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1. Introduction

The humid tropic is home to more than 4 billion people, many of
which reside in developing countries. Soils in the humid tropics are
characterized by low nutrient retention (Novotny et al., 2009) due
to heavy rains and high temperatures. Even in tropical forests such
as the Amazonian, the soil is poor and deforestation has led to
desertification (Achard et al., 2002). Nevertheless, the pre-
Columbian indigenous groups living in the Amazonian forest
subsisted on agriculture in addition to hunting, fishing and
gathering activities (Simões, 1982). Their way of life generated
areas of highly fertile soil rich in plant nutrients known as ‘‘Terra
Preta de Índio’’ (Amazonian Dark Earth) (Kern, 1996). This soil is
dated up to 7000 years old, and it is generally accepted that they
are anthropogenic in origin, although it is not clear whether this
was intentional or was a byproduct of human activities (Smith,
1980). ‘‘Terra Preta de Índio’’ is more common in sites at the
Amazon basin (Falcão et al., 2003; Glaser et al., 2002; Glaser, 2007;
Marris, 2006), but it can also be found throughout the humid

tropics and in other regions of South America and Africa
(Blackmore et al., 1990; Zech et al., 1990).

The Amazonian Dark Earth sites are 20 ha on average (Glaser,
2007). While the soil in the fertile sites exhibit similar textures and
mineralogy to adjacent soils, the key aspect of the fertile sites is the
presence of approximately 70 times higher stable carbon content
(Glaser et al., 2002). The presence of a large amount of carbon in the
‘‘Terra Preta de Índio’’ is responsible for the stability and
recalcitrance of the soil organic matter (Cheng and Lehmann,
2009; Glaser et al., 2001; Liang et al., 2006; Novotny et al., 2009)
and for a high soil cation exchange capacity (Liang et al., 2006),
which has remained for thousands of years.

Researchers have proposed the production of ‘‘Terra Preta Nova’’
(new Amazonian Dark Earth) by adding charcoal as a soil conditioner
to improve the cation exchange capacity, stability and recalcitrance
(Glaser et al., 2002; Glaser, 2007; Marris, 2006; Novotny et al., 2009).
In addition to the development of a more sustainable agriculture for
the humid tropics, this process may increase the C sequestration in
soil through a carbon negative release process, which may help
prevent desertification. However, charcoal is a disordered, nano-
structured carbon that can be produced of various sorts (Marris,
2006). Studies in the field of carbon-related materials have
developed different types of well-defined and disordered structures
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A B S T R A C T

The anthropogenic Amazonian soil ‘‘Terra Preta de Índio’’ (Amazonian Dark Earth) provides a potential

model for a sustainable land-use system in the humid tropics. A large amount of carbon-based materials

in this soil is responsible for its high fertility over long periods of usage, and soil scientists are trying to

create ‘‘Terra Preta Nova’’ (New Dark Earth) by adding charcoal as a soil conditioner. By applying

materials science tools, including scanning and transmission electron microscopy, energy dispersive X-

ray, electron energy loss spectroscopy and Raman spectroscopy, we show that these millenary carbon

materials exhibit a complex morphology, with particles ranging in size from micro- to nanometers, from

the core to the surface of the carbon grains. From one side, our results might elucidate how nature solved

the problem of keeping high levels of ion exchange capacity in these soils. From the other side,

morphology and dimensionality are the key issues in nanotechnology, and the structural aspects

revealed here may help generating the Terra Preta Nova, effectively improving world agriculture and

ecosystem sustainability.
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(Boehm, 1994; Dresselhaus, 1998; Noorden, 2011). Here, we study
the structure of the carbon materials found in ‘‘Terra Preta de Índio’’
(TPI), which we refer to as TPI-carbons, to elucidate their
morphological aspects and the surface science behind their
functionality. We show that TPI-carbons exhibit a special nano-
structure that might be considered to generate ‘‘Terra Preta Nova’’
(TPN).

2. Materials and methods

The ‘‘Terra Preta de Índio’’ samples used in this work were
collected near Manaus, Amazonas State, Brazil, from two sites:
Serra Baixa (costa do Açutuba), Iranduba (Lat 38300S, Long.
608200W) and Costa do Laranjal, Manacapuru (Lat 381803300S, Long.
6083302100W). Samples were taken from surface layer (0–20 cm
depth) using a Dutch auger. Composition details are shown in
Table 1. The charcoal samples were produced in the Charcoal
Laboratory at Instituto Nacional de Pesquisa da Amazônia (INPA)
from different plant species typical of this region: Ingá (Ingá edulis

Mart.), Embaúba (Cecropia hololeuca Miq.), Lacre (Vismia guianenses

Aubl. Pers) and Bamboo (Dendrocalamus strictus). The turf soil was
from the Pau Branco mine in the state of Minas Gerais, Brazil.

