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ABSTRACT: Bauxite deposits in the Amazon region are commonly covered by yellowish clays which can reach up to 25m thick, known as Belterra Clay 
(BTC). In Rondon do Pará, Eastern Amazon, BTC is 13m thick and covers world-class bauxite reserves. Three pilot bauxite mines were investigated in 
Rondon do Pará for an initial characterization of the local BTC. In discordant contact with the lateritic profile, the BTC has reddish brown colors at its 
base to ocher tones towards the top. It has a massive structure with silt-clayey texture and nodular bauxitic fragments at its base. Rietveld mineral quan-
tification of the material attests that it is dominated by kaolinite, with goethite, gibbsite, hematite, anatase and residual quartz. The thermal behavior of 
the material also confirms its mineralogical composition. Kaolinite is of low structural order, which was considered the main difficulty in the application 
of the Rietveld method. Goethite has up to 33 mol% of Al. As observed by scanning electron microscopy (SEM), the minerals represent pseudo-hexagonal 
crystals measuring from 150 to 700 nm. The BTC in the studied area is correlated to BTC on others bauxitic deposits of the Amazon region, suggesting 
this material experienced the same genesis and geological evolution, probably during the Pliocene.
KEYWORDS: Bauxite; Mineralogy, Kaolinite, Al-Goethite, Rietveld, Chemistry
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INTRODUCTION

Bauxites are covered by thick yellowish clay in the Amazon 
region, denominated Belterra Clay (BTC) (Truckenbrodt & 
Kotschoubey 1981, Bardossy & Aleva 1989, Truckenbrodt 
et al. 1991, Horbe & Costa 1999). The term was coined 
by Sombroek’s (1966) observations of similar clays, but 
not related to bauxites, in Belterra, Lower Amazon region. 
The BTC typically lies on the top of plateaus held by later-
itic bauxite sequences, has been ground to the agricultural 
expansion (mostly soybean) in Eastern Amazon and was 
recently subject for red ceramic’ sintering purposes (Barreto 
& Costa 2018).

The origin of BTC is firstly related to the deposition of 
a huge lake, with sediments coming from the Andes during 
the Plio-Pleistocene (Sombroek, 1966). However, the lack of 
sedimentary structures and apparent homogeneity of the BTC 
raised a range of discussions on its genesis, relating it to the 
strong weathered material of the upper part of the Barreiras 
Formation (Dennen & Norton, 1977); to mud flow or sheet 
flood deposits from the Plio-Pleistocene (Truckenbrodt & 
Kotschoubey, 1981); to  the dealuminization of a previous 

bauxite crust (Bardossy & Aleva 1989, Tardy 1993); to in 
situ formation by weathering with termites’ contributions 
(Truckenbrodt et al. 1991); and as result of geochemical dif-
ferentiation of bauxites under intense tropical forest (Lucas, 
1993). After extensive fieldwork, mineralogical and geo-
chemical studies, Kronberg et al. (1982), Horbe & Costa 
(1997, 1999, 2005) and Costa et al. (2014) concluded that 
the BTC corresponds to yellowish latosols and considered 
its formation as in situ tropical weathering degradation of 
former lateritic bauxite sequences. Williams et al. (2010) 
proposed that the BTC was formed by the deposition of 
Saharan dust from the Bodélé Depression transported by 
trade winds across the Atlantic Ocean. Although Abouchami 
et al. (2013) compared geochemical and isotopic signatures 
of these sediments and the BTC, no genetic relation was 
found. The genesis of the BTC is not yet completely under-
stood, but it is well accepted that this material has a strong 
relation to the bauxites. 

The intensified research on bauxites in the Eastern 
Amazon, led to the “rediscovery” (Prazeres Filho et al. 
2015) of what has been considered one of the seven largest 
world-class bauxite deposits (Oliveira et al. 2016), located 
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in Rondon do Pará. The company Votorantim Metais devel-
oped three pilot mines for ore evaluation, exposing up to 
13 m thick of BTC over the bauxites. This work presents 
a mineralogical, micromorphological and chemical char-
acterization of the BTC in Rondon do Pará and discusses 
its importance in order to show its possible relationship to 
bauxite, as well as to contribute to the understanding of this 
clay packet’s origin.

