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Abstract
The geochemical behavior of the major, minor, trace and rare earths elements (REEs) in soil profiles from ultramafic volcanoclastic rocks of 
the Vulcão do Paredão and Morro Vermelho Formation from Trindade Island (TI) was analyzed in this study. Losses and gains of chemical 
elements were calculated through the mass balance for two profiles along the slope: one located at higher altitude (460 m) and the other at 
lower altitude (258 m). In all profiles, Al, Fe and Ti accumulate due to their low mobility, whereas Ca, Na, K and Mg are the most intensely 
leached. Soils located at lower altitude show higher K and Mg values in the surface due to the contribution of saline sprays. Leaching of the 
REEs from higher to the lower slope led to the enrichment of these elements, especially the light REEs, in the soil at the lowest altitude 
(258 m). The high altitude profile showed Ce positive anomaly due to longer exposure to weathering. The geochemical balance shows a rela-
tive enrichment of Ti, Mn, Fe, Co, Cr, Ni, V, Zr, S related to the loss of mobile elements during the soil formation process, despite the youthful 
nature of these volcanic rocks. 
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INTRODUCTION
The distribution and migration of the chemical elements, 

and the chemical reactions during weathering and soil for-
mation processes are essential in pedogeochemical studies 
(Carvalho 1995). The meteoric water reacts with most rock 
minerals, and new stable mineral phases are formed under new 
physicochemical conditions (Carvalho 1995, Putnis 2009). 
In this process, some chemical elements are leached out, while 
others are concentrated. 

The chemical reactions occurring during the soil forma-
tion determine the mobilization and redistribution of ele-
ments within the soil profile, and a significant correlation can 
be recorded between the total concentration of elements in 
soils and parent material (Roca et al. 2008). To study the dis-
tribution and migration of chemical elements along the soil 
profile, the chemical mass balance between the parent mate-
rial and the alteration products is used, an isovolumetric 

change (Millot and Bonifas 1955, Gardner 1980, Cramer 
and Nesbitt 1983). 

In the Brazilian territory, there are few studies on the geo-
chemistry of soils from volcanic oceanic islands, specifically 
on the latest pyroclasts. Of the existing studies, few report the 
geochemical evolution of soil formation. Among them, there 
are the studies of Oliveira et al. (2014) that showed the soil 
phosphatization process of Rata Island (Fernando de Noronha 
Archipelago) due to the interaction of bird excrement with 
olivine nephelinites (ankaratritic lavas), and of Oliveira et al. 
(2009) that report high contents of Cu, Pb, Zn, As, U, and Sr 
in besides soils of this island due to the interaction of guano 
with mafic rocks, and anomalous concentrations of Ba, Nb, 
Ta, Cr, Hf, V and Zr due to the geochemical inheritance of 
local basalts. In the Fernando de Noronha Island, Oliveira 
et al. (2011b) showed that soils developed from mafic rocks 
(nepheline basalts) presented higher contents of Fe, Co, Ni and 
Cr, and Oliveira et al. (2011a) showed that soils from these 
rocks concentrate rare earth elements (REEs), preferably the 
heavy REEs (HREEs). 

In reddened topsoil developed on mafic lapilli from Fogo 
island (Cape Verde), the upper level shows a significant gain of 
Na, Cr, P, Si, and particularly As, and the hematite may explain 
the significant retention of Cr, P, As and light REEs (LREE) 
in the topsoil (Marques et al. 2014).

In soils of basaltic rocks of Cameroon, the organic matter 
may account for low mobility of Cu and Pb, and the Mn-Al 
system may control Zn retardation at low elevations (Manga 
et al. 2016).

In basaltic pyroclasts from Azores, there are studies on 
the behavior of REEs (Freitas and Pacheco 2010, Vieira et al. 
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2004), showing a predominance in LREEs and positive Ce 
and Er negative anomalies. In soils developed on phonolitic 
pyroclasts in Cape Verde also occur positive Ce anomalies 
(Marques et al. 2018).

In Trindade Island, despite studies by Clemente et al. 
(2012) have shown the availability of trace elements in soils 
from different eruptive materials, there are deficiencies in stud-
ies showing the behavior of chemical elements in these soils, 
including REEs and the chemical mass balance. To fill this gap, 
the present study aims to bring more information about the 
geochemical evolution from the pyroclasts to the soil and to 
evaluate the distribution and quantification of losses and gains 
of major, minor, trace and REEs.

METHODOLOGY
The sampling was carried out along four alteration pro-

files covering the pedological horizons and semi-altered ultra-
mafic pyroclastic rocks of the Vulcão do Paredão and Morro 
Vermelho Formation, located at different altitudes of Trindade 
Island (Fig. 1). The Trindade island has a tropical oceanic 
climate with average annual rainfall between 926 mm and a 
marked dry season between January and March. The annual 
mean temperature is 25°C, being March the warmest month 
of the year and June the coolest (Fund 2014).

The undeformed soil samples were collected by using a vol-
umetric ring, maintaining the original structure of the material 
to determine the apparent density.

Chemical analyzes
For the chemical analyzes, the samples of weathered rocks 

and soils were air-dried and then manually sprayed in agate 
mortar and sieved to 150# (granulometry less than 0.105 mm), 
individualizing aliquots of about 50 g.

