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A B S T R A C T

We have imaged the particles of Brazilian soils at multiple length scales, from a few microns to millimeters, and
soil particle size distributions were calculated with unmatched precision. The analysis included the Amazonian
soil “Terra Mulata de Índio” (TMI), an anthropogenic soil (Anthrosol) with sustained fertility and a large amount
of stabilized organic matter. Firstly, the soils were imaged ex situ, without any chemical processing, with se-
quential electron scanning of the pelletized soil samples, covering a total area of 8 × 8 mm. Secondly, it was
performed a computational analysis of the large-field X-ray images assembled from hundreds of adjacent ele-
mental maps, thus resulting in high-definition images (4800 × 4800 pixels). This analytical approach provides a
large sampling with the identification of> 10,000 particles over the scanned area. The particles identified
consisted of Al, C, Ca, Cr, F, Fe, Mg, Mn, Na, O, P, S, Si and Ti. A significantly larger concentration of C-, Ca- and
P-based particles, of up to 100 μm2 of cross-section area, was found in TMI samples in comparison with oxisol
and ultisol soils. While the mean distance between neighboring C, Ca and P particles in TMI was of 40–70 μm,
the value was of hundreds of microns in oxisol and ultisol. Furthermore, mapping of micrometric carbon par-
ticles by Raman spectroscopy indicated that they have a graphitic structure with a large amount of defects,
partially associated with particle oxidation, although a well-preserved sp2 graphitic structure is also present.
From a technological perspective, improved soil amendments, such as biochar, can be rationally designed from
the “fingerprint” described here for soil particles of Amazonian Anthrosols (i.e., morphological and structural
characteristics), which can result in an increase in fertility and the optimization of carbon sequestration in the
future.

1. Introduction

The structure of soil is comprised of a hierarchical organization of
inorganic and organic matter in levels, that range from the sub-nan-
ometer to the macroscopic scale (Gimknez et al., 1997; Jastrow, 1996).
Inorganic matter (i.e., minerals) is present in the ionized state and/or
organized in clusters and particles (nano to macroscale) (Hughes et al.,
1994; Kahle et al., 2002). On the other hand, organic matter includes all
carbon-based molecules, molecular-assemblies and particles, including
plant and animal residues, and the biomass of living microorganisms

and other fauna (Lal, 2007; Rinnan and Rinnan, 2007). Fertility is
manifested from the fine-tuning of the abovementioned compositional
and structural aspects, and represents a complex and emergent property
of soil (Chaparro et al., 2012). Consequently, soil fertility is a crucial
aspect in crop yields and food security.

More specifically, the definition of soil fertility is related to its ca-
pacity for providing the needs for the growth and development of
plants, including aspects of productivity, reproduction and the quality
of the resulting crops (Abbott and Murphy, 2007; Atkinson et al., 2010).
A modern and complete determination of soil fertility involves the
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assessment of biological, chemical and physical aspects, and the con-
sequent multiple and complex interactions/relations between these
three aspects. For the physico-chemical characterization of soils, there
are well-established protocols for the identification and quantification
of soil ions and molecules by analytical chemistry protocols, such as
extraction and fractionation (Huo et al., 1998; Qian et al., 1996; Wang
et al., 2017; Xinde et al., 2000); chromatographic and spectroscopic
methods (Hernandez-Soriano et al., 2016; Jáuregui et al., 1998; Malley
et al., 1999; Pascaud et al., 2017; Udelhoven et al., 2003). However,
both the particle (inorganic and organic) fractions present in the soil are
difficult to identify, classify and characterize in soil samples, especially
ex situ, without sample preparation/processing. The largely used
granulometric methods involving gradual sieving provide some insights
into soil particle sizes (De Souza et al., 2016; Li et al., 2016; van
Reeuwijk, 2002; Villaverde et al., 2009; Yin et al., 2016), but they do
not allow for the measurement of precise particle size distribution
(PSD) functions for soil particles. A precise determination of PSDs is of
particular importance for feeding mathematical models of flow and
transport processes that occur in soil, thus allowing the determination
of soil water retention and other hydraulic properties (Arya and Paris,
1981; Gupta and Larson, 1979; Mohammadi and Vanclooster, 2014).

