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ABSTRACT

Ygor Jacques Agra Bezerra da Silva, D. Sc. Federal Rural University of
Pernambuco, Recife, June, 2016. Influence of geochemical signature and
mineralogy of granites on the pedogenesis and geochemistry of soils across a
climosequence. Adviser: Clistenes Williams Araujo do Nascimento.

Granites underlie large land areas and play a key role in global weathering
patterns. This study provides insights into the effects of I- and S-type granites
on weathering, pedogenesis, mineralogy and soil geochemistry of major, trace
and rare earth elements across a climosequence in a tropical environment. We
hypothesized that soils derived from I-type granites lead to huge differences in
weathering, pedogenesis, mineralogical and geochemical patterns in
comparison to those derived from S-type granites. The study was carried out in
Borborema Province, NE Brazil, using petrological, mineralogical, geochemical
and soil standard analyses; multivariate analysis and geographic information
system approaches were used to evaluate such data. In general, results
showed that the highest major, trace and rare earth element concentrations in
soils derived from I-type granites are related to their higher proportion of
accessory minerals: allanite, titanite, apatite, amphibole and opaque minerals.
Bastnaesite and monazite seems to the major sources of rare earth elements in
soils derived from |- and S-type granites, respectively. Geophysical field
measurements show different magnetic susceptibilities, whereby I-type granites
have substantial higher magnetic properties than S-type granites. Soils
originated from I-type granites are quantitatively more significant carbon pools.
Multivariate statistical techniques are useful to guide and support environmental
management decisions not only to understand soils variability but also to
contribute to agriculture production and soil-related environmental issues.
Spatial distribution maps are suitable for supportting soil fertility management
and crop specific fertilization. These results highlight the following issues: i) The
importance of detailed characterization of granite types to understand the
weathering patterns and carbon stocks in tropical settings; ii) Granitic
composition and climate-related weathering processes are soil formation key
factors to understanding major, trace and rare earth element distributions in

soils; iii) The geologic factor on soil formation cannot be neglected in



climosequence studies aiming to allow the understanding of environmental
issues such as pedogenesis, soil geochemistry and carbon stocks. In addition,
our findings provide wider implications in large parts of the tropics (S-America,
sub-Saharan Africa, India, SE and East Asia, Australia) which are underlying by
igneous rock types including I- and S-type granites and where effective
management tools are needed to increase nutrient use efficiencies for

increased productivity of food, fodder and energy crops.



1. GENERAL INTRODUCTION

Granites are among the most common rock types of the continental crust
(Frost et al., 2001). These rocks can present different compositions and
originate from diverse petrogenetic processes (Chappell and White, 1974,
1984, 2001). As a result, distinct mineralogical and geochemical rock
characteristics have been observed (Clemens, 2003). In order to simplify the
subcategories of granites, Chappell and White (1974, 2001) proposed the
distinction between | (igneous source) and S (sedimentary source) type
granites. This classification scheme has been widely adopted (Almeida et al.,
2007; Zhao et al., 2008 ; Antunes et al., 2009 ; Clemens et al., 2011; Chappell
et al., 2012; Guani et al., 2013; Guan et al., 2014; Foden et al., 2015; Wang et
al., 2015; Yu et al., 2016).

Several studies have addressed the |- and S-type granites genesis,
geochemistry and mineralogy (Clemens, 2002; Healy et al., 2004; Farahat et
al., 2007; Antunes et al., 2008 ; Canosa et al., 2012; Chappel et al., 2012;
Guani et al., 2013; Guan et al., 2014; Foden et al., 2015; Robinson et al., 2015).
However few studies have dealt with weathering and pedogenesis from both
granite types over the last decades (Gontier et al., 2015; Marechal et al., 2015;
Yousefifard et al., 2015). To our knowledge no attempt has been made to
elucidate the comparative influence of I- and S-type granites on soil chemical
weathering, pedogenesis and soil geochemistry of major, trace and rare earth
elements along an environmental gradient.

The Borborema Province, northeastern Brazil, comprises an area of
around 380,000 km? (Ferreira et al., 1998), and represents the Western portion
of the extensive geologic Brasiliano-Pan African orogenic system formed by a
convergence of the West Africa/Sao Luis and San Francisco-Congo Cratons
(Brito Neves, 1975). This strategic position characterizes our studies as
transcontinental, with wide implications in large parts of the tropics (S-America,
sub-Saharan Africa, India, SE and East Asia, Australia) which underly soils
derived from |- and S-type granites. Thus, this study poses relevant data for
environmental quality issues in tropical climates, such as weathering patterns,

pedogenesis, geochemical cycles, water quality, and carbon storage.
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The specific objectives of this work were: (i) to describe the petrography
and mineralogy of I- and S-type granites of the Borborema Province, Northeast
Brazil; (ii) to address the effect of petrography and mineralogy of I- and S-type
granites on weathering and pedogenesis across a climosequence; (iii) to study
the effects of granite types and climate on carbon stocks. (IV) to investigate the
source and geochemical behavior of major, trace and rare earth elements, and
the controlling factors for their soil profile distribution; (V) to evaluate the
climosequence influence on soil geochemistry of major, trace and rare earth
elements; (VI) to assess the use of multivariate statistical techniques and
geographic information system as a tool to support environmental management
decisions.

The three climatic zones occurring in Pernambuco State provides an
ideal setting to understanding mineral transformations, translocations, and
pathways of elements during pedogenesis of soils derived from |- and S-type
granites. The geochemical signatures are useful reference values for major,
trace and rare earth elements in soils developed from different granite types in a
tropical environment, and will provide the basis for practical land use
recommendations with regards to micronutrient fertilization and soil fertility
management as well as an assessment of the distribution of potentially harmful

elements in soils derived from |- and S-type granites.
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2. LITERATURE REVIEW

2.1. General characterization of physical environment
2.1.1. Pernambuco State

Pernambuco covers three major physiographic regions named as: Mata,
Agreste and Sertdo. The Mata zone is located in coastal humid zone,
comprinsing an area of 11,776 km?. The Agreste is situated in sub-humid zone.
It is a transition zone between Mata and Sertdo, covering an area of 17,970
km?. Sertdo is the largest physiographic region of Pernambuco State, with
about 68,535 km? (Brazil, 1973).

The study region is divided into three climatic zones according to Koppen
classification (Koppen, 1931). The dry zone presents a semiarid climate (Bsh),
characterized by negative water balance, which results from high annual
evaporation (2,000 mm year™) and low precipitation rates (< 800 mm). The
mean insolation is 2800 h year™, and the means annual temperature ranges
from 23 to 27 °C (Brito et al., 2007). The sub-humid zone presents a climate
classified as Aw, characterized by mean air temperature of about 24 °C, with
the annual rainfall ranging from 800 to 1,000 mm. The humid zone presents a
tropical climate (Am), characterized by precipitations between 1,000-2,000 mm
year™® (INMET, 2015) and annual average air temperature of 27 °C.

In response to climatic contrasts, vegetation patterns vary with the
following units: (i) Dry Zone - Dry deciduous forest (Caatinga); the unique
Brazilian biome, equivalent to 11% of the national territory, characterized as
being xeric shrubland and thorn forest, which consists primarily of small, thorny
trees that shed their leaves seasonally (Souza et al., 2012); (ii) Sub-humid Zone
- Semideciduous forest characterized by predominance of hipoxerophilic
Caatinga (Drumond et al., 2004); (iii) Humid Zone - Primary evergreen forest
(Atlantic rainforest), one of the richest biomes in biodiversity of the world
(Thomas et al., 1998).

The geology in Pernambuco is composed dominantly by Precambrian
rocks, which comprise 90% of its territory and to a lesser extent by sedimentary
basins Paleo/Mesozoic interior and coastal basins Meso/Cenozoic (Brazil,
2001).
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The Pernambuco relief presents sedimentary coastal belt, crystalline
levels that precede the Borborema highlands, Borborema highlands, peripheral
depression of Sdo Francisco River, Jatobd Basin and other sedimentary areas,
besides Araripe Plateau (Brazil, 2000).

All soil orders of the Brazilian system of soil classification can be
observed in Pernambuco (Santos et al., 2013); this takes place owing to the
state wide range in the east-west direction (nearly 700 km), from the most
humid regions in the east up to the dry climates in the west. The
geomorphology and parent material variations throughout the territory, coupled
with climatic contrasts, play a fundamental role in modelling the high soil
variability of Pernambuco State (IPA, 2008).

2.1.2. Borborema Province

The Borborema Province (northeastern Brazil), north of the S&o
Francisco craton, comprises an area of around 380,000 km? (Ferreira et al.,
1998). This province is surrounded by paleogeographical reconstructions of the
western Gondwana supercontinent; it also represents the Western portion of
the extensive geologic Brasiliano-Pan African orogenic system formed by a
convergence of the West Africa/Sao Luis and San Francisco-Congo Cratons
(Figure 1) (Brito Neves, 1975; Neves et al., 2003). The strategic position of
Borborema Province characterizes studies developed in this region as
transcontinental with wide implications in large parts of the tropics and sub-

tropics.
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Figure 1. Generalized geological map of western Gondwana showing the

distribution of main cratons and Pan-African/Brasiliano belts. Dashed lines are
approximate contours of cratons. Cratons are as follows: AM, Amazonian; CC,
Congo; SF, Sao Francisco; and WA, West African. Belts are as follows: AB,
Araguaia belt; BB, Brasilia belt. Provinces are as follows: BP, Borborema
Province; CA, Cameroon province; EN, East Nigerian province; and WN, West

Nigerian province. TS is Tuareg shield (Neves, 2003).
The Borborema Province is traditionally subdivided into four tectonic

domains (Van Schmus et al., 2008): Northern, Transversal Zone, Pernambuco—

Alagoas (PEAL), and Sergipano domains (Figure 2).

28



\ V4
. = L
{ 3
¢ J
SN
i 1aiG 5 rr /
....... ala
S
............ SS N
LA A4
............. LR
PP,
............ Afine
NSNS —
PPN 4
NS
P
.............. N
(S AL
--------- iy P, 74 1
R,
............. VIR
s
....... WIATATN
r o
............. RIS
LA
..... SN N
’ 7
........ AL
/Y
NS
[ #
............. &

RGND: AR

pesz.".a.a.“:. o {

..... v D I R
tr e e e

T e e
"""" s veseessPEAL s c0oens

L IR

D
O gt ¢ e e

P A S R e

e el L1

Francisco (e

7/ s
/7 Itabuna-Salvador-Curagé belt

Figure 2. Borborema Province major domains according to Van Schmus et al.
(2008) and terranes of the Transversal Zone domain: Ceara domain (CE);
Médio Coreau domain (MCD); Pernambuco—Alagoas domain (PEAL); Rio
Grande do Norte domain (RGND), (Sao José do Campestre Archaean nucleus -
SJC); Serid6 fold belt (SFB); Riacho do Pontal domain (RPD); Sergipano
domain (SD), [Macururé (M), Canindé (C), Maranc6-Poco Redondo (MPR),
Vasa Barris (VB), Estancia (E)] - Oliveira et al. (2010); Sdo Francisco craton
(SFC), Sédo Luis craton (SLC), Transversal Zone domain (DZT) [Alto Pajeu
terrane (APT), Alto Moxoto terrane (AMT), Piancé Alto Brigida terrane (PABT),
Cariris Velhos belt (CV), Rio Capibaribe terrane (RCT), Sao José do Caino
terrane (SJCT)]. Faults and shear zones: Patos shear zone (PaS2),
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Pernambuco shear zone (PeSZ), Sdo Miguel do Aleixo shear zone (SMASZ);
GG-01, location of the sample analysed by SHRIMP from the Transversal Zone
domain. Cities and towns: Fortaleza (Fo), Natal (Na), Recife (Re), Salvador

(Sa). Inset: general distribution of Brasiliano granites (Silva Filho et al., 2014).

From a lithological perspective, the Borborema Province comprises a
mosaic of tectonic terrains including Paleoproterozoic basement and scattered
Archean nuclei, Meso to Neoproterozoic supracrustal rocks, and large
intrusions of granites (Brito et al., 2000; Van Schmus et al.,, 2008). The
Pernambuco-Alagoas domain occurs across the Sergipe part of the Borborema
Province and contains the largest granitic batholiths (Silva et al., 2014). Silva et
al. (1997) identified various late tectonic granitic intrusions in the eastern part of
the Pernambuco-Alagoas domain, with compositions ranging from high-K, calc-
alkaline, shoshonitic, mildly alkaline to peraluminous (x garnet bearing)

granites.

2.2. Granitic rocks

Granite rocks can present different compositions and originate from
diverse petrogenetic processes (Chappell and White, 1974, 1984, 2001). As a
result of this complexity, petrologists have relied upon geochemical
classifications to distinguish between various granitoid types. There are more
than 20 different schemes involving granite classifications [see Barbarin (1990,
1999) for a summary thereof].

Granite formation is the result of the interaction of a range of processes
including partial melting, fractional crystallization, crustal assimilation, magma
mixing and melt-residue segregation on various source materials (mafic mantle
melts, meta-igneous and meta-sedimentary crustal sources) in a number of
different tectonic settings (Frost, 2001).

In order to simplify the subcategories of granites, Chappell and White
(1974) proposed the subdivision into I- and S-type granites. This classification
was initially developed in southeastern Australia, where they emphasized the
importance of source rock composition and the concept of separation of melt

and refractory residue during production of felsic magmas. The scheme
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considers I-type granites as the melt products of meta-igneous source rocks
mainly through high-temperature hornblende breakdown, whereas S-type
granites result from melting of meta-sedimentary source material mainly through
muscovite or biotite dehydration reactions.

The concept has been developed by Chappell and White and their co-
workers in a series of papers (e.g. Chappell and White, 1984, 1992, 2001;
White and Chappell, 1988; Chappell and Stephens, 1988; Chappell, 1999,
2004; Chappell and Wyborn, 2012; Chappell et al., 2012), and has been
adopted worldwide (Guani et al., 2013; Guan et al., 2014; Wang et al., 2014;
Foden et al., 2015; Wang et al., 2015).

In general, I-type granites are derived from igneous protolith (or
infracrustal material), whereas S-type granites are formed from sedimentary
rocks (or supracrustal material) (Chappell and White, 1984). As a result, distinct
mineralogical and geochemical characteristics are observed in both types
(Clemens, 2003). I-type granites exhibited a broad spectrum of compositions
from felsic to mafic, with relatively high sodium (Na,O > 3.2%) in felsic varieties
decreasing in more mafic types (2.2%), and presence of hornblende and
titanite. S-type granites are relatively restricted in composition due to high SiO,,
with relatively low sodium (Na,O < 3.2%) and approximately 5% of K,O
(Chappell and White, 2001).

2.3. Soil geochemistry of major, trace and rare earth elements

Geochemistry studies are mainly focused on origin, concentration,
distribution and migration of chemical elements on the terrestrial globe, aiming
to discover the principles that govern their distribution and migration (Mason
and Moore, 1982). According to Hancock and Skinner (2000) chemical
elements are classified in accordance with their abundance in the earth's crust
as major elements - concentration is higher than 1.0%; minor elements -
concentration between 1.0 and 0.1%; and trace elements - with a concentration
below 0.1%.

Soil, one of the essential life support systems of our planet earth, is
formed from common rocks on the earth’s surface by various processes (Van

Straaten, 2007). The distribution and abundance of elements in soils are largely
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controlled by chemical and mineralogical composition of parent materials and
various pedogenic processes involved during pedogenesis. Thus, acquisitions
of geology, mineralogy and geochemistry results of soils derived from different
geo-pedological environments are fundamental to evaluate the influence of
pedogenic processes on element distribution in soil profiles (Palumbo et al.,
2000). Soils developed on different parent materials have different geochemical
signatures (Van Straaten, 2007, 2009).

The influence of parent material on element distribution tends to
decrease with soil development (Zhang et al., 2002). The most important
pedogenesis aspects related to element dynamics are those that affect release
of elements from parent material by weathering, and translocation and
accumulation of sorbents, such as clay minerals, oxides and organic matter,
which are controlled by leaching, eluviation, salinization, calcification,
podzolization, ferralitization, gleization and organic matter accumulation
(Alloway, 1995). These geo-pedological factors not only determine the total
content, but also the chemical speciation and bioavailability of elements.

In the last decades, new research methods, tools and optimization of old
practices have refined the soil geochemical studies, allowing the understanding
of complex issues as discrimination between natural and anthropogenic
sources of elements in soils (Blaser et al., 2000; Reiman and Caritat, 2005;
Nael et al., 2009) and the use of elements as tracers of pedogenic processes
(Laveuf et al., 2008).

Classically, soil scientists explore the major elements and mineralogy
data as pedogenic processes tracers. However, as several of these processes
mobilize the same major elements in the soil, they become difficult to quantify
(Laveuf and Cornu, 2009). As a result, other tracers must be used, for example
rare earth elements (REES).

