
decomposition parameters, with products with high negative loadings reflecting relatively
intact materials and those with high positive loadings reflecting strongly decomposed
materials. Lignin phenols (Lgl-Lg8) were more abundant in surface horizons (negative
loadings on F2) and are well known that a low contribution in both EXT (1.79%) and RES
(2.12 %) indicate a considerable degree of decomposition (Klotzbicher et al., 2011)
(parameter D1). BC products showed a clear trend on F2, PAHs with alkyl side chain
showing more negative loadings and those without alkyl side chain and functional groups
higher positive loadings. A loss of alkyl side chains and hydroxyl functional groups from
PAHSs upon degradation of BC has been reported before (Justi et al., 2016) and is used here as
a decomposition parameter, a relatively large contribution from such PAHs reflecting
relatively intact BC (parameter D3). For the same reason, PAHs without side chains and
functional groups (positive loadings on F2) were selected to reflect strongly decomposed BC
(parameter D5). In addition to BC (PAHSs) and plant material (lignin phenols) microbial

material is subject to decomposition, which is reflected by shifts of N-containing compounds
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on F2. Those with positive loadings are interpreted to reflect more intact microbial material
(parameter D2), while those with positive loadings are used to reflect microbial material that

is strongly decomposed or affected by fire (parameter D3).

Table 6. Interpretation of vegetation, fire and decomposition parameters that were selected to interpret
environmental conditions. Interpretations refer to high values.

Parameters Contents of Parameters Unit | Environmental Interpretation

- V1 Flpnyt - Decomposition od phytoliths
% V2 F2pnyt - Araucaria forest
> V3 oBC %o C,plants
> V4 Totarol (Dtp) % TIC (resin) Araucaria forest
® F1 PAHSs %TIC (BC) Wild fires
=

D1 Lignin (Lgl, Lg2, Lg3,Lg4, | % TIC relatively undecomposed

Lg5, Lg6, Lg7, Lg8) plant material
D2 N-containing compounds - Fresh microbial material
(N31, N28, N26, N24, N22,
< N21, N19, N16, N4)
= D3 N-containing compounds - Strongly decomposed
§ (N1, N2, N3, N8, N9, N10) (microbial) material
S D4 Naphthalenes and % PAHs Undecomposed BC
o . .
2 naphthalenols with alkyl side
a chains (PA5-PAS8, PA10-
PAll)
D5 PAHs without side chains and | % PAHs | Strongly decomposed BC
functional groups (PA9,
PA12, PA15, PA17)

3.6. Environmental interpretation
3.6.1. Vegetation composition

Depth records of vegetation parameters are given in Figure 10, and showed generally
good agreement between the different proxies, both between profiles and with depth. The
biomarker for Araucaria (parameter V4) was detected in profiles P4 and P5, and more
abundant in the RES compared to the EXT fraction. A larger contribution from Araucaria to
P4 and P5 is also evidenced by the phytolith composition, reflected by F2,n,: (parameter V2).
F2,ny: Showed positive scores for samples from profiles P4 and P5 (except for the sample from
55 cm of depth), and negative scores for those from P1 (except for the sample from 65 cm of
depth). Also the §*3C isotopic composition showed some similarities between P4 and P5, their
depth records showed a positive correlation (r2 = 0.64) in these profiles, while this was not

valid for P1 (12 < 0.18). The &*3C isotopic composition of soil profile P1, varied between -



43

25.8 %o and -17.9 %o in P1, while in P4 and P5 this was between -22.4 %o to -15.3 %o in P4
and from -26.32 %o to -15.67%o in PS5 indicating vegetation sometimes with mixing plant Cs3
and C, (predominantly Cs - greater isotopic impoverishment) sometimes composed of plants
C. (higher isotopic enrichment). However, the 8*3C record showed generally less negative
values for P4 and P5, which, contrarily to parameters V4 and V2, imply a lower contribution
from trees and a larger contribution from C, grasses.