The TPI soil samples were measured for extractable levels of
potassium (K), calcium (Ca), magnesium (Mg), phosphorus (P), iron
(Fe), manganese (Mn), copper (Cu), and zinc (Zn) using the Mehlich
1 extraction (HCl 0.05 mol L�1 + H2SO4 0.0125 mol L�1) (Kuo,
1996), with available P determined colorimetrically using the
ammonium molybdate with ascorbic acid method (Braga and
Defelipo, 1974). K determined by flame emission photometry, and
Ca and Mg determined by atomic absorption spectrophotometry.
Exchangeable aluminium with 1 mol L�1 KCl titrated with
0.025 mol L�1 NaOH. Fe, Mn, Cu and Zn were measured by atomic
absorption spectroscopy. The soil pH was determined in water and
KCl using an electronic pH meter with a glass electrode. Deionized
water and KCl 1.0 mol L�1 were applied in the ratio of 1:2.5
soil:solution.

Ingá (I. edulis Mart.) biomass came from a 7-year-old tree,
Embaúba (C. hololeuca Miq.) biomass from a 3-year-old tree, Lacre
(V. guianenses Aubl. Pers.) biomass from a 4-year-old tree and
Bamboo (D. strictus) biomass from a 10-year-old tree. Similar
diameter woody materials were chosen and placed in the furnace.
In the case of Ingá, the branches were used; for Lacre, Embaúba and
Bamboo the middle of the tree trunk of the central stem was used,
avoiding the base and top. The biochar was made from the fresh
material in the pyrolysis furnace. The three combustion tempera-
tures were 600 8C. Carbonization was accomplished in a pyrolysis
furnace of refractory brick with a 20l capacity, reaching the
temperature after a 2 h period. In sequence, the furnace was turned
off and allowed to cool. After combustion, the samples were
filtered with a 2 mm sieve.

Scanning electron microscopy (SEM) images were obtained
using a Nova Nanolab 600 dual beam platform from FEI, and
different samples were analyzed similarly, being acquired on the
same equipment using 10 keV accelerating energy and 0.13 nA

electron current. Selected grains were cut using a focused ion beam
(FIB) in the same equipment, the ion bombardments being
performed using a Ga+ ion source working at 30 keV accelerating
energy with an ion current of about 1.6 pA. Thin cross-sections
were removed and welded onto a lift-out copper grid for
subsequent analyses. As described further, transmission electron
microscopy (TEM), scanning transmission electron microscopy
(STEM), energy dispersive X-ray (EDX) microscopy and spatially
localized electron energy loss spectroscopy (EELS) were performed
on a Cs-corrected FEI Titan 80/300 transmission electron micro-
scope, equipped with a Gatan imaging filter Tridiem and an EDX
analyzer. The EELS spectra were collected using an electron
monochromator, reaching an ultimate energy resolution of 0.2 eV.
The spectroscopic techniques (EDX and EELS) were performed in
STEM mode, allowing nanometer scale spatial resolution. The
elemental mappings were obtained by integrating characteristic X-
ray signals during a drift-corrected STEM spectrum imaging
experiment. STEM images were acquired using a high-angle
annular dark-field detector.

Raman scattering measurements were performed in the TPI-
carbons with the following: (1) an AndorTM Tecnology-Sharmrock
sr-303i spectrometer, coupled with a charge-coupled device (CCD)
detector in the backscattering configuration using a 60� objective
lens and a 632.8 nm He–Ne excitation laser and (2) a T64000
Horiba Jobin-Yvon spectrometer coupled with a charge coupled
device (CCD) detector in the backscattering configuration using a
50� objective lens and both 514.5 nm and 488.0 nm laser lines
from an Ar+ laser. For statistical analysis, the samples were
measured as received, deposited on a cover slip, and after
dissolution in DI water, a drop being placed onto an individual
cover slip and measured after it dried. Furthermore, a randomly
selected TPI-carbon grain was sectioned in a way that the exposed
interface was turned to a cover slip, and spatially localized Raman
spectra were obtained from the interior (core) and the exterior
(surface) regions. The charcoal and turf samples were also
characterized with Raman spectroscopy. To fix the samples on a
glass cover slip, droplet-sized amounts of samples were deposited
on deionized water drops on the cover slip and let dry.