Alternatively, light-scattering (LS) techniques of soil dispersion in
liquid media can essentially determine PSDs (e.g., dynamic LS).
Unfortunately, this technique has limited precision for polydisperse
samples, such as soil, thus resulting in the characterization of only small
particles of soil, at the micron range and below (Kretzschmar et al.,
1998; Nguyen et al., 2017, 2013). In addition, to attain the soil dis-
persion in liquid media for LS analysis, it is necessary to use strong
acids, oxidizing agents and/or salts (Kretzschmar et al., 1998; Ngole-
jeme and Ekosse, 2015; Nguyen et al., 2017, 2013; van Reeuwijk,
2002). Conversely, modern electron microscopy approaches are sui-
table for revealing, in great detail, soil particle morphology, as well as
their elemental composition, by means of X-ray energy-dispersive
spectroscopy (EDS) coupled to the microscope. However, these ap-
proaches are limited by the low sampling of particles imaged at high
magnifications, in the case of both scanning and transmission electron
microscopy (SEM and TEM, respectively) (Archanjo et al., 2014; Gilkes,
1994; Yang et al., 2016). In order to negate this issue, new microscopy
approaches must image soil particles in a large sampling and at multiple
length scales to determine particle compositions and reveal their
morphologies from micrometers to centimeters. As recently shown by
our group, this can be currently achieved by large-field (LF) X-ray
imaging in combination with image analysis algorithms (Noronha et al.,
2017; N.C. Oliveira et al., 2015; Sousa et al., 2017). Thus, by applying
this approach for soil samples, one can unveil direct or indirect fertility
aspects, especially those related to the sustainability of fertility, i.e., the
“storage” of elements, such as carbon, phosphorus, nitrogen and cal-
cium, which are present as particles (Kern and Kämpf, 1989). On this
basis, with regards to the biology, physics and chemistry influencing
soil fertility, LF imaging can unveil several aspects of the latter two with
great precision.

Considering the perspectives presented for the LF imaging, we used
here this approach in an attempt to assess the remarkable fertility ca-
pacities of Amazonian soil “Terra Mulata de Índio” (TMI), by imaging
the soil particles ex-situ. It is known that this anthropogenic soil (i.e.,
Anthrosol) presents a sustained fertility in determined rims and is
characterized by a high concentration of stable organic matter, phos-
phorus, calcium and contains the presence of potsherds (Hastik et al.,
2013; Taube et al., 2013). However, there is no precise information on
the PSDs of Amazonian Anthrosols. Furthermore, the composition and
morphological characteristics of TMI were compared to oxisol and ul-
tisol, which were collected from different regions of Brazil. A sequential
scanning of the subjacent areas of the pelletized soil samples (with no
chemical processing) was performed over the whole specimens (10 mm
diameter disks). Computational analyses of the LF images further re-
vealed, at multiple length scales (micrometers to millimeters), the soil

particle compositions, morphologies and PSDs. In addition, a com-
parative-quantitative analysis of all detected elements (e.g., calcium,
potassium and magnesium) in all samples could be performed with
great precision due to the LF scanning. Therefore, a fingerprint of the
nutrients and other elements/compounds present in soils of high and
sustained fertility, such as TMI, could be obtained. Raman spectroscopy
was also carried out to complement the above information in terms of
structural information of the soils. The knowledge provided by this
work is crucial to determine the suitable morphological and structural
characteristics of possible soil amendments, such as biochar (Archanjo
et al., 2014; Atkinson et al., 2010; Hernandez-Soriano et al., 2016;
Meyer et al., 2011; Yang et al., 2016), which can improve soil fertility
as well as carbon sequestration in the future.

2. Materials and methods

2.1. Soil sample collection and preparation

Soil samples representative of oxisol from Maringá (Paraná State;
23°23′16.63″S and 51°59′29.37″W), ultisol from São Jose do Rio Preto
(São Paulo State; 20°48′19.79″S and 49°19′43.51″W) and TMI from the
Amazon (Amazonas State) were sampled from three different places in
Brazil, as shown in Fig. 1. Soil samples from the Amazon (SISBio au-
thorization by Chico Mendes Institute for Biodiversity Conservation,
Ministry of the Environment, No. 50042-2) were collected in an area of
native forest (named TMI-1; 3°04′05.17″S and 58°34′11.68″W) and in
an open area with only undergrowth (named TMI-2; 3°04′05.45″S and
58°33′51.11″W). Oxisol and ultisol were classified according to the Soil
Survey Staff (2014), and are equivalent to “Latossolo” and “Argissolo”,
respectively, in the Brazilian System of Soil Science (EMBRAPA -
Brazilian Agricultural Research Corporation, 2013).

