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FIGURE 17. Main features of the Casa de Farinha (CDF) and Valentim (VLT) occurrences. General view from the area of 
the CDF occurrence (A), and the bauxite outcrop (B) in the middle of the road. Closer view of the in situ bauxite outcrop 
(C) and of some collected samples (D) at CDF. Detail of horizon (iii) with levels of kaolin-like clay (E), and of the gray 
massive block of bauxite (F) at VLT.

the friable matrix of horizon (ii). The Th presented a non-
continuous content increasing upwards the profile (Figure 
18D). The contents of High Field Strength Elements (HFSE) 
previously described surpassed the values of the rock 
substratum, except for W content on horizon (v).

The contents of the HFSE on horizons (iii) and (iv) from 
the CDF and VLT occurrences, are higher than the UCC 
composition, except for Ta and Th. In the case of Th, despite 
that half of the results are lower than the UCC, three samples 
presented values above it.

4.4.2. Rare earth elements

In terms of the ITJ vertical profile, the light rare earth elements 
(LREE) showed a peak in the horizon (iii), quite similar for the Ce 
content. The heavy rare earth elements (HREE) are enriched in 

the bedrock and showed a continuous decrease from the bottom 
to the top of the profile (Figure 18). On the other hand, the friable 
matrix of horizon (iii) and the bauxite block of horizon (v) presented 
a sharp increment in Ce content. Another characteristic is the 
fractionation between LREE and HREE. All the values of the La/
Yb ratio normalized to the UCC were above 1.

Considering the comparison between the results from the CDF 
and VLT samples with the UCC, most of the samples presented 
the REE content close to the values of UCC, or above it. The 
exception is represented by samples from the CDF occurrence 
that showed REE contents very close, or below the values of 
UCC. In terms of Ce content, all the samples presented values 
above the UCC composition, except for samples from CDF.

Considering the normalized values both to chondrite and 
to the UCC, most samples showed Ce positive anomaly, 
except for the results of samples from the ITJ profile and CDF.
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TABELA 2. Whole rock geochemistry results from the Itaji (ITJ) lateritic profile and Casa de Farinha (CDF) and Valentim (VLT) occurrences. Major elements results are presented in weight percent (wt. %), trace and rare earth elements (REE) in parts per million (ppm). Abbreviations include UCC: upper continental 
crust average composition from Rudnick and Gao (2014). NA: results are not available. CIA: chemical index of alteration, calculated according to Nesbitt and Young (1982). The numbers in parenthesis in the Ce anomalies indicate that the values were normalized to (1) the chondrite from Sun and McDonough 
(1989) and to (2) the upper continental crust average composition from Rudnick and Gao (2014).

Location Itaji Casa deFarinha Valentin

UCC
SampleID HHM592 HHM594 HHM596 HHM595 HHM597 HHM598 HHM599 HHP980 HHM585 HHM586 HHM587 HHM588 HHM589 HHM590 HHM591 HHP979 HHM581 HHM582 HHM583 HHM584
Horizon i 

(bedrock)

ii 
(rock 

fragment)

ii 
(matrix)

iii 
(kaolinclay)

iii 
(matrix)

iv 
(massive 
bauxite)

v 
(massive 
bauxite)

iii 
(matrix)

iv 
(massive 
bauxite)

iii 
(kaolin 
clay)

iii 
(matrix)