STUDY AREA

The Rondon do Pará bauxite deposits are located in 
the southeast of the Pará State, Brazil, distributed in the 
counties of Dom Eliseu, Goianésia do Sul and Rondon 
do Pará (Fig. 1), situated approximately 540 km south of 

Belém, the capital of Pará State. The relief of the region is 
dominated by plateaus reaching near 500 km2 in area, with 
altitudes from 180 to 350 m (Fig. 1), whereas the local 
drainage runs on a dissected lower relief. The plateaus are 
held by well-developed laterite-bauxitic profiles that com-
prise part of the Paragominas Bauxite Province, an area 
of approximately 50.000 km2 in size with bauxites in the 
Eastern Amazon (Kotschoubey et al. 2005). The tertiary 
partially weathered sedimentary rocks of the Ipixuna and 
Itapecuru Formations (Grajaú Basin) are the main bed-
rocks of these bauxites.

The investigated pilot mines are nearly 60 km from the 
city of Rondon do Pará. On distinct plateaus, they are denom-
inated as Décio (22N, 809,895m E, 9,501,218m S), Branco 
(80,700m E, 9,521,770m S) and Ciríaco (801,793m E, 
9,523,797m S). Along each mine, the BTC covers complete 

Figure 1. (A) Simplified geological map of eastern Amazon showing the main bauxite deposits with related 
Belterra Clay covers, modified from Bizzi et al. (2003); (B) localization of the study area; (C) SRTM topography of 
the study area and adjoins showing the intense drainage erosion giving rise to plateaus on a lower flat landscape.

A

B C
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lateritic-bauxite regoliths with well-defined horizons and 
nearly the same general physical characteristics.

MATERIAL AND METHODS

The fieldwork consisted of geological profile descrip-
tions and collection of fourteen samples from the top, 
middle and bottom of the Belterra Clay packets, exposed 
in the front of the pilot mines of the Votorantim Metais’ 
research area.

The samples were labeled, photographed and described 
regarding its colors (according to the Munsell Chart of 
Colors) and textural aspects. Thereafter, they were submit-
ted for granulometric analyses using an ANALYSETTE 22 
MicroTec Plus laser granulometer. The samples were fur-
ther homogenized, quartered and carefully sprayed in agate 
mortar to follow X-ray diffraction and X-ray fluorescence 
analyses. Samples in nature were also selected for micromor-
phological and thermal analysis.

All the analytical procedures were carried out in the lab-
oratories of the Instituto de Geociências, in the Universidade 
Federal do Pará, Brazil, except the thermal analyses, per-
formed in the University Martin-Luther Halle-Wittenberg, 
in Halle an der Saale, Germany.

Micromorphology
Four samples were heated to 100°C for 24 hours and 

metalized (Au) in Emitech K550X metalizer. These samples 
were characterized micro morphologically using Scanning 
Electron Microscope (SEM) Zeiss Sigma-VP, with a coupled 
energy-dispersive X-ray spectrometer Sedona-SD.

Mineralogical analysis
The minerals were identified by X-ray Diffraction (XRD), 

through the powder diffraction method, using a Bruker D2 
Phaser diffractometer equipped with a Cu anode, goniom-
eter ϴ-ϴ (R = 141.1 mm), angular range 0-70°, step 0.01° 
and time per step 1s.  A Rietveld analysis (Rietveld 1969) 
was performed to quantify the mineralogy of the mate-
rial, using additional fluorite (10%) as internal standard. 
The background of the diffractograms was defined using the 
method of Sonneveld and Visser (1975), provided by the 
software HighScore Plus 3.5. Further configurations during 
the refinements included the use of Pseudo-Voigt profile 
function, refinement of scale factor, unit cell parameters 
and W profile parameters, for all minerals. Some diffrac-
tograms also had their preferred orientation (00l) refined 
for gibbsite and/or kaolinite. The FIZ Karsruhe crystal 
structure database was accessed to obtain the structural 
models (Tab. 1) used in the refinement, with provided 

access by CAPES foundation through the website Bases de 
Estruturas Cristalinas.

The Fe-Al substitution in the FeOOH-AlOOH solid 
solution was determined after Schulze’s (1984) method, 
using the obtained cell parameters from the Rietveld analysis.