Soil samples from each studied area were collected at a 0.00–0.30 m
depth. After the soil was air-dried, it was sieved with a 10-mesh (2 mm)
sieve to remove only large plant residues, stones and potsherds. Finally,
0.5 g soil samples (triplicate) were pelletized into disks of 10 mm in
diameter and further introduced in the SEM chamber without sample
preparation.

Fig. 1. Collection sites of Brazilian soils: ultisol (São José do Rio Preto, São Paulo State),
oxisol (Maringá, Paraná State) and Amazonian dark earth TMI (Itacoatiara, Amazonas
State). TMI soils were collected in an area of native forest (TMI-1) and in an open area
with only undergrowth (TMI-2).
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2.2. LF X-ray imaging of Brazilian soils

The X-ray signal was supplied from EDS and recorded along a LF
scan performed with an electron microscope Quanta-450 with a field-
emission gun, a 100 mm stage and an X-ray detector (model 150,
Oxford). Pelletized soil samples (disks) were introduced in the micro-
scope chamber without sample preparation. Scans were performed in
low-vacuum mode (approximately 100 Pa of water vapor) to prevent
sample charging. The scans were performed at a beam acceleration
voltage of 20 kV and with a condenser aperture of 50 μm. For 20 kV of
acceleration voltage, the beam current over the specimen was about
10 nA. For increasing the beam high-vacuum path and minimizing
spurious beam skirting in the chamber (at 100 Pa), a gaseous analytical
cone (i.e., GAD) was used in all scans. The EDS detector was inserted at
a collection angle of 55° with the column axis positioned approximately
at the end of the polar piece. In all analyses, the working distance was
set at approximately 10 mm. The LF electron scan was performed along
an 8 × 8 mm area over the disks of pelletized soils, and the LF scan
took about 10 h for each pellet. The image definition and sensitivity are
largely increased along the LF scan, since the resulting data contains
cumulative signals from> 800 X-ray images and EDS spectra.
Individual scans had horizontal and vertical fields of 0.411 and

0.283 mm, respectively, and a definition of 512 × 352 pixels. The
signal-to-noise ratio is also largely increased along the LF scan, which
enables the imaging of elements in low concentrations (< 1%) or even
trace elements. A detailed description of the assembly process for
generating the LF X-ray images was provided by our group in previous
works (Noronha et al., 2017; N.C. Oliveira et al., 2015; Sousa et al.,
2017). In addition, all image-processing steps used in this work are
described in the Supporting Information.

2.3. Raman spectroscopy

Confocal Raman spectra were acquired using an alpha300 micro-
scope (WITec) equipped with a highly linear (0.02%) piezo-driven
stage, and an objective lens from Nikon (100×, NA = 0.90). For ac-
quiring the Raman spectra, the TMI-1 and TMI-2 samples were illumi-
nated with a Nd:YAG laser (2.33 eV, λ = 532 nm). The Raman light
was detected by a high-sensitivity back-illuminated spectroscopic
charge-coupled device behind a 600 g/mm grating. The final power at
the end of the objective lens used to focus on the TMI samples was
70 μW. The spectrometer used was an ultra-high-throughput WITec
UHTS 300 with up to 70% throughput, designed specifically for Raman
microscopy. The integration time was 0.2 s/pixel. For the TMI-1 and

Fig. 2. Binarized LF X-ray images (elemental maps
of Al, C, Ca, Fe, and P) of Brazilian soil samples ul-
tisol, oxisol, TMI-1 and TMI-2, represented as a
function of the elements. X-Y graphic scales are
provided in millimeters. These maps indicate the
presence (in black) of particles in soil samples.
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TMI-2 samples, the measured areas are 20 × 20 μm with 60 pixels in
each direction.

