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Geochemistry of a spheroidal weathering
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Abstract: Boulders are an important material in debris flow and their source is coupled
with spheroidal weathering profiles that produce corestones. The goal of this work
was to establish the geochemical transformations that produced corestones and
distinguished them from the surrounding grus in two tropical granite weathering profiles
(P1 and P2). Sampling was not performed in a vertical profile; instead, we gathered 13
(P1) to 16 (P2) samples displaying different weathering degrees (corestone and saprolite)
and spatial positions in the profiles. We conducted the geochemistry (EDXRF/EDX and
INAA) and mineralogy (petrography and XRD) of the samples. The CIA values ranged
from 46 (corestones) to 93 (saprolite). Granite spheroidal weathering under a tropical
mountainous slope develops mostly due to feldspar weathering (foremost plagioclase)
in the following sequence: porosity growth, kaolinite, and gibbsite crystallization. Zircon
weathering stability and its probable mobility as grain along the weathering profile play
an important role in REE concentration. Spheroidal weathering is mainly a lixiviation
process, yet specific locations (below the individualized corestones) presented REE
enrichment due to translocation. They are hosted mainly by clay minerals and, to some
extent, by amorphous Fe oxyhydroxide. The evolution of spheroidal weathering results
in a vertical patchy weathering profile.

Key words: corestone, feldspar, lixiviation, regolith, saprolite.

INTRODUCTION

The knowledge on weathering processes is
essential, since these fundamental processes are
responsible for the geomorphological evolution
of landscapes (Stallard 1995, Turkington et al.
2005, Brantley et al. 2011, Hall et al. 2012) and
environmental planning (Ehlen 2005). The
difficulties to link different space and time
scales resulted in a great variety in approaches
towards studying weathering processes. They
are based on natural processes measurements
(hydrogeochemistry or regolith geochemistry
in a watershed scale) as well as modeling
proposals (Stallard 1985, Middelburg et al. 1988,

Prudéncio et al. 1993, White et al. 1996, 1998,
Nesbitt & Markovics 1997, Turner et al. 2003, Aide
& Aide 2012).

Homogeneous rocks like basalts and
even coarse-grained granite show spheroidal
weathering processes during regolith generation.
Spheroidal weathering is primarily defined as
the process where rocks scale off in concentric
shells, producing rounded boulder-like forms
(Chapman & Greenfield 1949, Ollier 1971). When
those rocks are well jointed, the corners of a
boulder sufferattacksin all directions and, often,
there is an abrupt physical change between the
fresh rock (corestone) and the weathered rock,
defined as the weathering front. This results
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in a concentric shell surrounding a corestone.
Around the '70s, Ollier (1971) had already
pointed out that the term spheroidal weathering
covered different features that probably formed
in several different ways. Recent studies use
spheroidal weathering to discuss geochemical
processes (Babechuk et al. 2014, Banerjee et al.
2016, Banerjee & Chakrabarti 2018), landscape
evolution (Fletcher et al. 2006, Lebedeva et al.
2007, Brantley et al. 2011), or weathering rates
calculation (Chabaux et al. 2013, Behrens et al.
2015).

The coupling of chemical and physical
processes in spheroidal weathering enhances
the weathering rate. It also promotes a “patchy”
distribution of weathering products because
corestones and the grus material (saprolite)
have different physical rock properties (Royne
et al. 2008). During rainfall, these weathering
discontinuities act as waterflow discontinuities
that can led to slope failure (Wen et al. 2004,
Shuzui 2001, Borrelli et al. 2014).

During the Mega Disaster of January 11
- 12, 2011, heavy rainfall and thunderstorms
triggered thousands of landslides and debris
flows along many small catchments in the
mountainous region of Rio de Janeiro. Nearly
1,000 people died (Banco Mundial 2012). Debris
flow happened simultaneously in many valleys.
Boulders and sand constituted the main erosion
material (Coelho Netto et al. 2011, Avelar et al.
2011, Rodrigues et al. 2013, Fraifeld & Freitas
2013, Conq et al. 2015, Cardoso & Vieira 2016,
Goncalves & Francisco 2016). After the disaster,
during field excursions in the headwaters of
one of these valleys, it was observed that the
granite weathering profiles exposed due to the
landslides presented spheroidal weathering
features that could explain the source of
the debris flows boulders. To understand the
geochemical transformations that distinguished
the corestones from the surrounding grus, we
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performed detailed sampling and analysis of
two granite weathering profiles.