iv 
(massive 
bauxite)Elements

SiO2 76 73.9 71.5 68.2 54.9 36.3 29.8 56.3 17.7 17.9 24.7 23.6 9.59 9.24 22.5 14.8 29.4 52.6 28.5 26.9 66.6
Al2O3 12.4 15.1 19.8 20.2 31.1 41.5 44.1 27.6 48.3 49.7 49.7 48 54 49.5 47.2 53 39.7 31.4 45.1 46.8 15.4
Fe2O3 1.71 1.61 2.16 2.86 1.84 1.19 2.15 4.83 7.09 6.18 2.29 3.61 6.7 12.2 4.95 4.11 8.05 4.06 3.5 3.01 5.6
CaO 0.75 0.12 0.01 0.04 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.005 0.01 0.02 0.01 0.02 0.03 0.02 0.02 3.6
MgO <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 2.5
TiO2 0.18 0.13 0.21 0.24 0.1 0.1 0.14 0.47 0.8 0.7 0.31 0.4 0.68 1.24 0.67 0.49 1.42 0.68 0.62 0.48 0.6
P2O5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.12 0.16 0.08 0.04 0.12 0.15 0.1 0.13 0.21 0.06 0.12 0.08 0.2
Na2O 2.48 1.07 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 3.3
K2O 5.63 4.73 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.33 0.005 0.04 <0.01 <0.01 0.26 <0.01 0.02 0.02 <0.01 2.8
MnO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.02 <0.01 0.02 <0.01 0.02 0.02 <0.01 0.02 0.19 <0.01 <0.01 0.1
ZrO2 0.02 0.04 0.05 0.04 0.02 0.02 0.02 0.11 0.07 0.06 0.06 0.06 0.02 0.04 0.08 0.08 0.13 0.11 0.1 0.07 NA
LOI 0.41 3.27 7.54 8.37 12.04 20.82 22.93 10.82 24.48 24.88 23.29 23.85 28.21 26.67 23.61 27.12 20.76 11.99 21.88 23.19 NA
Total 99.58 99.97 101.27 99.95 100.01 99.94 99.15 100.2 98.65 99.67 100.83 99.645 99.415 99.12 99.2 100.05 99.76 101.19 99.91 100.6 100.7
Ba 157 222 134 135 132 130 124 129 256 266 203 167 132 134 234 156 5 258 438 21 628
Co 1.8 1.3 1 0.9 0.8 0.6 0.25 1.8 9.8 11.7 1.3 1.5 2.5 2.2 2.7 2.2 16.1 21.2 7.2 7.4 17.3
Cu 20 2.5 6 7 2.5 2.5 2.5 2.5 2.5 5 7 2.5 29 21 7 5 9 9 7 6 28
Ga 21.8 25.9 35.9 36.5 27.7 43.6 41.3 31.9 26.3 23.3 47.8 24.7 14.8 28.5 26.4 55.2 33.3 24.6 25.7 25.6 17.5
Hf 4.81 9.72 9.46 10.26 6.42 7.81 8.12 22.58 14.19 11.85 11.12 10.04 5.11 8.17 14.61 19.13 22.76 19.89 18.05 11.12 5.3
Mo 3 6 14 10 16 8 13 3 3 3 3 5 9 10 4 3 11 5 6 5 1.1
Nb 0.61 19.93 28.1 14.95 4.78 7.98 8.08 42.28 21.35 26.97 15.09 10.8 6.3 12 24.98 19.18 62.19 41.87 19.98 30.51 12
Ni 10 7 9 10 11 5 6 8 18 20 14 9 38 17 11 10 20 19 12 15 47
Rb 401.6 519.6 5.1 8.8 4.7 2 1.3 2.1 0.5 0.4 15.6 1.5 2.7 1.1 0.9 11.2 2.4 2.4 1.6 1.3 84
Sn 2.2 2.5 3.7 2.8 1.9 1.6 1.8 13.3 7.5 6.6 2.8 2.2 0.5 0.9 6.5 2.8 2 2 1.5 1.7 2.1
Sr 48 21 0.5 0.5 0.5 0.5 0.5 0.5 32 42 20 12 0.5 0.5 41 28 41 44 51 19 320
Ta 0.26 0.73 1.3 0.91 0.43 0.47 0.33 3.63 1.84 3.44 1.07 1.07 0.66 0.81 1.57 0.96 2.9 2.22 1.04 3.06 1.1
Th 1.7 83.1 94.6 57.7 102.1 75.9 95.5 51.8 9.1 8.3 26.2 5.4 3.6 3.6 10.6 57.4 10.6 10.1 13 12.9 11
Tl 0.9 1.3 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.9
U 0.78 8.8 5.12 2.82 1.86 5.38 3.76 3.41 1.94 2.36 4.82 1.31 4.2 1.61 2.68 15.39 3.67 0.85 1.42 1.71 2.7
V 25 15 19 21 14 13 29 8 36 33 41 20 94 173 57 76 75 26 15 37 97
W 2.5 1.9 5.3 3.8 2.9 2.8 1.7 2.8 2.5 2.8 6.4 3 2.3 4.2 2 3.1 3.6 1.8 2.9 8.4 1.9
Y 10.88 10.41 4.4 3.02 3.4 2.64 2.45 6.22 15.21 15.11 5.34 3.86 2.62 2.49 10.09 14.06 26.74 8.33 17.13 9.8 21
Zn 38 28 16 8 9 10 2.5 41 47 33 13 35 24 47 77 39 95 63 45 62 67
Zr 140 219 363 343 184 221 166 815 639 450 440 386 185 330 527 705 965 803 694 439 193
Li 6 5 4 5 2 3 2 0.5 2 2 3 1 2 1 1 3 2 0.5 0.5 1 NA
Pb 33.7 66.4 26.4 15.8 11.7 7 6.3 11.1 17 16.8 376 13.7 6.5 14.3 43.9 167.6 113.3 127.4 41.8 33.3 17