The International Union of Pure and Applied Chemistry (IUPAC: Connely
et al., 2005) defines REEs as a group of 17 chemically similar metallic elements
(Lanthanide series, plus scandium and yttrium). The latter two elements (Sc and
Y) are included as REEs because they are chemically similar to the lanthanides
(Jaireth et al., 2014). These elements have been commonly divided into two

groups: light rare earth elements (LREEs: La-Eu) and heavy rare earth
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elements (HREEs: Gd-Lu) (Hu et al., 2006; Long et al., 2010; Walters et al.,
2010; Sadeghi et al., 2013).

The REEs are not as rare in nature as the name suggests. LREEs are not rare
in the Earth’s crust (ZLREE = 152 mg kg-1); however, HREESs are less common
(ZHREE = 51 mg kg-1) (Tyler and Olsson, 2002). These elements are found in
more than 200 minerals, mainly phosphates, carbonates, silicates, and iron and
manganese oxides (Kanazawa and Hamitani, 2006). Cerium, 25th most
abundant element in the crust, exhibits higher concentration in Earth’s crust
than copper and similar to Zn (Tyler, 2004).

Rare earth elements have become strategically critical for developed and
developing economies around the world owing to the wide application for
multiple purposes, such as industrial key technologies (Gandois et al., 2014;
Mihajlovic et al., 2014; Pagano et al., 2015) and agricultural fertilizers (Pang et
al., 2002; Kobayashi et al., 2007). The increasing exploitation and disposal of
products containing REEs over the last decades has drawn attention to REEs
leaking into the soil. Thus, their accumulation in soil can become an
environmental concern in the future (d'Aquino et al., 2009). For instance,
adverse effects on biota have been observed (Chen et al., 2001; Oral et al.,
2010).

The large variations of total REE contents in soils are highly dependent
on the soil type and of their parent material (Liu, 1988; Hu et al., 2006). The
mineralogical composition of parent materials controls their REE content
(Yamasaki et al., 2001).

The behaviour of REEs during weathering has been extensively studied
(Loell et al., 2011; Sadeghi et al., 2013; Yusoff et al., 2013; Liang et al., 2014,
Mihajlovic et al., 2014). The REE redistribution during weathering is a function
of: i) the nature primary phase, i.e. its mineralogical composition and relative
mineral stability (Tyler, 2004); ii) the properties of the different REEs in the
solution (Condie et al., 1995); iii) the degree of weathering (Walter, 1991;
Huang and Gong, 2001).

The REE stock generally decreases with an increasing weathering
degree (Ohlander et al., 1996). The upper part of weathering profiles is
frequently depleted in REEs compared to the bottom part that may even be

enriched following possible reprecipitation (Nesbitt and Markovics, 1997). In
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most cases, weathering results in a relative enrichment of LREEs over HREESs
in the weathering profile (Compton et al., 2003).

As a conclusion, REE concentrations in soils are determined to a
significant extent by processes occurring during chemical weathering (Taunton
et al., 2000). A careful characterization of the initial REE distribution in primary
minerals is essential to understand the redistribution of REEs from their release
during primary mineral dissolution to their fixation onto secondary minerals.

Nevertheless, the pedological behavior of REEs remains poorly
understood (Chen et al., 2014). Recently, Laveuf and Cornu (2009) and Laveuf
et al. (2012) recommended further study of the REEs behavior in different
pedological environments in order to quantify different geochemical behavior of
REEs.

2.4. Influence of granites on pedogénesis and soil geochemistry

Granitic rocks are abundant in the Earth's upper continental crust
underlying large areas of agricultural land in the tropics and temperate climates.
In Pernambuco State alone, granites cover approximately 1/3 of the whole land
area (Brazil, 2001). The influence of granites in soil geochemistry of major and
trace elements has been extensively studied by many researchers, including
REEs (Panahi et al., 2000; Yusoff et al., 2013; Sanematzu et al., 2015). These
studies have provided new knowledge on soil geochemistry during pedogenesis
in different climates.

In spite of the large amount of researches related to granites, studies
regarding the granite types according to chemical and mineralogical
composition under tropical environments as well as on the cause-effect
relationship with the genesis and geochemistry of their soils are scarce. In this
study, soil profiles were sampled based on granite types (I- and S-types) under
three climatic zones (humid, sub-humid and dry) from tropical to semiarid region
of the Borborema Province.

These granite types underly large areas in the tropics and play a key role
for the most tropical ecosystems in terms of environmental quality issues, such
as geochemical cycles, global weathering patterns and carbon storage. Thus,

understanding the relationship between major, trace and rare earth elements of
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soils derived from different granites (I- and S-types) and climate conditions is
essential to understand the variability among soils developed from these parent

materials.
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Weathering rates and carbon storage along a climosequence of soils

developed from contrasting granites in northeast Brazil

Abstract

I- and S-type granites comprise large areas and play a key role in global soil
weathering patterns. I-type granites are originated from melting of igneous
source rocks, whereas S-type granites result from melting of sedimentary
sources. This gives rise to differences in mineralogical and geochemical
characteristics of the rocks. The objective of this study was to address the effect
of petrology and mineralogy of I- and S-type granites on weathering,
pedogenesis and total organic carbon stocks across a climosequence.
Significant differences in morphological, physical and chemical properties of
soils derived from |- and S-type granites were observed and directly linked to
petrological, mineralogical and geochemical signatures of the underlying
granites, e.g., presence of more mafic minerals in the I-type granite, and
therefore a higher clay and iron content in their derived soils. In addition, this
higher iron content favored the hematite pathway and, thus, the red soil
development. Despite the influence of the climate on weathering patterns, i.e.,
higher soil development in humid areas, parent material seems to play a
decisive role in determining soils characteristics in the studied area. The type of
parent material also governed the rates of carbon accumulation in soils. I-type
granites originated soils with higher TOC stocks than soil profiles developed
from S-type granites. This carbon accumulation is mainly due to soil chemical
and physical characteristics driven by the type of granite, notably soil fertility

and clay content.

Keywords: Granitic rocks; I-type granite; S-type granite; pedogenesis; tropical

soils; carbon sequestration.
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1. Introduction

Granites are among the most common rock types occurring at the
continental crust (Frost et al., 2001). In Brazil, granitic terrains extend through
vast areas and function as the foundation for a great variety of tropical
ecosystems ranging from caatinga vegetation in the dry lands to rain forests.
Therefore, soils developed from these materials influence a plethora of
ecosystem services such as water quality control, carbon sequestration, nutrient
cycling, provision of natural habitat, and contaminants retention (Blum et al.,
2006). For instance, large amounts of carbon can be stocked in soil profiles
thereby mitigating global warming and improving soil fertility status.

Granitic rocks vary in their mineralogical and chemical compositions as
they originate from different petrogenetic processes (Chappell and White, 1974,
1984, 2001). In order to simplify the subcategories of granites, the |- and S-type
classification, along with the use of A-type granites have been widely adopted
(Chappell, 1999; Foden et al.,, 2015; Guani et al., 2013; Guan et al., 2014,
Litvinovsky et al., 2015; Vilalva et al., 2016; Wang et al., 2014; Wang et al.,
2015).

In general, I-types are derived from igneous protolith (or infracrustal
material), whereas S-types are formed from sedimentary rocks (or supracrustal
material) (Chappell and White, 1984). As a result, distinct mineralogical and
geochemical characteristics are observed in both types (Clemens, 2003; Ghani,
2000). I-types usually exhibit a broad spectrum of compositions from felsic to
mafic, with relatively high sodium (Na,O > 3.2%) concentrations in the felsic
varieties which decreases in the mafic types (Na,O ~ 2.2%). On the other hand,
S-type granites present a less diverse composition due to their high SiO,
content, with relatively low sodium concentrations (Na,O < 3.2%) and
approximately 5% of K,O (Chappell and White, 2001).

Several studies have addressed the petrogenesis of |- and S-type
granites, their chemistry and mineralogy (Almeida et al., 2007; Antunes et al.,
2008, 2009; Canosa et al., 2012; Chappel et al., 2012; Clemens et al., 2011;
Farahat et al., 2007; Foden et al., 2015; Guani et al., 2013; Guan et al., 2014,
Healy et al., 2004; Robinson et al., 2015). On the other hand, only few studies

have dealt with both the weathering and the pedogenesis processes taking
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place according to granite types (Gontier et al., 2015; Marechal et al., 2015).
The present work studied soil profiles originated from |- and S-type granites
under three contrasting climatic zone (humid, sub-humid and dry) at the
Borborema Province, northeastern Brazil.

The Borborema Province comprises an area of around 380,000 km?
(Ferreira et al.,, 1998) and represents the Western portion of the extensive
geologic Brasiliano-Pan African orogenic system formed by a convergence of
the West Africa/S&o Luis and San Francisco-Congo Cratons (Brito Neves,
1975). This geological setting represents parts of the Gondwana continent
found in large tropical areas such as: South America, sub-Saharan Africa, India,
Asia (SE and East) and Australia.

Due to the abundance of I- and S-type granites in the Earth's upper
continental crust, as evidenced in Australia (Chappell et al., 2012; Foden et al.,
2015), China (Guan et al., 2014), Saudi Arabia (Robinson et al., 2015), Spain
(Canosa et al., 2012), and Brazil (Almeida et al., 2007), as well as the scarcity
of information about the influence of granite types on rock weathering and
carbon storage, the objectives of this work were: (i) to describe the petrography
and mineralogy of |- and S-type granites of the Borborema Province; (ii) to
address the effect of petrography and mineralogy of I- and S-type granites on
weathering across a climosequence; (iii) to study the effect of granite types and

climosequence on different properties and organic carbon stocks of soil profiles.
2. Materials and methods

2.1. Study area

The study area lies in the Borborema Province (Pernambuco State),
northeastern Brazil. From a lithological perspective, the Borborema Province
comprises a mosaic of tectonic blocks including Paleoproterozoic basement and
scattered Archean nuclei, Meso to Neoproterozoic supracrustal rocks, and large
intrusions of granites (Van Schmus et al., 2008). Neoproterozoic magmatism in
this province produced voluminous S- and I-type granites.

The region of study is divided into three climatic zones according to

Koppen classification (Koppen, 1931). In response to this sharp climatic
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contrast, vegetation demonstrates a distinct zonation. The coastal humid zone
is located in the eastern part of Pernambuco. The region is characterized by a
tropical humid climate, with mean precipitation of 1,800 mm. The vegetation is
an evergreen broad-leaf tropical forest. The sub-humid zone can be considered
a transition between the humid and dry zones, presenting a large dry season
and a relatively small rainfall (600-900 mm). The vegetation is a deciduous
forest, locally classified as hypoxerophilous caatinga. The dry zone, in its turn,
presents a semiarid climate with an annual precipitation of 500 mm and mean
annual temperature of 28 °C. This region is characterized by dense tree-shrub
deciduous vegetation, classified as hyperxerophilic caatinga, somewhat similar
to a dry season deciduous thorn bush savannah (Nascimento et al., 2006).

2.2. Soil and Rock samplings

Three soil profiles and the underlying rocks (from both |- and S-type
granites) were sampled under native vegetation in the three climatic zones;
sampling locations were based on analysis of geological maps and field
confirmation in order to guarantee that the soils actually formed over the
granites that they overlie. The soil profiles did not present any of the diagnostic
criteria for lithic discontinuity described in WRB (2014). All sampling sites
(Figure 1) were selected in relatively undisturbed environments in order to
guarantee minimal anthropic influence and similar topographic conditions

(gently sloping sites).
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Figure 1. Sampling location and soil profiles over |- and S-type granites in
different climatic zones of Pernambuco State, Borborema Province, Northeast
Brazil (Brazil, 2001).

Morphological, physical, mineralogical and chemical analyses of the six
soil profiles were performed. Soil samples from all horizons were collected, air-
dried and sieved (< 2 mm) prior to analysis. Morphological descriptions were
performed according to Schoeneberger (2002) and soils were classified
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according to the World Reference Base for Soil Resources (IUSS Working
Group WRB, 2014).

2.3. Rock analysis

The |- and S-type granites and their modal mineralogical compositions
were determined in the fresh rock samples collected from outcrops nearby the
soil profiles. A petrographic microscope was used to minerals identification in
polished thin sections prepared according to Murphy (1986).

Granite samples were also coated with a 20 nm gold layer (model
Q150R - Quorum Technologies). Then fine-grained minerals and textures were
observed using a TESCAN (model: VEGA-3 LMU) field emission scanning
electron microscopy (SEM) at an accelerating voltage of 15 kV. Afterwards, an
energy dispersive X-ray spectrum (EDS; Oxford Instrument, model: 51-AD0007)
coupled with  SEM was used to semiquantitatively analyze the mineral

assemblage.

2.4. Soil analysis
2.4.1. Physical and chemical analysis

The particle size distribution was determined according to Gee and Or
(2002), using Calgon for chemical dispersion. Prior to analysis, all samples
were pre-treated to eliminate organic matter (30% v/v H,0O). The pH values
were measured in H,O (1:2.5 soil:solution ratio). Potential acidity (H* + AI*")
was determined by the calcium acetate method (0.5 mol L™, pH 7.0), and total
organic carbon (TOC) according to Yeomans and Bremner (1988).

Potassium and Na* were extracted with Mehlich™, while Ca®*, Mg** and
AIP* were measured after extraction with 1 mol L™ KCI. These cations were
determined by optical emission spectrometry (ICP-OES/Optima 7000, Perkin
Elmer). Cations concentrations were used to calculate base saturation, cation
exchange capacity, and aluminum saturation percentage.

The bulk density (volumetric ring method) was determined according to
Embrapa (2011). The TOC stocks were calculated according to Weissert et al.
(2016), using Eqg. (1),
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TOC stocks = TOC x BD x D ()

where TOC (%) is the soil organic carbon concentration, BD (g cm™) dry
bulk density and D (m) the sampling depth.

2.4.2. Selective dissolution

Free iron oxides (Fed) was determined using sodium dithionite-citrate-
bicarbonate (DCB), following a sequence of three successive extractions every
15 min (80 °C) (Mehra and Jackson, 1960). An ammonium oxalate
((NH4)2C204H20 at pH 3.0) extraction was used to obtain the low-crystallinity
iron forms (Feo) (Mckeague and Day, 1966). Iron concentrations were
determined by ICP-OES.

2.4.3. Redness rating index

The redness rating index (RI) suggested by Torrent et al. (1980) was

used. It is defined as follows:

RR=(10-H)xC
Vv

Where C and V are the numerical values of the Munsell chroma and
value, respectively, and H is the figure preceding YR in the Munsell hue, so that
for 10YR “H” is 10 and for 10R “H” is O.

2.4.4. Mineralogical analysis

X-ray diffraction (XRD) was used to identify minerals in clay (< 2 um), silt
(2-53 pum) and fine sand (53-2000 pum) fractions from every diagnostic soll
horizons. The different solil fractions were separated by dispersion with calgon
and sedimentation in water. Diffraction patterns were obtained in a Shimadzu
6000 diffractometer fitted with a graphite monochromator set to select Cu
Karadiation (30mA/40 kV). Prior to analysis, all clay samples were submitted to
the following treatments: elimination of organic matter (15% hydrogen peroxide)
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and iron oxides (dithionite-citrate-bicarbonate method) (Mehra and Jackson,
1960).

The following clay treatments were performed: Mg saturation, glycerol
solvation, K saturation, followed by heating for three hours at 350 and 550 °C
(Brown and Brindley, 1980). Silt and fine sand fractions were scanned from 5°
to 70°20 with steps of 0.02°20at 0.8 s/step while the XRD of clays were
obtained from 3 to 35°206 with steps of 0.02°20at 1.2 s/step, except for the
glycerol solvation treatment (3-15°20). The mineral identification were based on
the criteria proposed by Jackson (1975), Brown and Brindley (1980), and Moore
Jr and Reynolds (1997).

2.4.5. Chemical weathering

Sample powders were mechanically compressed to make pellets for X-
ray fluorescence (XRF) analysis. Molecular proportions of the major element
(expressed as oxides) were determined by XRF spectrometry (S8 TIGER ECO -
WDXRF). Loss on ignition was determined at 1,000 °C. Data were used to
calculate the chemical index of alteration (CIA), according to Nesbitt and Young
(1982):

CIA = [A,O3 / (Al,O3 + Na,O + CaO + K,0)] x 100.

The results were verified using the international geochemical standard
SRM 2709, San Joaquin soil (NIST, 2002). The recovery rates for major
elements (%) were as follows: Al (106) > Ca (105) > Fe (100) > K (98) > Mg
(96) > Na (72).

3. Results and discussion

3.1. Mineralogy of the I- and S-type granites

Overall, S-type granites presented fine to medium grains, with light gray
color (Figure 2a). They were mainly composed of quartz (ranging from 23 to
34%), feldspars (plagioclase ranging from 5 to 28%, microcline ranging from 11

to 33% and orthoclase ranging from 7 to 12%), muscovite (ranging from 3 to

54



6%) and biotite (ranging from 8 to 14%) evenly distributed and absence of
magnetic minerals. These rock types showed gentle foliations outlined by mafic
minerals.