MATERIALS AND METHODS

Study site

The study areais located in the headwaters of the
Principe catchment. The Principe catchmentis a
third-order watershed NW-SE oriented and with
a 12 km”area. A big debris flow of 3.6 km long and
between 40 m and 180 m wide destroyed 42% of
the houses (Conq et al. 2015). This catchment
is one of the headwaters of the Paraiba do Sul
River Basin. This is the most important drainage
system in southeast Brazil (Figure 1). The slopes
are steep, and the valley is filled with silty clay
colluvium alluvium, rich in blocks. The soil is
classified as Cambisol. The annual rainfall is
2,300 mm (Marques et al. 2017). The climate is
moderate mesothermal, humid to super-humid,
with an average temperature of 18°C. The dry
season is the winter (mainly July and August)
and the wet season is summer. January is the
rainiest month, with an average rainfall of 240
mm (Marques et al. 2017). However, it rained 270
mm between January 11 and 12, 2011, (Coelho
Netto et al. 2011, Valverde & Marengo 2014).

The study area belongs to the Ribeira
Belt (Oriental tectonostratigraphic terrane).
The geology of the watershed is characterized
by gneisses cut by two elongated intrusive
bodies, of fine oriented biotite monzogranite
(Teresopolis Granite) (Heilbron et al. 2017). The
granite bodies are located in the watershed
headwaters, where this study was performed.

Sample collection

We chose two granite weathering profiles
(named P1 and P2) with spheroidal weathering
features. The location of both profiles (near each
other about 500 m) were in the headwater of
the Principe catchment and they were exposed
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&2 Figure 1. Above location
d of profiles 1 (triangle)
and 2 (cross) in Principe
Catchment, Rio de
Janeiro State, Brazil.
Below photos and sketch
B of profiles 1 (left) and

W 2 (right) with horizons,
corestones boundaries

{ position (?: sugestion)
and samples location.

- Samples 5A, 6A, 6B, 6C,
=> 6D, 6E, 6F, 7A, 7B, 7C, 7D,
“« 9A (profile 1) and 1A, 1B,
2A, 3A, 3B, 3C, 3D, 3E, 4A,
4B, 4C, 4D, 4E, 4F, 4H, 4l

3 « (profile 2) are described
" %) inTable .

due to the landslide’s scars from the 2011 Mega
Disaster. P1 was 3 x 3 m and P2 was 2x2 m. We
scrapped the profiles before sampling and did
a field description. At the time of sampling,
we assessed the weathering degree, based on
physical appearance. We did not sample in a
vertical profile; we instead gathered 13 (P1) to 16
(P2) samples with different weathering degrees
and spatial positions from the corestones
observed in the profiles (Figure 1). Corestones
were around 50 cm diameter and 50 cm apart

from each other. The kilogram-size samples were
classified according to their physical appearance
and properties as corestones material (CR) - the
hardest isolated blocks or boulders which, from
the field point of view, seemed to be closer to a
fresh rock; and saprolite material (SA). The term
saprolite is used here as a synonym for grus,
or “the sandy weathering product of granite
formed by physical disintegration” (Ehlen
2005). The sampling was more intensive closer
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to the spheroidal weathered zone around the
corestones.

Pre-treatment of the samples and analytical
methods

We ground the corestone and saprolite samples
in a Mier/Mill 80000 with tungsten carbide
balls and separated the silt-clay fraction (< 63
pum) from the saprolite samples. Mineralogy
was carried out through X-Ray Diffraction
(XRD) (Bruker D8 from Universidade Federal
Fluminense - UFF, with CuK source; samples
were read in 3° - 70° 0.3s, and 0.02° step) and
identified through PCW and EVA software using
PDF tables. The petrographic analysis of the thin
sections from the corestones and observation of
the sand fraction with a binocular loupe (Zeiss -
Stemi 2000-C - UFF) from the saprolite samples
improved the mineralogical analysis.