2.4. Determination of metals

Digestion of the soil samples was carried out according to US EPA
Method 3050B (USEPA—United States Environmental Protection
Agency, 1996). Al, Ca, Cu, Fe, K, Mg, Mn, Na and Zn concentrations
were determined in the samples using a 240FS flame atomic absorption
spectrometer (Varian). The laboratory in which these analysis were
performed (Laboratório de Estudos em Ciências Ambientais, Instituto
de Biociências, Letras e Ciências Exatas, UNESP, Univ. Estadual Pau-
lista, Campus São José do Rio Preto) has participated in proficiency
examinations organized by the Brazilian Agricultural Research Cor-
poration (EMBRAPA), for the determination of metals in samples of
vegetal tissue and always achieved satisfactory results (z < 2).

3. Results

3.1. Soil particles detection and area distribution in LF X-ray images

A total of 14 elements were identified in the LF images, i.e., Al (Kα),
C (Kα), Ca (Kα), Cr (Kα), F (Kα), Fe (Kα), Mg (Kα), Mn (Kα), Na (Kα), O
(Kα), P (Kα), S (Kα), Si (Kα) and Ti (Kα). Cu could not be properly
identified through EDS due to a pulse pile-up effect generated from the
combination of Al Kα and Si Kα X-ray photons with that of Fe Kα (at
around 8 keV). Considering the low concentration of Cu, this pile-up
effect prevents the correct signal accumulation to generate the Cu Kα
peak. The same occurred for K (at around 3.3 keV) due to the pile-up
effect from Al Kα and Si Kα X-ray photons. In addition, the Zn Kα signal
was below the EDS detection limit (at 8.6 keV). On this basis, these
elements were identified and quantified (relative concentration) by
atomic absorption spectrometry (AAS; see Table S1 in the Supporting
information).

The visualization of particles in raw maps (8 × 8 mm) is difficult to
perform, especially for elements that have micrometer nanoparticles (C,
Cr, Ca, P and Ti, see an example for carbon in Fig. S1 in the Supporting
information). As a result, images are represented with a reduced size,
representing a sample area of 4.8 × 4.8 mm. LF X-ray images (i.e.,
elemental maps) representing Al, C, Ca, Fe, and P are shown in Fig. 2,
while those representing Cr, F, Mg, Mn, Na, O, S, Si and Ti are shown in
the Figs. S2 and S3 (see the Supporting information).

At the millimeter scale, soil particles are mainly comprised of
compounds of Al, Si and O. It was evidenced that these elements are
homogeneously distributed over the LF images of all soil samples and
comprise the major elements distributed in the samples (see in Figs. 2,
and S2 and S3 in the Supporting information). In addition, the Al and Si
elemental maps exhibit significant overlapping for all soil samples,
since they occur as aluminum silicates (see Fig. S4 in the Supporting
information). However, for ultisol, this overlapping is significantly
smaller (~40% area) than for the other samples (> 80% area), thus
indicating that the major part of Si in ultisol is not present as aluminum
silicates. In addition to these major elements, the presence of particles
was also observed for C, Ca, Cr, F, Fe, Mg, Mn, Na, O, P, S and Ti,
although these elements occupy a small portion of the scanned area
(except for Fe in oxisol, which is largely distributed in the sample; see
Figs. 2, and S2 and S3 in the Supporting Information). The Al, Si and O
distributions in the % area of the LF images were ≥90%, with the
exception of Al for ultisol (37.6%; see Table 1). Fe was largely dis-
tributed in LF images of oxisol (58.4%). All other elements occu-
pied< 2% area of the LF images for all samples (see Table 1).

3.2. Relative concentration of soil elements from LF scanning

The relative concentrations of elements were calculated through the
integration and correlation of the peak areas present in the cumulative

EDS spectra (see Fig. 3). This cumulative signal is a result of the sum-
mation of all spectra acquired along the LF scan for each soil sample,
which largely increases the precision of the analysis (N.C. Oliveira
et al., 2015). For those elements with a concentration exceeding 0.5 wt
%, their relative concentrations in regard to the weight are provided in
Table 2. Considering the major elements, it was observed that the Si/Al
and Si/O ratios are substantially higher in ultisol compared to the other
samples (also see Fig. S4 in the Supporting information). This fact,
along with the lower concentration of Al found by atomic absorption
spectrometry (see Table S1 in the Supporting information), confirm that
aluminum silicates are less abundant in this sample. In addition, im-
portant differences between the soil samples were found for the relative
concentrations of minor elements, like C, Ca, Cr, F, Fe, Mg, Mn, Na, P, S
and Ti (see Fig. 3b). The relative concentrations of C, Ca and P were
higher in TMI-1 and TMI-2, while the relative concentrations of F, Fe
and Ti were higher in oxisol. A higher concentration of Fe in oxisol was
also confirmed by atomic absorption spectrometry (see Table S1 in the
Supporting information) (Roscoea and Buurmanb, 2003).