The chemical analyzes of the major (Al, Fe, K, Mg, Na, 
Ca, P), minor (Ti, Mn) and trace elements (Ba, Co, Cr, Cu, 
Li, Ni, Sr, Th, V, Zn, Be, Zr, S, Sc, Ga, Y, Cd, In, Cs, Tl, Pb, Bi, 
U) were obtained by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) Agilent Technologies 725 while 
the REEs by inductively coupled plasma mass spectrometry 

(ICP-MS) Agilent Technologies 7700 at the LGqa Laboratory 
of Geology Department at Universidade Federal de Ouro Preto 
(DEGEO/UFOP). For total digestion of 0.1g of each sample, 
1 mL of hydrogen peroxide as added for the removal of organic 
matter. After total removal of organic matter, they were added 
3 mL of HCl per 10 mol L-1 and 6 mL of HNO3 per 10 mol L-1, 
20 mL of HNO3 per 2 mol L-1 for digestion of carbonates and 
oxides and 4 mL of HF concentrate for digestion of silicates. 
The percentage of SiO2 was calculated in a relative way by the 
difference to 100% in the sum of the main elements and loss 
on ignition (LOI). The standard used as reference to rocks 
was the basalt certified (Cotta et al. 2008).

Apparent bulk density, absolute contents 
and geochemical balance

For this analysis, the most complete profiles 1 and 3 were 
chosen, including, at the base, the presence of pyroclasts and, 
at the top, the A horizon. 

The determination of bulk density was made for the weath-
ered rocks by paraffin clod method and for the soils by volu-
metric ring method (Teixeira et al. 2017). 

The density values were incorporated in the calculation of 
losses and gains of the elements from the altered rock to the 
soil, so that the volume variation could be fixed. The abso-
lute contents of each chemical component of profiles 1 and 
3 were then calculated using the contents of the elements 
obtained by chemical analysis and the density measurement 
of the respective samples. For the quantitative evaluation of 
the losses and gains of chemical elements during the pedo-
genetic processes, the chemical mass balance calculations 
were performed using the Millot and Bonifas (1955) pre-
cepts. The Equation 1 was used:

{ [ (Ea * Da) – (Epy * Dpy) ] /  (Epy * Dpy) } * 100� (1)

In which:
Ea = the concentration of the element in horizon “a”;
Da = the bulk density of horizon “a”;
Epy = the concentration of the element in pyroclasts ;
Dpy = the bulk density of pyroclast.

Source: modified of Mateus et al. (2018).
Figure 1. (A) Satellite image of Trindade Island with location of 1, 2, 3 and 4 profiles. (B) Image of profiles 1, 2, 3 and 4 showing sampling point. 
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Physical characteristics and mineralogy
Table 1 summarizes the main physical and mineralogical 

characteristics of the four soil profiles according Mateus et al. 
(2020a) and Mateus et al. (2018).  

RESULTS

Geochemistry
Pyroclasts show the predominance of SiO2, FeOt, Al2O3, 

TiO2, CaO, MgO and P2O5 among the major and minor ele-
ments (Tab. 2), due to the presence of forsterite, clinopyroxenes 
(augite and diopiside), Ti-biotite, Ti-magnetite, ilmenite and 
sideromelane (Tab. 1). In particular, CaO value in the profile 
2 is high due to the presence of calcium zeolites (Ca-chabazite 
and Ca-heulandite) added to the presence of clinopyroxenes. 
K2O, Na2O and MnO occur in small quantities and are mainly 
related to volcanic glass (sideromelane), which constitutes 
approximately 50% of the rock. The quantification of vol-
canic glass was obtained by description of rocks previously 
impregnated in a Zeiss microscope fitted with a digital camera 
(Mateus et al. 2020a, 2020b). The pyroclasts from profile 3 con-
tain K2O values greater than Na2O due to the higher amounts 
of Ti-biotite. The high LOI values are due to the presence of 
sideromelane and palagonite that contain water in their com-
position. Among the trace and REEs, Ba, Cr, Sr, V, Zr and Ce 
are those that show similar contents in all pyroclasts.

In all soil horizons occur the predominance of SiO2, Al2O3, 
FeOt, TiO2 (Tab. 2). The high amounts of FeOt is mainly 
attributed the presence of semi-altered primary mineral such 
as Ti-magnetites and secondary minerals such as hematite, 
goethite and ferrihydrites (Tab. 1). TiO2 is the fourth most 

abundant element in the profiles 1, 2 and 3, and its presence 
is related to the presence of rutile, anatase, biotite, magnetite 
and ilmenite. 

The normalization of the REEs’ concentrations to chon-
drite data show higher concentrations of LREEs in all profiles. 
The profile 1 have positive anomalies of Ce higher than other 
profiles (2, 3 and 4) (Tab. 3, Fig. 2). 

Absolute contents and geochemical 
balance from profiles 1 and 3

Distribution diagrams (Figs. 3 and 4) were obtained by 
the relation of the absolute contents (Tab. 4) with the density 
values. This relationship with the geochemical balance results 
(Tab. 5) allows us to make the following inferences.

Profile 1
Among the major and minor elements, Si, Al, Fe and Ti 

show similar behavior. There is a pronounced decrease in 
absolute contents towards C2 horizon followed by a relative 
increase to the top of profile. Gains are higher in the Bi horizon 
with 66.83% Fe and 36.36% Ti, and in the C1 horizon with 
40.25% Mn. Na, K, Ca, Mg and P also show similar comport-
ment with a pronounced decrease to the top of the profile, 
but no peaks of increase. For Mg there is an increase peak in 
the C1 horizon with stabilization in the A and Bi horizons. 
Losses are higher in Ca and Na with values around 90% com-
pared to the altered pyroclast.