We analyzed the bulk compositions of
the ground samples with EDXRF/EDX (800HS,
Shimadzu Si (Li) detector; 50KV and 1000u) at the
Nuclear Engineering Institute of Rio de Janeiro
/IEN-RJ) for Si and Ca. We used Instrumental
Neutron Activation Analysis (INAA) Al, Mg, K, Na,
Fe, Ti, Mn, U, V, Sc, Co, Rb, Sb, Cs, Hf, Ta, Th, Ba, Cr,
La, Ce, Sm, Eu, Yb, Dy, Lu. San Joaquin Soil, Granite
G-2 (USGS), with Red-Clay PODMORE (produced
by the University of Manchester, (Araripe et al.
2011) used as standards. For each sample and
standard, we weighted and irradiated around
200 mg at the AIEA-R1 reactor of the Institute
of Nuclear Energy and Research (IPEN) (10”cm’
°s”" neutron flux). We counted the irradiated
samples in ORTEC's high purity Ge detector
(GeHP), and also in CAMBERRA's low energy
photon detector (GAMX). The resolution for the
1332.5 keV gamma-ray of ®®Co was 2.8 keV and 1.8
keV, respectively. We used the same geometry
for samples and standards. Irradiation time and
counting time were, respectively, 5 seconds and
4 minutes for short-lived radionuclides, 90 s and
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5 hours for intermediate-lived radionuclides, 2
hours and 2 hours (after a month of cooling time)
for the long-lived radionuclides. We analyzed
the gamma spectra with the GRGAN code. This
software allowed us to choose the background
of each photopeak to be free of interferences
(Bellido & Arezzo 1986). We converted the spectra
collected with the Canberra program (Genie2k)
to a CHN format for the GRGAN software.

We also measured the Loss of Ignition (LOI)
and the geochemical data sum showed an
average of 96.72 % (SD = 3.69). The results from
duplicate analysis (seven samples) suggest an
uncertainty of up to 10 %.

We used the multivariate statistical software
package Statistica 8.0@ to perform descriptive
statistics, cluster, and principal component
analysis.

RESULTS AND DISCUSSION

We named the samples according to the horizon
and profile they belonged to, as well as their
physical behavior. For example, CR 6A-1 and CR
6B-1 are both samples from corestones taken
from horizon 6 from profile 1) and SA 3A-1 and
SA 3B-1 are both saprolite (grus material) taken
from horizon 3 from profile 1. A brief description
of the horizons, an indication of samples, and
weathering intensity, calculated by CIA (Chemical
Index of Alteration) (Nesbitt & Young 1982) is in
Table I. The profiles with sample location are in
Figure 1 and the geochemical data in Table II.

Geochemical classification

To classify the weathering intensity, we used CIA
values (Nesbitt & Young 1982). Profile 1 has the
most weathered samples (higher CIA values).
Actually, even the samples inside the corestones
show high CIA values (60-68). The CIA range goes
upto93.0ntheotherhand,in profile 2, CIAvalues
range between 46 inside the corestones to 79 in
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Table . Field description of horizons from profiles 1and 2, samples taken and CIA values.