3.3. Soil particle size distribution functions (PSDs)

When analyzing the soil particles through PSDs from a particle
minimum cross-section area of 2.5 μm2, it was observed that Al-based
particles of up to 200 μm2 occur in a larger amount in ultisol, while in
other samples, the sizes lay below 100 μm2 (see Figs. 4 and S5 in the
Supporting information). The same pattern occurs for Si-based parti-
cles, where TMI-1 had fewer particles (< 100 μm2). For minor ele-
ments, the presence (i) of Cr-based particles in all samples (< 200 μm2)
and (ii) Ti-based particles mainly in the oxisol sample (< 200 μm2) was
observed. Particles comprised of Cr, F, Mg, Mn, Na and S were identi-
fied in a significantly reduced quantity in all soil samples. A large
concentration of C, Ca and P particles (of up to 100 μm2) was found in
TMI-1 and TMI-2 (see columns 3 and 4 in Fig. 4). In the case of the C-,
Ca- and P-based particles, along with the increase in the particle
number (see Fig. 4), the mean distance between neighboring particles
(i.e., the closest particles) decreases in TMI-1 and TMI-2 to values of
about 40–70 μm, while these values were of hundreds of microns in
ultisol and oxisol (see Table 3).

3.4. Raman spectroscopy of carbon particles in Amazonian Anthrosols

In order to assess the chemical structure of carbon particles in soils
in greater detail, thousands of Raman spectra were taken at the mi-
crometer length scale for TMI-1 and TMI-2. Raman spectroscopic

Table 1
Area distribution of elements in soil samples.

Percentage of the total area occupied by particles
(% area)a

Elements Ultisol Oxisol TMI-1 TMI-2

Al 37.6 (1.94) 89.1 (2.32) 94.1 (1.66) 90.5 (3.56)
C 0.10 (0.07) 0.08 (0.06) 0.29 (0.16) 0.44 (0.08)
Ca b b 0.75 (0.14) 1.33 (0.34)
Cr 0.06 (0.02) 0.03 (0.02) b b

F b b b b

Fe 1.47 (0.31) 58.4 (27.7) 0.27 (0.02) 0.24 (0.06)
Mg b b b b

Mn b b b b

Na b b 0.01 (b) b

O 83.0 (1.98) 97.7 (0.44) 99.1 (0.49) 97.8 (1.67)
P 0.03 (0.01) b 0.60 (0.09) 1.00 (0.26)
S b b b b

Si 93.0 (1.59) 98.0 (0.44) 99.3 (0.37) 98.4 (1.19)
Ti 1.40 (0.25) 1.36 (0.39) 0.25 (0.03) 0.20 (0.04)

a Values in parentheses are the standard deviation.
b Small values (bellow 0.01% area).
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images of the integrated areas of the G- (around 1590 cm−1) and D-
bands (around 1360 cm−1) present in TMI-1 and TMI-2 are shown in
Fig. 5. This figure clearly shows the correlation between the darker
areas in the optical images and the G- and D-band maps. The acquired
spectra for several carbon particles at the micrometer length scale for
TMI-1 and TMI-2 indicated a high sp2 to sp3 ratio, considering both the
G-band frequency and its full width at half maximum (Ribeiro-Soares
et al., 2013). Furthermore, a disordered chemical structure was also
confirmed, since the maps of the G- and D-bands largely overlap on all
particles imaged. The Raman spectra shown in Fig. 5g are very similar,
although for TMI-1, a variation in the relative intensity of the G- and D-
bands (points P1 and P2, indicated by arrows) was observed. This is a
clear indication of the heterogeneity of the structural disorder for
carbon particles in this type of soil. Considering that C and O maps do
not have a perfect overlap in the LF X-ray images for TMI-1 and TMI-2

(see Fig. S6 in the Supporting information), it must be considered that
this structural disordered identified for carbon particles is also related
to a lack of crystallinity caused by defects other than those introduced
by oxidation.