Sc 0.6 1.3 2.5 2.9 2.3 0.9 1.3 5.2 3.9 6 2.4 2.5 13.9 17.4 4.6 3.1 15.3 7.7 5.4 2.2 14
As 0.5 0.5 0.5 2 1 0.5 1 0.5 2 1 2 0.5 3 4 0.5 3 2 3 0.5 1 4.8
Bi 0.02 0.01 0.02 0.05 0.03 0.01 0.02 0.01 0.02 0.01 0.04 0.02 0.02 0.15 0.01 0.05 0.02 0.01 0.01 0.02 0.2
Ge 0.1 0.1 0.1 0.05 0.05 0.05 0.05 0.1 0.2 0.2 0.1 0.1 0.2 0.3 0.2 0.05 0.2 0.1 0.1 0.05 NA
Hg 0.005 0.01 0.02 0.06 0.04 0.03 0.1 0.03 0.28 0.28 0.14 0.09 0.22 0.14 0.04 0.08 0.16 0.17 0.19 0.19 0.1
In 0.01 0.01 0.02 0.04 0.02 0.01 0.04 0.12 0.12 0.1 0.01 0.06 0.05 0.12 0.09 0.03 0.13 0.06 0.05 0.04 NA
P <50 <50 <50 <50 <50 <50 <50 52 332 537 251 120 380 482 375 440 897 233 471 229 NA
La 59.9 41.9 6.6 9.9 7.2 5.6 7.3 13.2 94.6 177.6 151.9 37.5 13.5 20.4 84.7 100.7 182 64 112.3 99.1 31
Ce 59.5 69.6 26 33.9 250 13.5 127.1 31.9 187.2 343.1 224.3 62.1 17.5 33.2 146.9 182.9 322.1 156.8 192.3 167.9 63
Pr 4.64 4.77 0.8 1.27 1.01 0.62 0.96 2.78 22.12 39.47 15.75 6.85 2.14 3.64 16.59 17.25 34.76 8.88 23.15 17.35 7.1
Nd 12.1 12.9 2.7 3.9 3.3 2.3 3.3 9.4 79.3 134 34.1 20.8 6.6 10.9 54.5 55.7 109 26.9 77.2 53.8 27
Sm 1.5 2.2 0.6 0.7 0.7 0.4 0.6 1.7 15.1 23.2 4.1 3.7 1.2 2 9.2 12.2 19.2 4.1 13.5 8.2 4.7
Eu 1.15 0.19 0.08 0.1 0.08 0.06 0.09 0.19 2.28 3.43 0.63 0.64 0.3 0.25 1.2 1.16 2.2 0.88 2.8 1.66 1
Gd 1.36 1.61 0.54 0.49 0.53 0.39 0.61 1.52 11.04 14.46 2.21 2.41 0.85 1.09 6.47 9.92 14.07 3.18 9.21 5.23 4
Tb 0.19 0.26 0.09 0.07 0.13 0.06 0.08 0.22 1.46 1.9 0.31 0.3 0.14 0.13 0.87 1.3 1.9 0.44 1.2 0.66 0.7
Dy 1.12 2.03 0.64 0.52 0.72 0.57 0.57 1.33 7.42 8.79 1.51 1.59 0.93 0.64 4.5 6.41 9.16 2.18 6.29 3.29 3.9
Ho 0.25 0.44 0.19 0.11 0.17 0.13 0.11 0.27 1.15 1.15 0.23 0.23 0.16 0.13 0.62 0.93 1.47 0.43 0.96 0.5 0.83
Er 0.77 1.79 0.8 0.46 0.65 0.54 0.38 0.92 2.4 2.3 0.73 0.62 0.48 0.33 1.48 2.05 3.38 1.12 2.16 1.14 2.3
Tm 0.13 0.39 0.18 0.09 0.15 0.14 0.09 0.14 0.3 0.26 0.11 0.09 0.09 0.05 0.18 0.24 0.4 0.16 0.25 0.15 0.3
Yb 0.9 3.7 1.8 0.8 1.5 1.1 0.7 1.1 1.5 1.3 0.6 0.5 0.6 0.3 1 1.3 2.3 1 1.4 0.9 2
Lu 0.14 0.56 0.28 0.15 0.2 0.2 0.11 0.18 0.19 0.17 0.12 0.09 0.08 0.05 0.15 0.22 0.29 0.17 0.19 0.14 0.3
LREETotal 138.79 131.56 36.78 49.77 262.29 22.48 139.35 59.17 400.6 720.8 430.78 131.59 41.24 70.39 313.09 369.91 669.26 261.56 421.25 348.01 133.8
HREETotal 4.86 10.78 4.52 2.69 4.05 3.13 2.65 5.68 25.46 30.33 5.82 5.83 3.33 2.72 15.27 22.37 32.97 8.68 21.66 12.01 14.3
REETotal 143.65 142.34 41.3 52.46 266.34 25.61 142 64.85 426.06 751.13 436.6 137.42 44.57 73.11 328.36 392.28 702.23 270.24 442.91 360.02 148.1
La / Yb(1) 47.74 8.12 2.63 8.88 3.44 3.65 7.48 8.61 45.24 97.99 181.60 53.80 16.14 48.78 60.76 55.56 56.76 45.91 57.54 78.98 11.12
La / Yb(2) 4.29 0.73 0.24 0.80 0.31 0.33 0.67 0.77 4.07 8.81 16.33 4.84 1.45 4.39 5.46 5.00 5.11 4.13 5.18 7.10 NA
Ce/ Ce* (1) 11.20 15.10 14.11 14.92 127.58 8.03 64.94 11.31 24.33 32.85 25.81 13.37 6.41 9.73 20.81 24.27 31.26 26.88 23.46 22.39 14.36
Ce/ Ce* (2) 1.17 1.55 1.45 1.52 12.97 0.83 6.63 1.12 2.39 3.24 2.67 1.34 0.65 0.97 2.07 2.44 3.12 2.73 2.33 2.24 NA
CIA 58.33 71.84 99.65 99.51 99.78 99.83 99.84 99.77 99.84 99.85 99.20 99.86 99.82 99.87 99.84 99.40 99.81 99.68 99.80 99.84 NA
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FIGURE 18. Main trace elements, and rare earth elements of the ITJ vertical profile. The horizons are placed vertically for 
comparison with the geological profile of Figure 12. The results are presented in parts per million (ppm).