A general observation for most vegetation parameters is that the differences between
profiles are larger than those with depth (except for the §*3C isotopic composition), which
suggest that changes in vegetation composition with time were minor compared to lateral
differences and the position of pedons in relief. Considering changes with depth, the depth
records of vegetation parameters also showed some similarities and differences between the
profiles. A clear shift within P1 and P4 coincided with the upper limit of the ‘sombric’
horizon. In the upper part the 8'*C values were more impoverish indicating a larger
contribution from Cj plants in the vegetation. Furthermore, in both P1 and P4, the 813C values
showed highest values within the ‘sombric’ horizon and are in agreement with phytoliths data.
In ‘sombric’ horizon of P1 (~ 60 t0100 cm) was observed a predominance of phytoliths of
grass and shrubs (79% to 92.9% of the phytolith assembly) Panicoid (C4) and Chloridoid
(C3/C4) as well as Bambusoid. The same was observed in P4 (~20 to 90 cm) and the
predominance grass (50 % to 100 % of the phytolith assembly) were Panicoid with
Bambusoid. Profile P5, however, also showed this depth trend with considerably larger §*C
values from 30 cm to 85 cm (Panicoid (C,) e Chloridoid (C3/C4) (66.2 % to 92.3 %) and
occurrence of Bambusoid and Ferns). So, these observations suggest that the ‘sombric’
horizons studied here was formed under vegetation composed mainly by C, grasses with
shrubs during the Medium Holocene (dry and cold conditions). Furthermore, the soil profiles
P4 and P5 even showed an isotopic variance greater than 5 %o, indicating that there was a
change in the environmental conditions. The isotopic values and similar vertical variation
trends of phytolith assemblage were recorded in soils of Araucaria forest areas by Ewald
(2015) in South region of Brazil. According this author the forest began to expand in the
upper Holocene to the modern period, evolving into a forest with Araucaria. The Araucaria
forest has developed since the upper Holocene (~2.000 yrs Cal. BP), with a humid period and

a temperate climate, similar to the present.
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Figure 10. Depth records for selected vegetation parameters (Vertical axis correspond to depth in cm). V1:
Flone V2: F2n V3: 8 1°C; V4: Totarol. In V4: Black points represents the RES fraction and white represents
the EXT fraction.

3.6.2. BC

The parameter that reflects the contribution from BC is given in Figure 11
(parameter F1), and show that the PAHs contributed twice as much in the RES fraction

compared to the EXT (Table 5). This difference between the fractions was most obvious in
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soil profiles P1 — P3 than P4 and P5 (Section 3.5.3; Figure 11; Appendix C). Profiles P1-P3
showed a clearly larger contribution from PAHSs in the RES fraction than P4 and P5. In the
RES the PAHSs showed a relative increase with depth until the dark subsurface horizons in P1
(from 40 to 85 cm depth), P3 (from 60 to 100 cm depth) and P4 (from 20 to 60 cm depth).
Furthermore, this tendency occurs in soil profile P5 that showed an increment with depth until
~70 and 90 cm (Figure 8) decreasing after. This tendency differs from Justi et al. (2016) that
observed in Humic Ferralsols under Cerrado a gradual increase with depth of PAHSs in the
RES fraction.

The more abundance of BC in dark subsurface horizons indicates that these horizons
are enriched with them. The enrichment of BC suggests the presence of more fire during the
period of formation of ‘sombric’ horizons as well as a different vegetation composition
compared to present. According to the vegetation parameters (Section 3.6.1), during the
formation of dark subsurface horizons (P1 — P3) the vegetation was composed predominantly
by C,4 grasses with shrubs indicating an open vegetation (Boutton, 1991; Boutton et al., 1998).
A more open vegetation corresponds to drier conditions in the study area (Behling, 2001;
Dimig et al.,, 2008;) and thus corresponds with the larger contribution from BC to the
‘sombric’ horizons. The dominance of shrubs indicates a different size of charcoals
(microscopic) in relation that produced by trees (woody; macroscopic charcoal more observed
in soil profile P5). This is in agreement with was observed in micromorphology analysis that
found microscopic charcoals. In relation to EXT fraction the PAHs showed no depth trend. It
can be related to the presence of more degraded and small PAHs compounds and the quickly

cycling process of these reactive molecules.

