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Geociéncias

Pedogeochemistry of
ultramafic soils from the
Coérrego dos Boiadeiros
Body, Quadrilatero Ferrifero,
Minas Gerais, Brazil

Abstract

The Cérrego dos Boiadeiros Body (CBB) comprises a metaultramafic-meta-
mafic sequence located in the vicinities of Nova Lima town, central area of the
Quadrilatero Ferrifero province. The main rock type is a serpentinite that grades
upwards to weathering mantles with well-preserved pedogenetic horizons com-
posed, from bottom to top, of four facies: the R Horizon (Fresh rock facies), the
C Horizon (Alterite facies), the B Horizon (Transition facies) and the A Horizon
(Solum facies). This article presents the results of geochemical and mass balance
studies along a representative pedogenetic profile in order to evaluate the chemical
transformations concerning major, trace and Rare Earth Elements. From bottom
to top of the selected profile, there is enrichment in Fe,O,, ALLO, and depletion
in MgO and SiO,. There are also relative gains of metallic elements as Ni, Co, V
and loss of Au. Cr is enriched at the uppermost horizon. Pt is enriched at the basis
of the profile, but decreases towards the upper layers. The weathering mantle is
REE-enriched and shows major fractionating of LREE over HREE. In order to
evaluate the economic potential of the lateritic deposits, especially concerning Cr
content, additional chemical analyses should be distributed over the entire body
and its surroundings.

Keywords: Quadriltero Ferrifero; Corrego dos Boiadeiros Body; ultramafic soil;
geochemistry; mass balance.
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1. Introduction

The Corrego dos Boiadeiros Body
(CBB) comprises an association of
metaultramafic and metamafic rocks
exposed in a 12 km? area located near
the city of Nova Lima, at the central
portion of the Quadrilatero Ferrifero,
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Minas Gerais State (Figure 1). It is
predominantly composed of serpen-
tinite, but steatite, chlorite-tremolite
schist, tremolite-serpentine fels and
meta-gabbro occur as well. The CBB
is a metamafic-metaultramafic sill that

Belo/Horizonte
.

0
Raposos

20000°8°

)

Nova Lima .

T ae00s

.
Itabirito

BR3%6,

4°00"W 43°500"W

%  Samples location
® Cities
— — Sideway

—— Highway

—a— Foliation
—J— Inverted Foliation
Inferred Fault

4 — Inferred Thrust Fault

+—— Thrust Fault

20°60°S

- Cenozoic cover

Minas Supergroup

- Caué Formation

Batatal Formation

l:l Moeda Formation

Rio das Velhas Supergroup
E Coérrego dos Boiadeiros Body
D Nova Lima Group

20080

The Coérrego dos Boiadeiros
Body is also characterized by notable
weathering mantles developed mainly
from the serpentinite and steatite rocks
(Figure 2a). Costa (1995) described
these weathering mantles as promis-
sory deposits of economic valuable
elements, such as Ni, Co, Cr and
Platinum Group Elements derived
from the metaultramafic source.

2. Materials and methods

The chosen profile consists of a
weathering mantle with well-preserved
pedogenetic horizons (Figure 2b). Four
samples were collected from drill cores
and open pits on the regolith.

Thin sections of the fresh rock were
described on a Zeiss Axioscop micro-
scope at the Departamento de Geologia
(DEGEO), Universidade Federal de Ouro
Preto (UFOP). The composition of the
opaque minerals was obtained using a
scanning electronic microscope (SEM)
JEOL JSM-6010LA with an energy dis-
persive spectrometer (EDS), at 20 kV, spot
size 70, peak counting time 10 s at the Mi-

where a — weight of the sample dry at
105°C, b — volume of sample. Also note

43520,

Reconcentration of these types of ele-
ments is very common in soils derived
from ultramafic rocks, as described
by several authors in many others
regions (Elias et al., 1981; Oliveira et
al., 1992; Silva and Oliveira, 19935;
Cornelius et al., 2008).

This article presents the results of
a detailed geochemical investigation
and mass balance study of a pedoge-

croscopy and Microanalysis Laboratory of
DEGEO/UFOP.