Chemical analysis
Prepared fused pearls of the samples were analyzed for 

chemicals of major oxide composition using X-ray Fluorescence 
(XRF). The analyses were performed with a wave dispersive X-ray 
Spectrometer model Axio Minerals of PANalytical (Rh anode) 
and maximum power of 2.4 KW. Loss on ignition (LOI) was 
determined by 1,000°C calcination. Stoichiometric mineral 
quantification was performed based on the XRF chemical 
results, to compare with the Rietveld mineral quantifications.

Amorphous characterization
The Fe and Si amorphous concentration in the samples 

were determined by the colorimetric method. The amorphous 
Fe dissolution was performed according to McKeague & Day 
(1966) by adding 10 ml of oxalic acid solution and ammo-
nium oxalate (0.2 M, pH 3.0) to 250 mg of sample, to com-
plex the amorphous Fe in a single extraction. Thereafter, the 
sample was agitated and remained in the dark for 4 h.

Amorphous Si was extracted after DeMaster (1981) by 
leaching 30 mg of samples in 40 ml of Na2O3 solution at 
1% and under 85°C for 4h. The results were then converted 
to SiO2 and Fe2O3 weight percentage.

Thermal behavior
The thermal behavior of the BTC was used to identify the 

mineral phase’s transitions. A TG/DTA320U Seiko thermal 
analyzer was used to perform Thermogravimetic (TGA) and 

Table 1. Structural models used in the Rietveld 
refinement.

Mineral Crystal system Authors ICSD code

Kaolinite Triclinic C1 Bish & Von 
Dreele (1989) 63192

Goethite Orthorhombic 
Pbnm

Li Deyu et al. 
(2006) 109411

Gibbsite Monoclinic P 1 
21/n 1

Saalfeld & 
Wedde (1974) 6162

Hematite Trigonal R -3 c H Sadykov et al. 
(1996) 82137

Anatase Tetragonal I 41/a 
m d Z

Weirich et al. 
(2000) 92363

Quartz Trigonal P 32 2 1 d’Amour 
et al. (1979) 16331
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Differential Thermal analyses (DTA). Approximately 10 mg 
of sample was heated from 25 to 1,050°C in a heating rate 
of 10°C.min-1. The first derivate of DTA was performed to 
better individualize dehydroxylation events.

RESULTS

Lateritic-bauxite profile
The lateritic-bauxite sequences are similar along the 

three pilot mines and can be subdivided into well-defined 
horizons, which present slight thickness differences among 
the pilot mines.

A general description (Pantoja 2015) of this sequence, from 
the basis to the top, is: a clayey horizon composed of saprolitic 
material from rocks of the Itapecuru Formation followed by 
massive bauxite, massive iron-aluminous crust, a dismantled 
iron-aluminous crust, ferruginous spherulites, and a horizon 
with bauxite nodules within a clayey matrix. In discordant con-
tact with the lateritic profile, lies the BTC, with reddish brown 
colors at the base and ocher tones towards the top (Fig. 2).

Gibbsite, hematite, Al-goethite, kaolinite and anatase 
represent the general mineralogical composition of the 
profiles. Gibbsite predominates in the bauxite, whereas the 

iron-rich horizons are ruled by hematite and Al-goethite. 
Kaolinite is the main phase in the clayey horizons and 
anatase displays similar contents along the profile, being 
enriched in the BTC cover.

Belterra Clay

Texture and disposition
The BTC can reach up to 13 m thickness in the studied 

pilot mines. An irregular and discordant contact, frequently 
with an erosive aspect, is seen between the BTC and the later-
itic bauxitic profiles along the pilot mines. This contact occurs 
with the upper nodular bauxitic horizon in the Décio and 
Branco pilot mines (Fig. 2), whereas the BTC lays directly over 
the ferruginous spherulites in the Ciríaco, where a horizon 
with bauxitic nodules is not individualized. Along the con-
tacts, both the ferruginous spherulites and bauxitic nodules 
are fining upwards in the sequence and are frequently mixed. 

The BTC has a massive structure with silt-clayey tex-
ture. The material presents reddish brown colors (5 YR 5/8) 
predominating at its basis, which fades to ocher tones 
(10 YR 10/6) to the top.

With respect to its particles, silt grain size is domi-
nant (~85%), followed by clay (~13%) and sand (~2%). 