3.6.3. Decomposition

Depth records of molecular decomposition parameters of the five soil profiles are
shown in Figure 11. Lignin compounds were observed in low contribution in the fractions
(EXT and RES) in all five soil profiles. The general trend in both fractions in all studied soils
was a decrease with depth. Profiles P4 and P5 showed some differences compared to profiles
P1-P3. First, a different abundance of lignin was observed between EXT and RES in P4 and
P5, but not in the other profiles, and this difference between the fractions decreased with
depth. Second, the contribution from lignin in P4 and P5 was clearly lower in P4 and P5 in the
EXT. The fact that lignin was more abundant in the RES fraction in the upper part of P4 and

P5 can be related to the fact that the light fraction was not removed prior to the SOM
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fractionation, and thus would be present in RES. This interpretation would imply that P4 and
P5 have a larger contribution from litter and conditions are thus less favorable for
decomposition compared to P1-P3, which is in agreement with the larger C/N ratio (Figure 7)
found in these soil profiles (P4 and P5), thus indicating that SOM in P4 and P5 was less
decomposed. A lower degree of decomposition in soil profile P5 is in agreement with the
younger age compared with the same depth (~ 80 cm; Medium age of 3795 yr calibrated BP;
Table 2), and with the generally low contribution from lignin (in both fractions and all
profiles) that indicates a high level of decomposition, because lignin is relatively quickly
decomposed by fungi (Klotzbiicher et al., 2011).

The decomposition parameters that reflect relatively fresh BC and fresh microbial
material showed a similar decrease with depth in the RES fraction in all five soil profiles
(parameters D2 and D4), while those that reflect strongly decomposed material showed an
opposite trend (parameters D3 and D5). One difference that was observed in relation to soil
profile P5 was that the RES showed a larger abundance of fresh BC (parameter D4), while in
the EXT its contribution was larger for decomposed BC (parameter D5) in relation to the
other soils. This is in agreement with the interpretation that P5 is generally containing less
decomposed material according to lignin and C/N depth records.

The other two decomposition parameters (parameters D5 and D3) showed the same
tendency in all five soil profiles for EXT and RES fractions, and both parameters showed a
positive correlation in EXT (r2 = 0.80) and in RES (r2 = 0.72). The RES fraction showed an
increase with depth of parameters D3 and D5, indicating an enrichment of recalcitrant and
more decomposed material (both microbial and BC). This tendency was opposite to that
observed from parameters D1, D4 and D2. So, with depth was more observed degraded
compounds arising from BC and compounds that are enriched with nitrogen.

The EXT fraction showed an increase with depth of parameters D3 and D5 until the
‘sombric’ horizon, indicating strongly decomposed microbial material (D3) and strongly
decomposed BC (D5) in P1-P3 and P4 (~ 75 cm) and in soil profile P5 ~ 60 cm depth,
thereafter a decrease was observed. For parameters D4, D2 and D1 this was not observed,
even though, parameters D2 and D3 showed a negative correlation in the EXT fraction (r? =
0.88). In other words, in the sombric horizons an increase of N-containing compounds derived
by fire (D3) corresponds to a decrease of compounds from microbial source that are not
altered by fire (D2).
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4. FINAL CONSIDERATIONS

The ‘sombric’ horizons (dark subsurface horizons) studied at Tijucas do Sul (Parana,
Brazil) have been developed during the Mid-Holocene under vegetation composed mainly by
C,4 grasses with shrubs. This vegetation was different from that observed at present the latter
of which was characterized as an Ombrophilous forest which have significant occurrence of
Araucaria trees. The shift from open grassland to ombrophilous forest suggests drier climatic
conditions during the formation of the ‘sombric’ horizon compared to present. These dark
subsurface horizons can be an expression of the paleoenvironmental conditions in the region.

Micromorphology excluded the possibility that the ‘sombric’ horizon was formed by
illuviation of OM, or of OM associated to (clay) minerals. The stability of OM in the
‘sombric’ horizon seemed not related to its association with fine clay, Al and/or Fe. Although
a larger contribution from BC was observed in the ‘sombric’, BC was also abundant in other
horizons and the reference soil. The BC probably contributed to the maintenance of dark color

from the ‘sombric’ horizon in relation to epipedons.
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APPENDIX
Appendix A. Quantified pyrolysis products of EXT and RES.

