
Abstract
Cenozoic world-class bauxite deposits developed on sedimentary sequences of the Parnaíba and Amazon Basins. The Décio pilot mine, 
excavated in the Rondon do Pará bauxite deposit, exposes a 3 m thick bauxite-bearing lateritic profile on the top of a 350 m high plateau. 
From the base to the top, this profile is composed of clayey bauxite; porous microcrystalline bauxite; spherulitic ferro-aluminous duricrust, 
fragmentary on the top; as well as loose ferro-aluminous spherulites and nodules, embedded in clay.  The lower horizons represent a classic 
lateritic succession, while the top of the profile was produced through post-lateritic reworking. During this process, Ga, Cr, Mo, As, Pb, Hg, 
Sb, Zn, V and Sc were captured by the iron oxi-hydroxides; and REE, Hf, Nb, Ta, Y remained carried by relict zircon. Isocon diagram and mass 
balance demonstrate the affinity of the bauxite with claystone from Itapecuru Formation.
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INTRODUCTION
Lateritization events affected the Amazon region during the 

Cenozoic, resulting in the formation of extensive bauxite-bear-
ing lateritic covers (Costa 1991, Théveniaut and Freissynet 
2002, Vasconcelos et al. 2015), including the large deposits of 
Trombetas, Paragominas, Juruti and Rondon do Pará, which 
make up one of the largest bauxite provinces in the world 
(Boulangé and Carvalho 1997, Lucas 1997, Kotschoubey 
et al. 2005, Costa et al. 2014, Oliveira et al. 2016, Lima 2018). 
Three of them are currently being exploited (Trombetas, 
Paragominas and Juruti) and supply the alumina refinery in 
Barcarena, Pará. Some smaller deposits are located in Pitinga, 
Amazonas; and Carajás, Pará (Horbe and Costa 1999, Horbe 
and Anand 2011, Negrão and Costa 2021, Fig. 1A). 

Over the past four decades, mineral exploration has moti-
vated studies about the origin of bauxites in the Amazon, 
interpreting the Trombetas and Juruti deposits as products of 
regional lateritization (Boulangé and Carvalho 1997, Lucas 
1997). In addition to the weathering, polyphasic events 
such as erosion, transportation and deposition of lateritic 
materials also played an essential role in the structuration 
of the lateritic profiles, as demonstrated in the Paragominas 
and Açailândia deposits (Truckenbrodt and Kotschoubey 

1981, Kotschoubey et al. 1987). The post-lateritic events 
also include the formation of the covering material, e.g., the 
Belterra Clay unit, which comprises a friable yellow to red 
clay layer, with significant mineralogical and chemical affinity 
with the underlying bauxite-bearing laterites (Truckenbrodt 
and Kotschoubey 1981, Kotschoubey et al. 2005, Cruz 2011, 
Negrão et al. 2018).

The overall structures of of the Amazon’s bauxite deposits 
are very similar. The bottom of the profiles usually comprises a 
horizon of massive microporous light pink to reddish bauxite 
(Costa et al. 2014). This horizon is covered by cryptocrystalline 
nodular bauxite, occasionally succeeded by nodular to brec-
ciated lateritic duricrust, rich in iron oxi-hydroxides (goethite 
and hematite); and overlayed by ferruginous spherulites and 
gibbsite nodules embedded in clay (Costa 2016). 

From 1974 to 1980, the Companhia Brasileira de Alumínio 
conducted the first exploration program in Rondon do Pará 
(Pará, Eastern Amazon). In 2005, Votorantim Metais (now 
NEXA Resources) restarted mineral prospecting in this area 
and identified large deposits with available Al2O3 contents 
ranging from 39.9 to 52.4%; 14.8 to 35.1% of Fe2O3; and 3.1 to 
4.3% of reactive SiO2 (Oliveira et al. 2016). In addition, three 
pilot open-pit mines named Ciriaco, Branco and Décio were 
excavated in order to enable metallurgical testing, providing 
new outcrops of bauxite-bearing lateritic profiles. 

Despite the latest advances, more accurate comprehen-
sion of the origin and evolution of bauxites in the Amazon 
still comes up against the lack of data as most deposits are 
often covered by rainforest, sediments and oxysols (latos-
solo in the brazilian soil classification, Santos et al. 2018). 
Moreover, the laterites are currently subjected to chemical 
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Figure 1. (A) Geological map of Eastern Amazon (modified from Bizzi et al. 2003) with the location of the primary bauxite deposits. (B) The 
geology of Rondon do Pará region (modified from Bizzi et al. 2003), highlighting the location of the Décio pilot mine.
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weathering, resulting in obliteration of features and absence 
of relics of the parent material (Boulangé and Carvalho 1997, 
Horbe and Costa 1999, 2005). Therefore, this study aims to 
improve the understanding of the mineralogical, textural and 
chemical zonation of the recently exposed Décio bauxite-bear-
ing lateritic profile, adding new information to the weathering 
history of the Amazon region. 

GEOLOGICAL SETTING
The geology of the Rondon do Pará region comprises the 

sedimentary sequences of the Itapecuru Formation (Grajaú 
Basin) and its lateritic covers (Bizzi et al. 2003, Fig. 1B). 
The Itapecuru Formation consists of sandstone layers and shale 
lenses, with swaley and hummocky cross-stratification, mud 
couplets and mass slide, originated  in a transgressive delta, 
with tides and storms, during the Mesoalbian-Neocretace 
(Rossetti 2001, Vaz et al. 2007). 

During the Paleogene, the southern region of the Grajaú 
Basin remained sedimentation free. In this scenario, exten-
sive lateritic blankets were developed on the sedimentary 
sequences of the Itapecuru Formation (Grubb 1979, Góes 
1995). From the bottom to the top, these lateritic profiles are 
composed of clayey bauxite, massive bauxite, ferro-aluminous 
duricrust, fragmentary ferro-aluminous duricrust, spherulitic 
horizon and nodular bauxite horizon. Finally, a 12 to 15 m 
layer of the Belterra Clay unit covers the laterites (Pantoja 
2015, Negrão et al. 2018). 