Figure 2. (A) General view of the Branco bauxite pilot mine showing the lateritic profile (LP) with its scheme 
(right) and the thick Belterra Clay (BTC) on the top; (B) Erosive paleochannel developed in the ferruginous nodules 
(FN) horizon fulfilled with the Belterra Clay in the Ciríaco mine; (C) Sharp contact between BTC and the underlying 
bauxitic nodules (BN) horizon and ferruginous nodules (FN) horizon at Décio mine; (D) contact between the BTC 
and the BN horizon in the Branco mine.

A

C

B

D
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Millimetric fragments of nodular bauxite and ferruginous 
spherulites are also common within the clayey material, pre-
dominating at the bottom of the sequences.

Mineralogy
The BTC shares the same mineralogical phases of the 

underlying bauxites in the three pilot mines, but with strong 
different proportions. After the Rietveld quantification, the 
content percentages (in descending order) are: kaolinite, 
goethite, gibbsite, hematite, anatase and quartz (Figs. 3 and 4).

Kaolinite is the main mineral (55.9 to 75.3 %) of BTC 
(Fig. 4, Tab. 2). Its contents increase slightly from bottom to top 
in the Ciríaco mine, reaching a maximum of 64.6% according 
to Rietveld results. However, in the Décio and Branco mines, 

there is not any significant variation along the sequence, but 
higher concentrations than in the Círiaco are present.

Goethite is the second most abundant mineral in the 
BTC. It shows a relatively regular distribution (13.8 to 
17%) in the three pilot mines. Again, only the Ciríaco mine 
shows an increasing content from the bottom to the top. 
The Fe-Al substitution in the investigated goethite was cal-
culated using the cell parameters obtained in the Rietveld 
refinement, after Schulze’s (1984) method. This mineral has 
high Al contents (from 31.5 to 33.6 mol % of Al, Tab. 3) 
in the studied samples, representing the maximum possi-
ble substitution in synthetized goethites by Fitzpatrick & 
Schwertman (1982), but is common in Al-rich rocks in the 
Amazon region (Negrão et al. 2017).

Gibbsite is the third most abundant phase in BTC 
(1.3 to 20.7 %), however it is much more concentrated in 
the Ciríaco mine (20.7% at the bottom to 13.4% at the 
top). Gibbsite constitutes the main phase of the bauxitic 
nodules, which are abundant in the BTC of the Ciríaco 
mine. Despite that, it does not form a distinct horizon there 
as seen in the other pilot mines. 

Hematite, anatase and quartz are less abundant. Hematite 
amounts up to a maximum 3.7% in the basis of the BTC, 
although it is absent or rare in the first meter at the top. 
Anatase shows similar distribution in the three pilot mines, 
ranging in contents from 2.4 to 2.9%. Quartz occurs occa-
sionally, normally reaching up to 1%.

Amorphous quantification
Only amorphous silica and Fe oxyhydroxides have 

been investigated. Amorphous silica ranges from 0.39 to 
0.83%, whereas the amorphous Fe2O3 reaches up to 1.57% 
(Tab. 4). The data does not show any specific behavior among 
the three investigated pilot mines. The calculated X-ray 
 amorphous (Feret 2013), on the other hand, shows much 
higher contents, varying broadly from 0.8 (Décio 10 m) to 
5.9% (Ciríaco 5 m) and no relationship has been observed 
between depth or pilot mines.

The chemistry characterized Fe amorphous contents rep-
resents, excluding amorphous iron, some poor crystalline 
goethite and/or hematite, whereas part of the amorphous 
silica can be derived from the dissolution of poorly crystal-
line clay minerals (Saccone et al. 2007). Consequently, the 
much higher calculated X-ray amorphous (Feret 2013) con-
tents cannot be directly compared to the Si and Fe amor-
phous, as it might be influenced by underestimations of not 
well-fitted minerals peaks during the Rietveld refinement.

Micromorphology
The mineral phases of the BTC in the three pilot mines 

occur as aggregates of nanometric crystals of kaolinite, 

Kln: kaolinite, Gbs: gibbsite, AGt: Al-goethite, Qtz: quartz, Ant: anatase, 
Fl: fluorite (internal standard).

Figure 3. X-ray patterns of the BTC along the Ciríaco, 
Branco and Décio pilot mines, at similar depth. 
Note the higher intensity of the gibbsite peak in the 
Ciríaco mine.

Kln: kaolinite, Gbs: gibbsite, AGt: Al-goethite, Qtz: quartz, Ant: anatase, Fl: 
fluorite (intern standard), GOF: good of fitness, Rwp: R weighted profile. 
Hachured: excluded of the refinement.