Among the trace elements, the absolute contents of Ba, Co, 
Cr and Ni increase significantly towards the top, with moder-
ate gain in the A horizon, reaching 87.55, 19.57, 125.57 and 
79.16%, respectively, in the Bi horizon. For Cu, Th, V, Zn, Zr, 
S, Pb, Ca, Ga and U, there is a decrease from the rock to C2 

Table 1. Physical and mineralogical characteristics of the profiles (Mateus et al. 2020a, 2020b) and Mateus et al. (2018).

Profile
Location and 
toposequence 

region 
Altitude (m)

Source material 
and geological 

formation
Erosion degree Mineralogy of 

pyroclastic rocks Soil mineralogy

1 257867/7729600 
top 460

Alic Hapludand 
pyroclast 
derivative
Vulcão do 
Paredão

Extremely strong

Ol, Px, Bt, 
Mag, Ilm, Hem, 
sideromelane, 
sideromelane 
palagonitized

Ol, Px, Bt, Mag, 
Ilm, Hem, Hal, 
Fh, Gth, Ant, 
sideromelane 
palagonitized

2
257916/7729828

Upper middle 
strand

351

Typic Hapludand 
pyroclast 
derivative

 Morro Vermelho 
Formation

Extremely strong

Ol, Px, Bt, Mag, 
Ilm, Hem, Zl, 
sideromelane,  
sideromelane 
palagonitized

Ol, Px, Bt, Mag, 
Ilm, Hem, Hal, 

Fh,  Gth, Rt,  
sideromelane 
palagonitized

3
258467/7729761

Lower middle 
strand

258

Typic Hapludand 
pyroclast 
derivative

 Morro Vermelho 
Formation

Extremely strong

Ol, Px, Bt, 
Mag, Ilm, Hem, 
sideromelane,  
sideromelane 
palagonitized

Ol, Px, Bt, Mag, 
Ilm, Hem, Hal, 

Fh, Gth, Rt, 
sideromelane 
palagonitized

4
258826/7730121

Strand of the 
coast; base

72

Typic 
Udipsamments 

pyroclast 
derivative 

Morro Vermelho 
Formation

Extremely strong -
Ol, Px, Bt, Fd, 

Mag, Ilm, Hem, 
Hal, Fh, Gth, Rt

Bt: Ti-biotite; Ol: olivine (forsterite); Ilm: ilmenite; Px: pyroxenes (augite, diopside); Mag: magnetite; Fp: feldspars (anorthoclase, oligoclase); Zl: zeolite 
(chabazite, heulandite); Hem: hematite; Gth: goethite; Ant: anatase; Rt: rutile; Hall: halloysite; Fh: Ferryhidrite.
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1 2 3 4

A Bi C1 C2 Py C Py A C1 C2 Py A C1 C2

%

SiO2 28.2 21.94 26.91 30.02 37.47 34.67 37.50 27.61 26.11 23.96 37.81 33.80 32.03 39.16

FeOt 31.45 36.88 31.15 26.73 19.58 20.37 16.09 28.87 29.43 35.46 18.46 21.50 19.49 16.74

Al2O3 17.18 17.10 17.24 18.01 14.68 13.19 11.95 13.90 15.17 13.88 13.38 12.17 12.39 11.35

TiO2 10.18 10.70 10.20 8.92 6.95 7.08 5.36 9.89 10.25 10.95 7.31 6.75 6.36 5.63

CaO 0.09 0.08 0.10 0.10 5.43 7.47 11.15 0.65 0.96 1.00 3.50 7.35 9.86 11.43

MgO 0.90 0.81 0.84 1.04 4.50 5.10 7.37 1.90 2.07 2.16 3.67 7.97 6.55 7.47

P2O5 0.39 0.31 0.37 0.45 1.36 1.23 1.48 0.86 1.04 0.90 0.86 1.56 1.29 1.27

Na2O 0.05 0.07 0.07 0.17 0.53 0.41 0.57 0.18 0.19 0.23 0.29 0.48 0.63 0.92

K2O 0.03 0.04 0.05 0.07 0.15 0.37 0.27 0.63 0.68 0.88 0.48 0.32 0.27 0.34

MnO 0.48 0.39 0.47 0.45 0.30 0.34 0.27 0.36 0.38 0.41 0.30 0.27 0.24 0.22

LOI 11.05 11.68 12.60 14.03 9.05 9.79 7.99 15.15 13.71 10.17 13.95 7.82 10.89 5.48

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

mg kg-1

Ba 2724.73 2916.77 2907.94 2293.72 1377.45 1426.84 1608.22 1422.68 1439.27 1786.25 1887.55 1069.01 850.11 852.91

Co 252.51 257.73 248.08 185.76 127.12 86.38 92.73 176.60 177.42 193.78 116.35 122.91 74.05 69.07

Cr 751.27 643.95 596.31 478.44 252.82 578.50 363.23 683.44 714.72 682.87 472.19 560.56 269.56 218.10

Cu 64.10 57.27 54.58 64.37 44.73 80.54 75.90 74.01 84.62 76.33 87.47 60.45 56.30 82.09

Li 9.24 10.07 15.20 22.07 14.35 12.55 10.94 22.76 26.46 23.95 9.69 10.85 < LQ < LQ

Ni 226.73 232.70 232.73 204.51 115.04 119.72 127.93 187.52 223.57 184.52 115.02 145.57 108.55 80.91

Sr 482.29 615.96 625.91 567.67 1240.76 1054.46 1592.12 469.31 428.65 724.35 566.09 821.77 871.48 858.86