I-type granites were inequigranular, porphyritic texture, with medium to
coarse K-feldspars, small amounts of gray quartz and black mafic minerals,
mostly biotite (Figure 3a). I-type granites presented magnetic minerals, mainly
magnetite. K-feldspar, quartz, plagioclase and biotite were the dominant
components of both granites types (Table 1).

Quartz and plagioclase were more abundant in S-type granites whilst K-
feldspars and opaque minerals dominated I-type granites. Muscovite was
present only in S-type granites, ranging from 3 to 6% and exhibiting some
degree of alteration, chiefly being replaced by sericite. Amphibole, apatite and
titanite were visualized only in I-type granites (Table 1). Magnetic minerals and

minor amounts of chlorite predominated in I-type granites.
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Figure 2. Macro-photograph (a) and selected petrographic characteristics of S-
type granites. (b) General aspect; (c) Biotite and allanite; (d) Muscovite; (e)
Opaque mineral; (f) Orthoclase; (g) Plagioclase; (h) Microcline. Qz— Quartz;
Micr — Microcline; Ort — Orthoclase; Bt— Biotite; Pl — Plagioclase; Ms —
Muscovite; Al — Allanite.

Biotites in |- and S-type granites were at an early alteration stage to
chlorite. Plagioclases were slightly altered to sericites. K-feldspars were found
as microcline and orthoclase. The phosphate mineral apatite occurred in small
crystals and often associated with mafic minerals (Figure 3e). Allanite and
titanite tend to occur in I-type rather than in S-type granites (Bea, 1992). Apatite
inclusions are commonly found in biotites of I-type granites whereas in S-type
granites they occur in larger discrete crystals, confirming the findings of
Chappell and White (2001).

Table 1. Mineralogical composition (%) of I- and S-type granites sampled in

Pernambuco State, Northeast Brazil

Mineral I-type granites S-type granites
Humid Sub-humid Dry Humid Sub-humid Dry
K-feldspar 61 55 65 45 37 23
Quartz 12 7 8 23 26 34
Plagioclase 7 12 7 5 22 28
Biotite 10 11 5 14 12 8
Amphibole 4 4 7 nd nd nd
Sericite / Muscovite nd nd nd 6 3 6
Opaque mineral 2 4 4 4 <1 1
Allanite 3 2 <1 3 <1 <1
Apatite 1 2 3 nd nd nd
Titanite nd 2 1 nd nd nd
Chlorite <1 <1 nd nd nd <1
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Total 100 100 100 100 100 100

Ratio felsic/mafic minerals 4.0 2.9 4.0 3.7 6.8 9.1

Small inclusions of allanite were found in biotite (Figure 2c). The

disintegration of allanite is responsible for biotite spot formations. Plagioclases

were sericitized usually forming lamellae of muscovite/sericite.

- - 7 - y 4 ~‘..' ., 3 { -
- "..,‘;\,‘-‘32 —~ 250 microns X P ;/ 250 microns
: . | o S | |

Figure 3. Macro-photograph (a) and selected petrographic characteristics of I-
type granites. (b) General aspect; (c) Mafic minerals; (d) Amphibole; (e) Biotite,
apatite and opaque minerals; (f) Titanite, apatite and opaque minerals; (Q)
Typical section, overview; (h) Allanite; Qz — Quartz; Kfs — K-feldspar; Bt—
Biotite; Pl — Plagioclase; Op — Opaque mineral; Al — Allanite.
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3.2.  Soil properties

3.2.1. Morphological, physical and chemical attributes

According to WRB (2014), lithic discontinuities are defined as significant
differences in particle-size distribution or mineralogy that represent differences
in parent material within a soil. Thus, the homogeneity of the depth distribution
of soil particle sizes (Tables 2 and 3) as well as similar primary minerals
between fine sand, silt and clay fractions (Figures 6 and 7) and granites
(Figures 2 and 3) indicate that there was no interference of other parental
materials.

Soil profiles developed from I- and S-type granites showed distinguished
differences in morphological, physical and chemical properties (Tables 2 and 3).
Solil profiles developed from I-type granites presented the highest mean silt and
clay contents, especially in the humid climate (Tables 2 and 3). For both granite
types, the highest clay contents were found in the humid zones (mean value of
24% and 22% for I- and S-type granite, respectively). Conversely, soils
originating from S-type granites were sandiest irrespectively to climate zones
with mean values of 45%, 80% and 86% for humid, sub-humid and dry zones.

The higher proportion of easily weathereable minerals in I-type granites
favored the genesis of soils with higher clay contents. Soils developed from
fine-grained granite exhibited higher clay contents (Mareschal et al. 2015). This
texture influence results in a greater water retention potential, which in turn can
enhance weathering reactions.

Despite similar climatic and topographic conditions in humid and sub-
humid zone, soil colors of subsurface horizons from I- and S-type granites were
clearly distinguishable (Tables 2 and 3). Soil horizons from I-type granite
presented were redder than S-type granites. The dominance of red colors is
further corroborated by the significantly higher values of the redness index
found for I-type granite soils (mean RR values for subsurface horizons= 7.15
and hues from 2.5YR to 10YR); on the contrary, S-type granite soils present
mean RR value of 1.61 and hues from 7.5 to 10YR.

58



Table 2. Selected macro-morphological and physical characteristics of soil
profiles derived from I-type granites in different climatic zones of Pernambuco
State, Northeast Brazil

Horizon/depth (cm) Colqr Clay_lSiIt Sand BD_3 Texturael1 Structure”
(Moist) (g kg™) (g cm™) classes
Humid zone (537 m) — (Hypereutric Chromic Lixisols)

A, (0-8) 75YR3/1 150 379 471 12 | vffgr(1); f msbk (2)

A, (8-18) 10YR 3/2 170 383 447 12 | f m co sbk (2)

AB (18-30) 75YR 4/4 180 414 406 12 | f m co shk (2)

BA (30-46) 5YR5/8 250 440 310 11 | f m co shk (2)

Bt, (46-64) 2.5YR4/8 300 507 193 1.0 sl vf f m co sbk (2,3)

Bt, (64-84) 2.5YR4/8 310 506 184 99  scl vf f m co sbk (2,3)

Bt, (84-135) 25YR4/8 300 522 178 1.0 scl vf f m co sbk (3)

BC (135-175) 25YR4/8 260 569 171 1.0 scl f m co sbk (3)

C (175-195) 2.5YR 4/8 270 558 172 11 sl f m co sbk (3)
Sub-humid zone (695 m) — (Eutric Regosols)

A (0-11) 10YR3/1 50 290 660 14 sdl vf f gr (2); f sbk (2)

CA (11-17) 10YR 4/1 60 282 658 15 ol f m sbk (1)

C, (17-46) 10YR5/2 50 280 670 15  sdl f m sbk (1)

C, (46-70) 10YR5/3 50 300 650 1.6  sdl f m sbk (1)

Cs (70-78) 10YR6/3 50 240 710 1.7  sdl f sbk (1)

Cr, (78-148) - S - _
Cr, (148-185) - S - _

Cr; (185-200) - - - - ) -
Dry zone (473 m) — (Eutric Regosols)

A (0-3) 10YR2/2 50 195 755 1.1  sdl fgr(1)
CA (3-9) 10YR3/2 80 304 616 1.4 sdl f m sbk (1)
C. (9-17) 10YR3/4 100 321 579 15 | f m sbk (1)
C, (17-27) 5YR3/3 110 308 582 1.4 | f m sbk (1)
Cs (27-39) 5YR3/3 120 326 554 1.4 | f msbk (1)
Cr, (39-53) - - - - - -

Cr, (53-63) - L .- -

 Textural classes: loam (I); sandy clay loam (scl); sandy loam (sdl); silt loam (stl)
® Structure (type/size/grade): subangular blocky (sbk); granular (gr); very fine (vf); fine (f);

medium (m); coarse (co); prismatic (pr); weak (1); moderate (2); strong (3)

Table 3. Selected macro-morphological and physical characteristics of soil
profiles derived from S-type granitesin different climatic zones of Pernambuco
State, Northeast Brazil

Color Clay Silt Sand BD Textural

(Moist) (g kg™ (@cm?®)  classes Structure

Horizon/depth (cm)
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Humid zone (348 m) — (Dystric Xanthic Ferralsols)

A (0-9) 10YR3/1 200 244 556 1.3 sd vffm cogr(3)

A, (9-20) 10YR4/1 200 263 547 12 scl vf f gr(2); f m sbk (2)

AB (20-37) 10YR4/3 200 361 439 1.2 | f m sbk (2)

BA (37-50) 10YR4/6 230 385 385 1.1 | m; c; vf f sbk (2)

Bo, (50-69) 10YR5/6 230 364 406 1.1 | m; c; vf f sbk (1)

Bo, (69-89) 7.5YR5/8 220 350 430 12 | vf gr; vf f sbk (2)

Bos (89-109) 7.5YR5/8 200 362 438 12 | vf gr; f m co sbk (1)

Bo, (109-147) 7.5YR5/8 230 348 422 12 | vf gr; f m co sbk (1)

Bos (147-165+) 7.5YR5/8 250 365 385 1.2 vf gr; f m sbk (1)
Sub-humid zone (738 m) — (Dystric Regosols)

A (0-16) 75YR4/2 50 90 860 16 s g; vffsbk (1)

AC (16-34) 75YR3/2 30 126 844 15 s g; vffsbk (1)

CA (34-56) 75YR4/2 60 139 801 15 sl m; f m sbk (1)

C. (56-93) 75YR4/2 70 139 791 16 sl m; f m sbk (1)

C, (93-111) 7.5YR4/2 80 137 783 15 sl m; f m sbk (1)

Cs (111-136) 75YR5/3 70 166 764 16 sl m; f m sbk (1)

C, (136-152) 7.5YR4/3 60 161 779 15 sl m; f m sbk (1)

Cs (152-195) 7.5YR4/3 70 183 747 16 sl m; f m sbk (1)

Cr (195-205+) - - - - - - -
Dry zone (389 m) — (Eutric Regosols)

Ap (0-5) 10YR7/2 40 51 909 17 s g; mcol(1); f msbk (1)
CA (5-17) 10YR5/3 50 80 870 1.8 s g; f m sbk (1)

C, (17-26) 10YR5/3 50 97 853 1.7 s m; vf f sbk (1)

C, (26-40) 10YR5/3 50 113 837 1.7 s m; vf f sbk (1)

Cs (40-48) 10YR6/2 40 120 840 1.7 s m; vf f sbk (1)

Cr (48-59) - . ; - -

a Textural classes: sandy clay loam (scl); loam (I); loamy sand (Is); sandy loam (sl)

b Structure (type/size/grade): grain (g); laminar (l);subangular blocky (sbk); granular (gr);
massive (m); cohesion (c) very fine (vf); fine (f); medium (m); coarse (co); prismatic (pr); weak
(1); moderate (2); strong (3)

The contrasting results for soil color can be explained by the higher
proportions of mafic, opaque and accessory minerals (Table 1). Upon
weathering, these minerals release relatively large amounts of Fe (Table 4) that
likely exceed the solubility product of ferrihydrite and favor the hematite
pathway (Kampf and Schwertmann, 1983). The positive and highly significant
correlation (r= 0.874; n=19; p < 0.0001) between RR values and Fe; for the I-
granite soils (Figure 4) corroborates this hypothesis. Such correlation was not
observed for soil profiles originated from S-type granites. The chemical
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compositions of some of these opaque and mafic minerals are shown in Figure

5. Subsurface horizons derived from S-type granites showed predominance of

yellowish colors (7.5YR and 10YR) resulting from the probable preferential

formation of goethite; this iron oxide is readily bound to organic compounds,

giving the soil brownish colors (Chen et al., 2010). Additionally, the lower

proportions of Fe-bearing minerals in soils derived from S-type granites would

preclude the hematite pathway (Table 4).
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Figure 5. Scanning electron microscope (SEM) images captured from minerals
in I-type granite and their respective elemental composition by energy
dispersive X-ray spectrum (EDS). (a) Chemical composition of magnetite
(Spectrum 12: Fe — 97%, Si — 2%, Al — 0.8, K — 0.2%), and biotite (Spectrum
13: Fe — 21%, Si — 38%, Al, K — 15%, Mg — 8%, Ti — 2%, Na — 1%). (b)
Chemical composition of biotite (Spectrum 56: Si - 34%, Fe — 24%, Al - 15%, K
— 14%, Mg — 9%, Ti — 3%, Na — 1%), biotite (Spectrum 57: Si - 48%, Fe — 21%,
Al — 17%, K — 7%, Na — 6%, Ca — 1%), biotite (Spectrum 58: Si — 31%, Fe —
29%, Al, K — 14%, Mg — 8%, Ti — 3%, Na — 1%), ilmenite (Spectrum 60: Ti —
44%, Fe — 41.6%, Mn — 11%, Si — 1.6%, Al -1%, Na, K — 0.4%) (c)
Semiquantitative Fe map from a cross-section of biotite with inclusion of
bastnaesite using scanning electron microscope with energy-dispersive X-ray
spectroscopy attached facilities (SEM-EDS). Bastnaesite (Spectrum 34: Ce -
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32%, La — 20%, F — 13%, Nd — 9%, Ca — 8%, Si, Fe — 5%, Pr — 3%, Al, K — 2%,
Mg — 1%), biotite (Spectrum 35: Si — 32%, Fe — 29%, Al — 15%, K — 13%, Mg —
8%, Ti— 2%, Mn — 1%), biotite (Spectrum 36: Si — 33%, Fe — 28%, Al — 16%, K
—13%, Mg — 8%, Ti — 2%).

Regarding chemical properties, soils from I- and S-type granites showed
contrasting results as well. Soils developed from I-type granites showed higher
soil fertility than those deriving from S-type granites (Table 4). There are clear
differences with regards to base saturation (BS > 50%) levels and Al saturation
(< 50%) in all climatic zones. These results can be explained by the greater
proportion of mafic, opaque and accessory minerals (Table 1). On the other
hand, soils derived from S-type granites only exhibit high BS levels and low Al
saturation under the dry pedo-environment (Table 5). The effect of granite types
on soll fertility was discusses elsewhere (Silva et al., 2016).

The mean TOC contents were always higher in soil profiles developed on
I-type granites (Table 4 and 5). These soil profiles showed mean TOC values of
17.2, 12.0, 13.4 g kg™ for humid, sub-humid and dry zones. On the other hand,
the mean TOC values for S-type granite soils were only 10.2, 2.6, 2.8 g kg™. As
a result, TOC stocks in the I- and S-granite soils showed a clear climatic
zonation with increasing values from the dry zone to the humid zone. It is
important to highlight that, regardless climate, the highest TOC stocks were
recorded in soil profiles developed from I-type granite soils (46 to 207 Mg ha™);
S-type granite soils presented TOC stocks ranging from 23 to 150 Mg ha™
(Table 4).