Profile 1
Horizon Description Samples CIA value
1 red colluvium with blocks No sample -
2 brown colluvium with blocks No sample -
Rose homogeneous material with very weathered rock fragments and 30 SA 3A-1 30
3 cm thickness. It seems to happen a translocation process between the
horizon above. Transition with horizon 5 is gradual SA 3B-1 80
4 light brown colluvium. Transition with horizons 5 and 6 is very steep / No sample )
abrupt
5 Pale yellow leucocratic homogeneous material with 25 cm thickness SA 5A-1 69
CR 6A-1 68
CR 6B-1 65
Gray friable horizon with 1.2 m thickness. Corestones are embedded in a CR 6C-1 60
6 very weathered material. Transition with horizons 7 and 9 are very steep
/ abrupt SA 6D-1 70
SA 6E-1 74
SA 6F-1 68
SA 7A-1 88
7 Friable banded horizon (0.8 m thickness). Intercalation of leucocratic SA 7B 88
and melanocratic layers SA 7C-1 89
SA 7D-1 93
8 Friable brown horizon, below horizon 7. Steep transition with horizon 7 No sample -
9 Milimetric brown horizon with oxide material SA 9A-1 80
Profile 2
Horizon Description Sample CIA value
White gray horizon with 0.4 m thickness. It seems like “phantom R
> . h L . SA 1A-2 64
1 corestones” are embedded in a very weathered material. Transition with
horizon 2 is very steep / abrupt and it lets a brown material percolation SA1B-2 61
Milimetric to centrimetric hard brown horizon. Transition with
2 neighbourhood horizons is very abrupt although it lets a brown material SA 2A-2 62
percolation.
SA 3A-2 79
, , , , SA 3B-2 58
3 Pale rose friable horizon with 2,0 m thickness. The steep / abrupt SA3C 68
transition with horizon 4 is due to hardness difference
SA 3D-2 64
SA 3E-2 58
CR 4A-2 64
CR 4B-2 56
CR 4C-2 53
Gray material horizon about 0,5 m thickness made of corestones. R
- - CR 4D-2 55
4 Samples were taken along the concentric shells from the spheroidal
weathering and inside the corestones CR 4E-2 4/
CR 4F-2 46
CR 4H-2 55
CR 4l1-2 52
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the saprolite samples. The ALO,- KO - Na,0+Ca0O
triangular diagram (Figure 2) indicates two main
weathering pathways, from inside to outside
the corestones. First, there is a Na,0+Ca0O loss.
This process happens “very quickly” because it
doesn’t leave many remnants. The samples from
profile 2, on the border of the corestones (CR4E-
2, CR4A-2, and CR4D-2), have almost no Na,0
and CaO compared to those inside them (CR4C-
2, CR4H-2, CR4I-2) or next to its center (CR4B-2,
CR4F-2).

The next step is a shift towards the
continuous loss of K.O. We plotted, along with
this second trend, all the samples from profile
1 (even the corestones). Nesbitt et al. (1980),
in an Australian granodiorite, also pointed out
that the bulk of Na and Ca is leached during
early and intermediate stages of weathering
compared to K.

Statistical geochemical approach

We performed a PCA multicomponent analysis
using all the geochemical data from both profiles
(Table 111). The threshold value for the factors in
the multivariate analysis was 0.5. Factors 1 and
2 together explain almost 51% of the sample’s
variance.

Considering the two key factors, the results
showed mainly 3 groups and 3 outliers (Figure 3).
The first group contains the samples from inside
the corestones from profile 2 (CR4B-2, CR 4C-2,
CR4E-2, CR4F-2, CR 4H-2, and CR 4l-2). The second
group contains both corestones (CR 4A-2, CR
4D-2, CR 6A-1, CR 6B-1, CR 6C-1) and saprolite
samples (SA 1B-2, SA 3B-2, SA 3D-2, SA 3E-2, SA
5A-1, SA 6D-1, SA 6E-1, SA 6F-1). Group 3 contains
only saprolite samples (SA 3A-1, SA 3B-1, SA 7A-1,
SA 7B-1, SA 7C-1, SA 7D-1, SA 9A-1, SA 3A-2). The
three outliers are SA 1A-2, SA 2A-2, and SA 3C-2,
all located below corestones.

Group 1 has the rock samples with the
highest concentration of Na,O, CaO, Th, Hf, and

GEOCH SPHEROIDAL WEATHERING R}, BRAZIL

corestones
borders

/32 inside
.
ite st S
saprolite g/, ez corestones
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0.00
1.00 Na,0+CaO

7
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Figure 2. AL,O, - CaO+ Na,O - K,0 diagram with plotted
samples. Arrows show first a trend towards loss of
CaO+ Na,0 and then a continuous loss of K,0 together
with a relative enrichment of AL,O, from corestones to
saprolite samples.