The mineralogical characterization
of the soil samples was obtained by X-Ray
Diffraction (XRD) using an Empyrean
Panalytical diffractometer with CuK (o)
radiation in an interval of 2° - 70° and
step of 0.02° at the X-Ray Diffraction
Laboratory of DEGEO/UFOP. The XRD-
patterns obtained were processed with the
software Origin® 6.0.

Geochemical analyses of major
elements were conducted on an Induc-
tively Coupled Plasma Emission Spec-
trometer (ICP-ES) with sample digestion

Density (g/cm?3) = a/b

that b = [(c - d) - e] where: ¢ — weight of
paraffined sample, d — weight of sample
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belongs to the basis of the Archean Rio
das Velhas Greenstone Belt (Costa,
1995). According to Costa (1995), the
CBB represents an intrusion in the basal
metasedimentary units of the Nova
Lima Group.

Figure 1

Geographical and

geological map of the studied area,
modified from Lobato et al., (2005).

netic profile including the fresh rock
and the genetically associated weather-
ing mantle. The objective of this study
is to understand the formation and the
evolution of the ultramafic soils of the
CBB and to evaluate its chemical trans-
formations in terms of major, trace and
REE (Rare Earth Elements), including
those elements with economic value
such as Au, Pt, Ni, Co and Cr.

by HNO,-acid. Trace and Rare Earth
Elements (REE) were analyzed by Induc-
tively Coupled Plasma Mass Spectrometry
(ICP-MS) with sample digestion by Aqua
Regia (except for metal bases that were
molten by Fire Assay). Both analyses
were conducted at ACME Analytical
Laboratories, Canada.

The density of the fresh rock sam-
ple was calculated with a hydrostatic bal-
ance at the Environmental Geochemical
Laboratory of DEGEO/UFOP, while the
density of the soil samples was calculated
according to the method of Embrapa
(1997). The Embrapa (1997) equation is:

submerged in water, e — paraffin volume
(paraffin weight/0.90).



Mass balance studies were based
on the method of Millot and Bonifas
(1955). This method, also known as
Isovolumetric Calculation, is based on
the premise that if an altered soil or sap-
rolite remains with textural and struc-

where t% — element mobility rate,
da — density of the alteration product,
xa — chemical element content in the
alteration product, do — density of the

3. Results

tural characteristics preserved after the
alteration process, the variation of vol-
ume between the soil and its protolith
is null. According to the authors, with
the conservation of volume between
the fresh rock and the resulting soils,

t% = 100 [(da.xa/do.x0) — 1]

original product, xo — chemical ele-
ment content in the protolith. The t%
value defines the gain (positive) or loss
(negative) of the chemical elements in

3.1 Petrography and mineralogical characterization

Based on fieldwork, petrography
and mineralogical characterization, four
facies were defined in this study. They are
defined, from the bottom to the top of the
profile, as the R Horizon (Fresh rock fa-
cies), the C Horizon (Alterite facies), the
B Horizon (Transition facies) and the A
Horizon (Solum facies). The nomenclature

Figure 2

a) Ultramafic weathering

mantle (brown color) on top of the
serpentinite body at the Pedras Congo-
nhas mine. b) Weathering mantle showing
the studied pedogenetic horizons. c) Drill
core with the Fresh-rock facies (serpentini-
te with white carbonate veins). d) Photo-
micrograph of serpentinite, with serpen-
tine (Srp) lamellae and magnetite (Mag)
grains (XPL). XPL: crossed polarized light.

The Alterite facies is comprised of
gray to brownish saprolite. This horizon
usually ranges from 60 to 70 cm of thick-
ness and occurs in a transitional contact
with the underlying horizon (Fresh
rock facies). The Alterite facies com-

cited in parenthesis was adopted according
to Lacerda et al., (2002).