This finding demonstrates that the parent material rather than the climate
plays the most significant role on determining the soil carbon stocks. This
outcome can result from both the natural higher soil fertility that allows biomass
increasing and the higher clay contents in I-type soils. Additionally, the large
surface area of clay minerals stabilizes soil organic carbon by forming stable
organic-mineral complexes that protect C against microbial decomposition (Six
et al., 2000; Six et al., 2002; Lehmann and Kleber, 2015).
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Table 4. Chemical characterization, iron selective dissolution analysis and weathering index of soil profiles derived from I-type

granites in different climatic zones of Pernambuco State, Northeast Brazil

F

Horizon/depth (cm) TOC® TOCstock® pH Na' Ca” Mg~ K° H+Al AF° CEC® BS" Sat AP® Fe, Fe,! Fey' FeyFe, CIA
b (gkgD) Mgha®'  (H,0) cmolc kg™ g kg™® (%)

Humid zone (537 m) — (Hypereutric Chromic Lixisols)
A; (0-8) 59.6 59.1 55 01 34 12 07 32 00 85 63 0.5 566 22 36 1.6 90
A; (8-18) 58.4 71.9 50 01 25 10 04 32 01 7.2 56 1.4 574 25 73 29 91
AB (18-30) 12.0 17.1 47 00 20 07 03 24 02 55 56 4.7 68.8 18 8.9 4.9 93
BA (30-46) 6.4 11.0 48 00 16 09 0.2 19 01 46 59 3.5 787 19 114 6.0 94
Bt; (46-64) 5.7 111 5.2 01 21 0.5 0.1 15 00 4.2 64 0.0 103.1 1.8 18.0 10.0 97
Bt, (64-84) 4.2 7.8 50 01 17 08 01 16 01 4.2 62 1.9 1158 1.3 18.0 18.8 98
Bt; (84-135) 15 7.7 5.0 01 0.9 1.6 0.1 14 01 40 65 1.9 1190 16 17.8 111 98
BC (135-175) 3.7 15.3 50 02 04 19 01 1.3 00 38 65 0.0 1128 13 17.2 13.2 98
C (175-195+) 3.1 6.6 48 01 0.7 14 0.1 1.3 03 36 64 10.6 1122 16 144 9.0 98
Sub-humid zone (695 m) — (Eutric Regosols)
A (0-11) 453 67.4 52 01 47 13 02 29 01 91 68 1.6 123 17 92 5.4 70
CA (11-17) 7.0 6.3 5.2 01 3.0 0.9 0.1 1.7 01 5.8 70 1.2 13.1 18 95 5.2 71
C; (17-46) 3.9 18.0 51 01 23 06 01 15 01 45 67 3.2 118 11 85 7.7 70
C, (46-70) 21 8.3 55 01 19 05 00 09 01 34 73 3.9 100 14 10.9 7.8 68
C5 (70-78) 1.6 2.3 57 01 09 08 00 07 01 25 70 5.5 9.2 16 124 7.7 64
Cr, (78-148) - - - - - - - - - - - - - - - - 93
Cr, (148-185) - - - - - - - - - - - - - - - - 87
Cr; (185-200) - - - - - - - - - - - - - - - - 79
Dry zone (473 m) — (Eutric Regosols)
A (0-3) 39.6 13.5 71 00 73 27 05 1.0 0.0 106 100 0.0 670 14 20 1.4 56
CA (3-9) 11.3 9.7 69 01 46 58 04 11 00 108 100 0.0 55.0 1.7 46 2.7 70
Cy (9-17) 7.1 8.3 60 01 6.1 1.1 0.2 13 01 75 100 0.7 439 16 4.7 29 74
C, (17-27) 5.0 7.1 55 01 56 23 0.2 16 01 8.2 100 0.9 422 15 48 3.2 76
C5 (27-39) 4.1 7.0 51 02 73 04 01 19 02 8.0 100 1.8 384 16 4.9 3.1 78
Cry (39-53) - - - - - - - - - - - - - - - - 83
Cr, (53-63+) - - - - - - - - - - - - - - - - 75

2 Total organic carbon; ® Carbon stock; ¢ Cation Exchange capacity; ° Base saturation; ® Aluminum saturation; ' Total iron; ¢ oxalate extractable iron; "

Dithionite extractable iron; " Chemical index of alteration.
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Table 5. Chemical characterization, iron selective dissolution analysis and weathering index of soil profiles developed from S-type

granites in different climatic zones in three climatic zones of Pernambuco State, Northeast Brazil

F

Horizon/depth (cm) TOC® TOCstock pH Na' Ca® Mg® K H+Al APF" CEC® BS" Sat AP™® Fe[ Fe,J Fe,' FeyFe, CIA
(gkg?) Mgha™ (H20) (cmol; kg™) (g kg?) (%)
Humid zone (348 m) — (Dystric Xanthic Ferralsols)
A; (0-9) 39.7 45.8 46 0.1 1.7 0.9 0.2 43 0.7 7.1 39 20.7 20.6 1.9 3.1 1.6 91
A, (9-20) 14.8 15.8 43 0.0 0.7 0.8 0.1 4.2 1.3 5.8 28 44.0 248 2.0 5.9 2.9 94
AB (20-37) 9.0 17.6 42 0.0 0.7 0.5 0.1 34 1.6 4.6 26 56.5 299 1.7 5.3 3.1 95
BA (37-50) 7.0 10.2 41 0.0 0.9 0.6 0.0 2.7 1.1 4.3 37 39.8 32.3 1.3 5.9 4.5 95
Bo; (50-69) 4.2 9.1 42 00 05 06 00 19 12 30 38 51.1 35.0 0.7 6.2 8.8 96
Bo, (69-89) 3.9 9.1 41 00 06 03 00 18 11 27 33 55.8 333 0.6 5.4 9.0 95
Bos (89-109) 3.6 8.3 41 00 06 02 00 17 11 25 33 55.5 324 0.7 4.6 6.6 95
Bo, (109-147) 55 25.7 42 00 05 0.5 0.0 1.6 11 2.5 38 52.3 36.8 0.9 4.2 4.7 96
Bos (147-165) 4.0 8.4 41 00 03 0.6 0.0 1.7 11 2.6 38 51.8 41.3 0.8 3.7 4.6 96
Sub-humid zone (738 m) — (Dystric Regosols)
A (0-16) 4.4 11.1 4.3 0.0 1.1 1.2 0.1 1.7 0.0 4.1 58 1.4 50 0.3 4.1 13.7 79
AC (16-34) 2.8 7.7 41 00 04 0.3 0.2 20 04 28 28 35.0 85 04 3.8 9.5 83
CA (34-56) 3.3 11.2 38 00 0.3 0.2 0.1 22 10 28 21 62.3 10.2 0.6 5.6 9.3 83
C; (56-930) 3.6 21.3 37 00 0.2 0.5 0.0 22 11 30 25 594 121 0.8 4.3 5.3 85
C, (93-111) 2.6 7.2 39 02 0.2 0.4 0.0 24 11 32 25 58.4 82 0.7 3.8 54 84
C3(111-136) 1.3 5.2 38 01 0.3 0.3 0.1 20 1.2 2.8 28 59.7 89 05 3.8 7.6 84
C,4 (136-152) 1.4 35 40 0.1 03 0.2 0.1 1.7 1.2 23 25 66.6 10.8 0.3 3.8 12.7 82
C5(152-195) 1.2 8.1 42 0.1 0.6 0.5 0.1 1.1 0.9 2.3 53 41.4 9.9 0.2 4.1 20.5 82
Cr (95-205) - - - - - - - - - - - - - - - 72
Dry zone (389 m) — (Eutric Regosols)
Ap (0-5) 4.6 4.0 60 00 10 13 02 03 00 28 88 0.0 47 0.0 0.3 0.0 58
CA (5-17) 3.2 6.8 53 00 04 1.2 0.1 05 0.2 2.2 75 8.2 44 0.0 0.3 0.0 61
C; (17-26) 2.0 3.1 52 0.0 0.7 0.7 0.2 0.7 0.3 2.2 70 16.0 49 0.0 0.3 0.0 62
C, (26-46) 2.6 6.2 48 00 05 1.2 0.1 0.6 0.3 24 74 14.6 53 0.0 0.3 0.0 62
Cs (40-48) 1.8 2.5 52 0.0 0.8 11 0.1 05 0.2 24 81 7.0 54 0.0 0.3 0.0 61
Cr (48-59) - - - - - - - - - - - - - - - - 62

2 Total organic carbon; ® Carbon stock; ¢ Cation Exchange capacity; ° Base saturation;

Dithionite extractable iron; ' Chemical index of alteration.

© Aluminum saturation; ' Total iron; ¢ oxalate extractable iron; "
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3.2.2. Selective dissolution

The Fey and Fe, contents in I-type were always higher than in S-type
granite soils (Table 4 and 5) and varied from 2.0 to 18.0 g kg and 1.4 to 2.5 g
kg™, respectively, from dry to humid zone. The Fe, values followed a similar
pattern with highest values in I-type granite soils. Soil samples from both humid
zones exhibited the highest Fed and Feo contents (Table 4). In opposite, lower
Feq and Fe, contents were found in soils derived from S-type granites (Table 5);
these values ranged from 0.3 to 6.2 g kg™ and 0.0 to 2.0 g kg™, respectively,
from the dry to the humid zone. Irrespective to the granite type, Feq values
increased with depth whereas the Feo contents decreased. It occurs due to the

organic matters are concentrated on the soil surface.

3.2.3. Mineralogy
3.2.3.1. Fine sand and silt fraction

According to the XRD patterns of fine sand and silt, there were visible
changes in the mineral assemblages of soils developed from both granites
(Figures 6 and 7). Fine sand and silt fractions from I-types showed greater
diversity of primary most weatherable minerals (i.e. presence of amphiboles -
0.84 nm) when compared to soils from S-type granite (Figure 6i). Soil samples
from S-type granites showed a mineral assemblage mostly dominated by least
weatherable minerals, such as quartz (0.42 and 0.33 nm) and feldspars (e.g.
0.64, 0.38, 0.32, 0.31 nm) (Figure 4i). Regardless granite types, the highest
quantities of primary minerals were found in the driest climate. Higher relative
weathering intensities for both granite types were observed in the humid zone;
additionally, in the humid climate, the diversity of feldspars decreased (Figure

6a, b) while no amphiboles were detected (Figure 6a, e).

3.2.3.2. Clay fraction

The presence of kaolinite, illite, an interstratified illite-vermiculite and
gibbsite was observed in the XRD of oriented aggregates (Figures 6d, 6h, 6i
and 7d, 7h, 7i). Kaolinite was recognized by its characteristic (001) and (002)
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peak reflections at 0.71 and 0.35 nm, respectively. The disappearance of these
peaks upon heating (550 °C) confirmed the presence of kaolinite and the
absence of chlorite in all samples. Peaks at 1.0 nm after ethylene glycol
solvation treatment confirm the presence of mica.

Powder XRD of the clay fraction from soils of I- and S-type granites
revealed kaolinite as the dominant mineral (peaks at 0.71 and 0.35 nm), with
minor amounts of quartz and feldspar (Figures 6 and 7). Greater proportions of
primary minerals were identified in the dry zone, mainly in soils developed from
S-type granites (Figure 7k). The more humid zones seemed to have favored
kaolinitic soils (Figures 6c¢, 7c). The main contrasting mineralogical pattern
between granites was the identification of goethite (peak at 0.41 nm) in soils

derived from I-type granites (Figure 6c).
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Figure 6. X-ray diffraction patterns for fine sand, silt, clay and various clay

treatments obtained from diagnostic horizons of soil profiles derived from I-type

granites in different climatic zones of Pernambuco State, Northeast Brazil.
Diagnostic horizon of the Lixisols (Bts) under humid zone (a, b, c, d); Diagnostic
horizon of the Regosols (C,) under sub-humid zone (e, f, g, h); Diagnostic

horizon of the Regosols (C3) under Dry zone (I, J, k, 1). Q — Quatz; F — Feldspar;
Amp — Amphibole; K — Kaolinite; Gt — Goethite; | — lllite; | / V — Interstratified

illite-vermiculite.
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Peaks at 1.2 nm (Figure 6l) were identified in I-type granite soils from the
dry zone and are probably related to an interstratified illite-vermiculite mineral.

This mineral is commonly formed from the initial alteration of biotite. In contrast,

the S-type samples showed no evidence of a mixed-layered illite-vermiculite

(Figure 71). The two granite types, from both the dry and the humid zones

formed typical kaolinitic soils, with minor amounts of illites (Figures 6d, 7d).

Gibbsite (peak 0.48 nm) was only found in soils derived from S-type granite

from the humid zone (Figure 5d).
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Figure 7. X-ray diffraction patterns for fine sand, silt, clay and various clay
treatments obtained from diagnostic horizons of soil profiles derived from S-type
granites in different climatic zones of Pernambuco State, Northeast Brazil.
Diagnostic horizon of the Ferralsols (Bw,) under humid zone (a, b, c, d);
Diagnostic horizon of the Regosols (C3) under sub-humid zone (e, f, g, h);
Diagnostic horizon of the Regosols (C,) under dry zone (1, j, k, I). Q — Quatz; F —
Feldspar; K — Kaolinite; Gb — Gibbsite; | — lllite.

3.2.4. Weathering and mineral transformation

The degree of weathering of soils originating from I- and S-type granites
varied systematically in the different climatic zones (Tables 4 and 5). Overall,
the weathering intensity decreased in the following order: humid zone > sub-
humid zone > dry zone. The chemical indexes of alteration (CIA) values in
humid zones were higher than 90%. In the sub-humid zone, the mean CIA
values were 75% and 81% for soils derived from |- and S-type granites,
respectively. The lowest CIA values were found in the dry zone, with mean
values of 73% and 61% for soils derived from |- and S-type granites,
respectively.

The climate effect was clearly expressed on the soil properties
regardless the parent material, i.e., soils from the humid zones were subjected
to more intensive weathering (mean CIA values of 95%). The higher clay
contents (15-31% and 20-25%, for |- and S-types, respectively), higher chroma
colors in subsurface horizons (yellowish in S-type and reddish in I-type), lower
BS, lower pH values and higher Al saturation percentages also indicate the
more intensive weathering process. Several studies on climosequence
(Barbosa et al., 2015; Egli et al., 2003) found significant similar climate effects
in soil properties.

Weathering intensity and mineral transformations changed significantly
along the climosequence. Weathering intensities were highest in soil profiles
located in the humid zone. The mineral assemblage in the humid zones is
dominated by kaolinites and crystalline Fe-oxyhydroxides (Figures 6d and 7d)
and CIA values are close to 100% (Table 4 and 5). This finding demonstrates

strong feldspar weathering and loss of cations (Rasmussen et al., 2010).
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Several authors observed the prevalence of secondary minerals,i.e. kaolinite
and Al-Fe (hydro)oxides, under warm, wet and tropical conditions, with
increase in annual rainfall and a large rate of desilication (Kleber et al., 2007).
The Regosols in the sub-humid and dry zones exhibited good drainage
that facilitated the monosialitization process owing to easily promote loss of
alkali and alkaline earth metals. This makes possible the formation and
predominance of kaolinite in the clay fraction (Figures 6 and 7). In Brazilian
semiarid region is very common the predominance of kaolinite in well-drained

soils derived from Regosols (Santos et al., 2012).
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4. Conclusion

This study assessed the weathering processes and organic carbon
stocks of soils developed on |- and S-type granites along a climosequence
ranging from semiarid lands to humid zones. Significant differences in
morphological, physical and chemical properties of soils derived from I- and S-
type granites were observed and directly linked to petrological, mineralogical
and geochemical signatures of the underlying granites. Despite the influence of
the climate on weathering patterns, i.e., higher soil development in humid
areas, parent material seems to play a more decisive role in determining soil
characteristics in the studied region. For instance, owing to the higher
concentration of Fe leading to hematite formation, soils developed from I-type
granites are more reddish while S-type granite soils pose yellowish colors
related to goethite. The type of parent material also governed the rates of
carbon accumulation in soils. I-type granites originated soils with higher TOC
stocks than soil profiles developed from S-type granites. This carbon
accumulation is mainly due to soil chemical and physical characteristics driven
by the type of granite, notably solil fertility and clay content that boost both the
biomass production and the carbon protection against biodegradation. Thus,
soil developed from I-type granites can, regardless the climate of the region
where they lie, play a more important role in ecosystems services such as
regulation of watersheds, forestry and agriculture production, carbon
sequestration and mitigation of soil degradation than soils originating from S-
types granites. Our data highlight the importance of the mineralogy and
chemistry of granite types in order to understand the relationship between
parent materials and climate conditions. However, the hypothesis that the
difference between soil properties can be attributed to the difference of the
types of granite needs further validation. Such knowledge is important not only
to assess the variables governing the weathering processes and soil

characteristics but also the soil functioning in the environment as a whole.
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Geochemistry of major and trace elements in soils developed from I- and
S-type granites across a climosequence

Abstract

Soils derived from |- and S-type granites are widely distributed in tropical
environments; however, studies regarding their comparative soil geochemistry
in tropical settings are scarce. This paper reports a geochemical study on major
and trace elements as related to |- and S-type granites weathering across a
climosequence using standard mineralogical, geochemical and soil analyses. In
general, I-type granites originated soils with higher major and trace element
concentrations owing to their richness in mafic and accessory minerals. The
enrichment factor (EF) was a useful tool to observe enrichment signatures of
soils derived from I- and S-type granites. Clearly, soils derived from S-types
present V enrichment increasing from dry to humid zones while opposite
enrichment pattern was observed for Pb. The highest EF values observed in
soils derived from I-type granites are mostly explained by its mineral
composition which originates soils with higher clay contents and CEC values.
Major elements were easier leached than trace elements during weathering
processes of both granite types. The applications of multivariate statistical
techniques are suitable tools to guide and support soil geochemistry
management decisions not only to understand soils variability derived from
different granite types but also to contribute to agriculture production and soil-
related environmental issues. The data obtained are useful as reference values
of major and trace elements derived from granites in tropical environments.
Additionally, this study clearly highlights the complex interactive control of
granite types and climate on soil geochemistry. The geologic factor of soil
formation cannot be neglected in climosequence studies to warrant the

understanding of important environmental issues such as soil geochemistry.