Ta. They are the freshest rocks, with CIA values
from 46 to 56. High concentrations of other
elements such as La, Ce, Eu, Dy, Yb, and Lu are
also associated with rock samples from this
group. Group 2 samples have an intermediate
behavior between groups 1 and 3. They are a
gradation process (CIA values between 55 and
74), a trendline parallel to factor 1. So, they show
a continuous loss of the abundant elements
from group 1, with increasing LOI values. Those
samples are from the borders of corestones or
the smaller sizes corestones from profile 1.
From group 2 to group 3, there is a shift
towards a positive factor 2, which means a
continuous loss of SiO, along with an increase
in Fe,0,, MnO, Sc, V, Sm, U, Sb, and LOI. They
are all saprolite samples with CIA values
greater than 79. LOI reflects the increase in
the amount of clay minerals. For Fe,0,, MnO,
there are stable phases (oxide or hydroxide)
and, under high redox potential, U and V make
compounds with low solubility. The absorption
on ferric hydroxide by Sb causes its enrichment
(Middelburg et al. 1988, Murakami et al. 1997,
Takeno 2005). Although Sc is a trace element, it
plays an important role as it substitutes Al and
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Table Ill. Factors from multivariate analysis.

GEOCH SPHEROIDAL WEATHERING R}, BRAZIL

Factor 1(31,5 %) Factor 2 (19,2%) Factor 3 (12,7%) Factor &
(9.2%)
Sio, -0.41 -0.74 -017 010
ALO, 0.49 0.47 -0.40 0.47
K,0 -0.43 -0.48 -0.07 -0.52
Fe,0, -0.20 0.59 0.31 -0.30
MgO 0.46 0.39 -0.60 0.25
Na,0 -0.66 -0.41 -013 0.38
Ca0 -0.65 -0.34 -0Mm 0.47
TiO, -0.24 0.47 -0.49 0.45
Ba -0.75 0.43 019 -016
Rb -0.43 -0.36 -0.38 -0.64
Mn -016 0.65 0.30 -0.27
Cr 012 048 -0.70 -0.03
Co 013 0.08 0.22 -0.47
v -0.31 0.55 -0.38 0.01
Cs -0.02 048 -0.53 -0.46
Sc 028 0.58 -0.39 0.09
Sh -0.01 0.50 -0.48 -0.46
La -0.76 0.47 0.26 013
Ce -0.78 0.27 0.00 0.06
Sm -0.55 0.59 045 0.04
Eu -0.96 013 0.06 01
Dy -0.58 0.26 012 0.35
Yb -0.92 028 -0.06 -0.01
Lu -0.80 013 -014 016
Th -0.74 -0.28 -0.38 -012
U -0.55 0.50 0.55 0.01
Hf -0.62 -0.29 -0.37 -0.03
Ta -0.65 -012 -0.50 -0.26
LOI 0.72 0.57 013 -0.01

Fe in hydroxides in soils of residual deposits
(Bowen 1982). It is one of the least mobile trace
elements in a weathering profile, therefore we
chose it in the element-mass-transfer analysis
(section Rindlets geochemical transects).

The correlation between MgO, Cs, and Cr in
factor 3 indicates their possible association to
micas. The elements Mg, K, Ba, Rb, and Cs have
a dual behavior as they could be transported
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both in solution as well as constituents of clays
(Nesbitt et al. 1980). The confirmation of the
behavior is due to both factors 1 and 2 weakly
explain them.

Although the concentrations of La, Ce, Eu,
Dy, Yb, Lu, and mostly Sm and U presented
high values in the Group 1 samples, the
outliers showed even higher values. Therefore,
the outliers indicate different geochemical
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processes from the whole weathering profile.
The enrichment of both Ba, La, Ce, Eu, Yb, and
more immobile elements such as Fe, Sm, and U
characterizes those samples (SA 1A-2, SA 2A-2,
and SA 3C-2).