The Fresh rock facies is an olive
green serpentinite with inequigranular
fine- to medium-grained texture and a
well-developed foliation. Subordinate
veins composed of carbonate, talc or ser-
pentine cross-cut the rock (Figure 2¢). The

monly preserves the protolith foliation
(original rock feature) being composed
of massive pieces of fresh rock, which
macroscopically displays remnants of
serpentinite surrounded by weathered
materials. There are slightly altered veins
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it is possible to calculate the quantity
(weight) of each chemical component
of a soil or saprolite and compare it
with the quantity of the same element in
the fresh rock. The Millot and Bonifas
(1955) equation is:

the soils based on its precursor ma-
terial. The calculations of the mass
balance were made using Microsoft
Excel spreadsheets.

serpentinite shows decussate microstruc-
ture (Figure 2d), although small amount
of lepidoblastic serpentine lamellae is also
found. The fresh serpentinite is composed
of serpentine (90 to 95 vol%) and opaque
minerals (5 to 10%) identified by SEM/
EDS analyses as magnetite, chromite and
rare pyrrhotite and pentlandite.

Q)

Solum facies

Transition facies

of antigorite (serpentine) or talc whereas
ferruginous nodules are absent. The
XRD-pattern of the Alterite facies indi-
cates the presence of minerals from the
protolith as talc, magnetite, antigorite
and chromite (Figure 3).
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The Transition facies has an average
thickness of 120 cm and is characterized
by a light-brown horizon situated above
the Alterite facies. The contact is transi-
tional with the underlying horizon (Alter-
ite facies), marked by the first appearance
of tiny ferruginous nodules, which are
absent in the underlying horizons, and by
the disappearance of relict textures of the
protolith. The X-ray diffraction pattern
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shows that it differs from the underlying
horizon by the absence of magnetite and
the presence of kaolinite, gibbsite and
goethite (Figure 3).

The uppermost layer of the weath-
ering mantle corresponds to the Solum
facies. This horizon occurs in an abrupt
contact with the underlying Transition
facies displaying an average thickness of
90 cm. It is composed of brown to reddish

o

Solum facies

60

Transition facies

o

Alterite facies
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Position (20K aCu)

3.2 Geochemistry

In comparison to the other facies,
the Fresh rock facies has higher con-
centrations of MgO (33.02 wt%) and
CaO (0.18%), and lower concentrations

of TiO, (0.08%), AL,O, (2.07%), Fe,O,
(5.44%) and Cr,0, (0.45%) (Table 1). It
also shows considerable amounts of Ni
(529 ppm), Au (9 ppb) and the lowest
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soil which exhibits a large scale of coarse-
grained ferruginous nodules, which range
from 2 cm to 5 cm in diameter. Lastly,
the Solum facies is characterized by the
complete disappearance of most miner-
als derived from the protolith as talc,
magnetite and antigorite. It is mostly
composed of hydroxides such as goethite
and gibbsite, as well as chromite and ka-
olinite (Figure 3).

Figure 3

X-ray diffraction patterns

(CuKa radiation) of Alterite, Transition
and Solum facies. Atg: Antigorite, Chr:
Chromite, Gbs: Gibbsite, Go: Goethite,
Kln: Kaolinite, Mag: Magnetite, Tlc: Talc.

contents of Co (89.5 ppm), V (70 ppm)
and REE if compared with the other
horizons of this study. The density of
the sample is 2.80 g/cm3.



Table 1

Chemical composition of

major (wt%), trace (ppm) and

Rare Earth Elements (ppm) and

densities of the reference lithotype

(R horizon) and the pedogenetic horizons.

The Alterite facies has the highest
amount of S$iO, (53.03 wt%). It also
shows intermediate values of major
and trace elements. In terms of REE,
the horizon has higher contents than
the protolith, but shows much fewer
amounts than the Transition and Solum
facies (Table 1). It also shows the lowest
LOI (7.5%) of the analyzed samples.
The density is 2.11 g/cm?.

The Transition facies shows the
highest concentrations of TiO, (0.66

Victor Matheus Tavares Fernandes et al.