5. Discussion 

5.1. Stream sediments

The geochemical maps for major elements indicate the 
enrichment of Al and Fe in the region where bauxite occurs. The 
low K content associated with negative correlation observed 
between Ca, K, Mg with these elements and others confirms 
the tendency of leaching of alkaline cations from the weathering 
profile. According to Nesbitt et al. (1980) and Mordberg (1996), 
most of the mobile elements during bauxitization are alkaline 
and alkaline earth elements that do not form secondary 
minerals and are generally depleted in the profile.

In addition to correlation between Fe and Al (R² = 0.6164, 
Figure 8), these elements presented good correlation with Sc, 
V and P, confirming the opposite tendency of enrichment of 
high potential ionic elements during weathering. The HREE 
also showed significant correlations with Fe indicating that 
these elements may be precipitated in the Fe oxy-hydroxides. 
Liu et al. (2018) and Mondillo et al. (2019) claims that HREE 
could show a greater affinity for Fe oxide than LREE.

The four factors obtained from factor analysis reflected 
the intense weathering that the studied area has experienced. 
The first factor seems to indicate areas with greater and 
lesser advance of the lateritic process (positive and negative 
loadings, respectively), with the last one indicating a greater 
occurrence of unweathered primary minerals. During the 
pedogenic evolution, the chemical elements of low ionic 
potential, such as alkaline and earth alkaline, tend to be 
gradually released with destabilization of primary mineralogy 
of parent rocks. Thus, its presence in the stream sediment 
samples must be reflecting the primary mineralogy of less 
weathered rocks partially outcropping in the region.

Meanwhile, the second factor showed Si leaching of the 
weathering profile and relative enrichment of Al and Fe. These 
last two elements tend to form insoluble oxides and hydroxides 
remaining in the top of the profile, usually related to Nb, Th, P, 
V, Ti and REE (Goldschmidt 1937; Ahmadnejad et al. 2017; 
Ellahi et al. 2017).