Figure 4. Rietveld refined diffractogram of the 
BTC (12m) in the Ciríaco pilot mine.
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Pilot 
mine

Depth 
(m)

Kaolinite Al-Goethite Gibbsite Hematite Anatase Quartz

R S R S R S R S R S R S

Branco

0.8 70.2 72.3 17.5 17.5 4.2 2.2 0.5 0.5 2.4 2.4 1.5 1.5

5.5 72.8 75.1 16.1 15.8 3.1 1.7 1.6 1.6 2.7 2.5 - -

10.5 73.0 73.6 15.0 15.9 4.6 1.8 2.1 2.1 2.4 2.6 0.3 0.3

Ciríaco

1.0 60.6 61.4 14.9 16.6 13.4 13.5 - - 2.9 2.6 2.5 2.5

2.5 61.9 64.0 14.9 14.8 14.1 13.2 1.1 1.1 3.0 2.7 0.7 0.7

5.0 61.1 62.9 13.9 15.5 14.4 13.9 1.4 1.4 2.9 2.7 0.5 0.5

7.5 64.6 62.5 14.8 15.8 15.2 15.1 1.3 1.3 2.7 2.7 - -

10 58.2 58.9 13.6 14.5 20.7 18.4 2.0 2.0 2.3 2.8 0.5 0.5

12 55.9 58.6 13.8 13.5 19.2 19.4 2.8 2.8 2.5 2.7 - -

Décio

0.8 75.3 70.1 15.7 16.2 2.3 3.8 - - 2.9 2.5 1.6 1.6

4.5 72.2 72.8 13.4 13.4 4.4 4.3 2.2 2.2 2.4 2.5 0.6 0.6

7.2 75.3 72.9 14.5 13 1.3 4.9 2.6 2.6 2.6 2.5 - -

10 74.7 72.2 15.1 11.4 2.4 5.3 3.7 3.7 2.4 2.6 - -

Table 2. Mineral composition of the BTC after Rietveld and stoichiometric quantification for comparison 
and evaluation.

R: Rietveld quantification, S: stoichiometric quantification after XRF chemical analyses, - : not identified.

Table 3. Al concentrations (mole %) in goethites, 
calculated according to Schulze (1984).

Pilot 
mine

Depth 
(m)

c Al-goethite 
cell parameter

Al 
(mole%)

Branco

0.5 2.966213 33.3

5.5 2.967304 32.7

10 2.964874 34.1

Ciríaco

1 2.969160 31.6

2.5 2.969180 31.6

5.0 2.968970 31.7

7.5 2.968692 31.9

10 2.967798 32.4

12 2.968117 32.2

Décio

0.8 2.970317 31.0

4.5 2.967872 32.4

7.2 2.968450 32.0

10 2.968293 32.1

goethite and anatase, and microcrystalline gibbsite (Fig. 5). 
The size of their nanocrystalline minerals vary from 150 to 
700 nm, with lamellar pseudo-hexagonal morphology and 
well-defined edges in the larger crystals. Gibbsite generally 
forms the largest crystals, being micrometers in size (up 

to 10 µm large), in veins and pockets inside of fragments 
of nodular bauxite (Fig. 5).

Chemical composition
The chemical composition of the BTC and its profile 

distribution along the pilot mines show (Fig. 6) the domain 
of SiO2, Al2O3, Fe2O3 and TiO2, which were expected after 
mineralogical composition. Together with the loss on igni-
tion (LOI), they contribute to more than 99.6% of the bulk 
composition. The contents of each chemical component 
vary after each pilot mine and with the depth of the packet.

Results show that there is no contrast between the BTC 
from the Décio and Branco pilot mines after SiO2, Al2O3 and 
TiO2. On the other side, Branco comes out through with 
higher Fe2O3 contents. Chemically Ciríaco can be distinguished 
from both Branco and Decio, with the exception of Fe2O3.

The SiO2 contents increase from bottom to top, being much 
higher (27.7%) at Décio and Branco. This reflects the slight 
increase of kaolinite contents along the packet, which is clear 
only for the Ciríaco mine. Kaolinite is the main SiO2 carrier 
in the BTC, since the amounts of quartz rarely exceed 1%. 