Ave. %TIC Ave. %TIC

Code* Compound m/z° RT® m* EXT® RES'

Arl benzene 78 1.842 78 5.092 10.037
Ar2 toluene 91+92 2.517 92 10.096 11.498
Ar3 C, benzene 91+106 3.578 106 1.139 1.302
Ard C, benzene 91+106 3.684 106 1.303 1.514
Ar5 C, benzene 91+106 4.029 106 0.867 1.332
Ar6 indene 115+116 6.737 116 0.449 1.604
Ar7 ethanone, 1-(2-methylphenyl) 119+91 6.963 119 0.353 0.081
Ar8 1H-indene,1-methyl 129+130 8.807 130 0.143 0.488
Ar9 benzene, 1-methyl-4-(1-propynyl) 129+130 8.946 130 0.133 0.401
Arl0  2-propenal, 3-phenyl 131+78 14.133 132 0.073 0.049
Arll  unidentified aromatic 173+188 15.875 206 0.036 0.076
Bfl benzofuran 89+118 5.825 118 0.378 0.631
Bf2 C; benzofuran 131+132 8.020 132 0.298 0.348
Bf3 C, benzofuran 145+156 10.158 146 0.082 0.062
Bf4 2-coumaranone 78+134 10.575 134 0.091 0.030
Bf5 dibenzofuran 139+168 15.825 168 0.200 0.330
Bf6 unidentified benzofuran 118+161 16.983 - 0.091 0.021
PA1  naphthalene 128 9.558 128 0.925 1.715
PA2  C; naphthalene 141+142 11.738 142 0.382 0.803
PA3  C; naphthalene 141+142 12.060 142 0.261 0.691
PA4  biphenyl 153+154 13.346 154 0.508 0.841
PA5  C, naphthalene 141+156 13.815 156 0.059 0.106
PA6  C,naphthalene 141+156 14.103 156 0.057 0.136
PA7  C,naphthalene 141+156 14.134 156 0.105 0.132
PA8  C, naphthalene 141+156 14.732 156 0.053 0.091
PA9  fluorene 165+166 16.974 166 0.234 0.698
PA10 1-naphthalenol, 2-methyl 129+158 17.525 158 0.011 0.028
PAl1l 1-naphthalenol, 4-methyl 129+158 17.584 158 0.004 0.012
PA12 anthracene 178 20.142 178 0.099 0.357
PA13 phenanthrene 178 20.252 178 0.087 0.087
PA14 pyrene 202 24.877 202 0.012 0.064
PA15 C,pyrene 215+216 26.125 216 0.014 0.052
PA16 benzophenanthrene 226+228 28.992 228 0.006 0.020
PA17 benzo (a) anthracene 226+228 29.075 228 0.005 0.038
PA18 benzo (e) pyrene 252 33.575 252 0.007 0.086
N1 unidentifeid N compound 80+81 2.279 81 1.287 7.784
N2 pyridine 52+79 2.313 79 4.889 5.795
N3 pyrrole 67 2.378 67 2.404 4.487

N4 acetamide 59 2.678 59 3.782 0.561
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Appendix A. Quantified pyrolysis products of EXT and RES (Continuation).