The affinity of the Belterra Clay with the underlying baux-
ite-bearing lateritic profiles suggests that it was originated from 
their chemical decomposition (Truckenbrodt and Kotschoubey 
1981, Horbe and Costa 1999, 2005). However, deposition of 
clayey sediments and subsequent weathering were also pro-
posed (Truckenbrodt et al. 1995). The Rondon do Pará region 
landscape comprises dissected plateaus, with an altitude of 
150 to 350 m, increasing from north to south. These plateaus 
are surrounded by broad valleys, with local unevenness of 50 
to 100 m (Dantas and Teixeira 2013). 

MATERIALS AND METHODS
Five profiles were sampled on the lowest bench of the 

Décio pilot mine (10 m away from each other), aiming to 
verify possible lateral variations in texture, but as they were 
not substantial, only vertical description will be presented. 
Thirty-five 2 kg samples were collected, as follows: profile 
1 (eight samples); profile 2 (seven samples); profile 3 (six 
samples); profile 4 (eight samples); profile 5 (six samples). 
The other benches expose the Belterra Clay, which was not 
deeply investigated (Fig. 2A). 

The micromorphological aspects were analyzed in twenty 
petrographic thin sections of selected samples from the five 
profiles in the LEICA DM 2700 P microscope (coupled 
with LEICA MC 170 HD camera) and adopting the ter-
minologies defined by Delvigne (1999). Two grams of raw 
samples were crushed in agate mortar to produce powders 
(less than 25 μm) that were analyzed by X-Ray Diffraction 

(XRD) using a Bruker D2 PHASER equipment, with Cu 
Kα X-ray source, operating at 30 kV and 10 mA. The analy-
sis range was 5-75° 2θ, with a step size of 0.02 and a count-
ing time of 0.2 s per step.

For the identification of heavy minerals, six samples from 
profile 4 were selected. Two hundred grams of each sam-
ple were comminuted in a jaw crusher and shatterbox mill. 
Subsequently, the 250–125 μm and 125–63 μm fractions 
were separated via wet sieving and heavy minerals were con-
centrated by immersion in bromoform. Then, Frantz mag-
netic separation was performed to remove opaque minerals. 
Eventually, final concentrates (transparent heavy minerals) 
were identified and quantified in thin sections under the 
optical microscope.

The whole-rock chemical composition of twelve raw samples 
from profiles 4 and 5 was determined at the ACME Analytical 
Laboratories Ltda., Canada. Samples were fused with lithium 
tetraborate and the glass formed was then digested employing 
diluted nitric acid. Precious and base metals were extracted using 
aqua regia. Major elements were analyzed by Optical Emission 
Spectrometry with Inductively Coupled Plasma (ICP-OES) 
and trace elements were determined by Mass Spectrometry 
with Inductively Coupled Plasma (ICP-MS). Loss on ignition 
(LOI) was calculated after calcination at 1,000°C. All the ele-
ments analyzed are presented, except CaO, Na2O, Cd, Tl and 
Ni, as their concentrations are invariably below ICP-OES and 
ICP-MS detection limits.

The percentages of hematite, goethite, kaolinite, gibbsite 
and anatase in each sample were determined by stoichiometric 
calculation, using the chemical composition of raw samples. 
Therefore, the entire content of SiO2 was attributed to kaolinite 
since quartz occurs in minimal quantities, not detectable via 
XRD. The aluminum contents not consumed by kaolinite were 
assigned to the gibbsite. As rutile occurs in trace amounts, the 
entire content of TiO2 was attributed to anatase. Finally, con-
tents of Fe2O3 were assigned to hematite plus goethite.

Mass balance calculations approached mobility of elements 
during weathering according to the Eq. 1:

 (1)

In which:
X Change (%):the enrichment or depletion factor of element 
X during weathering; 
Xweathered: the content of element X in the lateritic profile; 
Xparent: the content of element X in the parent rock; 
Iweathered: the content of an immobile element I in the lateritic 
profile; 
Iparent: the content of I in the parent rock (Nesbitt et al. 1979). 

For the mass balance calculations, two references of parent 
rocks were considered, the clayey bauxite horizon and the clay-
stone of the Itapecuru Formation (Pantoja 2015). Isocon dia-
grams were applied to graphically identify mobile and immobile 
elements precisely in the bauxite horizon, using the contents 
of TiO2 and Al2O3 and Zr as low mobility reference, accord-
ing to Grant (1986) and Meyer et al. (2002).
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RESULTS

Mineralogy and macromorphology
From the bottom to the top, the Décio bauxite-bearing lateritic 

profile is composed of the following horizons: clayey bauxite (CBH); 

bauxite (BXH); ferro-aluminous duricrust (FAD); fragmentary 
ferro-aluminous duricrust (FFAD); ferro-aluminous spherulites 
(FASH); and nodular bauxite (NBH). The lateritic succession is 
overlaid by a yellowish homogeneous clayey cover, equivalent to 
the geological unit known as the Belterra Clay (Fig. 2B).

Figure 2. (A) Décio pilot mine, indicating the position of the profiles selected for sampling. (B) The succession of horizons from the Décio 
lateritic profile. 
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The CBH comprises a mass of friable reddish clay (kaolin-
ite +  hematite), surrounding millimetric light pink nodules 
(gibbsite) (Figs. 3A and 4). The overlying BXH and FAD are 
compact and comprised of ocher yellow to red spherulites 
(goethite + hematite) gathered by a pinkish to reddish matrix 
(gibbsite + hematite). The matrix is more abundant in the BXH 
than in the FAD, which is dominated by spherulites (Figs. 3B, 
3C and 4). The FFAD comprises disconnected blocks equiv-
alent to the underlying FAD, up to 20 cm in diameter and 
embedded in reddish clay matrix (Figs. 3D and 4). 