The third and the fourth factors showed the distribution of 
REE in the region, with LREE widely distributed in the area 
while the HREE occurred more consistently in the northern 
and central portion. These are also the areas with the highest 
contents of Fe, supporting the behavior found in the univariate 
analysis. The relative enrichment of elements with high ionic 

potential and less mobility in the surface environment, such 
as REE, is well documented (e.g. Ce content up to 399 ppm). 
According to Cocker (2014), these elements are found in a 
variety of primary minerals, and when the breakdown of the 
structure through weathering occurs, they are released as 
ions in solution. These ions can be adsorbed on clays or be 
fitted in the Fe and Mn oxy-hydroxides or participate in the 
composition of secondary minerals. Any of these mineral 
phases may be carried by drainages and could contribute 
to the chemical composition of stream sediments in a given 
catchment.

The HFSE occurred in the fourth factor. These elements 
tend to be immobile during metamorphism and weathering, 
and are indicative of the presence of primary minerals, such 
apatite, amphiboles and zircon, reflecting the maturity of the 
weathering processes (Lapworth et al. 2012). Nevertheless, 
Melfi et al. (1996) observed high mobility of Zr, Ti and Nb during 
bauxitization. Another element association observed in the first 
factor is P-Ba-Sr-Mg-Ca. That could be related to the presence 
of phosphates such as apatite in the bedrock of the region.

5.2. Genesis of the lateritic profile

At the ITJ, the SiO2 content decreases as we move from 
bottom to top in the profile (Figure 12), while the Al2O3 increases 
in the same direction. The Na2O and K2O are completely 
leached above horizon (iii), while the Fe2O3 content appears 
to increase to a maximum in this, decreases in the horizon (iv) 
and increases again at the horizon (v). Considering the typical 
weathering regolith from Anand and Paine (2002), the horizon 
(i) is related to the bedrock whereas horizon (ii) is the saprock. 
Horizon (iii) is interpreted as the saprolite, since some textural 
characteristics of the rock substratum are present.

The chemical index of alteration (CIA) from Nesbitt and 
Young (1982) reflects the breakdown of feldspars to kaolinite 
(McQueen 2006). The CIA continuous increase from the 
bedrock to the saprock (between 58 and 71) is well documented 
on the ITJ profile (Figure 12) and may be interpreted as the 
weathering front. The breakdown of K-feldspar into kaolinite 
starts at the weathering front and continuously intensifies 
towards the saprolite. Another reaction at the weathering 
front, which was not directly observed but can be deduced, 
is the transformation of biotite and amphibole into goethite. 
In the saprolite, the presence of the halloysite may indicate 
that, at least locally, the K-feldspar was initially transformed 
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into halloysite, before it turned into kaolinite (Anand et al. 
1985). The dickite, locally present in the saprolite, is a 
kaolinite polymorph (Bailey 1963) and it is probably also a 
result of the K-feldspar breakdown. The Figure 19 presents 
bivariate plots considering the results from the samples of 
ITJ, CDF and VLT. The negative correlation (R² = 0.9685) 
between Al2O3 and SiO2 (Figure 19A) supports the lateritic 
evolution, and the positive correlation (R² = 0.2204) between 
Al2O3 and Fe2O3 (Figure 19B) suggest that they behaved as 
immobile pairs during the weathering process. The loss on 
ignition (LOI) may be used as an indirect indication of gibbsite, 
kaolinite, and goethite (Anand and Paine 2002), and this is 
highlighted by the significant positive correlation (R² = 0.9829) 
between Al2O3 and LOI (Figure 19C), besides the petrographic 
evidence of the breakdown of the K-feldspar into kaolinite. 
The petrographic evidence suggesting the evolution of the 
association of amphibole and biotite in the bedrock, to goethite 
in the pedolith have some support by the positive correlation 
(R² = 0.2630) between Fe2O3 and LOI (Figure 19D).