Ave. %TIC Ave. %TIC

Code® Compound m/z° RT® M EXT® RES'
N5 C, pyridine 66+93 3.007 93 0.860 0.894
N6 C, pyrrole 80+81 3.289 81 1.352 1.097
N7 C, pyrrole 80+81 3.385 81 0.885 1.258
N8 C, pyridine 66+93 3.600 93 1.238 1.531
N9 1H-pyrrole, 2,3,5-trimethyl 108 5.308 109 1.727 2.724
N10  benzonitrile 76+103 5.625 103 1.727 2.724
N1l pyridine, 3-methoxy 66+109 5.867 109 0.691 0.135
N12 unidentified N compound 59 5.970 0.081 0.035
N13  2,3,4-trimethylpyrrole 108 6.167 109 0.023 0.023
N14 pyrazine, methoxy 52+110 6.208 110 0.620 0.142
N15  C; benzonitrile 90+117 7.642 117 0.209 0.183
N16  4(1H)-pyridinone 95 8.200 95 0.468 0.061
N17 3-pyridinol 95 8.484 95 1.042 0.294
N18 C, benzonitrile 90+117 8.637 117 0.470 0.689
N19  cinnoline 102+130 9.658 130 0.167 0.069
N20 C, cinnoline 78+134 10.517 145 0.090 0.029
N21 quinoline 102+129 10.584 129 0.113 0.205
N22  3-acetamidofuran 83+125 10.618 125 0.587 0.239
N23  2-pyridinecarboxaldehyde 52+79 11.061 107 0.124 0.036
N24 indole 90+117 11.773 117 0.600 0.585
N25 (2-methylpropyl) pyrazine 94+136 15.148 136 0.855 0.022
N26 1-naphthalenecarbonitrile 153+126 15.948 168 0.124 0.116
N27 benzoic acid, 2-(cyanomethyl) 143+161 16.388 161 0.072 0.009
N28  diketodipyrrole 186+93 19.025 186 0.464 0.200
N29 benzimidazole, 2-ethyl-1-propyl 145+92 20.569 188 0.017 0.002
N30 n-Cye alkylnitrile 110+124 21.725 167 0.020 0.047
N31  n-Cygalkylnitrile 110+124 24.542 223 0.011 0.034
Ph1 phenol 66+94 5.595 94 4.025 4.767
Ph2 C, phenol 107+108 7.500 108 1.863 2.032
Ph3 C, phenol 107+122 8.867 122 0.208 0.259
Ph4 catechol 64+110 10.592 110 0.097 0.044
Lgl guaiacol 109+124 6.121 124 0.800 0.190
Lg2 4-vinylphenol 91+120 10.360 120 0.392 1.169
Lg3 4-vinylguaiacol 135+150 12.129 150 0.249 0.477
Lg4 syringol 139+154 12.850 154 0.076 0.016
Lg5 4-(prop-2-enyl)guaiacol, trans 164 14.654 164 0.021 0.056
Lg6 4-acetylguaiacol 151+166 15.373 166 0.195 0.104
Lg7 4-vinylsyringol 165+180 16.688 180 0.024 0.070
Lg8 4-(prop-2-enyl)syringol, trans 194 18.900 194 0.006 0.018
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Appendix A. Quantified pyrolysis products of EXT and RES (Continuation).

Ave. %TIC Ave. %TIC

Code® Compound m/z° RT® M EXT® RES'
Lg9 4-acetylsyringol 181+196 19.438 196 0.023 0.016
Psl 2H-furan-3-one 54+84 2.777 84 5.226 1.869
Ps2 2-furaldehyde 95+96 3.183 96 14.624 7.386
Ps3 5-methyl-2-furaldehyde 109+110 5.200 110 7.305 2.681
Ps4 4-hydroxy-5,6-dyhydro-(2H)-pyran-2-one 58+114 5.873 114 0.279 0.406
Ps5 unidentified carbohydrate 74+87 10.000 - 0.113 0.014
Ps6 unidentified carbohydrate 74+87 13.625 178 1.251 0.379
Ps7 unidentified carbohydrate 74+87 13.867 - 0.062 0.462
Ps8 unidentified carbohydrate 74+88 13.867 - 0.064 0.050
Ps9 unidentified carbohydrate 101 14.224 - 0.194 0.056
Ps10  1-deoxy-2, 4-methylene-d-xylitol 74+103 14.664 148 0.493 0.119
Ps11  levoglucosan 60+73 15.809 162 3.551 2.088
aBl n-C5 alkylbenzene 91+92 8.448 134 0.177 0.412
aB2 n-C5 alkylbenzene 91+92 10.678 148 0.174 0.226
aB3 n-C6 alkylbenzene 91+92 11.364 162 0.123 0.363
aB4 n-C7 alkylbenzene 91+92 12.985 176 0.095 0.310
aB5 n-C8alkylbenzene 91+92 14.870 190 0.094 0.309
aB6 n-C9 alkylbenzene 91+92 16.665 204 0.058 0.266
aB7 n-C5 unsaturated alkylbenzene 105+106 9.192 148 0.068 0.206
aB8 n-C6 unsaturated alkylbenzene 105+106 11.175 162 0.044 0.124
aB9 n-C7 unsaturated alkylbenzene 105+106 13.083 176 0.037 0.116
aB10 n-C8 unsaturated alkylbenzene 105+106 14.922 190 0.028 0.095
aB1l n-C9 uinsaturated alkylbenzene 105+106 16.670 204 0.025 0.087
C20 C20 n-alkane 57+71 23.080 282 0.129 0.704
c21 C21n-alkane 57+71 24.408 296 0.120 0.655
C22 C22n-alkane 57+71 25.687 310 0.109 0.628
C23 C23n-alkane 57+71 26.907 324 0.105 0.575
C24 C24n-alkane 57+71 28.073 338 0.074 0.449
C25 C25n-alkane 57+71 29.203 352 0.071 0.399
All branched aliphatic 55+70 3.271 83 4.991 0.981
Al2 pristene 55+56 19.183 - 0.088 0.303
Al3 unidentified aliphatic 81+95 21.812 - 0.035 0.180
BA1l  branched alkene 55+69 23.500 - 0.337 0.021
BA2  branched alkene 55+69 26.267 - 0.324 0.024
BA3  branched alkene 55+69 28.792 - 0.322 0.018
Chl benzene, 1,3- dichloro 146+148 6.113 146 0.579 0.011
Dtp totarol 271, 286 27.300 286 0.001 0.039