The FFAD is covered in wavy contact by the FASH,  dom-
inated by brownish-red loose spherulites up to 2 cm in diame-
ter (hematite + gibbsite), embedded in light red clay. Next, the 

FASH is overlapped in wavy contact by the NBH, characterized 
by irregular nodules up to 3 cm in diameter (gibbsite), embed-
ded in a yellowish-brown clay (Figs. 3E and 4). Finally, the 
Belterra Clay covers the NBH, in wavy contact, with an aver-
age thickness of 12 m, represented by homogeneous sandy 
clay, reddish-yellow at the bottom and ocher yellow towards 
the top (Fig. 3F).

Micromorphology
In the BXH, the spherulites are internally zoned, as their 

cores are composed of hematite and their borders are formed 
of goethite. Both core and border present angular shape micro-
cavities, occasionally filled with gibbsite crystals (Figs. 5A and 

Figure 3. (A) The CBH outcropping in a borehole at the bottom of the Décio pilot mine, from 16.6 to 17.6 m deep. (B) The typical framework 
of the BXH, showing the domain of reddish cement. (C) Outcrop of the FAD, highlighting the domain of ocher yellow spherulites. (D) A 
typical sample of the FFAD, which is represented by blocks of FAD embedded in red clay. (E and F) Wavy contact between FFAD, FASH, 
NBH horizons and the Belterra Clay. 
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5B). In addition, the spherulites are cemented by a mass of 
cryptocrystalline goethite and hematite, crosscut by irregular 
veinlets of microcrystalline gibbsite (Fig. 5C).  The framework 
of the FAD is also composed of spherulites with cores of hema-
tite and borders of goethite. However, the mass that cements 
the spherulites is more abundant and exhibits more gibbsite 
veinlets in the BXH than in the FAD (Fig. 5D). 

In the FASH, spherulites are composed of a ferro-aluminous 
mass (hematite and gibbsite), rich in irregular microcavities, par-
tially filled with twinned pseudohexagonal gibbsite crystals, usu-
ally less than 100 μm (Fig. 5E). The NBH comprises irregularly 
shaped nodules, showing the dominance of a yellowish mass of 
cryptocrystalline gibbsite. This mass is crosscut by a network of 
irregular veinlets composed of mesocrystalline gibbsite (Fig. 5F). 
As previously mentioned, the spherulites of the FASH and the 
nodules of the HBN are not embedded in the ferro-aluminous 
mass described in the BXH and FAD, but in a clay matrix.

Heavy minerals
The horizons of the Décio lateritic profile present consider-

able amounts of zircon, tourmaline, rutile and kyanite. The first 
three minerals were found in the 250–125 μm and 125–63 μm 
fractions and are known to be ultra-stable, which is compatible 

with their association with lateritic products. On the other hand, 
kyanite is present only in the 250–125 μm fraction.

Most of the zircon crystals and grains are  colorless, 
although some can be yellow or brown; with low sphericity, 
variable degree of roundness and no evidence of corrosion 
(Fig. 6A). Tourmaline grains are predominantly greenish, but 
it is possible to occasionally see brownish, yellow and bluish 
grains. Most tourmalines are rounded and spherical, how-
ever some are elongated, with convex ends. In contrast, rutile 
grains are elongated, prismatic, and brownish-red. This asso-
ciation of ultra-stable heavy minerals shows substantial simi-
larity throughout the profile (Fig. 6B). Kyanite was identified 
only in the NBH, as colorless to yellowish cleavable tabular 
crystals. Nascimento and Góes (2007) identified a similar 
mineral association (tourmaline, zircon, rutile and kyanite, 
in addition to staurolite) in the quartz-sandstone from the 
Itapecuru Formation. 

Geochemistry

Major elements
The Décio lateritic profile is composed mainly of Al2O3, 

SiO2, Fe2O3, TiO2 and LOI, with substantial oscillation from 

Figure 4. Mineralogical composition of the horizons of the Décio lateritic profile.
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one horizon to another (Tab. 1), which point to two zones 
with opposite chemical behavior. From 17.7 to 13.7 m deep 
(CBH, BXH, FAD, FFAD), Fe2O3 contents increase and 
SiO2 decreases from the bottom to the top. Contrarily, from 
13.7 to 12 m deep (FASH + NBH), Fe2O3 shows a substan-
tial reduction coupled with SiO2 increase (Figs. 7A and 7B). 
Aluminum presents two high content zones and, therefore, 
two bauxite horizons (BXH and NBX). The TiO2 contents 
(around 2.3% in the CBH) are higher at the base than in the 
overlying horizons (0.6 to 1.3%) and the contents of MgO, 
K2O, MnO and P2O5 are below 0.05%.

Figure 5. (A) Spherulite from the BXH, with the hematite core and goethite border and (B) crossed nicols. Mass of iron oxi-hydroxide with 
gibbsite veinlets,  cementing the spherulites from the (C) BXH and (D) FAD. (E) The internal constitution of the spherulites from the FASH: 
gibbsite crystals embedded in a mass of hematite and goethite. (F) Nodules from the NBH showing a gibbsite mass crosscut by veinlets of 
mesocrystalline gibbsite. Transmitted light with (A, C, D and F) parallel nicols and (B and E) crossed nicols. 

The variation of the contents of the major elements reflects 
the substantial mineralogical zoning (Fig. 8). At the base of 
the profile (CBH), kaolinite is the most abundant mineral, 
with lower gibbsite and iron oxi-hydroxide. The intermedi-
ary section (BXH, FAD and FFAD) is dominated by gibbsite 
and iron oxi-hydroxides, with subordinated kaolinite. In the 
upper part (FASH and NBH), there is a goethite and hematite 
decrease while gibbsite prevails, mainly distributed in nodules 
and spherulites. At the top, there is also an increase in kaolin-
ite contentas in the FFAD, FASH and NBH’s, blocks, spheru-
lites and nodules, respectively, are embedded in the kaolinite 
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Figure 6. (A) Zircon, tourmaline, rutile and kyanite grains identified in the Décio lateritic profile. (B) Proportions of heavy minerals, obtained 
through counting grains under the optical microscope.