The Al2O3 distribution is inverse to that of SiO2, decreas-
ing from bottom to top along the three pilot mines, show-
ing higher concentrations at Ciríaco. This behavior displays 
the concentration of gibbsite in the lower part of the pack-
ets. Besides kaolinite and gibbsite, the Al-rich goethite also 
contributes to the high Al contents.
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Pilot mine Depth amorphous SiO2 amorphous Fe2O3 SiO2 + Fe2O3 (amorphous) X-ray amorphous (Rietveld)

Branco

0.8 0.75 0.71 1.46 3.7

5.5 0.83 0.40 1.23 3.8

10.5 0.62 0.26 0.88 2.6

Ciríaco

1.0 0.53 0.86 1.39 5.7

2.5 0.43 0.60 1.03 4.9

5.0 0.43 0.49 0.91 5.9

7.5 0.51 0.43 0.94 1.2

10 0.39 0.74 1.13 2.8

12 0.43 0.89 1.31 5.8

Décio

0.8 0.82 0.71 1.53 3.1

4.5 0.73 0.83 1.56 4.8

7.2 0.71 0.63 1.34 3.8

10 0.73 1.57 2.30 0.8

Table 4. Weight contents of SiO2 and Fe2O3 amorphous in the BTC of the Branco (BRC), Círiaco (CIR) and Décio 
(DEC) pilot mines, and of X-ray amorphous quantified with internal standard fluorite after XRD Rietveld method.

Similarly, to Al2O3, the Fe2O3 concentrations generally 
decrease from bottom to the top of the BTC packets, being 
much more concentrated at the Branco mine. These contents 
are ruled by the presence of Al-goethite and hematite, being 
this last absent at the top of the BTC. The TiO2 concentra-
tions do not show any clear relationship to depth, as it is 
significantly higher at Ciríaco mine (from 2.59 to 2.79%). 
Anatase is the main TiO2 phase identified.

Thermal behavior 
The BTC in Rondon do Pará displays four typical mass 

losses (Fig. 7). A first derivate of the thermogravimetric curve 
(DTG) and the DTA clearly shows the peaks of each mass loss.

Figure 6. Distribution of the concentrations of the 
main chemical components, with the depth, of the 
three pilot mines

Figure 5. SEM image of the BTC in (A) Décio pilot mine at 4.5 m, showing indistinguishable nanometric size 
crystals, where the lighter crystals represent iron oxi-hydroxide minerals; in (B) Branco pilot mine at 10 m, 
showing the interior of a bauxitic nodules with pocket of micrometric well shaped gibbsite crystals within the 
very fine matrix made of nanometer large gibbsite-kaolinite mass.

A B
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The first mass loss (between 25 and 110°C) represents the 
adsorbed water within the material particles (Földvári 2011). 
The second loss (between 210 and 270°C) is attributed to the 
decomposition of gibbsite to form ρ-alumina, amorphous 
to XRD (Ingram-Jones et al. 1996). According to Colombo 
& Violante (1996), differential thermal analyses of gibbsite 
commonly shows an endotherm peak close to 230°C, followed 
by another at 280°C. The latter is observed when gibbsite 
is transformed into bohemite, due to a hydrothermal reac-
tion provided by the water adhered on the particles of this 
mineral. However, even in richer gibbsite samples from the 
Ciríaco pilot mine, this latter peak was not noticed, suggest-
ing that gibbsite was directly transformed into ρ-alumina.

The dehydroxylation of Al-goethite occurs at temperatures 
close to 300°C, forming hematite (Schulze & Schwertmann 
1984). Gualtieri & Venturelli (1999) reported the presence 
of two endothermic peaks in the DTA curve of synthesized 
goethites. Gialanella et al. (2010), however, observed that 
natural goethites exhibit a single endothermic peak, which 
may be common in nanometric goethites, expected to have 
higher specific surface area (Walter et al. 2001). In the observed 

samples, the decomposition of this mineral occurs in tem-
peratures between 276° and 370°C, represented by only one 
endothermic peak with a maximum loss around 360°C in 
the DTG curve, which confirms its nanometric crystal sizes.