Sample SA 3A-2 is a different kind of outlier,
as it is apart from the other ones on Group 3.
Its spatial position between 2 large corestones
represents a region of higher water flow
percolation. This could have caused a higher
lixiviation process, in a way that this sample
represents a very depleted corestone boundary
case.

In summary, the negative factor 1 is also
defined by a high concentration of REE and
similar elements (Th, Hf, Ta, Ce, Yb, Lu, Eu, La, and
Dy) that are present in the fresh rock. Factor 2 is
both due to elements’ mobility in an oxidizing
environment and the physical condition of the
samples (corestone or saprolite). The negative
value is associated with the corestone samples.
The positive factor 2 is due to a relative
enrichment of less mobile elements such as Al,

An Acad Bras Cienc (2022) 94(Suppl. 3)

Mn, Fe, U, and Sm under high oxidoreduction
potential. Thus, we could describe (except for
the outliers) factor 1 as a weathering index and
factor 2 as a laterization process, such as defined
by Babechuk et al. (2014).

Petrography and mineralogy

Rocks from group 1 are all corestones. We
described them macroscopically as little or
no weathered holocrystalline, equigranular,
leucocratic, and not foliated. In thin sections,
quartz and microcline are dominant. Plagioclase
is around 10% and is sometimes partially
weathered originating porosity, relict grains, and
traces of a clay mineral (XRD showed that it is
kaolinite). The samples show the dissemination
of biotite. In some samples, a brown material
- probably an amorphous iron composition, is
inside the porosity having its source from biotite
weathering. Zircon and opaque minerals are
accessory minerals.

The rocks from group 2 are both corestones
and saprolite samples. The main mineralogy
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is quartz and microcline, although microcline
crystals often show a weathering product
(kaolinite or gibbsite) above them. Plagioclase
grains are neither in thin sections nor in the
XRD present. However, there is a great porosity
(higher than group 1). Biotite is golden colored,
suggesting the change to vermiculite. Kaolinite
is widespread mainly in the silt clay fraction of
the saprolite samples, and gibbsite also occurs
in some samples. Microcline is more abundant
in the bulk samples than in the silt clay fraction.
That means microcline is more present in rock
fragments than in saprolite. We also described
hydrobiotite, a regularly interstratified biotite-
vermiculite, formed as the result of the
weathering path of biotite to vermiculite (Velde
& Meunier 2008) in the group 2 samples.

Group 3 is composed only of saprolite
samples. Quartz and biotite are the main
composition of the primary mineralogy. XRD
analysis shows the presence of gibbsite,
kaolinite, and, in some samples, vermiculite, and
hydrobiotite. Microcline occurs both in total and
silt-clay fractions, in a small amount. Because of
the high concentration values of Al, we suggest
that part of it should be in an amorphous phase.

mica
quartz

gibbsite

kaolinite

S

Group 1 (CR4C-2)

Group 2 (CR 4A-2) T
J\ A ‘ J \WJ \

k-feldspar

GEOCH SPHEROIDAL WEATHERING R}, BRAZIL

The three outliers are, mineralogically,
composed mainly of quartz, microcline, mica
(biotite/illite), scarce to no plagioclase, and
variable amounts of kaolinite. Figure 4 presents
the main mineralogical differences among the
groups, with typical XRD results.

Rindlets geochemical transects

In order to understand and normalize the
changes around a corestone we followed the
idea of Anderson et al. (2002), Babechuk et
al. (2014) and calculated the dimensionless
element-mass-transfer coefficient (7) according
to equation 1:

i~

(C.))

i concentration of an element j in a
weathered sample.

C,= concentration of an element j in the
parent rock.

Figure 4. Typical XRD
mineralogical results
from samples from
group 1(CR 4C-2), group
2 (CR 4A-2), group 3 (SA
3B-1) and outlier (SA
3C-2).
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C, = concentration of the immobile element
i in a weathered sample.

C,,=concentration of the immobile element
I'in the parent rock.