Th 40.12 39.46 37.80 30.50 33.40 37.97 39.50 26.52 28.34 34.50 32.02 30.88 29.60 30.21

V 313.97 353.05 299.32 247.72 248.97 334.69 302.20 465.91 485.33 425.56 275.81 305.18 247.86 255.17

Zn 211.01 206.70 203.02 202.32 145.55 151.26 128.11 178.16 182.52 215.66 172.75 151.72 134.15 144.44

Be 0.58 < LQ 0.87 1.27 1.08 1.26 1.00 1.21 1.23 1.56 1.13 0.76 0.62 0.99

Zr 439.82 463.95 444.32 373.15 314.24 347.24 279.70 447.85 460.68 511.87 308.19 367.80 325.71 296.98

S 1408.03 1519.63 1,260.70 300.59 220.20 262.83 110.88 355.97 564.24 86.81 65.44 213.50 70.96 < LQ

Sc 53.38 53.00 50.04 46.73 34.83 38.78 29.49 43.50 45.54 48.53 37.16 36.04 29.44 28.14

Ga 41.22 42.74 37.75 35.04 33.44 33.64 28.96 38.98 41.77 43.06 33.80 32.83 29.27 26.48

Y 17.53 15.12 12.93 13.86 42.62 51.25 48.56 54.55 54.42 63.60 41.28 43.68 38.52 38.90

Cd 1.73 1.67 1.82 3.23 1.86 1.27 0.88 1.78 2.30 2.71 0.75 0.94 0.63 0.49

In 0.21 0.23 0.19 0.18 0.15 0.15 0.12 0.20 0.21 0.22 0.16 0.15 0.14 0.13

Cs 0.07 0.12 0.15 0.31 1.04 1.59 0.75 1.41 1.48 1.92 0.62 0.51 0.28 0.18

Tl < LQ < LQ < LQ < LQ < LQ < LQ < LQ 0.14 0.15 0.12 < LQ < LQ < LQ < LQ

Pb 5.74 5.15 4.42 3.19 4.19 5.85 10.64 11.12 10.75 11.70 12.23 4.92 3.64 3.64

Bi 0.12 0.05 < LQ < LQ < LQ < LQ < LQ 0.06 0.08 0.06 0.043 0.05 0.04 < LQ

U 3.03 2.95 2.62 2.38 2.51 3.23 2.68 3.24 3.55 3.71 2.01 1.62 0.91 1.18

La 38.59 38.41 34.20 34.13 101.82 127.72 124.19 124.05 127.47 164.00 89.93 105.11 91.96 90.85

Ce 254.68 225.13 238.97 253.98 267.19 323.83 299.11 298.14 290.14 329.25 229.24 239.88 206.00 216.34

Pr 9.17 8.57 7.57 10.03 27.42 34.12 32.55 33.69 33.89 40.44 23.99 27.95 24.81 24.75

Nd 37.93 35.42 31.17 42.85 109.93 137.39 131.87 137.46 136.28 169.70 97.44 111.06 98.49 98.66

Sm 9.15 9.14 7.99 11.02 20.58 25.49 24.14 26.09 25.98 31.68 18.72 20.97 18.63 18.58

Eu 3.21 3.22 2.82 3.62 6.34 7.63 7.28 7.88 7.90 9.24 5.85 6.42 5.64 5.61

Gd 8.24 7.61 6.81 8.53 18.01 21.80 20.60 22.33 22.27 25.87 16.37 18.08 16.00 15.95

Tb 0.99 0.93 0.83 1.05 2.00 2.44 2.25 2.52 2.56 2.90 1.87 2.05 1.82 1.81

Dy 5.55 5.16 4.61 5.74 10.10 12.44 11.26 13.12 13.23 14.96 9.67 10.42 9.24 9.24

Ho 0.93 0.86 0.76 0.92 1.67 2.07 1.87 2.17 2.20 2.50 1.64 1.72 1.53 1.52

Er 2.34 2.17 1.93 2.32 4.03 5.14 4.66 5.28 5.38 6.10 4.04 4.20 3.74 3.68

Tm 0.30 0.27 0.24 0.29 0.46 0.58 0.53 0.61 0.63 0.71 0.48 0.48 0.42 0.42

Yb 1.75 1.61 1.46 1.84 2.56 3.36 3.04 3.51 3.55 3.99 2.68 2.67 2.40 2.40

Lu 0.23 0.21 0.18 0.23 0.35 0.46 0.41 0.47 0.47 0.54 0.36 0.36 0.32 0.32

Table 2. Bulk chemistry contents of major, minor, trace elements, and rare earths elements from the soil profiles 1, 2, 3 and 4. 

LQ: quantification limits; LOI: loss on ignition; A, Bi, C1, C2 and C: soil horizons; Py: pyroclasts.
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horizon and a more pronounced increase in the Bi horizon 
followed by a decrease in the A horizon. Among these ele-
ments, S is the one with significant gain of 511.24% in the Bi 
horizon while Th, V and Ga have relative loss of 14.20, 9.92 
and 11.95%, respectively. Sr and Be behavior is the reverse of 
Ba, Co, Cr e Ni, that is, occur a decrease towards the top of the 
profile with higher loss of Sr and Be in the A horizon. The Y 
presents similar loss in all horizons with values around 70%. 

For the REEs occur a decrease of all elements toward the 
top of the profile, except Sc that presents increase. Among them, 
the Dy, Er, Yb, La and Nd show a peak increase in the Bi hori-
zon and, in particular, of Ce in the C1 horizon. The geochem-
ical balance shows less loss in the Bi horizon except the Ce 
which has the lowest value in the C1 horizon. The greatest 
losses are of LREEs with values around 60–80%, except the 
Ce with value between 19–35%. The HREEs show moderate 
losses of around 40–60%. 