The horizons (iv) and (v) may be related to the pedolith 
and lateritic duricrust from the Anand and Paine (2002) 
model. On the other hand, the conglomerate-like texture of 
the bauxite blocks are not common in the considered model. 
Another important characteristic is that ITJ profile is located 
in the bottom of a hill slope, in an area with high slopes 
angles. Thus, these features could suggest that these 
horizons were deposited through surficial sedimentation 
processes. Nevertheless, the positive correlation between 
the pairs (Figure 19-E-F) Yb-Lu (R² = 0.9569) and Nb-Ta 
(R² = 0.6611) indicates that these samples are genetically 
related (MacLean and Barret 1993; Sidbe and Yalcin 2018). 
Therefore, the bauxites may be classified as sedimentary 
(Bogatyrev et al. 2009), and since the profile that contains 
the mineralization retains some characteristics of the 
bedrock, it is probably a result of a proximal deposition 
(Hanilçi 2013; Sidbe and Yalcin 2018). The main reaction, 
in terms of the mineralization, happened between the 
saprolite and the pedolith, which was the pseudomorphic 
replacement of feldspars by gibbsite. The nordstrandite 
is commonly related to bauxitic environments in which 
the bedrock is composed of carbonate rocks, but it may 
also be the product of the weathering of alkali igneous 
rocks (Kovacs-Palffy et al. 2008). On the other hand, the 
experiments from Barnhisel and Rich (1965) showed that 
gibbsite is better crystallized in acid environments, whereas 
nordstrandite better crystallizes in slightly acid to neutral, 
or acid conditions in systems with relatively low amounts 
of Na and Cl. In addition, Schoen and Roberson (1970) 
showed that nordstrandite forms from bayerite, which was 
not observed here, during aging at intermediate to high pH 
values. Thus, the presence of the nordstrandite in CDF 
could be related to local conditions of weathering, and/or to 
the bedrock geochemical composition in the region, which 
was not directly observed in this study.

Considering the ternary diagram (Figure 20) of laterites 
classification from Aleva and Creutzberg (1994), the samples 
of the bedrock and saprock were classified as  kaolin and 
bauxitious kaolin respectively, while the samples of the 
saprolite were classified as bauxitious kaolin, but also reached 
the bauxitic laterite region. The bauxite blocks were placed 
mainly in the siliceous bauxite field, but also reached the 
bauxitic region.

5.3. High Field Strength Elements

The positive correlation of Zr with Hf (R² = 0.9454), Nb 
(R² = 0.7122) and Ta (R² = 0.4665), observed throughout all 
weathered profile (Figure 21A-C), suggests that these HFSE 
may be related to zircon, which is the most stable mineral in 
response to weathering (Goldich 1938; Pidgeon et al. 2019). 
On the other hand, the Th (R² = 0.1251) and W (R² = 0.0004) 
showed no correlation with Zr, and thus, these two HFSE 
contents are probably not related to zircon (Figure 21D-E).

There is no obvious interpretation for the behavior of W, 
which usually increases upwards (Anand and Paine 2002), but 
in this case, it was leached from the profile. The Th presented 
the greatest increment upwards the profile. The composition 
of the chevkinite group is closely approached by the formula 
A4BC2D2Si4O22, where usually A = REE, Ca, Sr, Th; B = Fe2+; C 
= Fe+3, Fe+2, Mn, Mg, Zr, Nb; D = Ti (Baginski and MacDonald 
2013). Since Fernandes et al. (2019) identified the minerals of 
the chevkinite group, it is reasonable to suggest that at least 
part of the Th content in the pedolith may have been derived 
from the weathering of the rocks of the Volta do Rio Plutonic 
Suite. The Th is often adsorbed or incorporated by the iron 
hydroxides and can be present in Ti-phases minerals (Braun et 
al. 1993; Gamaletsos et al. 2011), and since this mineralogy is 
observed in the profile it is also a possibility to be considered.

5.4. Rare Earth Elements

There are four main REE modes of occurrence related 
to sedimentary bauxites: (i) the replacement of ions with 
similar size in aluminosilicate minerals; (ii) adsorption of the 
REE particle on the clay minerals surface; (iii) precipitation 
of secondary mineral during weathering and; (iv) contained 
in the detrital minerals (Takahashi et al. 2000; Laveuf and 
Cornu 2009; Zamanian et al. 2016; Wang et al. 2018; Ling et 
al. 2018). The phosphates typically display REE content that 
is economically explored, and they are commonly enriched in 
LREE when compared to HREE (Balaram 2019). Therefore, 
the phosphate weathering is expected to release important 
REE quantities and, even small amounts of phosphates, and 
it may largely influence the REE signature and budget of soils 
(Aide and Pavich 2002; Galán et al. 2007). The secondary 
Fe hydroxides and oxides, as well as Mn-oxides, together 
with zircon and Ti-phases minerals are important HREE 
scavengers (Hanilçi 2013; Liu et al. 2018).

Considering that the ITJ lateritic profile is of the sedimentary 
type, the discussions about REE in terms of the vertical 
column should be avoided, because it would be necessary 
several assumptions, since the surficial processes could 
remove key horizons to understand the pedogenic evolution 
(Bogatyrev et al. 2009; Zamanian et al. 2016). On the other 
hand, the positive correlation between the pairs Yb-Lu and 
Nb-Ta, indicates that these samples are genetically related 
and thus, some inferences can be made about the REE-
bearing minerals.