Keywords: Soil geochemical; chemical weathering; granitoid rocks; tropical
settings
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1. Introduction

Granites are among the most common rock types of the continental crust
(Frost et al. 2001). These rocks can present different compositions and
originate from diverse petrogenetic processes (Chappelland White, 1974, 1984,
2001). As a result, distinct mineralogical and geochemical characteristics have
been observed (Clemens, 2003; Ghani, 2000). In order to simplify the
subcategories of granites, Chappell and White (1974, 2001) proposed the
distinction between | (igneous source) and S (sedimentary source) types of
granites. This classification, along with the use of A-type granites have been
widely adopted (Almeida et al. 2007; Canosa et al. 2012; Chappell et al. 2012;
Foden et al. 2015; Guan et al. 2014; Guani et al. 2013; Robinson et al. 2015 ;
Vilalva et al. 2016; Wang et al. 2015; Zhao et al. 2008).

These granite types underlie large areas in tropical and temperate
climates. Brazil shows a large extension of soils derived from granites that play
a key role for crops, geochemical cycles, water quality, and carbon storage in
tropical ecosystems. Thus, knowing the concentrations and relationships
between major and trace elements in soils derived from different granite types
and climate conditions is essential not only to understand soils variability but
also to contribute to agriculture production and soil-related environmental
Issues.

Pernambuco State, Brazil, poses a strategic settlement for geochemical
studies across environments. Along the state, |- and S-type granites cover
approximately 1/3 of the whole land area (Brazil, 2001), and can be sampled
from tropical to semiarid region of the Borborema Province together with the soil
that they originate. The Borborema Province, NE Brazil, represents the Western
portion of the extensive geologic Brasiliano-Pan African orogenic system
formed by a convergence of the West Africa/Sao Luis and San Francisco-
Congo Cratons (Brito Neves, 1975). This province comprises an area of around
380,000 km? (Ferreira et al., 1998), and it is characterized by voluminous S-
and I-type granites.

The study addressed the question of how geochemical and mineralogical
signatures of major and trace elements differ from soils developed over I- and

S-type granites along a climosequence. In this regard, our objectives were (a) to
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describe the petrography and mineralogy of |- and S-type granites of the
Borborema Province; (b) to investigate the source and geochemical behavior of
major and trace elements as well as the factors controlling their distribution in
soil profiles; (c) to evaluate the climosequence influence on the geochemistry of
major and trace elements in soils; (d) to assess the use of multivariate statistical
techniques as a tool to support soil geochemistry management decisions. Our
results can hopefully be used to understand the geochemistry of major and
trace elements in large parts of the tropics (S-America, sub-Saharan Africa,
India, SE and East Asia, Australia) which are underlined by S- and I-type
granites.

2. Materials and methods
2.1. Study area

The study was carried out in the Borborema Province, Pernambuco
State, northeastern Brazil. The Borborema Province represents the Western
portion of the extensive Brasiliano-Pan African orogenic system formed by
convergence of the West Africa/Sao Luis and San Francisco-Congo Cratons
(Brito Neves, 1975). Geologically speaking, the Borborema Province comprises
a mosaic of tectonic blocks including Paleoproterozoic basement and scattered
Archean nuclei, Meso to Neoproterozoic supracrustal rocks, and large
intrusions of granites (Van Schmus et al. 2008).

The study region is divided into three climatic zones according to Koppen
classification (Koppen, 1931). The dry zone shows a semiarid climate (Bhs),
characterized by negative water balance, as a result of the annual rainfall (<
800 mm) lower than evaporation (2.000 mm year™). Annual average air
temperature ranges from 23 to 27 °C and relative humidity is about 50% (Brito
et al. 2007). The sub-humid zone shows a climate classified as Aw,
characterized by average air temperature equal to 24 °C, with annual rainfall
ranging from 800 to 1000 mm, situated over the Borborema highlands (400-
800m). The humid zone shows a tropical climate (Am), known as warm and
humid with annual rainfall ranging from 1.000 to 2.000 mm year™ (INMET,
2015). The annual average air temperature equal to 27 °C shows thermal

amplitude of about 5 °C and high relative humidity, higher than 50%.
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In accordance with climatic contrasts, the vegetation demonstrated a
clear zonation, with the following units: (i) Dry deciduous forest known as
Caatinga in dry zone — an exclusively Brazilian biome and one of the most
vulnerable sites to desertification (Souza et al. 2012). It is characterized as
being xeric shrubland and thorn forest, which consists primarily of small, thorny
trees that shed their leaves seasonally (Souza et al., 2012); (ii) Semideciduous
forest in sub-humid zone, characterized by predominance of hipoxerophilic
Caatinga (Drumond et al.,, 2004); (ii) Primary evergreen forest (Atlantic
rainforest) in humid zone, characterized as one of the richest biomes in
biodiversity of the world (Thomas et al., 1998).

2.2.Soil and Rock sampling

Soil profiles developed on I- and S-type granites from three climatic
zones under native vegetation or with minimal anthropic influence were chosen

based on geological maps and field local observation (Figure 1).
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Figure 1. Location of the studied granites, and soil profiles over I-type and S-
type granites in three climatic zones of Pernambuco State, Borborema
Province, Northeast Brazil (Brazil, 2001).

Soil profiles were chosen on sites with flat relief or gently sloping in order

to avoid the effect of topography as a predominant factor in soil formation. Soils
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were classified according to the World Reference Base for Soil Resources
(IUSS Working Group WRB 2014).

2.3. Analytical methods

2.3.1. Whole-rock geochemistry analyses

The |- and S-type granites and their modal mineral compositions were
determined from fresh rock samples which were collected from an outcrop
beside the soil profiles. The mineralogical identification was made from polished
thin sections according to Murphy (1986) using petrographic microscope.

Powder samples were mechanically compressed to pellets for X-ray
fluorescence analysis and the molecular proportions of major element oxides
(SiO, TiO,, AlOs3, Fe,03, MgO, CaO, MnO, NayO, KO, and P,0s) were
determined using an XRF spectrometry (S8 TIGER ECO — WDXRF-1KW). Loss
on ignition was determined at 1.000 °C. The results were verified using an
international geochemical standard SRM 2709, San Joaquin soil (NIST, 2002).
The two granite types were also analyzed for their magnetic properties, using a
handheld magnetic susceptibility meter (KT-10, Terraplus).

After optic microscope observation, granite samples were coated with a
20 nm gold layer (model Q150R - Quorum Technologie). Fine-grained minerals
and their textures were observed using a TESCAN (model: VEGA-3 LMU) field
emission SEM at an accelerating voltage of 15 kV. Afterwards, the energy
dispersive X-ray spectrum (EDS; Oxford Instrument, model: 51-AD0007)
coupled with SEM were used to analyze the semiquantitative characteristics of

the mineral compositions.

2.3.2. Soil analyses
2.3.2.1. Physical and chemical analyses

The particle size distribution was obtained according to Gee and Or
(2002), using Calgon as chemical dispersion. All samples were submitted to
pre-treatment to eliminate organic matter (H>O,). Soil pH was determined using
distilled water (1:2.5 soil:solution ratio). Exchangeable K and Na were extracted

with Mehlich-1 procedures (1:10 soil:solution ratio). Calcium, Mg and Al were
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extracted with 1 mol L KCI (1:10 soil:solution ratio). All elements were
determined by optical emission spectrometry (ICP-OES/Optima 7000, Perkin
Elmer). Potential acidity (H* + AI**) was determined by calcium acetate method
(0.5 mol L, pH 7.0), and total organic carbon (TOC) according to Yeomans and
Bremner (1988). The cation-exchange capacity (CEC) was calculated from the
sum of the exchangeable cations and the total acidity. Physical and chemical
analyses (Tables 1, 2) reflect the large differences between soils derived from I-

and S-type granites and climates.

Table 1. Selected chemical and physical characteristics of soil profiles derived

from I-type granites along a climosequence in Pernambuco state, Brazil

Horizon/depth Clay Silt Sand TOC®  pH CEC® Fe’ Ti CIA?
(cm) (9kg?) (@kg?) (H0) (cmolckg™) (gkg?) (mgkg?) (%)
Humid zone (537 m) — (Hypereutric Chromic Lixisols)
A; (0-8) 150 379 471 5958 545 8.54 56.60 12211 89
A (8-18) 170 383 447 58,53 5.00 7.17 57.38 10819 91
AB (18-30) 180 414 406 1197 4.70 5.50 68.80 10554 93
BA (30-46) 250 440 310 6.37 4.80 4.63 78.67 10416 94
Bt; (46-64) 300 507 193 5.72 5.20 4.23 103.06 9542 97
Bt, (64-84) 310 506 184 4.19 5.00 4.17 115.79 9259 98

Bt; (84-135) 300 522 178 1.50 5.00 4.03 118.95 8127 98
BC (135-175) 260 569 171 3.66 5.00 3.82 112.79 9163 98
C (175-195+) 270 558 172 3.07 4.80 3.64 112.21 8717 98

R - - - - - - - 4578 -
Sub-humid zone (695 m) — (Eutric Regosols)

A (0-11) 50 290 660 4527 5.5 9.12 12.30 5157 70

CA (11-17) 60 282 658 6.99 5.20 5.76 13.12 5572 71

C, (17-46) 50 280 670 3.95 5.10 4.47 11.77 5566 70

C, (46-70) 50 300 650 2.06 5.45 3.36 10.00 5145 68

C; (70-78) 50 240 710 1.65 5.65 2.46 9.23 5349 64

Cr; (78-148) 270 474 256 3.89 4.30 14.96 64.30 9645 93
Cr, (148-185) 180 335 485 2.54 4.70 18.08 69.11 9301 87
Cr; (185-200) 100 533 367 1.80 5.10 10.87 48.76 2428 79

R - - - - - - - 7048 -
Dry zone (473 m) — (Eutric Regosols)
A (0-3) 50 195 755 39.64 7.10 10.57 67.00 2994 56
CA (3-9) 80 304 616 11.29 6.85 10.83 54.98 5127 70
C; (9-17) 100 321 579 7.09 6.00 7.49 43.92 5765 74
C, (17-27) 110 308 582 4.97 5.50 8.17 42.17 6133 76
Cs (27-39) 120 326 554 4.08 5.10 7.96 38.42 5892 78
Cr; (39-53) 130 358 512 3.19 4.80 8.85 30.56 6120 83
Cr, (53-63+) 80 231 689 1.92 5.00 10.91 16.35 10325 75
R - - - - - - - 4759 -

2 Total organic carbon; ° Cation exchange capacity; ° Total iron; * Chemical index of alteration.

Table 2. Selected chemical and physical characteristics of soil profiles derived

from S-type granites along a climosequence in Pernambuco State, Brazil

Horizon/depth Clay Silt Sand TOC*  pH CEC® Fe’ Ti CIA°
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(cm) (g kg?) (gkg?) (H0) (cmolckg™ (gkg™) (mgkg™) (%)

Humid zone (348 m) — (Dystric Xanthic Ferralsols)

A; (0-9) 200 244 556 39.68 4.60 7.10 20.58 4898 91
A; (9-20) 200 263 547 1483 4.25 5.84 24.78 5416 94
AB (20-37) 200 361 439 9.01 4.20 4.58 29.95 5530 95
BA (37-50) 230 385 385 7.00 4.10 4.27 32.31 5488 95
Bo, (50-69) 230 364 406 4.23 4.15 3.00 34.98 6036 96
Bo, (69-89) 220 350 430 3.87 4.10 2.71 33.33 6380 95
Bos (89-109) 200 362 438 3.64 4.10 2.53 32.40 5651 95
Bo, (109-147) 230 348 422 5.53 4.20 2.53 36.84 6169 96
Bos (147-165) 250 365 385 4.05 4.10 2.65 41.32 6060 96
R - - - - - - - 2169 -
Sub-humid zone (738 m) — (Dystric Regosols)
A (0-16) 50 90 860 4.44 4.30 4.10 4.97 1982 79
AC (16-34) 30 126 844 2.82 4.10 2.75 8.46 3361 83
CA (34-56) 60 139 801 3.31 3.75 2.80 10.16 3440 83
C, (56-93) 70 139 791 3.58 3.70 2.96 12.08 3620 85
C, (93-111) 80 137 783 2.60 3.90 3.24 8.18 2584 84
Cs (111-136) 70 166 764 1.29 3.75 2.80 8.86 2952 84
C,4 (136-152) 60 161 779 1.44 4.00 2.32 10.79 3904 82
Cs (152-195) 70 183 747 1.16 4.20 2.28 9.90 3928 82
Cr (195-205) 50 161 789 0.31 4.35 1.30 6.95 3849 72
R - - - - - - - 1145 -
Dry zone (389 m) — (Eutric Regosols)

Ap (0-5) 40 51 909 4.57 6.00 2.75 4.70 1271 58
CA (5-17) 50 80 870 3.18 5.30 2.22 4.38 1373 61
Cy (17-26) 50 97 853 1.98 5.15 2.23 4.88 1572 62
C, (26-40) 50 113 837 2.62 4.80 2.37 5.29 1494 62
C; (40-48) 40 120 840 1.77 5.20 2.45 5.40 1741 61
Cr (48-59) 50 232 718 1.15 6.20 3.15 7.15 2392 62
R - - - - - - - 1145 -

2 Total organic carbon; ® Cation exchange capacity; ® Total iron; * Chemical index of alteration.

2.3.2.2. Major element analyses

Powder samples were mechanically compressed to pellets for X-ray
fluorescence analysis and the molecular proportions of major element oxides
(SiO, TiO,, Al,O3, Fey03, MgO, CaO, MnO, NayO, KO, and P,0s) were
determined using an XRF spectrometry (S8 TIGER ECO — WDXRF-1KW). Loss
on ignition was determined at 1,000 °C. The results were verified using
international geochemical standard (SRM 2709, San Joaquin soil) (NIST, 2002).
The recovery rates of major element (%) appeared in the following decreasing
order: P (126) > Al (106) > Ca (105) > Ti (101) > Fe (100) > K (98) > Mg (96) >
Si (89) > Mn (81) > Na (72). These results were considered satisfactory and

warrant the quality of the XRF measurement.

2.3.2.3. Trace element analyses
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For the trace elements measurement, 1 g of soil was digested in Teflon
vessels with 6 mL of HNO3, 3 mL of HF and 3 mL of HCI in a microwave oven
(Mineralogical methods — SSSA, 2008). Analysis was performed only when the
coefficient of determination (r®) of the calibration curve was higher than 0.99;
whenever more than 10% deviation was observed, the equipment was
calibrated and samples analyzed again. All of the analyses were carried out in
duplicate.

Concentrations of Cd, Pb, Zn, Cu, Ni, Cr, V, Ba, Co, Zr, Li and Ga were
determined by inductively coupled plasma optical emission spectroscopy (ICP-
OES/Optima DV7000, Perkin Elmer). To improve sensitivity to trace elements,
we coupled a cyclonic spray chamber/nebulizer to the ICP-OES. The results
were verified using international geochemical standard (SRM 2709, San
Joaquin soil) (NIST, 2002). The recovery rates of trace element (%) appeared in
the following decreasing order: Cu (109) > Zn (102) > Cr (92) > Ba (91) > V (89)
> Cd (88) > Ni (86) > Pb (84) > Zr (81) > Co (79). These results were
considered adequate and warrant the quality of the ICP-OES measurement.
The reference values for Ga and Li have not been established for the certified
sample (NIST 2002).

2.4. Chemical weathering

Major elements data were used to calculate the chemical index of
alteration (CIA), following Nesbitt and Young (1982):

CIA= [ALO3 / (Al,O3 + Na,O + CaO + K,0)] x 100.

This index is based on the ratio of a group of mobile elements to
immobile ones assuming that Al is relatively immobile. It also assumes that
feldspar to kaolin transformation is the predominant weathering process
(Rasmussen et al. 2010). CIA was recently used to successfully evaluate the

degree of chemical weathering of felsic rocks (Sanematsu et al. 2015).

2.5.Enrichment factor (EF)
Comparisons of soil profiles were performed using EF calculation (Blaser

et al. 2000). The EF is a geochemical parameter widely used to assess the
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pedogenetic processes influencing element distributions in soil profiles (Hu et
al. 2013; Shi and Wang, 2013; Szolnoki et al. 2013). Classically, Ti and Zr are
universally used for quantifying mass losses for major and trace elements in
soils (Brimhall and Dietrich, 1987; Nesbitt, 1979). However, the use of Zr has
been questioned by several workers because it is not always evenly distributed
in samples (Nesbitt, 1979; Nesbitt and Markovics, 1997). Once the
concentration of major and trace elements does not enable to track element

gains/losses in tropical settings, the EF was calculated as:

@) sample

o= G) background

Where:

EF = Enrichment factor;

E = Total content of the element considered;
Z = Total content of titanium;

EF < 1 indicates depletion, and EF > 1 indicates enrichment.

To compensate for the difference in the grain size and composition of
samples, we employed geochemical normalization with Ti as a conservative
element, as applied by several authors (Brimhall and Dietrich, 1987; Nesbitt,
1979). Ti concentrations in soil profiles and granite types are shown in Tables 1
and 2. Other elements could be used, such as Al, Li and Th (Braun et al. 1993,

1998), but they are not always evenly distributed in soil profiles of our work.