Sample CR4C-2, (inside a corestone,
CIA=53) was chosen as parent rock and Sc as
the immobile element. The Ts; values were
calculated for 3 samples with increasing CIA
values and nearby located in the weathering
profile: a corestone border (CR4B-2, CIA
value=56), below the corestone (SA3C-2 CIA
value=68), and between 2 corestones (SA3A-
2 CIA value=79) (Figure 5). According to mass
gains (positive values) and losses (negative
values) in the weathering process we classified
the elements. The first ones are the classical
continuous loss with CIA increment indicating
that they are very susceptible to lixiviation
processes moving away from corestones. They
are Si, K, Na, Ca, Ba, Rb, Co, Ce, and (Eu), released
mainly with feldspar weathering (plagioclase).
Otherwise, in the second group Mn, Cr, V, Cs, and
Sb show an enrichment with CIA increase (from
inside through its border, below and between
2 corestones). Except for Cs that is strongly
absorbed by clay minerals these elements
have stable compounds dependent on pH

GEOCH SPHEROIDAL WEATHERING R}, BRAZIL

and oxidoreduction potential (Takeno 2005).
Therefore, their enrichment can be associated
with oxidation processes. For Al, Fe, Mg, and Ti
the normalization indicates little mobilization,
close to Sc, neither enrichment nor loss.

La, Sm, (Eu), Dy and Yb, U, Hf, and Ta have
a dual behavior between loss and gain. Under
a high leaching environment, that is, between
corestones, those elements are not present.
However, theyare enriched below the corestones.
This location shift towards REE enrichment was
more associated with clay minerals retaining
(sample SA3C-2 has a great amount of illite and
kaolinite) than with oxyhydroxide compounds
(there is no correlation with Fe,0,, Sc, or Mn).
At these locations, the lixiviation process acts
together with a translocation process. So, there
is a continuous gain from above, especially for
REE together with loss from the more soluble
elements.

Nesbitt & Markovics (1997) also showed
that some REE (La, Eu, Sm) accumulated in the
weathering profile at concentrations greater
than those observed in fresh granodiorite. They
proposed two zones for the weathering profile:
the leaching and the accumulation zones. Since
the latter was richer in REE, we understood the

Figure 5. Normalized
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= 10 . O below corestone the gain (positive vales) and
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location below the corestone (sample SA 3C-2)
as a representative of the accumulation zone.
On the other hand, between the corestones
(sample SA 3A-2) is the furthest leaching process
(leaching zone) being enriched with less mobile
elements, probably in an amorphous phase,
together with kaolinite, quartz, and a low amount
of K feldspar, and illite.

DISCUSSION

In fresh rock, both zircon and feldspar host
the REE. The former is a very stable mineral.
However, it can be mobilized as grain along with
the weathering profile (Colin et al. 1993, Balan
et al. 2001, Aubert et al. 2001). So, considering
Hf a tracer of zircon weathering, we recognize
that, even in the most weathered samples, Yb,
Lu, Th, Hf, and Ta are present indicating zircon
grains as the source. The elements Ba, Na, Ca
and Si make a strong and significant statistically
correlation with La, Ce, Eu, Dy, Yb, Lu in the less
weathered samples (lower CIA values, group
1 and 2 from section Statistical geochemical
approach) that disappear as the weathering
advances, indicating their source is feldspar
(mainly plagioclase) weathering.

As feldspar is removed, REE remains
attached to clay minerals (illite/hydrobiotite)
(and locally in iron oxyhydroxides). For the
more weathered and outlier samples, K has a
statistically significant positive correlation (p<
0.05) to Eu (0.65), La (0.65), Ce (0.72), Yb (0.73), Lu
(0.61), Ta (0.76), Th (0.64), indicating that illite/
hydrobiotite hosts most of the REE removed from
the weathering profile. A similar process with
kaolinite was proposed by Yusoff et al. (2013) to
explain the retaining of REE in the saprolite.