3. Results and discussion

Fig. 1(a) shows a typical scanning electron microscopy (SEM)
image of a randomly collected TPI-carbon grain, which measures
on a scale of a few 100 mm. Various grain shapes were observed
and were generally nonspherical, which is in agreement with a
biochar origin (Stoffyn-Egli et al., 1997).

Conventional transmission electron microscopy (TEM) analysis
of the TPI-carbon cross-sectioned slices showed two topologically
distinct zones (see Fig. 1(b)). One zone demonstrated continuous
contrast, was microns in scale, and composed the bulk grain core.
The other zone exhibited a submicron porous structure formed by
assembling 10–1000 nm particles that were located on the
external part of the grain and composed the grain surface. A
scanning transmission electron microscopy (STEM) image of a

Table 1
Composition details for the two ‘‘Terra Preta de Índio’’ sites explored in this work.

Sites pH

H2O

pH

KCl

K (Cmolc kg�1) Ca Mg Al ta Sb Fe (mg kg�1) Zn Mn Cu P Vc (%) Md

Serra Baixa (Iranduba) 5.77 4.43 0.10 3.06 0.51 0.15 3.82 3.67 59.00 15.90 72.90 5.00 214.00 96.07 3.93

Costa Laranjal (Manacapuru) 5.52 5.23 0.17 9.38 1.30 0.05 10.89 10.84 63.20 292.30 843.30 8.00 285.76 99.54 0.46

a t: effective cation exchange capacity (sum of K+, Ca2+, Mg and Al).
b S: basis sum (K, Ca and Mg).
c V: basis saturation percentage for effective cation exchange capacity.
d M: Al saturation percentage for effective cation exchange capacity.
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typical nanometer carbon particle extracted from the external
region of the TPI-grain is shown in Fig. 1(c). The particle surface
was formed by smaller structures, which were several tens to
hundreds of nanometers in length (Fig. 1(c)).

Fig. 1(d) shows an energy dispersive X-ray (EDX) microscopic
mapping sequence for the carbon nanoparticle shown in Fig. 1(c).
The small carbon particle extracted from the external region of the
TPI-grain was rich in O and Ca diffused along the carbonaceous
structure, which was observed via oxygen and calcium mapping
(see Fig. 1(d)). Phosphorous, chlorine and nitrogen were found in
smaller quantities. The particle also contained abundant amounts
of Fe, Al, Si, O and P on its border (see three rightmost panels in
Fig. 1(d)) along with smaller amounts of chlorine and nitrogen (not
shown). These metal oxide-rich nanoparticles were visible on a
scale of 10–100 nm. Overall, the elemental maps demonstrated the
mechanism by which the porous surface structure helps to adsorb
the complementary ingredients that contribute to the high fertility
of ‘‘Terra Preta de Índio’’. The nutrient content, which is
represented by the abundance of each element, vary largely
among grains and among the sites of Amazonian Black Earth,
which is in agreement with chemical analysis (Falcão et al., 2003).

Guided by the SEM, spatially localized electron energy loss
spectroscopy (EELS) was performed to probe the chemical state of
both the core and the external regions of the TPI-carbon grains
(Fig. 2(a)) (Batson, 1993; Ma et al., 1993). Well-defined energy
peaks were observed in the EELS spectra and demonstrated the
presence of ordered structures with signals representing carbon
1s ! p* and 1s ! s* electronic transitions, which indicate sp2

hybridization carbon structures. In the 1s ! p* range, four well-
defined main peaks were assigned: the aromatic-C peak at 285 eV,
the phenol-C peak at 286.7 eV, the aromatic carbonyl peak at
287 eV and the carboxyl peak at 288.6 eV (Lehmann et al., 2005).
The relative peak intensities for the spectra shown in Fig. 2(a)
indicate that the core is more graphitic than the surface. The
external region of the grain demonstrated a deeper level of
oxidation, which caused an increase in the abundance of phenol,
carbonyl and carboxylic groups.

Resonance Raman spectroscopy is another tool which provides
structural information of carbon materials (Cançado et al., 2006,
2007; Ferrari and Robertson, 2000, 2001; Takai et al., 2003).
Fig. 2(b) shows the Raman spectra of a TPI-carbon grain, obtained
from the grain core (bottom spectrum) and from the grain surface