Table 1. Major and trace composition of the Décio bauxite-bearing lateritic profile compared to the average composition of the Upper 
Continental Crust. 

Elements

CBH
bauxítica

BXH
maciça

FAD
ferro-luminosa

FFAD
desmantelada

FASH
ferruginosos NBH

UCCProfile  
4

Profile  
3

Profile 
4

Profile 
3

Profile 
4

Profile  
3

Profile 
4

Profile 
3

Profile  
4

Profile 
3

Profile 
4

17.6 m 16.7 m 16.25 m 16.1 m 15.5 m 15.1 m 14.45 m 13.7 m 13.6 m 12.45 m 13.1 m 12.1 m

Weight %

SiO2    31.37 29.56 2.27 3.59 3.19 3.42 11.20 7.21 9.76 10.57 6.39 6.58 66.6

Al2O3 34.60 35.45 44.38 38.69 24.97 28.23 21.44 20.68 47.84 37.35 57.25 57.44 15.4

Fe2O3 14.89 16.12 27.59 34.24 52.15 48.75 50.59 55.58 15.75 29.91 4.85 4.85 5.04

TiO2 2.37 2.30 1.31 0.83 0.67 0.83 0.74 0.64 1.18 0.96 1.14 1.15 0.64

MnO 0.02 0.03 0.01 nd nd nd 0.01 nd nd 0.02 nd nd 0.1

MgO 0.01 0.01 nd nd nd nd nd nd nd nd nd nd 2.48

K2O 0.02 0.02 nd nd nd nd nd nd nd nd nd nd 2.80

P2O5 0.05 0.05 0.02 nd nd 0.02 nd nd nd nd nd nd 0.15

LOI 16.4 16.2 24.2 22.4 18.7 18.5 15.6 15.4 25.3 20.9 30.2 29.8 -

Total 99.73 99.74 99.78 99.75 99.69 99.75 99.57 99.51 99.83 99.69 99.83 99.82 -

ppm

Be nd 1 nd 2 nd 1 nd 1 nd nd 3 nd 2.1

Sc 16 16 11 9 18 14 32 24 12 26 8 9 14.0

V 261 284 408 418 908 554 1429 1743 314 663 102 103 97

Cr 171 185 164 157 212 212 705 500 240 493 144 144 92

Co 1.7 1.2 2.9 2.0 2.3 1.0 3.0 2.0 2.4 6.2 3.5 8.3 17.3

Ni 1.4 2.4 0.6 0.4 0.9 0.7 1.0 1.3 0.5 1.6 0.3 0.4 47

Cu 3.4 6.1 5.0 5.0 13.6 8.7 25.5 15.0 4.7 38.0 0.8 1.0 28

Zn 3 3 2 2 6 4 8 7 1 9 nd nd 193

Ga 53.4 54.5 51.4 42.5 43.9 41.7 88.4 68.2 49.7 77.1 39.9 40.3 17.5

Continue...
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Table 1. Continuation. 

Elements

CBH
bauxítica

BXH
maciça

FAD
ferro-luminosa

FFAD
desmantelada

FASH
ferruginosos NBH

UCCProfile  
4

Profile  
3

Profile 
4

Profile 
3

Profile 
4

Profile  
3

Profile 
4

Profile 
3

Profile  
4

Profile 
3

Profile 
4

17.6 m 16.7 m 16.25 m 16.1 m 15.5 m 15.1 m 14.45 m 13.7 m 13.6 m 12.45 m 13.1 m 12.1 m