Profile 3
Among the major and minor elements, the absolute con-

tents of Fe, Ti and K increase in the C2 and C1 horizon and 
decrease in the A horizon. The geochemical balance shows 
higher gain of 39.70 and 33.33% for Fe and K, respectively, in 
the C2 horizon. The elements Si, Al, Ca, Mg, P, Na and Mn 
decrease towards the top of the profile with more pronounced 
loss for Ca around 79–90%. 

The absolute contents of Ba, Cu, Sr, Th, Zn, Sc, Ga decrease 
towards the top of the profile and those of S, Cd and U increase. 
Co, Cr, Li, Ni, V, Be, Zr, Y and Cs increase in C2 and C1 hori-
zon and decrease in the A horizon. The chemical elements In 
and Bi present constant behavior with a small decrease in the 
A horizon. The geochemical balance shows loss of Ba, Sr, Th, 
Zn, Sc, Cu, Ga, Be and Y in relation to pyroclast with greater 
loss in the A horizon around 30–60%, as opposed to Li, Cd 
and Cs that show gain in all horizons. Co, Cr, Ni, V and Zr have 

Table 3. Concentration results, in mg.kg-1, and their normalization to chondrite (McDonough and Sun 1995), for rare earth elements in 
profiles 1,2, 3 and 4. 

Prof. Hor. La  Ce Pr  Nd Sm Eu Gd  Tb  Dy  Ho Er  Tm  Yb  Lu  ΣLREE ΣHREE LREE/
HREE La/Lu Ce/

Ce*
Eu/
Eu*

1

A 128.63 303.19 76.42 65.40 43.57 43.38 27.47 20.20 17.90 12.74 11.14 9.09 8.75 7.42 617.21 114.72 5.38 17.34 2.82 1.21

Bi 128.03 268.01 71.42 61.07 43.52 43.51 25.37 18.98 16.65 11.78 10.33 8.18 8.05 6.77 572.05 106.11 5.39 18.90 2.54 1.23

C1 114.00 284.49 63.08 53.74 38.05 38.11 22.70 16.94 14.87 10.41 9.19 7.27 7.30 5.81 553.36 94.49 5.86 19.63 3.03 1.23

C2 113.77 302.36 83.58 73.88 52.48 48.92 28.43 21.43 18.52 12.60 11.05 8.79 9.20 7.42 626.06 117.44 5.33 15.33 3.01 1.16

Py 339.40 318.08 228.50 189.53 98.00 85.68 60.03 40.82 32.58 22.88 19.19 13.94 12.80 11.29 1173.52 213.53 5.50 30.06 1.10 1.09

2
C 425.73 385.51 284.33 236.88 121.38 103.11 72.67 49.80 40.13 28.36 24.48 17.58 16.80 14.84 1453.84 264.64 5.49 28.69 1.06 1.06

Py 413.97 356.08 271.25 227.36 114.95 98.38 68.67 45.92 36.32 25.62 22.19 16.06 15.20 13.23 1383.61 243.20 5.69 31.30 1.01 1.07

3

A 413.50 354.93 280.75 237.00 124.24 106.49 74.43 51.43 42.32 29.73 25.14 18.48 17.55 15.16 1410.42 274.25 5.14 27.27 1.00 1.07

C1 424.90 345.40 282.42 234.97 123.71 106.76 74.23 52.24 42.68 30.14 25.62 19.09 17.75 15.16 1411.40 276.91 5.10 28.03 0.96 1.07

C2 546.67 391.96 337.00 292.59 150.86 124.86 86.23 59.18 48.26 34.25 29.05 21.52 19.95 17.42 1719.07 315.85 5.44 31.38 0.85 1.04

Py 299.77 272.90 199.92 168.00 89.14 79.05 54.57 38.16 9.67 22.47 4.04 14.55 13.40 11.61 1029.73 168.46 6.11 25.81 1.07 1.10

4

A 350.37 285.57 232.92 191.48 99.86 86.76 60.27 41.84 33.61 23.56 20.00 14.55 13.35 11.61 1160.19 218.79 5.30 30.17 0.96 1.08

C1 306.53 245.24 206.75 169.81 88.71 76.22 53.33 37.14 29.81 20.96 17.81 12.73 12.00 10.32 1017.05 194.10 5.24 29.70 0.94 1.07

C2 302.83 257.55 206.25 170.10 88.48 75.81 53.17 36.94 29.81 20.82 17.52 12.73 12.00 10.32 1025.21 193.31 5.30 29.34 1.00 1.06

Prof.: profile; Hor.: pedological horizons; Py: pyroclast; (La/Lu)ch: (La/Lach)/(Lu/Luch); Ce/Ce*: (3Ce/Cech)/(2La/Lach + Nd/Ndch); Eu/Eu*: (3Eu/
Euch)/(2Sm/Smch + Tb/Tbch); ch: concentration in chondrite; HREE: high rare earth elements; LREE: low rare earth elements.

Figure 2. Typical chondrite-normalized rare earth elements plots of soils and pyroclasts of profiles 1, 2, 3 and 4.
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REEs: rare earth elements.
Figure 3. Comparison between densities and absolute contents from profile 1.

gains in C2 and C1 horizon and loss in the A horizon. S is the 
element with the highest gain (559.73%) between the trace ele-
ments. Be and Y behave differently from other trace elements. 