4. Discussion

Through LF X-ray imaging for ultisol, oxisol and Amazonian dark
earth “Terra Mulata de Índio”, it was evidenced that striking differences
occur in the particles among the samples. Regarding the fertility, the large
amount of C-, Ca- and P-based particles in TMI-1 and TMI-2 must be
considered. In addition, potsherds were found in TMI-1 and TMI-2. It is
important to mention that the TMI-1 and TMI-2 samples were collected
from sites that were 3 km apart at most. A possible role of the potsherds
on the release of nutrients in TMI-1 and TMI-2 soils should not be ignored,
considering that they have 9.5 wt% C, 3.9 wt% Fe, 1.5 wt% Ca and 1.1 wt
% P (see Fig. S7 in the Supporting information) in their compositions.
Valente and Costa (2017) investigated the role of ceramic fragments
(sherds) on the fertility of anthropogenic soils from Amazon basin. These
authors quantified exchangeable K (0.3–1.6 cmol kg−1), Ca
(0.2–27 cmol kg−1), Mg (0.02–1.4 cmol kg−1), Zn (0.05–13.5 mg kg−1),
Mn (3–56 mg kg−1) and available P (1.0–2550 mg kg−1) in 44 samples
(Valente and Costa, 2017). Comparatively, the TMI soils also contain a
significantly larger amount of C, as well as other elements, such as Ca and
P (Glaser et al., 2001; Lehmann et al., 2003; Steiner, 2007). These are the
key elements influencing the production potential and fertility of most
soils.

The Ca concentrations in TMI-1 and TMI-2 were at least 14× larger
in comparison to the other soil samples, as calculated by atomic ab-
sorption spectrometry (see Table S1 in the Supporting information),
and this element is present in these soils mainly as particles (see col-
umns 3 and 4 in Fig. 4). In addition, the Ca particles identified in LF
elemental maps largely overlap P particles for TMI-1 and TMI-2,
(> 70% area; see Fig. S4 in the Supporting information), which in-
dicates that these elements are associated in these samples. We showed
that Ca is present and is associated with P in micrometric particles of up
to 150 μm2 (see Fig. 4). Interestingly, no overlapping occurred for the
other samples (~0% area; see Fig. S4 in the Supporting information).
Although it was previously shown that Ca and C can occur and are
associated in nanoparticles (of hundreds of nanometers) in Amazonian
dark earth “Terra Preta de Índio” (TPI) (Archanjo et al., 2014; Jorio
et al., 2012), after processing the LF X-ray images in this study no

Fig. 3. Concentration of all identified elements (in intensity
counts) present in Brazilian soil samples calculated from the
integration of LF X-ray images (left). Concentration of soil
minor elements (in intensity counts) represented in a magnified
Y-scale (right). Red bars in the graphics represent standard
deviations calculated from at least three LF scans performed for
independent sample specimens. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to
the web version of this article.)

Table 2
Relative concentration of elements detected by EDS.

AMa

(g mol−1)
Ultisol Oxisol TMI-1 TMI-2

wt%b NC
(mol)c

wt%b NC
(mol)c

wt%b NC
(mol)c

wt%b NC
(mol)c

C 12.0 20.9 69.5 17.4 40.8 22.6 150.2 23.9 158.8
O 15.99 43.3 108.0 42.3 74.5 46.8 233.4 44.1 219.9
F 18.99 1.8 3.8 2.0 3.0 1.9 8.0 1.7 7.1
Na 22.99 d – d – d – d –
Mg 24.30 d – d – d – d –
Al 26.98 4.3 6.4 9.8 10.2 10.0 29.6 9.5 28.1
Si 28.08 24.4 34.7 13.2 13.2 14.6 41.5 15.5 44.0
P 30.97 d – d – 0.5 1.3 0.7 1.8
S 32.06 d – d – d – d –
Ca 40.07 d – d – 0.7 1.4 1.2 2.4
Ti 47.86 1.2 1.0 1.7 1.0 0.6 1.0 0.6 1.0
Cr 51.99 d – d – d – d –
Mn 54.93 d – d – d – d –
Fe 55.84 3.5 2.5 13.0 6.6 2.0 2.9 2.3 3.3

a Atomic mass.
b wt% values are relative concentrations obtained by a standardless method, after the

correlation of all EDS peaks intensities.
c Normalized relative molar concentrations (NC, in molar units) were calculated by

dividing each wt% value by the atomic mass (g mol−1) of each element, and then by
normalizing the results in regard to the element present in the smallest quantity.

d wt% values for elements present in low concentrations (< 0.5 wt%) could not be
quantitatively interpreted due to the precision of EDS, though they could be detected.
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overlapping was detected when C and Ca maps were combined at large
length scales. This result has also been observed in another study of TPI
(Archanjo et al., 2015).