As 1.6 1.8 6.2 6.2 11.9 7.3 8.3 8.1 8.4 7.6 1.0 1.1 4.8

Se nd nd nd 0.6 nd nd nd nd nd nd nd nd 0.09

Rb 0.5 0.5 nd <0.1 nd nd nd nd nd 0.2 nd nd 84

Sr 57.6 74.3 35.8 20.1 15.4 18.5 10.7 7.9 11.0 13.0 11.2 12.6 320

Y 28.5 27.1 16.4 12.7 8.4 10.0 15.4 10.1 15.0 17.5 12.3 13.0 21

Zr 964 904 639 484 340 384 503 402 671 561 545 554 193

Nb 46.4 43.1 25.1 15.5 12.8 15.6 15.3 12.7 24.2 20.3 21.5 23.8 12

Mo 0.7 0.9 1.4 1.3 2.1 1.6 4.1 3.3 1.7 2.7 0.2 0.3 1.1

Ag nd nd nd 0.2 0.4 0.3 0.7 0.5 0.4 0.3 0.1 nd 0.053

Sn 8 7 4 2 2 3 3 2 3 5 4 4 2.1

Sb 0.2 0.3 0.7 0.6 1.0 0.7 1.7 1.7 1.0 1.3 0.1 0.1 0.4

Cs 0.1 nd nd nd nd nd nd nd nd nd nd nd 4.9

Ba 69 91 43 21 17 21 12 12 13 13 11 12 624

Hf 24.8 24.3 16.7 12.1 9.0 10.1 12.9 10.5 16.3 14.2 13.9 13.4 5.3

Ta 3.1 3.2 1.8 1.2 1.0 1.3 1.3 0.9 1.7 1.4 1.7 1.5 0.9

W 4.2 3.6 5.7 2.6 1.9 2.8 2.0 1.3 3.4 3.2 2.6 2.8 1.9

Au nd nd nd nd 0.6 nd 1.5 nd 1.1 nd nd 0.9 0.0015

Hg 0.04 0.05 0.07 0.10 0.45 0.25 0.43 0.58 0.21 0.31 0.09 0.11 0.05

Pb 7.8 10.1 10.3 8.2 11.5 10.0 20.9 17.3 6.6 20.3 1.1 1.2 17

Bi 0.4 0.4 0.4 0.3 0.3 0.3 0.7 0.5 0.6 0.7 0.1 0.2 0.16

Th 45.2 44.2 34.6 30.0 34.0 31.8 50.2 47.7 35.3 46.4 21.7 22.4 10.5

U 3.8 4.0 2.5 1.9 3.2 3.1 7.9 5.6 2.7 6.5 2.3 2.2 2.7

La 71.2 92.4 56.3 30.6 24.1 29.0 20.4 15.3 14.3 21.2 13.9 14.1 31

Ce 102.8 135.5 65.2 35.9 25.6 30.7 30.6 16.3 24.6 47.4 22.3 23.4 63

Pr 9.53 12.01 5.74 3.13 2.63 3.07 3.41 2.00 2.10 3.96 1.91 2.01 7.1

Nd 26.4 33.6 15.8 9.2 7.9 8.3 11.5 6.7 6.6 14.8 5.5 6.4 27

Sm 3.57 5.03 2.16 1.27 1.28 1.26 2.84 1.30 1.36 3.42 1.01 1.17 4.7

Eu 0.81 1.05 0.46 0.29 0.26 0.27 0.61 0.30 0.36 0.77 0.25 0.27 1.0

Gd 3.98 4.78 2.35 1.50 1.22 1.42 2.66 1.43 1.69 3.42 1.39 1.39 4.0

Tb 0.74 0.79 0.43 0.28 0.23 0.26 0.48 0.27 0.34 0.60 0.29 0.30 0.7

Dy 4.96 4.91 3.00 1.84 1.43 1.94 3.14 1.95 2.70 3.62 2.04 2.25 3.9

Ho 1.08 1.08 0.64 0.48 0.33 0.41 0.66 0.39 0.60 0.79 0.45 0.50 0.83

Er 3.68 3.59 2.05 1.54 1.11 1.36 2.29 1.35 2.07 2.78 1.79 1.74 2.3

Tm 0.61 0.60 0.37 0.28 0.19 0.22 0.32 0.24 0.35 0.41 0.30 0.31 0.3

Yb 4.55 4.30 2.68 1.86 1.49 1.73 2.45 1.77 2.70 2.91 2.26 2.18 1.96

Lu 0.74 0.67 0.43 0.30 0.24 0.25 0.37 0.27 0.37 0.44 0.36 0.37 0.31

Ho 1.08 1.08 0.64 0.48 0.33 0.41 0.66 0.39 0.60 0.79 0.45 0.50 0.83

Er 3.68 3.59 2.05 1.54 1.11 1.36 2.29 1.35 2.07 2.78 1.79 1.74 2.3

Tm 0.61 0.60 0.37 0.28 0.19 0.22 0.32 0.24 0.35 0.41 0.30 0.31 0.3

Yb 4.55 4.30 2.68 1.86 1.49 1.73 2.45 1.77 2.70 2.91 2.26 2.18 1.96

Lu 0.74 0.67 0.43 0.30 0.24 0.25 0.37 0.27 0.37 0.44 0.36 0.37 0.31

∑REE 235 300 160 88 68 80 82 50 60 107 54 56 112

Source of UCC data: Rudnick and Gao (2003).
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Figure 7. Vertical distribution of major elements across Décio horizons, based on (A) profile 3 and (B) profile 4.

Figure 8. Vertical distribution of minerals across the Décio horizons obtained through stoichiometric calculations.
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matrix. On the other hand, the anatase contents fluctuate from 
the base to the top of the profile. 

Trace elements
The trace elements distribution often reflects the miner-

alogical composition (Tab. 1). Barium, Hf, Nb, Rb, Sn, Ta, Th, 
U, Y, Pb and REE are higher in the CBH when compared to 
the other horizons, on account of the higher amount of zircon. 
On the other hand, Cr, Ga, Sc, V, Hg, Mo, Cu and Sb show 
higher concentrations in the FAD and FFAD, which present 
higher amounts of iron oxi-hydroxides. Scandium, Sn, Th, 
U, Bi and Ni, exhibit a substantial decrease in the FASH and 
NBH compared to the other horizons since both are poor in 
goethite and hematite.

On average, gallium concentrations are three times higher 
than the UCC (17.5 ppm), as verified by Mordberg (1993); 
exhibiting a weak negative correlation with Al2O3 (r = -0.54) 
and contrasting with some other bauxites (Bárdossy and Aleva 
1990, Ling et al. 2020), but remaining in accordance with 
Hieronymus et al. (2001). Chromium contents, which range 
from 210 to 1,030 ppm (much higher than the UCC), con-
form to data from Hill et al. (2000) and Bárdossy and Aleva 
(1990), who have pointed to the enrichment of Cr in lateritic 
profiles. Yttrium contents are higher than UCC only in the CBH 
(28.5 ppm) and range from 8.4 to 17.5 ppm in the overlying 
horizons, conformed to Mordberg (1993).

The trace elements normalized to the UCC show sub-
stantial similarity across the profile, indicating little fraction-
ation between the horizons, with just a moderate variation 
in the NBH (Fig. 9A). However, groups of elements with 
similar behavior can be identified. The concentrations of Co, 
Ni, Cu, Zn, Rb, Sr and Ba are below the UCC in all the hori-
zons or even below the detection limit (Be, Cs, Ag and Au). 
Nevertheless, concentrations of V, Cr, Ga, Zr, Hf, Ta, W, Hg, 
Bi, Th and U are invariably above the UCC. Finally, Sc, As, Y, 
Nb, Mo, Sn, Sb, REE, Pb concentrations can be below or above 
UCC, depending on the horizon analyzed. 

Most of the horizons present concentrations of V, Co, As, 
Mo, Sc, Sb, Hg and Bi five to ten times higher than the CBH 
and Zr, Hf, Nb, Ta, Y and REE lower (Fig. 9B). This behav-
ior contrasts with the NBH, which is below the CBH for all 
elements, except for Co. The similarity between the distribu-
tion in patterns of the trace elements is highlighted when they 
are normalized to the Itapecuru claystone (Figs. 9B and 9C), 
demonstrating some compatibility between the CBH and the 
Itapecuru Formation. 