For the REEs occur an increase in absolute values from 
rock to C2 horizon followed by a decrease towards the top 
of the profile. The geochemical balance shows gain of all ele-
ments in the C2 and C1 horizons, except for Ce and Lu that 
present small loss of 3.11 and 0.11%, respectively, and loss 

in the A horizon in relation to the pyroclast. In addition, the 
LREEs show higher gains than the HREEs, between 14–33% 
and 9–12%, respectively.

DISCUSSION
According to weather studies of geochemical evolution 

of soil profiles, in all studied profiles the amount of silica 
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REEs: rare earth elements.
Figure 4. Comparison between densities and absolute levels from profile 3.

decreases considerably with the advance of weathering, while 
aluminum, iron and titanium tend to accumulate due to their 
low mobility. Calcium, sodium, potassium and magnesium 
are the most intensely leached. In the profile 4, potassium 
and magnesium values are slightly high in the A horizon due 
to the position of this profile at a lower altitude. The influence 
of saline sprays and the deposition of chemical elements from 

the higher regions increase the amounts of chemical elements 
in the profiles located at lower altitude, corroborating with 
Clemente et al. (2012). 

Profiles located at higher altitudes, such as profile 1 
(460 m), are most depleted in the most mobile elements such 
as Na, Ca, Mg and K. Clemente et al. (2012) assigned the low 
values of CaO to acid pH, to greater degree of weathering in 
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Table 4. Absolute values of the major, minor and trace elements and rare earth elements from profiles 1 and 3. 

Profiles 1 3
Horizons 
and rocks A Bi C1 C2 Py A C1 C2 Py

kg dm-3

Bulk 0.75 0.93 0.94 0.72 1.05 0.72 1.01 0.96 1.32
%

SiO2 21.15 20.40 25.30 21.61 39.34 19.88 26.37 23.00 49.91
FeOt 23.59 34.30 29.28 19.25 20.56 20.79 29.72 34.04 24.37
Al2O3 12.89 15.90 16.21 12.97 15.41 10.01 15.32 13.32 17.66
TiO2 7.64 9.95 9.59 6.42 7.30 7.12 10.35 10.51 9.65
CaO 0.07 0.07 0.09 0.07 5.70 0.47 0.97 0.96 4.62
MgO 0.68 0.75 0.79 0.75 4.73 1.37 2.09 2.07 4.84
P2O5 0.29 0.29 0.35 0.32 1.43 0.62 1.05 0.86 1.14
Na2O 0.04 0.07 0.07 0.12 0.56 0.13 0.19 0.22 0.38
K2O 0.02 0.04 0.05 0.05 0.16 0.45 0.69 0.84 0.63
MnO 0.36 0.36 0.44 0.32 0.32 0.26 0.38 0.39 0.40

mg dm-3

Ba 2,043.55 2,712.60 2,733.46 1,651.48 1,446.32 1,024.33 1,453.66 1,714.80 2,491.57
Co 189.38 239.69 233.20 133.75 133.48 127.15 179.19 186.03 153.58
Cr 563.45 598.87 560.53 344.48 265.46 492.08 721.87 655.56 623.29
Cu 48.08 53.26 51.31 46.35 46.97 53.29 85.47 73.28 115.46
Li 6.93 9.37 14.29 15.89 15.07 16.39 26.72 22.99 12.79
Ni 170.05 216.41 218.77 147.25 120.79 135.01 225.81 177.14 151.83
Sr 361.72 572.84 588.36 408.72 1302.80 337.90 432.94 695.38 747.24
Th 30.09 36.70 35.53 21.96 35.07 19.09 28.62 33.12 42.27
V 235.48 328.34 281.36 178.36 261.42 335.46 490.18 408.54 364.07
Zn 158.26 192.23 190.84 145.67 152.83 128.28 184.35 207.03 228.03
Be 0.44 - 0.82 0.91 1.13 0.87 1.24 1.50 1.49
Zr 329.87 431.47 417.66 268.67 329.95 322.45 465.29 491.40 406.81
S 1,056.02 1,413.26 1,185.06 216.42 231.21 256.30 569.88 83.34 86.38
Sc 40.04 49.29 47.04 33.65 36.57 31.32 46.00 46.59 49.05
Ga 30.92 39.75 35.49 25.23 35.11 28.07 42.19 41.34 44.62
Y 13.15 14.06 12.15 9.98 44.75 39.28 54.96 61.06 54.49
Cd 1.30 1.55 1.71 2.33 1.95 1.28 2.32 2.60 0.99
In 0.16 0.21 0.18 0.13 0.16 0.14 0.21 0.21 0.21
Tl - - - - - 0.10 0.15 0.12 -
Pb 4.31 4.79 4.15 2.30 4.40 8.01 10.86 11.23 16.14
Bi 0.09 0.05 - - - 0.04 0.08 0.06 0.06
U 2.27 2.74 2.46 1.71 2.64 2.33 3.59 3.56 2.65
Cs 0.05 0.11 0.14 0.22 1.09 1.02 1.49 1.84 0.82
La 28.94 35.72 32.15 24.57 106.91 89.32 128.74 157.44 118.71
Ce 191.01 209.37 224.63 182.87 280.55 214.66 293.04 316.08 302.60
Pr 6.88 7.97 7.12 7.22 28.79 24.26 34.23 38.82 31.67
Nd 28.45 32.94 29.30 30.85 115.43 98.97 137.64 162.91 128.62
Sm 6.86 8.50 7.51 7.93 21.61 18.78 26.24 30.41 24.71
Eu 2.41 2.99 2.65 2.61 6.66 5.67 7.98 8.87 7.72
Gd 6.18 7.08 6.40 6.14 18.91 16.08 22.49 24.84 21.61
Tb 0.74 0.86 0.78 0.76 2.10 1.81 2.59 2.78 2.47
Dy 4.16 4.80 4.33 4.13 10.61 9.45 13.36 14.36 12.76
Ho 0.70 0.80 0.71 0.66 1.75 1.56 2.22 2.40 2.16
Er 1.76 2.02 1.81 1.67 4.23 3.80 5.43 5.86 5.33
Tm 0.23 0.25 0.23 0.21 0.48 0.44 0.64 0.68 0.63
Yb 1.31 1.50 1.37 1.32 2.69 2.53 3.59 3.83 3.54
Lu 0.17 0.20 0.17 0.17 0.37 0.34 0.47 0.52 0.48