The Ca to P molar ratio calculated for several particles identified in
TMI-1 and TMI-2 varied from 1.2 to 2.2. This ratio was calculated from
the summation of contrast values (in grayscale) present in all pixels that
comprise the particle. On this basis, the presence of Ca and P associated
in calcium phosphates particles (e.g. Ca3(PO4)2, Ca10(PO4)6(OH)) must
be considered. The occurrence of Ca adsorbed to particles must also be
considered to a lesser extent (Archanjo et al., 2014). The origin of Ca-P
particles in Anthrosols, such as TMI, can be related with an initial de-
position of animal and fish bones, which transform from crystalline and

thermodynamically stable forms to soluble forms of Ca-P with time
(Sato et al., 2009; Walker and Syers, 1976).

In regard to the micrometric C-based particles identified in TMI-1
and TMI-2, recent studies on TPI indicated that the chemical structure
of carbon particles in this soil could be classified as if it is at the limit
between nanographite and amorphous carbon, considering the scale of
the amorphization process (Ribeiro-Soares et al., 2013). The G-band is
one of the most characteristic vibrational modes in graphitic materials
and can reveal the degree of sp2 hybridization (tangential stretching
mode), while the D-band indicates the degree of disorder in the gra-
phitic structure (Allen et al., 2010; Jorio et al., 2012). The latter is
related to the presence of dangling bonds, doping, and most im-
portantly, to the degree of oxidation of the graphitic sheet (Andrade
et al., 2013; Archanjo et al., 2015; Faria et al., 2012; Paula et al., 2011).
More specifically, oxidation results from the formation of oxygenated
groups in the structure of the carbon particles, which include the pre-
sence of alcohols, ketones, carboxylic acids, phenols and anhydrides
(Chen et al., 2012; Ros et al., 2002).

The lack of a perfect overlap between C and O maps in the LF X-ray
images of TMI-1 and TMI-2 (mean values below 90% area; see Fig. S6 in
the Supporting information) indicates that carbon particles are not to-
tally oxidized, thus supporting these previous findings that were drawn
at smaller length scales (micrometers). Regions over which O and C
maps overlap result from the presence of oxygenated groups, such as
carboxylic acids, ketones, alcohols, ethers, esters and others (Archanjo
et al., 2014), which controls several diffusion process in the soil by
means of sorption events occurring from interactions with these oxy-
genated groups (Atkinson et al., 2010; Hernandez-Soriano et al., 2016;
Yang et al., 2016). In addition, besides the presence of a large amount
of C as particles, this fine tuning of the sp2 to sp3 ratio in carbon par-
ticles is also related to the long-term fertility of Amazonian dark earths.

Fig. 4. Histograms of particulate components present in Brazilian soil samples represented as a function of the elements (Al, C, Ca, Fe, and P) identified from LF X-ray images. Shaded red
area in the graphs represents the standard deviation, while the black curve represents the mean values. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 3
Dimensional analysis of the particles in soil samples.

Mean distance between nearest neighbor particles
(μm)a

Minor elements Ultisol Oxisol TMI-1 TMI-2

C 175 (205) 190 (194) 59.1 (50.8) 45.7 (39.0)
Ca b 333 (459) 57.0 (35.8) 43.1 (26.4)
Cr 186 (154) 251 (282) 338 (446) 399 (326)
F 390 (214) 363 (492) 553 (445) 255 (269)
Fe 41.0 (32.1) 16.6 (12.5) 84.6 (62.9) 85.7 (59.8)
Mg 664 (810) 898 (668) 368 (203) 454 (417)
Mn b 70.6 (135) 634 (315) 416 (444)
P 468 (587) 601 (417) 70.6 (44.2) 54.1 (35.3)
S b b b b