Fig. 1. Microscopy analysis of a TPI-carbon grain. (a) Scanning electron microscopy (SEM) of a commonly observed grain that exhibits a nonspherical shape and is hundreds of

nanometers in size; (b) transmission electron microscopy (TEM) of a thin cross-section of the grain showing the interface between the bulk graphitic core and its highly

porous nanostructured surface; (c) magnified image using a scanning transmission electron microscope (STEM) of the nanostructured surface of a carbon nanoparticle, which

was further analyzed by energy dispersive X-ray (EDX) to determine the local chemical composition (d); the various elements are labeled below each panel.
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(top spectrum). The major spectroscopic signature was given by
two broad peaks, labeled G and D, at �1580 cm�1 and �1350 cm�1,
respectively. These two features can be related to the presence of
D6h-symmetry carbon systems, and the observed G-band frequen-
cy and the D to G integrated area ratio are consistent with sp2

hybridized carbon nanocrystallites (Cançado et al., 2006, 2007;
Ferrari and Robertson, 2000, 2001; Lucchese et al., 2010; Takai
et al., 2003). The predominance of sp2 phase in graphitic
nanocrystallites is usually indicated by the nondispersive behavior
of the D and G peaks in the resonance Raman measurements
(Ferrari and Robertson, 2001), which is in agreement with our
measurements in the TPI-carbons performed with three excitation
laser lines (633 nm, 514 nm and 488 nm). The Raman analysis
cannot rule out the presence of well-structured sp3 carbons, since
the resonant contribution from sp2 carbons overcome the
contribution from sp3 carbons. However, the signal we observe
is indeed dominated by the graphitic cores, and the spectral
difference from the top to the bottom spectrum in Fig. 2(b) is
consistent with the EELS results, as discussed below.

In sp2 layered carbons, Raman spectroscopy can be used to
measure the nanocrystallite dimensions, which are defined by the
in-plane crystallite size (La) (Cançado et al., 2006, 2007; Ferrari and
Robertson, 2000, 2001; Takai et al., 2003). Considering the Raman
spectroscopy comes predominantly from the resonant sp2 carbon,
insight about the in-plane dimension La of the nanocrystalline
structures composing these grains can be obtained from the

analysis of the G peak full-width at half maximum (GG) (Cançado
et al., 2006, 2007, 2011; Ferrari and Robertson, 2000, 2001;
Lucchese et al., 2010; Martins Ferreira et al., 2010; Takai et al.,
2003). For example, GG = 108 cm�1 and GG = 264 cm�1 were found
for the bottom (grain core) and top (grain surface) spectra in
Fig. 2(b). Considering the hLai / 1/GG relation obtained for heat
treated diamond-like carbons (Cançado et al., 2007), the average
crystallite size hLai in the core of the carbon grain is hLai = 5.8 nm,
while at the surface hLai = 2.2 nm. Statistical analysis of the
measured GG indicates average crystallite size ranging mostly from
�2 < hLai < �8 nm. A total of 60 TPI-carbon grains from two TPI
sites were measured. This aspect seems to be important for both
the stability of the carbon structure and for improving the cation
absorption and release in the graphitic structure (e.g., see Fig. 1(d)
for Ca).

The importance of the GG Raman analysis can be demonstrated
by comparing results from the TPI-carbons with results from (i)
turf (or peat), which is another highly productive black soil formed
by the accumulation of partially decayed vegetative matter and (ii)
different samples of charcoal from different vegetable sources that
are intentionally produced for TPN (‘‘Terra Preta Nova’’) generation
(see spectra in Fig. 3(a)). Fig. 3(b) plots the measured distribution
for GG. The charcoal produced for TPN generation did not exhibit

Fig. 2. Spectroscopy analysis of a TPI-carbon grain. (a) Electron energy loss spectra

and (b) Raman spectra of the core (bottom spectra) and the surface (top spectra) of

two TPI-carbon grains.

Fig. 3. Statistical Raman spectroscopy analysis for crystallite dimensionality.

(a) Raman spectra from TPI-carbon (top), turf (middle) and charcoal (bottom).

(b) Statistical analysis of the GG from TPI-carbons, turf and charcoal obtained with a

632.8 nm laser.
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the expected carbon nanostructure because the GG was too small
(i.e. La was too large). Considering the hLai / 1/GG relation from
(Cançado et al., 2007; Takai et al., 2003), the crystallite size
distribution for a piece of charcoal was typically found between 8
and 12 nm, while the TPI-carbons were found in the hLai � 3–8 nm
range.