Hor.: pedological horizons; Py: pyroclast.
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Table 5. Mass balance of profiles 1 and 3.

Profiles 1 3

Hor. and rocks A-py Bi-py C1-py C2-py A-py C1-py C2-py

%

SiO2 -46.24 -48.14 -35.71 -45.06 -60.17 -47.16 -53.91

FeOt 14.73 66.83 42.42 -6.39 -14.70 21.98 39.70

Al2O3 -16.41 3.17 5.14 -15.87 -43.33 -13.25 -24.55

TiO2 4.62 36.36 31.39 -11.99 -26.20 7.29 8.94

CaO -98.82 -98.70 -98.35 -98.74 -89.87 -79.01 -79.22

MgO -85.71 -84.06 -83.29 -84.15 -71.76 -56.84 -57.20

P2O5 -79.52 -79.81 -75.64 -77.31 -45.45 -7.47 -23.89

Na2O -93.26 -88.30 -88.18 -78.01 -66.14 -49.87 -42.32

K2O -85.71 -76.38 -70.16 -68.00 -28.41 8.40 33.33

MnO 14.29 15.14 40.25 2.86 -34.55 -3.08 -0.61

Ba 41.29 87.55 88.99 14.18 -58.89 -41.66 -31.18

Co 41.89 79.57 74.71 0.20 -17.21 16.68 21.13

Cr 112.25 125.60 111.15 29.77 -21.05 15.82 5.18

Cu 2.36 13.40 9.24 -1.32 -53.85 -25.98 -36.54

Li -54.01 -37.85 -5.17 5.46 28.12 108.94 79.75

Ni 40.78 79.16 81.11 21.90 -11.07 48.73 16.67

Sr -72.24 -56.03 -54.84 -68.63 -54.78 -42.06 -6.94

Th -14.20 4.64 1.32 -37.38 -54.82 -32.28 -21.64

V -9.92 25.60 7.63 -31.77 -7.86 34.64 12.21

Zn 3.55 25.78 24.87 -4.68 -43.75 -19.16 -9.21

Be -61.64 - -27.88 -19.37 -41.59 -16.71 0.40

Zr -0.03 30.77 26.58 -18.57 -20.74 14.37 20.79

S 356.74 511.24 412.55 -6.39 196.71 559.73 -3.52

Sc 9.47 34.78 28.62 -8.00 -36.15 -6.23 -5.02

Ga -11.95 13.20 1.06 -28.15 -37.10 -5.44 -7.35

Y -70.62 -68.58 -72.84 -77.70 -27.92 0.87 12.05

Cd -33.56 -20.48 -12.40 19.08 29.45 134.65 162.79

In 0.00 35.81 13.40 -17.71 -31.82 0.43 0.00

Cs -95.19 -89.78 -87.09 -79.56 24.05 82.65 125.22

Pb -2.15 8.86 -5.56 -47.79 -50.41 -32.74 -30.42

Bi - - - - -23.89 42.35 1.48

U -13.77 4.10 -6.55 -34.98 -12.08 35.14 34.24

La -72.93 -66.59 -69.93 -77.01 -24.76 8.46 32.63

Ce -31.92 -25.37 -19.93 -34.82 -29.06 -3.16 4.46

Pr -76.11 -72.32 -75.28 -74.92 -23.40 8.09 22.60

Nd -75.35 -71.46 -74.62 -73.27 -23.05 7.01 26.66

Sm -68.24 -60.66 -65.24 -63.28 -23.98 6.19 23.08

Eu -63.84 -55.02 -60.18 -60.85 -26.53 3.33 14.87

Gd -67.32 -62.57 -66.15 -67.52 -25.60 4.09 14.93

Tb -64.64 -58.81 -62.85 -64.00 -26.49 4.75 12.79

Dy -60.75 -54.75 -59.14 -61.03 -25.99 4.68 12.51

Ho -60.22 -54.39 -59.26 -62.22 -27.83 2.64 10.86

Er -58.53 -52.31 -57.13 -60.52 -28.71 1.89 9.81

Tm -53.42 -48.01 -53.29 -56.77 -30.68 0.43 7.58

Yb -51.17 -44.30 -48.94 -50.71 -28.56 1.35 8.28

Lu -53.06 -46.86 -53.96 -54.94 -28.79 -0.11 9.09

Hor.: pedological horizons; Py: pyroclast.
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region more elevated of Trindade Island and to small pos-
sibility of saline inputs. According to Mateus et al. (2020a), 
acid pH data around 5 were found for C1, Bi and A horizons 
from the profile 1, which may justify the low CaO values in 
this profile. 