At temperatures close to 500°C, kaolinite dehydroxyl-
ates to form metakaolinite [(Al2O3.2SiO2)] (Yeskis et al., 
1985). In the investigated samples this process corresponds 
to the fourth loss mass, starting from 390° until approxi-
mately 590°C, being represented by an endotherm with a 
maximum peak around 500°C. At temperatures close to 
980°C, metakaolinite transforms into mullite (Al6Si2O13) 
(Chakraborty & Ghosh 1978, Chen et al. 2004), as observed 
at the exothermic peak in the DTA curves.

The well individualized mass losses observed in the 
thermogravimetric analyses indicates the predominance 
of kaolinite, after goethite and gibbsite, being this last 
mineral clearly more abundant in the Ciríaco mine. 
The thermal behavior of the analyzed materials is also 
in accordance with the content of the individual min-
erals present in the samples after XRD Rietveld and 
stoichiometric quantifications.

Gbs: gibbsite, Gt: goethite, Kln: kaolinite. Heating rate: 10°C/min.

Figure 7. Thermogravimetric analysis (TGA), its derivate (DTG) and differential thermal analysis (DTA) of BTC: 
(A) Branco at 0.5 m; (B) Branco 10.5 m; (C) Ciríaco at 1.0 m; (D) Ciríaco 12 m.

A B

C D
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The particularly high Al contents in the structure of the 
goethites of up to 33 mol% influenced the incorporation of 
nonstoichiometric hydroxyl units in the goethite structure 
(Laskou et al. 2006). The Al-goethite is thermally more stable 
and dehydroxylates at higher temperatures (Ruan et al. 2002) 
with the maximum loss around 360°C in the studied BTC 
samples, whereas the dehydroxylation of Al-free goethites 
occurs near to 300°C (Schulze & Schwertmann 1984).

DISCUSSION

The geological characteristics of the BTC in Rondon 
do Pará can be well correlated to BTC from other bauxite 
deposits of Paragominas, Juruti, Oriximiná and surround 
BTC near Manaus, presenting the same mineralogical con-
stitution (Truckenbrodt et al. 1991, Horbe & Costa 1999, 
Horbe & Costa 2005, Kotschoubey et al. 2005, Balan et al. 
2005, Costa et al. 2014, Negrão et al. 2018). The color of 
BTC from reddish yellow to ochreous at the top of the lat-
eritic profile also shows its affinity to the lateritic profile. 
Main chemical (Fig. 8) differences are restricted to Fe2O3 
concentrations, higher in all pilot mines at Rondon do Pará 
and Manaus, reflecting the source rock composition or even 

iron remobilization. The Al2O3 concentrations in Oriximiná 
are also much higher, attesting a more gibbsitic BTC there. 
The general pattern of higher Al2O3 and TiO2 contents in 
the bottom of the packets, decreasing to the top is common 
in all BTC’s, further attesting their high similarity.

The mineralogy of the BTC involves the same mineral 
species of the laterite-bauxite profile (Oliveira et al. 2016), 
differing only in their respective proportions. This com-
position is fast homogeneous in every BTC package, but 
varies close to the contact with the underlying lateritic 
profile, reinforcing the affinity between them, having 
the laterite-bauxite profile certainly as source material. 
While gibbsite is the main mineral at the top of the later-
itic profile together with hematite and goethite, it is found 
restricted to the base of the BTC, reinforcing that it is the 
main source of its constituents. Resilication was probably 
the main process transforming gibbsite into kaolinite, as 
suggested by Dangić (1985), Lucas et al. (1993), Liu et al. 
(2010) and Mateus et al. (2017), while the source of sil-
ica was from the rather unknown massive ancient forest 
(Lucas et al. 1993).

The kaolinite is the main mineral of the BTC, which is also 
frequent in the lateritic profile, especially when it is heavily 
weathered. This mineral presents a very distinct diffraction 

Figure 8. Ternary diagram showing the similar but distinct chemistry of the Belterra Clay in Rondon do Pará, over 
the bauxite deposits of Juruti, Paragominas, Oriximiná, and location near to Manaus.
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pattern when compared to the kaolinites described in the 
Inorganic Crystal Structures Database (ICSD, Karlsruhe) 
files. The BTC kaolinite in Rondon do Pará is poorly 
ordered with typical stacking faults affecting mainly the 
34°-40° 2ϴ (Cu) region, where its anomalous diffraction 
pattern resulted in not well-fitted diffraction peaks of this 
phase (Fig. 4), partially prejudicing the Rietveld refinement 
in these regions. Not by chance, the most discrepant con-
tents when comparing Rietveld and stoichiometric results 
(Tab. 2) are addressed to kaolinite. 