The positive correlation between (Figure 22A-C) P and the 
total of REE (R² = 0.5422), HREE (R² = 0.5940) and LREE (R² 
= 0.5337), leads to the interpretation that apatite, an accessory 
mineral which is observed in the bedrock, should be one of 
the candidates to be the REE-bearing parent mineral, together 
with those of the chevkinite group that Fernandes et al. (2019) 
identified. The positive correlation between (Figure 22D-E) 
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HREE with both Zr (R² = 0.4167) and Ti (R² = 0.3233) suggests 
that zircon and titanite, which are minerals that are spatially 
related with the bauxite mineralization, could hosts HREE 
content. If some advanced study (e.g. in-situ laser ablation-
inductively coupled plasma mass spectrometric analyses) 
confirms the presence of HREE, or anyone of the REE + Sc + 

Y, in these resistate minerals, an opportunity is opened for the 
recovery of the REE as by-product of bauxite mining. These 
resistate solid phases remain unaffected by the Bayer process 
(Hind et al. 1999), which could be furthered accessed in the 
bauxite residue, and thus, a new process of the REE + Sc + Y 
recovery may be started (Vind et al. 2018; Mondillo et al. 2019).

FIGURE 19. Selected bivariate plots showing the correlation between Al2O3 with: SiO2 (A), Fe2O3 (B), LOI (C). Bivariate plot with 
correlation between Fe2O3 with LOI (D). Bivariate plots with correlation between Yb with Lu (E) and Nb with Ta (F).
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FIGURE 20. (A) Ternary diagram of the laterites classification according to Aleva and Creutzberg (1994).

There is no common sense in terms of the mobility of the REE 
during pedogenic evolution. Some author defends that REE show 
low mobility and fractionation (Karadag et al. 2009 and references 
therein), while others that REE show mobility during several stages 
of the bauxitization process (Zamanian et al. 2016 and references 
therein). In addition, the LREE and the HREE distribution may be 
direct reflection of the stability of the REE carrier complex (Yuste 
et al. 2017; Ahmadnejad et al. 2017)

The La/Yb ratio showed a fractionation between LREE 
and HREE, highlighting a relative LREE enrichment and 
depletion of the HREE. We did not identify any REE carrier 
complex such as fluorocarbonate, but this could be a matter 
of sampling and further works should be alert to the possibility 
of REE-carbonate complex existence.

The occurrence of positive Ce anomalies is usually 
related to the oxidation of Ce (III) to Ce (IV), followed by the 
preferential incorporation of Ce by Fe and Mn oxides and/or 
hydroxides (Takahashi et al. 2000; Laveuf and Cornu 2009). 
In addition, the Ce can also be present as REE-carbonate 
complexes (Yuste et al. 2017). On the other hand, Braun et 
al. (1990) showed that this is not always the case, and that 
positive Ce anomalies also develop in the non-ferruginous 
horizons and may, or may not, precipitate cerianite. According 
to these authors, there are two main options for the REE that 
remain in the soil, which are to take part in formation  of other 
REE-bearing minerals or to be adsorbed on clay surfaces. 
The cerianite or any other REE-bearing mineral or carbonate 
complex was not identified by petrography or XRD analysis, 
and thus it is reasonable to suggest that adsorption may 
be the process that is responsible for the Ce content, and 
consequently for the pronounced positive Ce anomalies. 

5.5. Insights on the Jequié Complex bauxite mineral 
system

The controls on the formation of bauxite deposits include 
bedrock lithology, mechanisms of chemical weathering, 

influence of geomorphology and climatic and/or paleoclimatic 
conditions (Freyssinet et al. 2005; Bogatyrev et al. 2009), 
may be interpreted as the critical processes in terms of 
mineral system concept (Wyborn et al. 1994; McCuaig and 
Hronsky 2014).

Granitic rocks constitute the parent materials of many 
significant bauxite deposits, and the process of Al enrichment 
is mostly controlled by the rate of weathering, rather than 
of the initial Al content (Freyssinet et al. 2005). Additionally, 
residual deposits resulting from the weathering of plutonic 
rocks with phosphates are favorable to show REE-bearing 
mineralization (Balaram 2019). Both critical processes 
previously mentioned can be deduced in the bedrock of the 
Volta do Rio Plutonic Suite.