Early plagioclase weathering has also been
noticed in other rocks such as diabase (Banerjee
et al. 2016), gneiss and granite (Borrelli et al.
2014); granodiorite (Turner etal.2003), and quartz
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diorite (White et al. 1998). Biotite and Plagioclase
dissolution was also described in spheroidal
weathering processes in Charnockites in Sri
Lanka (Behrens et al. 2015). In our weathering
profiles, Biotite is not dissolved but changed to
hydrobiotite and vermiculite.

After plagioclase dissolution, K-Feldspar
reacts to form kaolinite and gibbsite (continuous
loss of K and relative enrichment of Al). The
breakdown of K-feldspar with a concomitant
loss of K is not homogeneous in all directions
around the corestones. Samples from beside
and above the corestones can be associated
with the leaching zones proposed by Nesbitt &
Markovics (1997), or the lateritisation process
proposed by Babechuk et al. (2014). Feldspar
weathering processes lead to a physical change
from rigid rock to a grus material, due to porosity
development and clay mineral growth.

However, below the corestones, a different
weathering process happens. Both clay minerals
and amorphous Fe oxyhydroxides host these
high REE concentrations under the corestones.
Gouveia et al. (1993) and Li et al. (2017) proposed
a zone with maximum REE enrichment in the
middle part of the weathering profile (from
the lower B horizon to the upper C horizon) as
the special places (outliers) in the weathering
profile. So, we can understand that the location
below corestones has different weathering paths
as the result of the translocation process in the
profile that promotes a concomitant decrease in
K feldspar weathering and enrichment of REE.

Fe has a very unclear behavior along the
weathering profiles studied. The adsorption of
the REE on Fe oxyhydroxides is not linear along
the weathering process as seen in other studies
(Middelburg et al. 1988, Silva et al. 2018). Neither
the less weathered, nor the most weathered
samples show any significant correlation
between Fe and REE (except Dy). But the 3
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samples below corestones are the ones with the
higher Fe together with La, Ce, Sm, Eu, Y, and U.

CONCLUSIONS

We have presented data on the geochemistry
of two granite spheroidal weathering profiles
under a tropical mountainous slope. The
study has revealed that weathering process
develops mostly due to feldspar weathering
(foremost plagioclase and then K feldspar).
Zircon weathering stability and its probable
mobility as grain along the weathering profile
are responsible for most of Yb, Lu, Th, Hf, and
Ta concentrations in the whole profile. For La,
Ce, Eu, Dy, Yb, Lu, the main source in feldspar
weathering. With the removal of feldspar,
REE remains attached to clay minerals (illite/
hydrobiotite) and locally in iron oxyhydroxides.

The spheroidal weathering process
begins with plagioclase dissolution and
porosity formation. At this time, fresh rock is
still a corestone. As the weathering process
goes on, geochemical changes (mainly
feldspar weathering to kaolinite and gibbsite)
differentiate corestones from the surrounding
grus, promoting the transformation of bedrock
to saprolite. The process is not the same around
the corestones. Si, K, Na, Ca, Ba, Rb, Co, Ce, and
(Eu)), are very susceptible to lixiviation processes
moving away from corestones. They are released
mainly with feldspar weathering. For Mn, Cr, V,
and Sb, a strong lixiviation process between
corestones promotes their enrichment due to
stable compounds formation under high redox
potential. Cs remains in the profile, absorbed
by clay minerals. The elements La, Sm, (Eu),
Dy and Yb, U, Hf, and Ta have a dual behavior
between loss and gain. Under a high leaching
environment, that is, between corestones, they
are removed. However, they are enriched below
the corestones due to both clay minerals and
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oxide hydroxide compounds retention. Fe has
a very unclear behavior along the weathering
profiles studied. The adsorption of the REE on Fe
oxyhydroxides is not linear along the weathering
process.

The tropic granite spheroidal weathering
process is mainly a lixiviation process. But
the translocation from the above corestones
promotes the retention of REE hosted mainly by
clay minerals and to some extent by amorphous
Fe oxyhydroxides. At these locations, K feldspar
weathering is also slowed. So, the evolution
of spheroidal weathering results in a vertical
patchy weathering profile.
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