The ΣREE values are fluctuating across the profile and 
are in average three times higher than the UCC in the CBH 
(ΣETR = 234, 65 and 300.31 ppm) and half the UCC in the 
NBH (ΣREE = 53.75 ppm and 56.39 ppm). Therefore, this 
data demonstrates a decrease from the bottom to the top. 

When the REE are normalized to the chondrites data, all 
of the horizons present parallel behavior, with insignificant 
fractionation between the horizons and enrichment of LREE 
in comparison to HREE (Fig. 10A). The same behavior is ver-
ified after the Itapecuru claystone normalization, which also 
presents a strong negative anomaly in Ce (Fig. 10B). However, 

REE normalized to the CBH data exhibits an opposite distri-
bution pattern, with slight enrichment in HREE compared to 
the LREE (Fig. 10C). 

Mass balance
The loss and gain of chemical elements during the forma-

tion of the BXH were graphically estimated through isocon 
diagrams, testing the composition of the CBH, Itapecuru clay-
stone (Pantoja 2015) and UCC (Rudnick and Gao 2003) as 
references from the parent rock. When the CBH is considered, 
the elements plotted on the isocon (immobile elements) are 
Tm, Tb, Ni, Lu, Eu, Ho, Dy, U, Zn, Gd, Ta, Sm, Er, Y, Co, Zn, 
W, Sc, Hf, Y, Nd, Th, Ga, La and Ce, in addition to TiO2, Al2O3 
and Zr, which are already expected (Gu et al. 2013). Most of 
these elements exhibit a strong positive correlation with Zr 
and TiO2, and therefore with zircon and anatase (Fig. 11A). 
This group of immobile elements is the same as when the 
Itapecuru claystone is considered the parent rock (Fig. 11B). 
However, it is partially different from those found when the 
UCC is used as reference. In this case, Bi, Sb, Mo, As and V 
are also plotted on the isocon (Fig. 11C).

The mass balance calculation shows that the depletion of 
SiO2 in the BXH ranges from -61.5 to -89.8 % for the CBH as 
a parent rock (Fig. 12A) and from -63.69 to -95.44% concern-
ing the Itapecuru claystone (Fig. 13A). The Fe2O3 contents 
show loss of mass in the NBH (-80.4%) and gain in the other 
horizons (+105.6% in BXH, + 301.3% in FAD, + 524.5% in 
FFAD and +86,1% in FASH), relative to CBH as parent rock. 
However, in comparison to the Itapecuru claystone, the pro-
file is enriched in Fe2O3 (+2.3% in CBH, +110.37% in BXH, 
+310.50% in FAD, +538.87% in FFAD and +90.36% in FASH).

Considering the CBH as parent rock, the Décio lateritc 
profile is enriched in Cr2O3, V, As, Mo and Cu, except in the 
NBH. The horizons also exhibit gain of Sc, Co, Ni, Zn and Ga, 
except in the BXH and NBX (Figs. 12B-12H). However, Sr, Y, 
Zr, Nb, Sn, Ba, Hf, Ta, W, Pb and REE are lost across the lat-
eritic succession. This pattern is very similar to the Itapecuru 
claytone based mass balance, except for the behavior of Co, 
Ni, Ga, Sr, W, Pb, Th, U and LREE, which are variable accord-
ing to the analyzed horizon (Figs. 13B-13H).

DISCUSSION

Mineral evolution and major elements
The CBH evolves toward the top to form gibbsite nodules 

embedded in kaolinite, then forming form the BXH and com-
posing the typical zoning of lateritic profiles (Tardy 1997). 
The presence of spherulites is the most highlighting aspect 
of the Décio lateritic profile. Successive lateritization cycles 
and surficial reworking are suggested by spherulites internally 
composed of smaller ones, also embedded in a ferro-alumi-
nous mass (e.g., Salamab-Ellahi et al. 2019). The high poros-
ity of the spherulites of the BXH, FAD, FFAD and FASH was 
originated from the hydrolysis of clay minerals from the parent 
rock (likely the Itapecuru Formation claystone). The mass of 
hematite, Al-goethite, gibbsite; and the gibbsite mesocrystals 
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Figure 9. (A) Trace elements in the Décio lateritic bauxite profile normalized to the UCC data (Rudnick and Gao 2003); (B) to the chemical 
composition of the CBH; (C) to the Itapecuru claystone data after Pantoja (2015).
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Figure 10. Distribution of REE concentrations in the Décio lateritic bauxite profile normalized (A) to the chondrites from Evensen et al. 
(1978); (B) to the chemical composition of the Itapecuru claystone according to Pantoja (2015); (C) to the chemical composition of the CBH.

which partially fill the cavities demonstrate some aluminum 
mobility across the profile (e.g., Monsels and Van Bergen 2017).

The degradation of the FAD to form the FFAD indi-
cates that after consolidation, the lateritic products started 
a new cycle of reorganization, marked by partial subjection 
to weathering, as demonstrated in the Paragominas and 
Juruti deposits (e.g., Kotschoubey et al. 2005), indicating 
the intensification of warm and humid conditions and the 
development of a rainforest (Costa 1991). Under the new 
climatic conditions, the goethite borders formed around the 
spherulites, mainly in the BXH, FAD and FFAD (e.g., Horbe 
and Anand 2011).

The increase of Fe2O3 contents from the base to the top 
(CBH, BXH and FAD) is typical of the complete lateritic 

profiles (e.g., Diko et al. 2001). However, the abrupt decrease 
in Fe2O3 verified in the FFAD, FASH and NBH is not accor-
dant with a classic lateritic evolution. Furthermore, the 
behavior of Al2O3 is also different from the classic later-
ites, as the Décio profile presents two distinct zones of high 
Al2O3 contents (BXH and NBX). These chemical behaviors, 
in addition to the textural features, points out the post-lat-
eritic reorganization, characterized by lateral movement of 
lateritic materials under drier conditions (e.g., Horbe and 
Anand 2011). Thus, the lower horizons might be the first 
products of lateritization, while the upper ones are derived 
from surficial reworking.