2.6. Statistical analysis

Results were assessed by descriptive statistics and discriminant analysis
(DA). The discriminant analysis (DA) was performed using all major (Si, Ti, Al,
Fe, Mg, Ca, Mn, Na, K, and P) and trace (Cd, Pb, Zn, Cu, Ni, Cr, V, Ba, Co, Zr,
Li and Ga) elements as grouping variables. By analyzing several variables at a
time the DA allowed the assessment of differences between the studied groups.

Exploratory data treatments based on discriminant analysis were used to
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identify the main factors which determine the variability among soils regarding
parent material and climatic environment. The discriminant analysis defines the
independent variables that are most important to distinguish the selected
groups of data. For this study the groups were defined based on parent rock (I-
and S-type granites) and climate condition (humid, sub-humid and dry zones).
All statistical analyses were performed with XLSTAT statistical software (version
2014.5.03).

3. Results and Discussion
3.1.Mineralogy of I- and S-type granites

Overall, S-type granites showed fine to medium grains texture and light
gray colors. These granites are mainly composed of quartz, feldspar and biotite
evenly distributed and an absence of magnetic minerals (Figure 3a). The rocks
showed gentle foliations outlined by mafic minerals. I-type granites have
inequigranular, commonly porphyritic texture with medium to coarse K-
feldspars, small amounts of gray quartz and black mafic minerals, commonly

biotite (Figure 2a).
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Figure 2. Petrographic characteristics of I-type granites. (a) General aspect; (b)
K-feldspar; (c) Typical section, overview; (d) Amphibole; (e) Opaque mineral; (f)
Titanite, apatite and opaque minerals; (g) Quartz; (h) Mafic phase minerals; (i)

Apatites associated with mafic minerals; (j) Titanite; (k) Allanite.

Field measurements of fresh S-type granites with the hand-held
magnetic susceptibility meter reveal only very low magnetic susceptibility (0.01-
0.02 x 10° SI). Whereas, fresh I-type granites show elevated magnetic
susceptibility (3-20 x 10 SI), likely caused by mafic and opaque minerals (i.e.
magnetite) present in this type of granite. The magnetic susceptibility data are
consistent with the findings of Ferreira et al. (1998).

K-feldspar, quartz, plagioclase and biotite are the dominant components,
ranging from 85 to 90% and 87 to 93% of the total composition of the I- and S-
type granites, respectively (Table 3). Quartz and plagioclase are more abundant
in S-type granites whilst K-feldspars and opague minerals were higher in I-type
granites. Muscovite was observed only in S-types, ranging from 3 to 6% and

exhibited several degrees of alteration, chiefly being replaced by sericite.
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Amphibole, apatite and titanite were evidenced only in I-type granites (Table 3).

Magnetic minerals and minor amounts of chlorite predominated in I-type

granites.

Table 3. Mineralogical composition (%) of I- and S-type granites in Pernambuco

State
Mineral I-type granites S-type granites
Humid Sub-humid Dry Humid Sub-humid Dry
K-feldspar 61 55 65 45 37 23
Quartz 12 7 8 23 26 34
Plagioclase 7 12 7 5 22 28
Biotite 10 11 5 14 12 8
Amphibole 4 4 7 nd nd nd
Sericite / Muscovite nd nd nd 6 3 6
Opaque mineral 2 4 4 4 <1 1
Allanite 3 2 <1 3 <1 <1
Apatite 1 2 3 nd nd nd
Titanite nd 2 1 nd nd nd
Chlorite <1 <1 nd nd nd <1
Total 100 100 100 100 100 100

nd — not detected.
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Figure 3. Petrographic characteristics of S-type granites. (a) General aspect;
(b) Plagioclase; (c) Orthoclase; (d) Microcline; (e) Biotite; (f) Muscovite; (g)
Opaque mineral; (h) Allanite; (i) Opaque minerals associated with chlorite; (j)

Perthite; (k)Typical section, overview.

The mineral assemblage of I-type granites (Table 3) is consistent with
the petrographic results of Chappell and White et al. (2001). Allanite and titanite
tend to occur in I-type rather than S-type granites (Bea, 1996). Biotites are in
the early alteration stage to chlorite. Feldspars are slightly altered to sericites.
The K-feldspar crystals occur with cross-twinning, simple twinning and
exsolution (perthites). These features occur in forms of small lamellae. The
phosphate mineral apatite occurs in small crystals and is often associated with
mafic minerals (Figure 2i). Apatite inclusions are common in biotite of I-type
granites whereas they occur in larger discrete crystals in S-types (Chappell and
White, 2001).

In the S-type granites, small amounts of biotite are changing in terms of
composition to chlorite, with small inclusions of allanite with radioactive
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elements in their composition (Figure 3h). Allanite disintegration is responsible
for the spot formations of biotite. Plagioclases are sericitized usually forming
lamellae of muscovite/sericite. K-feldspars are found as microcline (chess-board
type and cross-hatch twinning) (Figure 3d) and orthoclase (simple twinning)
(Figure 3c). The presence of flame perthites is a result of albite lamellae
exsolution of the K-feldspar (Figure 3j).

3.2. Geochemistry of major elements

The geochemistry of major elements in I-type granites shows distinct
pattern when compared to S-type granites (Figure 4). This was expected mainly
because I-type granites are derived from igneous protolith, whereas S-type
granites are derived from sedimentary rocks (Chappell and White, 1984). In
general, the highest average concentrations of major elements (except for Si)
were found in soil profiles derived from I-type granites under all climatic

conditions (Figure 4).
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Figure 4. Concentration of major elements in soils derived from I- and S-type
granites in three climatic zones of Pernambuco State, Northeast Brazil.

These results are clearly governed by their mineralogical characteristics
(Table 3). For instance, the greater proportion of mafic, opaque and accessory

minerals in I-type granites as well as the higher proportions of quartz and
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muscovite in S-type granites (Table 3). The chemical compositions of some of
these minerals in I-type granite are shown in Figure 5.

100 pm

Figure 5. Scanning electron microscope (SEM) images captured from minerals
in I-type granite and their respective elemental composition by energy
dispersive X-ray spectrum (EDS). (a) Chemical composition of K-feldspar
(Spectrum 9: Si — 56%, K -23%, Al — 17%, Fe — 2%, Na — 1%, Ba — 1%),
magnetite (Spectrum 10: Fe — 97%, Si — 2%, Al — 1%), and zircon (Spectrum
11: Zr — 41%, Au — 23%, O - 17%, Si — 12%, C — 6.7%, Al — 0.3%), (b)
Chemical composition of magnetite (Spectrum 4: Fe — 95%, Si— 3%, Al — 1%, K
— 1%), plagioclase (Spectrum 5: Si — 60%, Al — 23%, Na — 10%, Ca — 7%),
biotite (Spectrum 6: Si — 30%, Fe — 19%, Al — 14%, Mg — 13%, K — 12%, Au —
10%, Ti— 2%), and quartz (Spectrum 7: Si — 100%).

The average concentrations of major elements in soils derived from I-
and S-type granites varied according to the climatic zones. Soil profiles over
both granite types exhibited the following order for humid zone: Si > Al > Fe > Ti
> K > Mg > Ca > P > Mn > Na (Figure 4a, d). This finding demonstrates cations
leaching (Ca?*, Na* and K*) and conservation of relatively immobile elements
(Al, Fe and Ti). These results are confirmed by the highest CIA values (95%)
observed in both soil profiles (Tables 1, 2). These high CIA values indicate the

almost complete removal of the labile major elements (Babechuk et al. 2014).
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The higher Mg losses mainly at soils derived from I-type granites under
sub-humid and humid zone are related to the presence of easily weatherable
Fe—Mg phyllosilicates (Olsson and Melkerud, 2000). Strong losses of K and Na
have also been observed in strongly acidified horizons, as a result of
weathering of primary minerals (K-feldspar and plagioclase) combined with the
fact that K or Na is adsorbed only to a smaller extent into secondary minerals
(Egli et al. 2001).

Soils developed over |- and S-type granites located in the sub-humid
zone exhibited, respectively, the following orders for elemental concentration: Si
>Al>Fe>K>Ti>Mg>Ca>Na>P > Mn (Figure 4b) and Si > Al > K > Fe >
Ti > Na > Mg > Ca > P > Mn (Figure 4e). Lower cation leaching was observed
in this climatic zone compared to the humid zone. This can be attributed to the
lower weathering intensity, as demonstrated by the mean CIA values of 74 and
81% for I- and S-types, respectively (Tables 1, 2). This CIA values indicates that
the mineralogical compositions of these profiles not yet reached complete
‘kaolinitisation’ and still retain a considerable amount of the labile elements (K,
Ca, Mg and Na) (Babechuk et al. 2014).

In the dry zone, major element concentrations decreased in the order Si
> Al > Fe >K > Ca > Na > Ti> Mg > P > Mn for soil profile over I-type granite
(Figure 4c) and Si > Al > K > Na > Fe > Ca > Ti > Mg > P > Mn for soil profile
over S-type granite (Figure 4f). The highest Si and base contents, as well as the
lowest Al and Fe concentrations are related to the lower weathering intensity
evidenced in both soil profiles (over I- and S-type granites) as supported by the
lowest CIA values (73% for I-type and 60% for S-type) (Tables 1, 2).

These CIA values suggest that physical weathering dominates in soll
profiles under this climatic zone. The weathering intensity differences among
soils derived from |- and S-type granites under similar climate rely on their
mineralogical characteristics, such as higher proportion of resistant minerals in
S-type granites (i.e. quartz and muscovite, Table 3) that leads to the lowest CIA
values. According to Price and Velbel (2003), different CIA values may reflect
variation in the chemistry of the unweathered parent rock rather than the degree
of weathering.

The lower K losses than Na and Ca in all soil profiles developed from

both granite types are related to the higher resistance of K-feldspar (major
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source of K) as compared to plagioclase crystals (major source of Na and Ca),
which is easily altered during the weathering processes (Yousefifard et al.
2012).

3.3.Geochemistry of trace elements

The average concentration of trace elements in soils derived from I- and
S-type granites varied in accordance to the climatic zones. Soil profiles over I-
type granites decreased in the order Ga>Zr>Ba >V >Pb>Th>2Zn>Li>Co
= Cr > Ni > Cu > Cd for the humid zone (Figure 6a); Ba > Zr > Ga > Pb >V > Li
>7Zn > Ni >Th > Cr > Co > Cu > Cd for the sub-humid zone (Figure 6b) and Zr >
Ba>Ga>Pb>V>2Zn>Li>Co>Ni=Cr>Th > Cu > Cd for the dry zone
(Figure 6¢). On the other hand, soils derived from S-types had the following
decreasing order: Zr > Ga >Ba>Pb >V >Th>2Zn>Cr=Li>Ni>Co>Cu >
Cd for the humid zone (Figure 6d); Zr >Ba > Ga >Pb >V >Th > Ni>Cr > Zn =
Li > Co > Cu > Cd for the sub-humid (Figure 6e) and Ba >Pb > Ga >Th > Ni > Li
>V >Zr=2Zn > Co > Cu > Cr > Cd for the dry zone (Figure 6f).
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Figure 6. Concentration of trace elements in soils derived from I- and S-type
granites in three climatic zones of Pernambuco State, Northeast Brazil.

102



In general, the aforementioned differences among soils derived from I-
and S-type granites are related to parent material and element mobility across
the climosequence. The higher average concentrations of trace elements in I-
type granites soil profiles under all climatic conditions , except for Pb and Th,
(Figure 6) are explained by the higher proportion of accessory minerals, chiefly

iimenite (Figure 7a), allanite, apatite, amphibole, and magnetite (Figure 7b).

50 um

Figure 7. Scanning electron microscope (SEM) images captured from minerals
in I-type granites and their respective elemental composition by energy
dispersive X-ray spectrum (EDS). (a) Chemical composition of limenite:
spectrum 52 (Ti — 41%, Fe — 44%, Mn — 7%; Si — 4%, Ca — 2%, Al — 1.5%, K —
0.5%) and spectrum 55 (Fe — 48%, Ti — 43%, Mn — 7%, Si — 1%, Al — 1%) (b)
Chemical composition of Plagioclase: spectrum 46 (Si — 57%, Al — 21%, Na —
9%, Ca — 8%, Fe — 3%, K — 2%), and magnetite: spectrum 47 (Fe — 96%, Al —
2%, Si — 2%) and spectrum 48 (Fe — 91%, Si — 4%, Al — 3%, Ti — 1%, Ca —
0.5%, K — 0.5%).

The study of soil geochemistry variation during weathering of I- and S-

type granites indicated that major elements were easier leached than trace

elements during weathering processes of both granite types.
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The clear differences in soil geochemistry of trace and major elements
according to granite types across a climosequence evidenced the importance of
the geologic factor of soil formation to warrant the understanding of important
environmental issues such as soil geochemistry. Thus, detailed characterization
of the mineralogy and chemistry of the granite types cannot be neglected in

climosequence studies.

3.4.Enrichment Factor of major elements

No enrichment of major elements was observed in soil profiles derived
from S-type granites under all climatic zones, except for a slight enrichment of K
in soil surface from dry zone (Table 5).

In contrast, Fe and Al enrichment in depth were evidenced in soils
profiles developed on I-type granites under regions with higher weathering
intensity (sub-humid and humid zones) (Table 4). The higher clay contents
(Table 1) explain this enrichment. Al and Fe are usually enriched in the fine
earth fraction (Hardy et al. 1999; Egli, 2001). Lower clay and total iron contents
in soil subsurface derived from S-type granites (Table 2) explain the no Fe and
Al enrichment in humid zone. In addition, slight Si and K enrichment were
observed in soils derived from I-type granites under sub-humid and dry zones,
especially in soil surfaces; Mn and Ca enrichment were verified only in topsoils
from I-type granites under the dry zone (Table 4).

The highest major element enrichments were evidenced in I-type granite
soil (Table 4). These results are clearly related to high clay contents (Table 1),
probably in response to the ability of clay minerals in adsorb and accumulate
major elements. The higher CEC, mainly in sub-humid and dry zones, would
also drive the higher EF values in soils derived from I-type granites than in
those originated from S-type granites. I-type granite soils presented the
following ranges for major elements concentrations: 0.3 - 2.5 (Si), 0.5 - 3.2 (Al),
0.3-3.3(Fe), 0.1 -1.0 (Mg), 0.0 - 1.2 (Ca), 0.0 - 2.8 (Na), 0.04 - 2.8 (K), 0.0 -
1.1 (Mn), 0.0 - 0.8 (P). S-type granite soils exhibited EF ranges of 0.2 - 0.8 (Si),
0.2 - 0.8 (Al), 0.2 - 0.8 (Fe), 0.1 - 0.3 (Mg), 0.0 - 0.5 (Ca), 0.0 - 0.3 (Na), 0.1 —
1.2 (K),0.0- 0.4 (Mn), 0.1 - 0.8 (P) (Table 5).
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The EF values mostly lower than 2 reflect the natural major elements
concentration regarding parent material and climosequence since EF values
ranging from 0.5 to 2 are attributed to the natural variability (Hernandez at al.
2003). The rare exceptions in saprolite derived from I-type granite under sub-
humid zone (EF values > 3) do not characterize anthropogenic influence
because the high values are found in the lowest soil profile horizons.
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Table 4. Enrichment factor (EF) of major and trace elements with respect to the soils derived from I-type granites along a
climosequence in Pernambuco State, Brazil

i EF
HOFIZ&%')DeDth | Major elements _ Trace elements .
Si Al Fe Mg Ca Na K Mn P Cd Ni Co Zn Cu Pb Cr Ba Zr \% Li Ga Th
Humid zone (537 m) — (Hypereutric Chromic Lixisols)

A; (0-8) 03 05 06 01 0.05 0.0 0.2 04 0.5 03 03 04 03 03 05 05 0.2 1.0 04 03 05 03

A, (8 18) 03 06 06 0.2 0.03 0.0 0.2 04 04 04 04 05 03 03 06 06 02 12 05 04 06 03
AB (18-30) 03 0.7 07 01 0.02 0.0 0.1 0.3 0.2 03 04 05 03 02 06 07 02 1.0 06 04 06 0.7
BA (30-46) 02 07 09 01 0.02 0.0 0.1 0.2 0.2 03 03 05 03 02 06 08 01 07 06 04 06 0.6
Bt; (46-64) 02 09 13 01 0.02 0.0 0.1 0.1 0.2 03 03 04 03 03 06 09 01 04 08 04 06 04
Bt, (64-84) 02 09 15 01 0.02 0.0 0.04 01 03 03 04 05 03 04 06 11 003 03 09 04 06 0.9

Bt; (84-135) 03 10 16 01 0.01 0.0 0.04 0.2 03 03 04 05 04 05 07 12 004 03 11 05 0.7 11