R Horizon C Horizon B Horizon . .
(Fresh rock (Alterite (Transition A HOFIZO.FI Detg cton
facies) facies) facies) (Solum facies) Limit
SiO, 45.76 53.03 21.77 3.81 0.01
TiO, 0.08 0.17 0.66 0.40 0.01
ALO, 2.07 5.15 16.08 20.47 0.01
Fe,O,* 5.44 11.23 42.89 52.96 0.04
MnO 0.16 0.16 0.79 0.61 0.01
MgO 33.02 21.59 3.35 0.28 0.01
CaO 0.18 0.02 0.05 0.01 0.01
Na,O 0.01 <0.01 <0.01 <0.01 0.01
K,0 <0.01 <0.01 0.08 <0.01 0.01
PO, <0.01 <0.01 <0.01 <0.01 0.01
Cr,0, 0.45 0.62 0.68 3.84 0.002
LOI** 12.2 7.5 13.2 17.0 -
Total 99.43 99.59 99.71 99.72 -
Ni 529 1000 949 2630 20
Co 89.5 156.9 924.9 942.3 0,2
\% 70 140 256 309 8
Au*** 9 4 10 3 2
P ** 4 11 12 4 3
La 0.7 1.3 13.7 8.6 0.1
Ce 0.6 2.0 10.8 12.6 0.1
Pr 0.08 0.36 3.66 2.60 0.02
Nd 0.4 1.7 14.9 11,5 0.3
Sm 0.08 0.37 2.73 2.77 0.05
Eu 0.04 0.09 1.09 0.65 0.02
Gd 0.16 0.47 2.45 2.36 0.05
Tb 0.03 0.09 0.43 0.42 0.01
Dy 0.24 0.74 2.69 2.41 0.05
Ho 0.05 0.16 0.57 0.54 0.02
Er 0.15 0.60 1.88 1.73 0.03
Tm 0.02 0.09 0.34 0.27 0.01
Yb 0.18 0.71 2.25 2.01 0.05
Lu 0.03 0.11 0.37 0.32 0.01
SREE 2.76 8.79 57.86 48.78 -
Density (g/cm?) 2.80 2.11 1.64 1.76 -

wt%), MnO (0.79%), Pt (12 ppb) and
Au (10 ppb). It is the only facies with
contents of K,O above the detection
limit (0.08%). The Transition facies has
the highest LREE (Light Rare Earth Ele-
ments) concentrations as La (13.7 ppm),
Pr (3.66 ppm) and Nd (14.9 ppm). It also
has the highest REE concentration in
general (sum 57.86 ppm). The density
is 1.64 g/cm?3 (Table 1).

The Solum facies is characterized
by the lowest contents of SiO, (3.81
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* All Fe as Fe,O,; ** Loss of ignition; *** values in ppb

wt%), MgO (0.28%), CaO (0.01%), Au
(3 ppb) and Pt (4 ppb). This horizon is
the most enriched in AL O, (20.47%),
Fe,0, (52.96%), Cr,0, (3.845%), Ni
(2630 ppm), Co (942.3 ppm) and V
(309 ppm). In terms of Rare Earth Ele-
ments, the Solum Facies has the highest
Ce concentration (12.6 ppm) whereas
HREE (Heavy Rare Earth Elements)
contents are very similar to the Transi-
tion facies. The density is 1.76 g/cm?3
(Table 1).
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3.3 Mass balance

Normalized by the chemical com-
position of the protolith (R horizon),
the behavior of major elements in the
weathering mantle indicates a progressive
enrichment of Al,O, and Fe,O, from the

R horizon (Fresh rock facies) x C horizon (Alterite facies)
600 600

R horizon (Fresh rock facies) x B horizon (Transition facies)
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bottom to the top. It also shows a decrease
of SiO,, MgO and CaO. There are losses
of MnO in the Alterite facies, but gains
of this oxide in the Transition and Solum
facies. TiO, shows expressive gains in the

R horizon (Fresh rock facies) x A horizon (Solum facies)
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The behavior of the trace ele-
ments indicates a gain of V in all
horizons of the weathering mantle.
Ni is enriched in the Solum facies and

R horizon (Fresh rock facies) x C horizon (Alterite facies)

R horizon (Fresh rock facies) x B horizon (Transition facies)

Co shows an exponential enrichment
from the Alterite to the Transition
and Solum facies. Au is depleted in all
horizons of the weathering mantle. Pt

R horizon (Fresh rock facies) x A horizon (Solum facies)
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Based on the chemical composi-
tion of the protolith (R horizon), the
behavior of REE indicates a progres-
sive enrichment towards the top of the

R horizon (Fresh rock facies) x C horizon (Alterite facies)