The behavior of Fe2O3 and Al2O3 is concordant to 
most bauxite-bearing lateritic profiles of the Amazon, 
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Figure 11. Isocon diagrams (Grant 1986) comparing the main 
composition of the (A) Décio bauxite (BXH) with the CBH; (B) 
Itapecuru claystone (Pantoja 2015); (C) the UCC (Rudnick and 
Gao 2003). Al2O2, TiO2, Fe2O3, SiO2, Cr2O3 and LOI are presented 
in Wt. %; trace elements are expressed in ppm. 

such as Paragominas, Trombetas and Juruti (Boulangé and 
Carvalho 1997, Costa et al. 2014, Lima 2018). Furthermore, 
as commonly verified in lateritic profiles (Bárdossy 1982, 
Radusinović et al. 2017), the LOI reflects the variable domain 

of gibbsite, in addition to kaolinite and goethite, behaving 
similarly to Al2O3. 

The decrease in the TiO2 content from the base (CBH) 
to the top (BXH, FAD, FFAD, FASH, NBH) points out the 
heterogeneity of the parent rock since anatase and rutile are 
stable under weathering, since they would be supposed to 
accumulate from the base to the top if the protolith were homo-
geneous (Henderson 1984, Linnen et al. 2005). Moreover, 
the allochthonous nature of FASH and NBH might partially 
explain this vertical oscillation. The contents of MgO, K2O, 
MnO and P2O5 in Décio are very low, below 0.05%, a com-
mon attribute in most of the Amazon’s lateritic bauxite pro-
files (Costa et al. 2014). 

According to the chemical classification of laterites proposed 
by Bárdossy (1982), the Décio lateritic profile comprises clayey 
bauxite, bauxite, ferric bauxite, low iron bauxite and bauxite ferrite 
(Fig. 14). The degree of lateritization, based on the Schellmann 
(1983) classification, is moderate in the CBH and strong in the 
overlying horizons (e.g., BXH, FAD, FFAD, FASH and NBH). 
In general, the intensity of lateritization increases upwards, except 
in FASH and NBH, which confirms the CBH as an intermedi-
ary between the protolith and the bauxite, in accordance with 
Bárdossy (1982) and Radusinović et al. (2017).

Among major elements, the strongest (negative) correlation 
occurs between Fe2O3 and Al2O3 (Fig. 15A), which is a clas-
sic behavior in bauxite-bearing lateritic profiles (e.g., Valeton 
1972, Monsels and Van Bergen 2017), reflecting the increase 
of hematite and goethite towards the top (especially in the 
FAD and FFAD), coupled with a relative decrease in gibbsite 
contents. On the other hand, there is no correlation between 
Al2O3 and SiO2 (Fig. 15B).

The vertical fluctuation of TiO2 contents point out the sub-
stantial faciological variation of the parent rock from the base 
to the top (Momo et al. 2020).  This behavior suggests that the 
horizons have been formed from at least two different lithotypes 
or two different facies of the same lithotype. The first would have 
originated the CBH, which presents TiO2 contents around 2.3%, 
while the second would have originated the overlying horizons, 
with lower TiO2 contents, ranging from 0.64 to 1.31%. On the 
other hand, the strong positive correlation between Al2O3 x 
TiO2 demonstrates that, despite the heterogeneous distribu-
tion, TiO2 behaves as an immobile element (Fig. 15C).

Behavior of the trace elements
The strong positive correlations between Fe2O3 and Mo, 

As, Pb, Hg, Sb, Zn, V and Sc indicate their assimilation by 
hematite and/or goethite (Figs. 15D-15H). Vanadium con-
centrations are six times higher than the UCC. This enrich-
ment is concordant to most bauxite deposits (Wang et al. 
2012, Hanilçi 2013), where V is normally associated with Fe 
and Ti oxides (Ling et al. 2020). The positive correlation of 
V with Fe2O3 (r = 0.85), Cr2O3 (r = 0.82), and Sc (r = 0.80), 
together with the weak correlation with Ti (r = -0.55), rein-
forces that goethite and/or hematite are its main carriers 
(e.g., Mongelli et al. 2014).

Zirconium concentrations in the Décio profile range 
from 339 to 964 ppm. These values   reflect the high degree of 
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Figure 12. Mass balance of the BXH, considering Al2O3 immobile and the CBH as a reference of the parent rock. 

lateritization (Liu et al. 2013, Yuste et al. 2017). As in most 
bauxite deposits (e.g., Ling et al. 2020), the positive correlation 
Zr x Hf (r = 0.99) is present. Additionally, the Zr / Hf ratios 
range from 37.2 to 41.3 (Tab. 1),   typical of zircons derived from 
protoliths of acidic to intermediate composition and/or meta-
morphic and sedimentary equivalents (Barros et al. 2005). The 

similar Zr / Hf values suggest that most zircon grains probably 
have the same provenance (e.g., Liu et al. 2013). These ratios 
are similar to those verified in the Belterra Clay and in baux-
ites from Juruti (Costa et al. 2014).

The decrease in ΣREE, from the bottom to the topo, reflects 
the zircon’s heterogeneous distribution, the main carrier of 
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Figure 13. Mass balance of the BXH, considering Al2O3 immobile and the Itapecuru claystone (Pantoja 2015) as a reference of the parent 
rock.  

REE, as indicated by the strong positive Zr x ΣREE correla-
tion, commonly identified in lateritic profiles (e.g., Calagari and 
Abedini 2007) (Fig. 15I). Moreover, a mechanical reworking 
of zircon may also occur during the long-term evolution of 
lateritic profiles (e.g., Brimhall et al. 1988, Colin et al. 1992).

The positive linear correlation between Zr and TiO2 sug-
gests that zircon, anatase and rutile have accumulated similarly 

across the profile (Fig. 15J), as demonstrated by the slight 
variations of the TiO2 / Zr ratios (14.72 to 25.43). In addi-
tion to the linear distribution, the samples are distributed in 
two groups. The first group is represented by the CBH (which 
shows higher Zr contents) and the second is composed of the 
samples from the other horizons.
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Figure 14. Classification of the Décio lateritic horizons based on Fe2O3, SiO2 and Al2O3 proportion, according to Bárdossy (1982). The right 
side of the ternary diagram presents the intensity of lateritization, according to Schellmann (1983). 