BC (135-175) 0.3 09 15 0.2 0.00 0.0 0.1 0.2 03 02 03 05 03 05 07 09 01 02 09 04 06 13

C(175-195) 0.2 09 15 01 0.00 0.0 0.1 0.1 0.0 03 04 05 03 05 06 10 00 03 10 04 0.7 12
Sub-humid zone (695 m) — (Eutric Regosols)

A (0-11) 12 08 03 04 0.2 0.2 1.0 04 03 1.2 1.0 1.7 13 09 12 13 33 30 25 14 3.0 03
CA (11-17) 1.2 08 03 04 0.1 0.2 1.0 0.3 0.2 1.0 0.9 16 12 05 12 13 25 28 24 12 28 0.3
C1(17-46) 12 08 03 0.3 0.1 0.2 1.0 0.0 0.1 14 11 1.8 08 04 13 13 27 30 25 12 30 04
C, (46-70) 1.3 08 03 0.3 0.1 0.2 1.1 0.3 0.1 1.7 1.2 1.8 07 23 16 13 22 31 25 11 3.0 04
C3 (70-78) 1.3 07 03 0.2 0.1 0.2 1.2 0.3 0.2 14 11 1.7 04 02 14 12 23 30 24 08 28 04

Cry(78-148) 06 12 12 04 004 0.04 0.3 0.0 0.3 04 06 11 09 07 06 26 03 05 21 10 19 11
Cr,(148-185) 06 11 13 0.7 0.1 0.1 04 0.2 05 05 07 1.4 12 15 06 27 08 06 22 11 20 11
Crz(185-200) 25 3.2 33 1.0 0.5 2.8 1.7 0.1 0.5 24 24 23 19 32 26 44 19 09 42 18 29 31
Dry zone (473 m) — (Eutric Regosols)

A (0-3) 1.4 16 0.7 04 1.2 0.4 2.8 1.1 0.8 1.2 1.1 1.5 09 11 20 14 11 09 05 13 06 05

CA (3-9) 08 11 0.7 05 0.4 0.3 1.1 1.0 0.3 06 07 09 05 07 12 08 02 21 08 18 09 03

C1 (9-17) 07 11 08 05 0.3 0.2 0.8 09 03 05 07 09 08 07 11 07 02 20 08 17 08 03
C, (17-27) 06 11 09 05 0.3 0.2 0.8 1.1 0.2 04 06 07 07 06 11 07 01 16 07 17 07 03
C3(27-39) 0.7 11 09 05 0.3 0.2 0.7 06 0.3 04 06 08 08 06 12 08 03 1.8 08 19 08 04
Cr; (39-53) 06 12 11 0.6 0.3 0.2 04 08 03 0.4 073 10 10 0.7 11 08 0.2 15 09 18 08 05
Cr, (563-63) 04 06 08 0.7 0.4 0.2 0.2 13 04 0.4 047 13 09 08 0.6 05 04 10 06 05 0.7 03
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3.5.Enrichment Factor of trace elements

The lowest EF mean values were observed in both soil profiles (soils
over |- and S-type granite) located in humid zone (Tables 4, 5). Enrichment of
trace elements was not observed in soil profiles derived from S-type in the
humid zone (EF < 1), except for a slight enrichment of V, ranging from 1.0 to 1.2
(Table 5). In contrast, slight enrichment of Cr (0.5 — 1.2), V (0.4 — 1.1) and Th
(0.3 — 1.3) in depth, as well as Zr (0.2 — 1.2) accumulation in surface were
evidenced in soil profiles derived from I-type granite (Table 4). These results are
clearly related to higher clay contents (Table 1) in soils originated from I-type
granites, probably in response to the facility of clay minerals in adsorb and
accumulate trace elements. The higher CEC, mainly in sub-humid and dry
zones, would also drive the higher trace elements concentrations in soils
derived from I-type granites than in those originated from S-type granites.

The highest enrichment of trace elements was observed in soil profiles
over I-type granite under sub-humid zone (Table 4). All trace elements exhibited
EF mean values higher than a unit, except for Th, decreasing in the order Ga
(2.67) >V (2.58) > Zr (2.13) > Cr (2.0) > Ba (1.99) > Co (1.68) > Pb (1.32) > Cd
(1.24) > Cu (1.22) > Li (1.20) > Ni (1.12) > Zn (1.04) > Th (0.88). Conversely, no
enrichment was observed in soil profile over S-type granite under the same
climatic zone, except for the enrichment of V (EF = 1.48) along the entire
depths (Table 5).

Trace element enrichments among soils derived from |- and S-type
granites were clearly different under the dry climate (Tables 4, 5). Soil profile
derived from I-type granite showed Zr, Li and Pb enrichment at depth, and Cd,
Ni, Co, Cr and Ba enrichment in soil surface. Nevertheless, only Pb enrichment
in depth, and Cd, Cu and Th enrichment in topsoil were observed on solil profile
originated from S-type granite. These differences are visibly ruled by their
petrological, mineralogical and geochemical characteristics.

These patterns are regarded as enrichment signatures of the soil derived
from both granite types in tropical settings. For instance, the climatic effects on
trace and major elements enrichment are more evident in soils derived from I-
types than S-type granites. These results may be mostly explained by mineral

composition of both parent materials (Table 3) that develop soils with higher

107



clay contents and CEC values (Table 1), probably in response to the capacity of
clay minerals in adsorb and accumulate trace elements. In addition, the V
enrichment increasing from dry to humid zones, and conversely, the Pb
enrichment increasing from humid to dry zones are visible enrichment
signatures of soils derived from S-type granites. The lack of enrichment of other
trace elements in soils from S-types is another tendency in tropical settings.
Despite of the use of Ti as immobile element during weathering
processes has been questioned by several workers (e.g. Bern et al. 2011;
Cornu et al. 1999; Kurtz et al. 2000; Tripathi and Rajamani, 2007), we have
shown that this element was one of the most immobile and well distributed
element in soil profiles derived from granites. Some authors have adopted Zr
(Brimhall and Dietrich, 1987; Nesbitt, 1979) and Th (e.g. Braun et al., 1993,
1998) to track element gains/ losses in tropical settings. However, these
elements were not always evenly distributed in soil originated from both granite
types. Others authors also observed irregular Zr distribution in soil samples
(Nesbitt, 1979; Nesbitt and Markovics, 1997). Thus, for analysis of major and
trace elements mobility in soil derived from granites under tropical settings we

recommended the use of Ti as tracer of pedogentic process.
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Table 5. Enrichment factor (EF) of major and trace elements with respect to the soils derived from S-type granites along a
climosequence in Pernambuco State, Brazil

; EF

Hor'Z&%?epth _ Major elements . Trace elements .

Si Al Fe Mg Ca Na K Mn P Cd Ni Co Zn Cu Pb Cr Ba Zr V Li Ga Th
Humid zone (348 m) — (Dystric Xanthic Ferralsols)
A; (0-9) 04 06 05 01 01 00 01 02 07 03 04 07 09 04 07 04 02 11 11 01 03 04
A, (9-20) 03 06 05 01 00 00 01 02 08 04 04 06 07 04 07 04 02 08 10 01 03 05
AB (20-37) 03 07 06 01 00 00 01 02 03 03 04 06 07 03 06 04 02 08 11 01 03 0.7
BA (37-50) 03 08 07 01 00 00 01 01 05 02 04 06 07 03 06 04 01 08 12 01 03 05
Bo; (50-69) 02 07 07 01 00 00 01 02 05 03 03 05 07 03 06 04 01 06 12 01 03 0.6
Bo, (69-89) 02 07 06 01 00 00 01 01 04 03 03 05 06 11 05 04 01 05 11 01 03 04
Bos (89-109) 03 07 06 01 00 00 01 00 05 03 04 06 06 03 06 05 01 07 12 01 03 0.6
Bo, (109-147) 02 07 06 01 00 00 01 01 03 03 03 05 06 03 05 04 01 07 11 01 03 0.6
Bos (147-165) 0.2 07 08 01 00 00 01 01 04 02 03 05 06 03 05 04 01 07 12 01 03 05
Sub-humid zone (738 m) — (Dystric Regosols)
A (0-16) 05 03 02 01 01 00 02 00 O3 05 07 09 08 05 10 04 06 12 17 01 04 09
AC (16-34) 03 02 02 01 00 00 01 00 O01 03 04 05 05 02 06 03 02 06 13 01 02 05
CA (34-56) 03 02 03 01 00 00 01 00 0.2 03 03 05 05 03 05 03 02 06 12 01 02 04
C; (56-93) 03 03 03 01 00 00 01 02 02 02 04 05 05 02 05 03 03 07 15 01 03 0.4
C, (93-111) 04 03 03 01 00 00 01 00 O3 03 05 07 07 03 07 04 04 10 20 01 04 03
C3(111-136) 03 03 03 01 00 00 01 00 0.2 04 05 07 07 03 07 04 03 10 19 01 04 03
C,4 (136-152) 02 02 03 01 00 00 01 00 0.2 02 03 05 05 02 05 03 03 06 15 01 03 0.2
Cs (152-195) 03 0.2 03 0.1 00 00 01 03 0.2 03 04 06 05 03 06 03 03 07 13 01 03 0.3
Cr (195-205) 03 02 02 01 00 00 02 02 02 03 03 05 03 02 05 09 06 09 09 03 02 03
Dry zone (389 m) — (Eutric Regosols)
Ap (0-5) 08 07 04 03 05 03 12 04 03 1.1 10 08 07 11 23 02 09 07 08 01 06 45
CA (5-17) 08 06 04 02 02 02 10 04 03 1.2 08 07 05 10 19 02 08 05 09 01 07 41
C;1 (17-26) 07 05 03 02 02 02 09 00 o0.2 1.0 08 07 05 09 17 02 07 05 09 01 07 05
C, (26-40) 07 06 04 02 02 02 09 00 02 08 07 07 05 10 15 02 06 05 10 01 0.8 0.6
C; (40-48) 06 0.6 04 02 02 02 09 00 03 08 07 06 04 08 15 02 06 04 08 01 0.7 04
Cr (48-59) 04 0.5 03 02 02 02 07 02 0.2 05 04 04 04 07 10 02 06 04 08 01 06 24
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3.6.Geochemistry of soil derived from |- and S-type granites: a multivariate

approach

Aiming to provide insights into the factors controlling the geochemistry of
major and trace elements of soils originated from I- and S-type granites under
tropical settings, we used the multivariate statistical technique (Discriminant
Analysis - DA). The observed grouping pattern indicates clear geochemistry
differences among soils developed on |- and S-types granites (Figure 8),

varying in accordance with weathering contrast.
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Figure 8. Discriminant analysis based on geochemistry of major and trace
elements in soils developed on I- and S-type granites from dry to humid zones

of Pernambuco State, Northeast Brazil.

In fact, the discriminant analysis clearly discriminated soil samples

derived from I-type granites than those originated from S-type granites (Figure
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8). Soil samples from I-type granites are chiefly concentrated on the positively
“x” axis, with distribution pattern mostly conditioned by greater contents of clay,
silt, TOC, and higher CEC and CIA values. Higher TOC in soil derived from I-
type granite under humid zone are clearly related to the higher clay contents,
probably in response to the facility of clay minerals in stabilizing and protecting
organic matter from decomposition (Sorensen, 1981; Schmidt et al. 2011).
Higher CEC in soils developed from I-type granites (especially those under the
dry and sub-humid conditions) would also favor the higher contents of major
and trace elements compared soils derived from S-type granites.

Soil samples from S-type granites are mainly concentrated on the

negatively “x” axis (Figure 8), with distribution patterns mostly explained by
contrasting mineral composition of both parent rocks (Table 3). Thus, the higher
percentages of weathering resistant minerals in the S-type granites (i.e. quartz
and muscovite) may have hindered higher weathering rates. On the other hand,
more intense weathering rates in soils developed from I-type granites are
justified by the higher percentages of less resistant minerals (i.e. Amphibole,
opaque and other accessory minerals).

Two factors with eigenvalues higher than a unit explained roughly 69%
(Figure 9) and 73% (Figure 10) of the geochemistry of major and trace elements
in soils developed on |- and S-type granites, respectively. For soils derived from
I-type granites, the F1 was negatively loaded for Si, Na, K, Ca, Cd, Ni, Pb, Ba
and Zr (-0.55 to -0.94) plus sand (-0.96) and pH (-0.60), and positively loaded
for Al, Fe, Ti, Cr, V, Ga and Th (0.63 to 0.92) plus CIA (0.98), clay (0.98) and silt
(0.88); F2 positively loaded for Mn, Mg, P, Co, Zn and negatively loaded for Cu
(-0.64 to -0.91) (Figure 9). This pattern of data distribution clearly differentiated
the geochemical behavior of major and trace elements in accordance to the
degree of weathering intensity. For instance, F1 visibly separated the relatively
immobile elements (Al, Fe, Ti, Cr, V, Ga and Th), which accumulated in humid
zone (Figure 9) from those that are leached (Si, Na, K, Ca, Cd, Ni, Pb, Ba and
Zr) from soil profiles as a result of the highest weathering intensity. These
results are supported by factor 2 and mean CIA values equal to 95%. These

geochemical behaviors are also supported by EF values (Table 4).
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Figure 9. Loadings of major and trace elements on significant factors for soils

derived from I-type granites in three climatic zones of Pernambuco State,
Northeast Brazil.

For soils derived from S-type granites, F1 was negatively loaded on Si,
K, Na, Ca, Cd, Pb, Ba (-0.75to -0.93) plus sand (-0.92) and pH (-0.65), and
positively loaded on Al, Fe, Ti, Co, Zn, Cr, Zr, V, Ga (0.69 to 0.98); F2 exhibited
negative and positive loadings for Mn, Mg, P, Th (-0.55 to -0.68) and Ni (0.71),
respectively (Figure 10). Similarly of soil samples derived from I-type granites,
the pattern of data distribution originated from S-type granites clearly
differentiated the geochemical behavior of major and trace elements according
to the degree of weathering intensity (Figure 10). The relatively immobile
elements concentrated on the positively “x” axis of F1, while the more mobile

elements were concentrated on the negatively “x” axis.

112



1.0 |
Ni
Q
05 | Zr
Sahd
?\o Ba
:L €
~ 00}
S
(&)
©
L
05} ca ' |
G Y
Sl e
_10 L
-1.0 0.5 0.0 0.5 1.0

Factor 1 (57%)
Figure 10. Loadings of major and trace elements on significant factors for soils

derived from S-type granites in three climatic zones of Pernambuco State,
northeast Brazil.

Regarding the soils formed from the I-type granite, a clear weathering
gradient between the different climatic zones was also evidenced by the DA
(Figure 8). Data grouping showed the following increasing weathering degree:
humid zone > sub-humid zone > dry zone. The distribution of soil samples
derived from I-type granites from the humid zone shows the stronger connection
with higher CIA values.

Conversely, the climatic effects on major and trace elements
geochemistry showed a less evident pattern on soils from S-type granites,
probably owing to the highly resistant minerals in S-type granites, which hamper
the expressiveness of climate action, especially under conditions with less

aggressive chemical weathering (i.e. lower precipitation rates).
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4. Conclusions

This paper reports a geochemical study on the major and trace elements
found in soils derived from I- and S-type granites across a climosequence from
semiarid to tropical zones. Highest major and trace element concentrations
were found in soils developed from I-types than S-type granites, which reflect
the petrological, mineralogical and geochemical signature of the underlying
granites. The EF was a useful tool to observe enrichment signatures of soils
derived from I- and S-type granites. Clearly, soils derived from S-types present
V enrichment increasing from dry to humid zones while opposite enrichment
pattern was observed for Pb. The highest EF values observed for I-type granite
soils are mostly explained by their mineral composition which originates soils
with higher clay contents and CEC values. Major elements were easier leached
than trace elements during weathering processes of both granite types. The
applications of multivariate statistical techniques are suitable tools to guide and
support soil geochemistry management decisions not only to understand soils
variability derived from different granite types but also to contribute to
agriculture production and soil-related environmental issues. The data obtained
are useful reference values for major and trace elements in soils developed
from different granite types in a tropical environment. Additionally, this study
shed some light on the complex interrelationship between climate, a major
driving force in soil weathering, and granite types on governing soil
geochemistry. The geologic factor of soil formation cannot be neglected in
climosequence studies to warrant the understanding of important environmental

issues such as soil geochemistry.
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Geochemistry of REE in |- and S-type granites and derived soils in three
climate zones of Northeast Brazil

Abstract

The Borborema Province, NE Brazil, represents the Western portion of the
extensive geologic Brasiliano-Pan African orogenic system characterized by
voluminous S- and I-type granites. In this study we compared the mineralogy
and geochemistry of I- and S-type granites, their derived soils, and the rare
earth elements (REES) distribution in rocks and soils in three climatic zones of
Pernambuco State, from semiarid to tropical settings. We measured total REES,
their relative mobility and Light REE/Heavy REE fractionation. The S-type
granites are characterized by higher silicate contents, whereas I-type granites
showed higher proportion of acessory minerals: allanite, titanite, apatite,
amphibole and opaque minerals. The REE geochemistry of I-type granites are
more differentiated than the S-type granites. This is largely due to the higher
proportion of accessory minerals in I-type granites. Bastnaesite and monazite
seems to the major sources of REEs in soils derived from |- and S-type
granites, respectively. According to the high La/Yby and LREE/HREE ratios,
weathering processes showed significant impact on REE fractionation in soils
derived from both granite types. In soils, the highest LREE/HREE fractionation
is found in the humid zone, largely as a result of the dominance of kaolinites
that have preferentially adsorbed LREEs. The highest chemical index of
alteration (CIA) related to the highest LREE/HREE ratios suggest that
LREE/HREE fractionation is a good indicator of the degree of granite
weathering. Both, the granitic parent material composition and the weathering
intensities related to climate are key factors to the understanding of REE

distribution in soils in this environment.