The physicochemical mechanisms of weathering were not 
within the objective of this work, but some considerations may 
be placed. The lateritic weathering can proceed with pH varying 
between 3.9 and 9, with the removal of CNK components 
happening with pH lower than 5, and Al precipitation with 
pH varying between 5 and 8.5 (Bogatyrev et al. 2009). The 
leaching of CNK components and Si is well documented on 
the ITJ profile, while the presence of the nordstrandite on CDF 
is a clue for the local changes that the pH has showed during 
the Al precipitation.

Considering the influence of geomorphology, most of the 
bauxite deposits are present on ancient lateritic planation 
surfaces (Aleva and Creutzberg 1994). The Serras Marginais do 
Leste da Bahia, which is the geomorphologic unit that hosts the 
bauxite mineralization, is mainly constituted by residual ridges 
related to the Gondwana planation surface of the late-cretaceous 
period (Silva 2009) with extremely dissected slopes. The late-
cretaceous is a period of a well-documented bauxite deposits 
formation (Freyssinet et al. 2005). Chardon et al. (2006) showed 
that the bauxite occurrences of the West African rifted margin 
are probably related to the presence of two Meso-Cenozoic 
planation surfaces and suggest the hypothesis of a symmetric 
morphotectonic and morphoclimatic evolution with respect to 
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FIGURE 21. Selected bivariate plots showing the correlation between Zr and: Hf (A), Nb (B), Ta (C), Th (D) and W (E).

the Atlantic margin. Therefore, we suggest that future studies, 
including the goethite dating with [(U-Th)]/He method and the 
40Ar/39Ar dating of k-bearing weathering minerals (e.g. Ansart et 
al. 2022), should be carried out in order to test this hypothesis. 
At Brazil southeastern region, in the Mantiqueira Province, 
there are bauxite deposits and occurrences with several similar 
characteristics of this study (Costa 2016). The bedrock of the 
Cataguazes bauxite deposit is composed of granulitic rocks of 

magmatic origin. The landscape evolution happened during the 
Gondwana planation surface and the allochthonous bauxite 
occurs in the basis of the hills slope (Beissner et al. 1997). At 
Miraí deposit, the bedrocks are composed of granulitic rocks 
and the bauxites occur like massive angular fragments in the 
hill slopes, partially maintaining the structures of the parent rock 
(Lopes and Carvalho 1990). Soares et al. (2014) presents an 
occurrence of bauxite at the Caparaó Suite. The mineralization 
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FIGURE 22. Selected bivariate plots showing the correlation between P and: total of REE (A), HREE (B) and LREE (C). Bivariate plots 
showing correlation between HREE with Zr (D) and TiO2 (E).

was developed over charnockitic rocks and placed in the half 
slopes hills.

The lateritic index (LI) from Iza et al. (2020) was developed 
to analyze the relationship between weathering and gamma-
spectrometric data. The areas with high LI present greater 
probability to have lateritic duricrusts. The areas with high 

index showed a good spatial correlation with the Serras 
Marginais do Leste da Bahia and thus, could be an interesting 
tool for mineral exploration focused on bauxite.

The climatic conditions that favor the bauxitization process 
highlighted an average annual temperature exceeding 22 ºC, 
with an annual rainfall distributed over nine to eleven months 
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(Aleva and Creutzberg 1994). Deposits such as of this study, 
that are placed in areas with no currently favorable climatic 
conditions can be interpreted as simply fossils of more 
favorable paleoclimatic conditions (Freyssinet et al. 2005).

6. Conclusions

The Jequié Block is located in the northeastern portion of 
the São Francisco Craton and it is characterized by cogenetic, 
enderbite-charnockite plutons, which were intruded by 
gabbros, norites and anorthosites, and subsequently all these 
rocks were re-equilibrated in granulite facies. Three bauxite 
occurrences were mapped in the southeastern portion of the 
Jequié Block, named Itaji (ITJ), Casa de Farinha (CDF) and 
Valentim (VLT). It can be concluded that:

The stream sediment geochemical maps for the major 
elements indicate the increased presence of Al, Fe, 
REE+Y+Sc and Ce in the catchments in the region where 
bauxite mineralization occurs;

The horizons of the ITJ vertical profile indicate a lateritic 
sequence consisting of, from bottom to top, bedrock (i), saprock 
(ii), saprolite (iii), pedolith (iv) and lateritic duricrust (v);

The lateritic sequence is of the sedimentary type, with 
proximal deposition.
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