Ti 84.3 (57.4) 32.7 (17.5) 77.8 (44.7) 100 (58.8)

a Values in parentheses are the standard deviation.
b A low amount of detected particles prevent the calculation.
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Micrometric particles based on C, Ca and P that were identified in a
large amount in TMI-1 and TMI-2 can act as carbon and nutrient
“storage” systems in soil (Haynes and Naidu, 1998; Taube et al., 2013).
In the case of oxidized C-based particles, besides providing organic
compounds to the soil, they can also act in the long-term sequestration
of C, Fe and Al, and the stabilization of microorganisms (Atkinson et al.,
2010; Yang et al., 2016). Furthermore, they can possibly provide ben-
efits similar to those associated with biochar, which involve improve-
ment of soil pH and cation exchange capacity, improvement of soil
structure and water retention capacity, and decrease of nutrient loss
through leaching and runoff (Glaser, 2014; Lehmann, 2009; Paz-
Ferreiro et al., 2014; Sohi et al., 2010). Enhancement of crop pro-
ductivity with biochar soil amendment has also been attributed to soil

fertility improvement through the improved availability of basic nu-
trients, such as Ca and Mg in acid soils (Glaser et al., 2002; Major et al.,
2010), increased N and P retention and N-use efficiency (Hossain et al.,
2010; van Zwieten et al., 2010; Zhang et al., 2010), increased enzy-
matic activity (Paz-Ferreiro et al., 2012), and the improvement of the
soil moisture regime (Zhang et al., 2012). Finally, previously reported
high productivity increase of sandy soils with biochar could be a result
of the enhanced organic matter storage, which could have promoted
soil aggregation and retention both of nutrients and moisture (Gaskin
et al., 2009; Oguntunde et al., 2004; van Zwieten et al., 2010). These
properties are of special importance considering soil loss and de-
gradation due to agriculture, which has reduced soil organic matter,
biodiversity, water retention capacity and soil vitality for crop pro-
duction around the world (Bruun et al., 2015; Cerdà et al., 2009; Colazo
and Buschiazzo, 2015; S.P. Oliveira et al., 2015).

In addition, as P is one of the most limiting nutrients to plants grown
in soils, especially in highly weathered acid soils in the tropics
(Vitousek and Sanford, 1986), the presence of a high amount of mi-
crometer P-based particles must be accounted for the manifestation of
high fertility in TMI soils. In plants, macronutrient P plays a role in a
wide array of processes, including energy generation, nucleic acid
synthesis, photosynthesis, glycolysis, respiration, membrane synthesis
and stability, enzyme activation/inactivation, redox reactions, sig-
naling, carbohydrate metabolism and N fixation (Bieleski, 1973;
Raghothama and Karthikeyan, 2005; Schachtman et al., 1998).

5. Conclusion

In order to fully assess the particles in soils samples, we applied a LF
X-ray imaging approach by means of a scanning electron microscope
(without any chemical processing of the sample), along with the
computational analysis of the resulting high-definition maps
(4800 × 4800 pixels) related to elements Al, C, Ca, Cr, F, Fe, Mg, Mn,
Na, O, P, S, Si and Ti. As the electron scanning was performed over an
8 × 8 mm area, it was possible to detect> 10,000 particles in the LF
images of all soil samples. By comparing the morphology of the parti-
cles in an ultisol, oxisol and Amazonian dark earth TMI, the presence of
large particles (up to 100 μm2 in cross-section area) in the latter,
comprised of C, Ca and P, became evident. These particles had a mean
distance between closest particles in the order of 40–70 μm, while this
value was in the range of 170–600 μm for oxisol and ultisol. Our
findings also indicate that C-based micrometric particles found in TMI
were not completely oxidized, thus supporting previous studies made at
smaller length scales (i.e., nanometer-micrometer) that indicated the
presence of sp2-graphitic carbon in these particles. In addition, Ca was
largely present in TMI samples as particles associated to P, possibly in
the form of phosphates. By means of this analytical approach we have
presented a “fingerprint” of the morphology and structure of particles
in the highly fertile TMI, which will largely impact on the rational
design and management of soils. Based on these results, improved and
sustained fertility can be aimed from the morphological and structural
control of soil amendments that will act as storage systems, especially
for long-term release of carbon and nutrients, such as phosphorus.
Finally, this multiple length scale imaging approach will be important
in further studies of soil aging and deterioration by determining the
evolution of the soil particles morphology as a function of its use, which
is a central issue to guarantee food security in the near future.
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