To gain insights about the importance of the primary grain sizes
La, theoretical calculations were performed using the PM3
semiempirical quantum chemistry method (Stewart, 1989), which
has been shown to be suitable to study large graphene sheets and
has been applied to study Li-ion batteries (Suzuki et al., 2003).
Several polycyclic hydrocarbon molecules with a general formula
CnHm (n = 24–726; D6h symmetry) were used as modes for
graphene sheets. For this series, the diameter (La) ranged from
0.7 to 5.1 nm. Fig. 4 plots the La dependence of the Ca(II)–graphene
complex energy interaction obtained with quantum chemistry
calculations (Stewart, 1989; Suzuki et al., 2003). The stability of the
Ca(II)–graphene complex decreases and the energy increases for
sheets smaller than 3 nm in diameter, while for values larger than
3 nm, the interaction energies converge (Eint � �190 kcal mol�1).
However, for in-plane sizes La > 8 nm, the absorption and release
of other elements into the graphitic structure is likely to be
naturally reduced. Due to a decrease in the surface-to-volume ratio
and interlayer distances (Dresselhaus, 1998), the nanographite
particle tends to be an inert structure, similar to bulk graphite.
Therefore, the nanosized aspect of the carbon structure seems to be
optimum. A critical value of about �2–8 nm for graphitic crystal-
lites implies an active structure that reconciles functionality with
cation absorption stability. Furthermore, it serves as a colloidal
mineral that regulates the retention and delivery of nutrients from
the soil solution to the root plant system where nutrients are
absorbed.

4. Conclusion

To conclude, we have applied the knowledge in the field of
carbon materials science to address a complex problem related to
soil science. Based in our results, we agree that the carbon phase in
‘‘Terra Preta de Índio’’ started as a charcoal-like structure, as
believed by soil scientists. This type of structure is stable and does
not leach. In sequence, the environment action over thousands of
years might have degraded the surface and, as a result, the in-plane
crystallite size (La) was diminished towards maximum catalytic
functionality, allowing the formation of the unusually highly fertile

soils. Fig. 5 shows schematics that illustrate our model for the
sectioned TPI-carbon structure.

According to Havlin et al. (2005), increasing the number of
negative charges on the surface of clay minerals and organic
matter increases the cation exchange capacity of soils. Dissocia-
tion of H+ from carboxylic acid and phenolic acid groups
generate the negative charges. As the pH increases, some of these
H+ ions were neutralized, which increased the negative surface
charge (Havlin et al., 2005). Combining this information with the
data presented here, it is clear that the external region of the
grains contributes significantly to the high cation exchange
capacity of the soil, while the graphitic core structures act as a
sink for cations, such as Ca, and also as a reservoir of graphitic
structure for millennia of degradation. This type of degradation
increases the cation exchange capacity of the soil, its ability to
retain nutrients and its fertility. The large amount of organic
residues from animal and vegetative origin provides macronu-
trients (N, P, K, Ca, Mg, and S) and micronutrients (Fe, Zn, Cu, Mn,
B, and Mo) retained by the carbon nanoparticles with primary
particles in the �2–8 nm scale. Our analysis is certainly limited
when considering the complexity of the problem, but it is clear
that the structural aspects of the TPI-carbons are different from
those of recently produced charcoal, which is consistent with the
fact that the simple addition of charcoal as a soil amendment
does not generate an efficient TPN. For TPN generation,
agronomists may have to consider the use of amorphous carbon
nanostructures with the proprieties reported here.
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Inmetro, FINEP, FAPERJ, FAPEMIG, CNPq (Universal Grant, Rede
SPM Brasil, INCT-NanoCarbono) and INPA.

References

Achard, F., Eva, H.D., Stibig, H.J., Mayaux, P., Gallego, J., Richards, T., Malingreau, J.P.,
2002. Determination of deforestation rates of the world’s humid tropical
forests. Science 297, 999–1002.

Batson, P.E., 1993. Carbon 1s near-edge-absorption fine structure in graphite. Phys.
Rev. B 48, 042608–042610.

Blackmore, A.C., Mentis, M.T., Scholes, R.J., 1990. The origin and extent of nutrient-
enriched patches within a nutrient-poor savanna in South Africa. J. Biogeogr. 17,
463–470.

Boehm, H.P., 1994. Some aspects of the surface chemistry of carbon blacks and other
carbons. Carbon 32 (5), 759–769.

Braga, J.M., Defelipo, B.V., 1974. Determinação espectrofotométrica de fósforo em
extratos de solo e material vegetal. R. Ceres 21, 73–85.
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Pará, Belém Portel-PA, Brazil.

Kuo, S., 1996. Phosphorus. In: Bigham, J.M. (Editor-in-Chief), Methods of Soil
Analysis. Part 3. Chemical Methods – SSSA Book Series No. 5. Soil Science
Society of America, Madison, WI USA, pp. 869–919.

Lehmann, J., Liang, B., Solomon, D., Lerotic, M., Luizão, F., Kinyangi, J., Schäfer, T.,
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