Poor ordered-like kaolinites were also investigated by 
Giral-Kacmarcik et al. (1998) in latosols compared to BTC 
near Manaus, Amazonia. These kaolinites are not inherited 
from underlying sedimentary rocks, and the increasing dis-
order of this mineral might be a result of parent rock min-
erals transformation through dissolution-recrystallization 
processes in rain forests, as stated by Lucas et al. (1993). 
Balan et al. (2005) used paramagnetic radiation-induced 
defects of kaolinites from latosols (up to 16 m depth) 
localities near the city of Manaus, related to BTC, to esti-
mate the age of formation of these materials. The authors 
obtained Miocene-Pliocene ages for the nodular horizons 
within the latosols, whereas the upper part of these lato-
sols displays evidences of more recent (from 5.7 to 9.7 Ma) 
formation of kaolinite and physical reworking of the soil 
by biologic activity.

Al-goethite is more frequent in BTC than in the under-
lying lateritic profile. Al-goethite is a typical mineral of trop-
ical soils, mainly derived from iron rich aluminous rocks, 
such as lateritic bauxite crusts. The near absence of quartz 
at the top of the lateritic profile and in the BTC also goes 
to find this genetic inheritance. 

The BTC cover in Rondon do Pará consists altered 
lateritic profiles, especially in its upper part, which can be 
well related to a typical alteration of paleotropical weath-
ering indicated by the domain of kaolinite, goethite and 
anatase (Fig. 9). The accumulation of iron spherulites 
and bauxitic nodules at the contact with the lateritic pro-
file, suggests proximal erosion and rapid sedimentation 
by debris flow in semiarid conditions. The paleochannel 
cutting the top of the lateritic profile (Fig. 2B) reinforces 
erosion processes, which is also displayed by the geologi-
cal contact with the underlying lateritic profile, generally 
abrupt, undulated and with occurrence of nodular bauxite 
zone and/or iron spherulites.

The following accumulation of kaolinite, goethite and 
anatase shows that paleotropical weathering and erosion took 
place contemporaneously for a long time in order to form 
the thick clay packet, probably during the late Miocene/
Pliocene according to similar BTC expositions (Balan et al. 
2005, Costa et al. 2014).

CONCLUSIONS

The kaolinite of the BTC has a high structural disor-
der, or it may be a variation of kaolinite structure not yet 
described in published crystallographic models. The goethite 
is in fact aluminous, with up to 33% (mol) of Al in its struc-
ture. These two minerals, along with gibbsite, are respon-
sible for up to 38.6% of Al2O3 in the BTC, characterizing 
it as high alumina clay.

In general terms, the minerals of the BTC are the 
same of the underneath laterite-bauxite profile. Its flat 
geometry, chemistry and mineralogy can be correlated to 
the BTC covering other bauxite deposits in the Amazon 
region, especially those of Paragominas, Juruti and 
Oriximiná regions.

The similarity among the BTC in Rondon do Pará and 
other occurrences along the Amazon region suggests these 
materials likely experienced genesis and evolution from the 
underlying laterite-bauxitic profiles. The sharp contacts of 
BTC over the upper horizons of the laterite-bauxitic pro-
files (mainly bauxites) evidence its short transport and local 
deposition in Rondon do Pará.

Figure 9. Simplified model (not in scale) of the Belterra 
Clay formation and establishment in Rondon do Pará 
in stages (S). (S1) fresh established lateritic profile 
during Eocene; (S2) soil formation from the lateritic 
profile under intense rain tropical forest, note the root 
activity during the bauxite resilication to transform 
gibbsite (Gbs) into kaolinite (Kln) by silica input and 
crystallization of Al-goethite (Al-Gt), whereas hematite 
(hem) and gibbsite are enriched in the bauxite profile; 
(S3) thick soil of Belterra Clay formed on the laterite-
bauxite profile and enriched in kaolinite and Al-
goethite; (S4) erosion of Belterra Clay and upper part 
of the lateritic profile under arid conditions during 
Pliocene; (S5) short and rapid transport to surround 
eroded lateritic profiles with irregular surface, 
establishing the actual configuration of BTC in Rondon 
do Pará. Ages are estimated after Costa et al. (2014) to 
similar BTC occurence.
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