3000 3000

R horizon (Fresh rock facies) x B horizon (Transition facies)

weathering mantle. There is observed a
discreet gain of all REE in the Alterite
facies, followed by exponential gains in
the Transition and Solum facies (Figure

R horizon (Fresh rock facies) x A horizon (Solum facies)
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4. Discussion

In terms of the major elements, the
chemical evolution of the weathering
mantle indicates a progressive enrichment
of Fe,0,, Al,O, and a decrease of MgO,
CaO and SiO, from bottom to top in the
selected profile. This behavior is a result
of the weathering increase that hydrolyzes
primary and clay minerals, leaching pref-
erentially Mg, Ca and Si from the system
and reveals less mobility elements like Fe
and Al that concentrate in the residual
soil profile (Trescases, 1975). According
to Silva and Oliveira (1995) this repre-
sents the most typical evolution of the
ultramafic soils. In this study, the X-ray
diffraction patterns show the presence of

Fe and Al hydroxides, like goethite and
gibbsite and the absence of Mg and Si
minerals as serpentine (antigorite) and talc
in the upper horizons, corroborating the
observed chemical evolution. Although Ti
is an immobile element during weathering
conditions, remaining stable on the soil
profile, it is being proportionally enriched
in response to the concentration decreas-
ing of mobile elements like Mg, Ca and Si
(Cramer and Nesbit, 1983).

The peculiar chromium behavior
that increases about 400% from the fresh
rock to the top of the profile is similar to
that described for serpentinite soils by
Hotz (1964), Rabenhorst et al., (1982)
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Alterite and Transition facies, but a relative
loss in the Solum facies. Cr,O, remains
slightly constant in the C and B horizons
and shows enrichment in the uppermost
horizon (Figure 4).

Figure 4

Chemical distribution of the major
elements in the pedogenetic horizons of
the weathering mantle, normalized by the
Fresh rock facies chemical composition.

is highly enriched in the Alterite facies
but shows progressive losses in the
upper facies (Figure 3).

Figure 5

Chemical distribution of trace

elements in the pedogenetic horizons of
the weathering mantle, normalized by the
Fresh rock facies chemical composition.

6). By using the mass balance, there is
also observed a higher concentration of
LREE than HREE in the upper horizons
of the weathering mantle.

Figure 6

Chemical distribution of the Rare Earth
Elements in the pedogenetic horizons of
the weathering mantle, normalized by the
Fresh rock facies chemical composition.

and Gough et al., (1989). According to
the observations of these authors, the
concentration of Cr,O, in weathering
mantles typically increases from the
bottom to the top of the profile. Fur-
thermore, Oze et al., (2004) suggest that
the accumulation of Cr,O, in ultramafic
soils depends exclusively on the presence
of the weathering resistant phases, such
as chromite. The XRD-pattern (Figure
3) shows the presence of chromite in the
Solum facies, which is the highest Cr,O,-
enriched horizon.

Nickel is enriched almost 200% in
the weathering mantle. Oliveira et al.,
(1992) suggest that this accumulation may



be related to the Ni concentration in goe-
thite during the weathering of the ultra-
mafic source under oxidizing conditions.
Vanadium gains in ultramafic weathering
mantles are described by Kabata-Pendias
(2011) as the result of incorporation of this
element in the structure of hydrous ferric
oxides. Cobalt exhibits enrichment along
all the profile, culminating with gains
around 500%. According to McKenzie
(1972), this behavior is associated with the
sorption of Co or the partial substitution
of Mn by Co in Mn-Fe oxides

Platinum exhibits a relatively high
concentration in the lower portion of the
weathering mantle and depletion in the

Figure 7

Chondrite-normalized

REE patterns of the weathering
mantle and its protolith; normalizing
values from Evensen et al., (1978).

5. Conclusions

The studied weathering mantle was
generated under oxidizing conditions
through processes of pedogenesis on ser-
pentinite as the parental material. Geo-
chemical and mass balance investigations
along the soil profile allowed the identifi-
cation of chemical distribution patterns
of the selected elements. From bottom
to top, there is enrichment in Fe,O, and
Al O, and depletion of MgO and SiO,.
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