Although the correlation between Ga x Fe2O3 is moder-
ate (r = 0.42), Ga shows strong positive correlation with Sc 
(r = 0.93), Mo (r = 0.83), Pb (r = 0.88) and Zn (r = 0.80). 
These elements present strong positive correlations with 
Fe2O3 and consequently with iron oxi-hydroxides. The nega-
tive correlation between Ga x Al2O3 normally occurs due to the 
chemical reworking, which happens when previously formed 
kaolinite and gibbsite are hydrolyzed, disturbing the original 
correlation expected in laterites (Hieronymus et al. 2001).

Chromium presents moderate positive correlation with Ni, 
as verified by McAlister and Smith (1997); and strong posi-
tive correlation with Ga (r = 0.94), Sc (r = 9.94), U (r = 0.95), 
V (r = 0.81), Mo (r = 0.93) and Cu (r = 0.82). No affinity 
between Y and Al2O3 was found in the present study since the 
distribution is possibly restricted to the structure of zircon, as 
indicated by the strong Zr x Y positive correlation (r = 0.96). 
Niobium and Ta present a strong positive correlation with 
TiO2 (r = 0.99) (e.g., Liu et al. 2013, Hou et al. 2017), as well 
as with Zr (r = 0.97 for Zr x Nb; r = 0.96 for Zr x Ta), suggest-
ing similar accumulation of anatase and zircon across the pro-
file, as newly formed and resistant mineral, respectively (e.g., 
Calagari and Abedini 2007, Zamanian et al. 2015).

Gain and loss of mass
The similarity between the isocon diagrams in Figs. 11A 

and 11B demonstrates the substantial affinity between the 
CBH and the Itapecuru claystone, since both exhibit a slight 

enrichment in the elements that correlate with Fe2O3 (e.g., Mo, 
As, Pb, Hg, Sb, Zn, V and Sc), which are plotted to the left of 
the isocon. Both diagrams also indicate the low mobility of the 
elements that correlate with TiO2 and Zr (e.g., Hf, Nb, Ta, Y and 
REE), plotted to the right of the isocon. On the other hand, when 
the UCC composition is considered as a reference for the parent 
rock, the BXH is depleted of most elements analyzed (Fig. 11C).

The loss and gain of mass in the BXH are in accordance 
with the mineral transformations and the main chemical cor-
relations presented in Figs. 12 and 13. The depletion of SiO2 
in the BXH considering both the CBH and the Itapecuru clay-
stone reflects the hydrolysis of the clay minerals to form the 
gibbsite. On the other hand, the strong enrichment in iron, 
regardless of the reference of the parent rock, suggests intense 
incorporation, as a result of its high mobility in the upper part 
of the profile (e.g., Kelepertsis 2002, Horbe and Anand 2011). 
The trace elements reinforce the affinity between the CBH 
and the Itapecuru claystone, as the losses and gains of Cr, V, 
Cu, Pb, Zn, Co, Ni, Ga, Sr, Zr, Nb, Sn, Ba, Hf, Ta, Th, U and 
REE are very similar when they are considered as parent rocks.

CONCLUSIONS
The lower horizons of the Décio lateritic profile display a clas-

sic lateritic succession, composed of clayey bauxite, bauxite and 
ferro-aluminous duricrust. In contrast, the upper horizons (e.i., 
fragmentary ferro-aluminous duricrust, ferro-aluminous spherulites 
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Figure 15. (A) Negative linear correlation between Fe2O3 x Al2O3; (B) non-linear distribution Al2O3 x SiO2; (C) positive linear correlation 
Al2O3 x TiO2. Trace elements that show positive linear correlation with iron: (D) Fe2O3 x Mo; (E) Fe2O3 x As; (F) Fe2O3 x Pb; (G) Fe2O3 x 
Zn; (I) Fe2O3 x V. Zr x ∑REE; ( J) Zr x TiO2.
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and nodular bauxite) are products of post-lateritic reworking. The 
distribution of the main chemical components also points to this 
compartmentalization since the vertical distribution of Fe2O3, 
SiO2 and Al2O2 is contrasting between the two zones.

The fluctuation of TiO2 and Zr values from the base to the 
top suggests a heterogeneous protolith, which represents the faci-
ological variation of the Itapecuru Formation. Rare  Earth 
Elements, Hf, Nb, Ta and Y are carried by relic zircon, whereas 
Ga, Cr, Mo, As, Pb, Hg, Sb, Zn, V and Sc are mainly present in 
the iron oxi-hydroxides. Nodules and spherulites register the 
different evolutionary stages of the lateritic profile, character-
ized by successive cycles of iron and aluminum oxy-hydroxide 
aggregation; reworking; and formation of new spherulites that 
includethe smaller ones.

The Décio lateritic profile and the Itapecuru Formation 
both exhibit similar but mature heavy mineral associations, 
making a direct association difficult. However, the behavior 
of the major and trace elements relative to the isocon sug-
gests a substantial affinity of the BXH with the CBH and the 
Itapecuru claystone. Therefore, the affinity of the BXH with 
the Itapecuru claystone is confirmed by the mass balance, sug-
gesting that the CBH corresponds to an intermediary stage of 
the lateritic evolution.

The base of the Décio lateritic profile (CBH, BXH and 
FAD) was formed under warm and humid conditions. The 
increase in humidity allowed for the development of a rainfor-
est environment, which degraded the upper part of the profile 
(FAD) to form the FFAD. The surficial reworking of the lat-
eritic succession, mainly characterized by lateral movement 
of lateritic materials formed the FASH and the NBH, likely 
under drier conditions. Therefore, the Décio lateritic succes-
sion is an important record of the paleoenvironmental cyclic-
ity of the Eastern Amazon.
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