% Codes of the chemical groups.

® Mass used to quantification.

¢ Retention time.

9 Molecular weight.

® Mean value of the product pyrolysis in EXT.
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Appendix B. Detailed counts of phytoliths, recovered from soil samples.
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Appendix B. Detailed counts of phytoliths, recovered from soil samples (Continuation).
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Appendix B. Detailed counts of phytoliths, recovered from soil samples (Continuation).
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Appendix C. Fire and decomposition parameters.

F1 D1 D2 D3 D4 D5

Pedon Hz Depth EXT RES EXT RES EXT RES EXT RES EXT RES EXT RES
P1 Al 0-10 280 589 858 644 029 023 034 052 024 012 123 148
A2 10-20 271 628 377 491 029 022 032 051 022 013 136 147

A3 20-40 249 769 39 261 032 011 031 067 021 010 138 1.63

A4 40-65 207 767 244 045 032 003 033 080 015 0.07 187 219

AS 65-70 465 826 125 005 018 003 045 085 011 005 188 244

A6 70-85 243 730 081 089 026 005 051 075 007 0.08 280 1.99

AT 85-95 226 650 059 003 021 001 056 09 005 0.04 263 345

AB1  95-100 217 440 050 001 025 000 048 093 004 003 231 471

BA 100-110 198 373 060 001 027 000 046 093 005 003 229 439

P2 Al 0-13 287 533 463 648 028 028 036 046 022 014 125 1.29
A2 13-26 236 705 494 492 029 020 031 054 022 012 130 1.36

A3 26-70 255 862 251 25 028 011 035 066 018 011 154 155

A4 70-105 303 678 022 19 016 009 067 068 005 010 336 153

AB  105-120 284 673 040 015 022 003 060 08 003 005 287 253

BA 120-135 209 528 047 002 028 001 046 090 004 004 239 3.08

P3 Al 0-10 252 401 762 738 026 027 036 046 024 014 117 135
A2 10-42 255 664 581 665 027 025 033 050 024 014 127 133

A3 42-60 274 840 303 230 027 008 036 070 019 010 152 164

A4 60-75 254 836 124 126 028 006 043 074 010 009 199 176

A5 75-94 251 735 045 052 018 004 063 078 006 007 316 2.08

A6 94-101 28 631 040 012 019 003 059 084 004 006 244 241

AB  101-118 269 473 042 003 022 001 053 09 0.03 0.04 203 342

BA 118-135 161 342 047 003 029 000 041 092 0.06 0.03 220 412
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Appendix C. Fire and decomposition parameters (Continuation).

F1 D1 D2 D3 D4 D5

Pedon Hz Depth EXT RES EXT RES EXT RES EXT RES EXT RES EXT RES
P4 Al 0-20 293 578 163 628 029 026 039 045 018 014 152 124
A2 20-50 261 478 038 212 019 017 061 055 006 011 316 1.52

A3 50-60 260 6.66 049 030 017 004 062 080 005 0.05 239 217

AB 60-65 288 586 08 023 023 002 052 08 009 004 205 286

BA 65-75 236 475 029 006 024 000 056 092 003 0.03 250 446

P5 O 0-20 38 348 208 619 026 023 042 042 017 017 135 141
Al 20-35 477 339 072 468 019 025 059 041 009 017 191 145

A2 35-60 307 383 024 206 015 020 071 050 004 012 391 143

A3 60-80 323 636 013 127 008 010 083 063 003 010 559 135

A4 80-90 350 559 012 080 008 010 082 069 002 009 524 174

AB 90-105 559 663 011 030 008 006 080 073 002 006 314 218

BA 105-120 232 462 032 001 020 001 059 093 005 0.03 242 4.07