In all profiles, the trace elements Ba, Co, Cr, Ni, Sr, V, 
Zn, Zr, S and Ce are the most abundant and, in general, their 
quantities increase towards the top of the profile. Similar 
behavior was found in Fernando de Noronha Island for Co, 
Cr and Ni in soils developed from rocks of mafic composi-
tion (Oliveira et al. 2011b). High values of Ba may be related 
to Ti-biotite, since Marques et al. (1999) and Greenwood 
(1998) reported its presence in heavily zoned Ti-biotite in 
ultramafic rocks (melanephelinites) from Trindade Island. 
The presence of ferromagnesian minerals such as olivine, 
pyroxene and amphibole explain the high content of Ni, Cr, 
Co, Zn and V. According to Hawes and Webb (1962), Ni, 
Cr, Co, Cu, Zn and V have similar chemical characteristics 
and occur in ferromagnesian minerals. Cr contents is high 
for all soils due to the deep mantelic origin of the pyroclasts 
and tend to concentrated in the olivine nuclei (Mateus et al. 
2020b). This fact explains the high exchangeable levels of Cr 
in soils from the Morro Vermelho Formation (Clemente et al. 
2012). The Cu content from profiles 3 and 4 present similar 
behavior to the soils of Clemente et al. (2012): higher con-
tent in near-sea soils, at lower altitude and in younger soils. 
Another similarity to the Clemente et al. (2012) study is 
the most pronounced Zn content in horizons with greater 
amount of organic matter such as the A horizon of profile 3 
and 4, with values of 18.03 e 9.39 g.kg-1 in total organic car-
bon respectively (Mateus et al. 2020a). According to Abreu 
et al. (2001), high levels of organic matter can complex Cu 
and Zn retaining these elements in the soil. Therefore, the 
higher levels of Zn and Cu in the A horizon from profiles 
3 and 4 would be a consequence of the greater amounts of 
complexes of humic acid linked to these elements. In addi-
tion, all horizons from the profiles 3 and 4 still contain several 
relict fragments of the parental rock (Mateus et al. 2020a), 
which could contribute to the more pronounced presence 
of Zn and Cu.

For profiles 1 and 3, the gain of Fe, Ti, Al and Mn are rela-
tive, as these elements increase due to the detriment of others 
such as Si, Na, K, Ca, Mg and P. In relation to trace elements, 
profile 1 shows moderate mobility of Sr, V, Co, Y, Zr, Pb, Cd, U, 
Cs, Th, Ga characterized by the loss of these elements from the 
altered rock to the C2 horizon and a relative enrichment, espe-
cially in Bi horizon. Ba, Cr and Ni show enrichment towards 
to the top of the profile. Li, Zn, Be, Sc do not vary much and 
show very close values in the rock and in the soil.

Profile 3 has the inverse behavior of profile 1, with high 
mobility for Ba, Sr, Zn, Pb represented by their marked loss 
to the top of the profile and a relative enrichment of Cr, Ni, 
Co, Zr, V, S, Y, Ga, U, Cs from rock to soil, with slight loss in 
the A horizon. According to Hawes and Webb (1962) Ba and 
Sr are elements of high mobility, corroborating the geochem-
ical behavior found in the soils of this study. Li, Be and Bi are 
constant in the profile 1 e 3. 

All profiles showed high concentration of LREE. Featured, 
the profiles 1 and 2 showed positive Ce anomalies, with higher 
values in 1. In soils on basaltics pyroclasts from São Miguel 
island (Azores archipelago) occur similar behavior (Freitas 
and Pacheco 2010) as in topsoils on phonolitic pyroclasts in 
Brava Island (Cape Verde archipelago); Marques et al. (2018) 
related the relative Ce enrichment to stronger oxidizing con-
ditions leading to Ce3+ → Ce4+ with preferred retention of this 
element on the clay-size fraction. This same explanation could 
be applied to soil from profile 1 since it is the profile that is 
most weathered (Mateus et al. 2018).

The REEs in profile 1 are lost by leaching. The position of 
this profile in higher regions contributes to the loss of these ele-
ments. The opposite occurs in the profile 3 positioned in lower 
regions, concentrating these elements at the base of the profile 
(C2 and C1 horizon), highlighting the LREEs that show larger 
gain than the HREEs. In the Fernando de Noronha Island, the 
HREEs accumulate in soils on mafic rocks (nepheline basalts) 
at low altitude (Oliveira et al. 2011a). One explanation for this 
difference would be that the profile studied by Oliveira et al. 
(2011a) is located on older rocks Morro Quixaba Formation 
(6.2 Ma, Perlingeiro et al. 2013) that of the Morro Vermelho 
Formation (0.17 Ma, Cordani 1970), and consequently the 
soils formed on these rocks are more weathered and more 
leached, concentrating more HREE than LREE.

CONCLUSIONS
In all profiles, Al and Fe accumulate towards to the top 

due to their low mobility, and, Ca, Na, K and Mg are the most 
intensely leached. Similarly, Ti, Mn, Co, Cr, Ni, V, Zr, S show 
relative enrichment due to the leaching of the most mobile 
elements during the soil formation process.

Lower altitude profiles tend to have higher K and Mg val-
ues in A horizon due to the influence of saline sprays.

Zn and Cu are concentrated in A horizon of low altitude 
profiles that have higher organic matter content and relict frag-
ments of parental rock.

Leaching of the REEs from higher to the lower slope led 
to the enrichment of these elements, especially the light REEs, 
in the low lying (258 m) soil. The Ce positive anomalies in 
high altitude profile (460 m) is because it is more weathered.
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