Keywords: Rare earth elements; trace elements; chemical weathering; soll

geochemistry
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1. Introduction

The International Union of Pure and Applied Chemistry (Connely et al.
2005) defines rare earth elements (REES) as a group of 17 chemically similar
metallic elements (Lanthanide series, plus scandium and yttrium). The latter two
elements are included as REEs because they are chemically similar to the
lanthanides (Jaireth et al. 2014). These elements have been commonly divided
into two groups: light rare earth elements (LREEs: La-Eu) and heavy rare earth
elements (HREEs: Gd-Lu) (Hu et al. 2006; Long et al. 2010; Sadeghi et al.
2013; Walters et al. 2010). The REEs are not as rare in nature as the name
suggests. Cerium, 25th most abundant element in the crust, exhibits higher
concentration in Earth’s crust than copper and similar to Zn (Tyler 2004).

Rare earth elements have become strategically critical for developed and
developing economies around the world owing to the wide application in many
industrial key technologies (Gandois et al. 2014; Mihajlovic et al. 2014; Pagano
et al. 2015). Nevertheless, the pedological behavior of REEs remains poorly
understood (Chen et al. 2014). Recently, Laveuf and Cornu (2009) and Laveuf
et al. (2012) recommended further study of the REE behavior in different
pedological environments in order to quantify different geochemical behavior of
REEs.

Granites are common igneous rock types of the continental crust. These
rocks can be derived from different compositions and petrogenetic processes
(Chappell and White 1984). Chappell and White (1974, 2001) simplified the
classification of granites into I- and S-type granites. This classification, along
with the use of A-type granites are widely used worldwide (Foden et al. 2015;
Guani et al. 2013; Guan et al. 2014; Vilalva et al. 2016; Wang et al. 2015).
Overall, I-type granites are derived from igneous protolith (infracrustal rocks),
whereas S-type granites indicate derivation from sedimentary rock (supracrustal
rocks) (Chappell and White 1984).

Although the REE geochemistry of soils derived from granites has been
investigated (Aubert et al. 2001; Sanematzu et al. 2015), there has been no
attempt to compare the REE geochemistry related to weathering along a
climatic gradient (climosequence). In this study, soil profiles were sampled

based on granite types (I- and S-types) in three distinct climatic zones (humid,
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sub-humid and dry) from tropical to semiarid region of Pernambuco State, NE
Brazil. We hypothesized that soils derived from I-type granites would show
different geochemical and mineralogical signatures of REEs in comparison to
those derived from S-type granites.

In this study, we address two fundamental questions. First, how do
geochemical and mineralogical signatures of REEs differ from soils developed
over |- and S-type granites along a climosequence from the semiarid to the
humid zone? Second, are REEs mobilised during weathering of geochemically
contrasting granites? Thus, our objectives are: (i) to describe the petrography
and mineralogy of I- and S-type granites of the Borborema Province, Northeast
Brazil; (ii) to investigate the source and geochemical behavior of REEs, and the
controlling factors for their distribution; (iii) to evaluate the climosequence
influence on geochemistry of REEs in soils from humid to semiarid climates.
Our results can hopefully be used to understand the geochemistry of REES in
other parts of the tropics and sub-tropics which are underlain by S- and I-type

granites.

2. Materials and methods

2.1. Study area

The study was carried out in the Borborema Province, Pernambuco
State, NE Brazil. The Borborema Province represents the Western portion of
the extensive geological Brasiliano-Pan African orogenic system formed by
convergence of the West Africa/Sao Luis and San Francisco-Congo Cratons
(Brito Neves, 1975). Geologically speaking, the Borborema Province comprises
a mosaic of tectonic blocks including Paleoproterozoic basement and scattered
Archean nuclei, Meso to Neoproterozoic supracrustal rocks, and voluminous
intrusions of granites (Van Schmus et al. 2008).

The study region can be divided into three climatic zones according to
Koppen classification (Koppen, 1931). The dry zone shows a semiarid climate
(Bhs), characterized by negative water balance, as a result of the annual rainfall
(< 800 mm) lower than evaporation (2.000 mm year™). Annual average air

temperature ranges from 23 to 27 °C and relative humidity is about 50% (Brito
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et al. 2007). In the sub-humid zone presents a climate classified as Aw,
characterized by average air temperature is approximately 24 °C, the annual
rainfall range from 800 to 1,000 mm. The humid zone represents a tropical
climate (Am), warm and humid with annual rainfall ranging from 1,000 to 2,000
mm year® (INMET 2015). The annual average air temperature equal to 27 °C
shows thermal amplitude of about 5 °C and high relative humidity (> 50%).
There is a clear relationship between climatic conditions and the
distribution of vegetation. The vegetation comprises the following units: (i)
Primary evergreen forest (Atlantic rainforest) in humid zone; (ii) Semideciduous
forest in sub-humid zone; (iii) Dry deciduous forest known as Caatinga in the
dry zone. The Caatinga is an exclusively Brazilian biome and vulnerable to

desertification (Souza et al. 2012).

2.2. Soil and Rock sampling

Soil profiles developed on I- and S-type granites from three climatic
zones under native vegetation or with minimal anthropic influence were chosen

based on geological maps and field local confirmation (Figure 1).
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Figure 1. Location of the studied granites, and soil profiles over I-type and S-
type granites in three climatic zones of Pernambuco State, Borborema
Province, Northeast Brazil (Brazil, 2001).

Soil profiles were chosen on sites with flat relief or gently sloping in order
to avoid the effect of topography as a predominant factor in soil formation. Soils
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were classified according to the World Reference Base for Soil Resources
(IUSS Working Group WRB 2014).

2.3. Analytical methods
2.3.1. Granite analysis

The |- and S-type granites and their modal mineral compositions were
determined from fresh rock samples which were collected from an outcrop
beside the soil profiles. The mineralogical identification was made from polished
thin sections according to Murphy (1986) using a petrographic microscope.

The major element oxides (SiO,, TiO,, Al,O3, Fe,03, MgO, CaO, MnO,
Na O, KO, and P,0s) of whole-rock samples were determined by X-ray
fluorescence (XRF) spectrometry (Rigaku, RIX 3000 model) using lithium
tetraborate as a flux. Loss on ignition was determined at 1,000 °C. The results
were verified using an international geochemical standard SRM 2709, San
Joaquin soil (NIST 2002). The recovery rates of major element (%) appeared in
the following decreasing order: P (126) > Al (106) > Ca (105) > Ti 101) > Fe
(100) > K (98) > Mg (96) > Si (89) > Mn (81) > Na (72). These results were
considered to be satisfactory and reflect the quality of the XRF measurement.

After optic microscope observation, granite samples were coated with a 20
nm gold layer (model Q150R - Quorum Technologie). Fine-grained minerals
and their textures were observed using a TESCAN (model: VEGA-3 LMU) field
emission SEM at an accelerating voltage of 15 kV. Afterwards, the energy
dispersive X-ray spectrum (EDS; Oxford Instrument, model: 51-AD0007)
coupled with SEM were used to analyze the semiquantitative characteristics of

the mineral compositions.

2.3.2. Soil analyses
2.3.2.1. Physical and chemical analyses

Soil samples were collected from profiles over the various granites. The
samples were collected from specific soil horizons at different depths. The
particle size distribution was obtained according to the method of Gee and Or
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(2002) using Calgon as chemical dispersion. All samples were submitted to pre-
treatment with H,O; to eliminate organic matter. Soil pH was determined using
distilled water (1:2.5 soil:solution ratio). Exchangeable K and Na were extracted
with Mehlich-1 procedures (1:10 soil:solution ratio). Calcium, Mg and Al were
extracted with 1 mol L™ KCI (1:10 soil:solution ratio). All elements were
determined by optical emission spectrometry (ICP-OES/Optima 7000, Perkin
Elmer). Potential acidity (H* + AI**) was determined by calcium acetate method
(0.5 mol L, pH 7.0), and total organic carbon (TOC) according to Yeomans and
Bremner (1988). The cation-exchange capacity (CEC) was calculated from the
sum of the exchangeable cations and the total acidity. Physical and chemical
analyses (Tables 1, 2) clearly demonstrate the large difference between soils
derived from I- and S-type granites, as well as contrasts with respect to the

environmental gradients.

Table 1. Selected chemical and physical attributes of soil profiles derived from

I-type granites along a climosequence in Pernambuco State, Brazil

Horizon/depth (cm) Clay Silt Sand Tocj pH CEC® . Fef1 CIA?
(9 kg™) (@kg” (H0) (cmolkg™) (gkg?h) (%)
Humid zone (537 m) — (Hypereutric Chromic Lixisols)
A; (0-8) 150 379 471 5058 5.45 8.54 56.60 89
A, (8-18) 170 383 447 58.53 5.00 7.17 57.38 91
AB (18-30) 180 414 406 1197 4.70 5.50 68.80 93
BA (30-46) 250 440 310 6.37 4.80 4.63 78.67 94
Bt; (46-64) 300 507 193 5.72 5.20 4.23 103.06 97
Bt, (64-84) 310 506 184 4.19 5.00 4.17 115.79 98
Bt; (84-135) 300 522 178 1.50 5.00 4.03 11895 98
BC (135-175) 260 569 171 3.66 5.00 3.82 112.79 98
C (175-195+) 270 558 172 3.07 4.80 3.64 112.21 98
Sub-humid zone (695 m) — (Eutric Regosols)
A (0-11) 50 290 660 4527 5.5 9.12 1230 70
CA (11-17) 60 282 658 6.99 5.20 5.76 13.12 71
C, (17-46) 50 280 670 3.95 5.10 4.47 11.77 70
C, (46-70) 50 300 650 2.06 5.45 3.36 10.00 68
C; (70-78) 50 240 710 1.65 5.65 2.46 9.23 64
Cr; (78-148) 270 474 256 3.89 4.30 14.96 64.30 93

Cr, (148-185) 180 335 485 2.54 4.70 18.08 69.11 87
Cr; (185-200) 100 533 367 1.80 5.10 10.87 48.76 79
Dry zone (473 m) — (Eutric Regosols)

A (0-3) 50 195 755 39.64 7.10 10.57 67.00 56
CA (3-9) 80 304 616 11.29 6.85 10.83 54.98 70
C1(9-17) 100 321 579 7.09 6.00 7.49 43.92 74

C, (17-27) 110 308 582 4.97 5.50 8.17 42.17 76
C;3 (27-39) 120 326 554 4.08 5.10 7.96 38.42 78
Cr; (39-53) 130 358 512 3.19 4.80 8.85 30.56 83
Cr; (563-63+) 80 231 689 1.92 5.00 10.91 16.35 75

? Total organic carbon; ® Cation exchange capacity; ° Total Iron;  Chemical index of alteration.
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Table 2. Selected chemical and physical attributes of soil profiles derived from
S-type granites along a climosequence in Pernambuco State, Brazil

Horizon/depth (cm) Clay Sit Sand TOC*  pH CEC Fe® CIA®
(g kg™) (gkg” (H,0) (cmolckg-1) (gkg™ (%)
Humid zone (348 m) — (Dystric Xanthic Ferralsols)
A; (0-9) 200 244 556 39.68 4.60 7.10 20.58 91
A, (9-20) 200 263 547 14.83 4.25 5.84 24.78 94
AB (20-37) 200 361 439 9.01 4.20 4.58 2995 95
BA (37-50) 230 385 385 7.00 4.10 4.27 3231 95
Bo; (50-69) 230 364 406 4.23 4.15 3.00 3498 96
Bo, (69-89) 220 350 430 3.87 4.10 271 3333 95
Bos (89-109) 200 362 438 3.64 4.10 2.53 32.40 95
Bo, (109-147) 230 348 422 5.53 4.20 2.53 36.84 96
Bos (147-165) 250 365 385 4.05 4.10 2.65 41.32 96
Sub-humid zone (738 m) — (Dystric Regosols)
A (0-16) 50 90 860 4.44 4.30 4.10 4.97 79
AC (16-34) 30 126 844 2.82 4.10 2.75 8.46 83
CA (34-56) 60 139 801 3.31 3.75 2.80 10.16 83
C; (56-93) 70 139 791 3.58 3.70 2.96 12.08 85
C, (93-111) 80 137 783 2.60 3.90 3.24 8.18 84
C; (111-136) 70 166 764 129  3.75 2.80 8.86 84
C4 (136-152) 60 161 779 1.44 4.00 2.32 10.79 82
C5(152-195) 70 183 747 1.16 4.20 2.28 9.90 82
Cr (95-205) 50 161 789 0.31 4.35 1.30 6.95 72
Dry zone (389 m) — (Eutric Regosols)
Ap (0-5) 40 51 909 4.57 6.00 2.75 4.70 58
CA (5-17) 50 80 870 3.18 5.30 2.22 4.38 61
C.(17-26) 50 97 853 1.98 5.15 2.23 4.88 62
C, (26-40) 50 113 837 2.62 4.80 2.37 5.29 62
C3 (40-48) 40 120 840 1.77 5.20 2.45 5.40 61
Cr (48-59) 50 232 718 115 6.20 3.15 715 62

? Total organic carbon; ° Cation exchange capacity; ° Total iron;  Chemical index of alteration.

2.3.2.2. Rare earth elements analyses

For the REEs measurement, 1 g of soil was digested in Teflon vessels
with 6 mL of HNO3, 3 mL of HF and 3 mL of HCI in a microwave oven
(Mineralogical methods — SSSA, 2008). We prepared a six-point calibration
curve from a standard solution containing 1.000 mg L™ (Titrisol®, Merck) of
each rare earth element. Analysis was performed only when the coefficient of
determination (r%) of the calibration curve was higher than 0.99. Analytical data
quality and standard operation procedures such as curve recalibration,
analyses of blanks and standard reference material SRM 2709 San Joaquin soll
(NIST 2002) were performed. Whenever more than 10% deviation was
observed, the equipment was calibrated and samples analyzed again. All of the

analyses were carried out in duplicate.
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Concentrations of La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu,
Y, and Sc were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES/Optima DV7000, Perkin Elmer). To improve sensitivity
to REEs, we coupled a cyclonic spray chamber/nebulizer to the ICP-OES.
Additionally, the high REE recovery rates obtained in the certified standard
material used warrant the measurement accuracy. The recovery rates of REEs
(%) in a certificated soil sample (SRM 2709, San Joaquin soil) appeared in the
following decreasing order: Yb (92%) > Lu (83%) > Sm (81%) > Eu (78%) > Nd
(77%) > Gd (75%) > La (66%) > Ce (61%) = Sc (61%).

The reference values for Pr, Dy, Er, Ho, Tm, Th, and Y have not been
established for the certified sample (NIST 2002). All results were considered to
be satisfactory and reflect the quality of both the digestion method applied and
our ICP-OES measurement. Mihajlovic et al. (2014), using aqua regia digestion
and measuring REEs in ICP-MS, found similar recovery values varying from 64
to 98%.

REE concentrations were normalized to upper continental crust (UCC)
as per Taylor and McLennan (1985). Moreover, we also quantified the
fractionation between LREEs and HREEs according to the La/Yb ratio, and the
Ce anomalies [(Cen/(Lan*Pry)®°] and Eu anomalies [(Eun/(Smy*Gdy)®°] were
calculated according to Compton et al. (2003), where N implies normalized
values. A value below “1” (negative anomaly) represents depletion, a value

above “1” (positive anomaly) enrichment compared to the UCC.

2.3.2.3. Clay mineralogy analysis

X-ray diffraction (XRD) analysis was performed on the clay fraction (< 2
pm) of the soils - separated using standard sedimentation procedures - of the
diagnostic horizon. A Shimadzu 6000 diffractometer fitted with a graphite
monochromator set to select Cu Ka radiation (30mA/40 kV) was used. The
measurement range was 3° to 35°(20), with steps of 0.02°26 at 1.2 s/step,
except for treatment with ethylene glycol solvation (3-15°28). Prior to analysis,
the clay was submitted to the following standard treatments: organic matter
elimination (15% hydrogen peroxide) and iron oxides elimination (dithionite-

citrate-bicarbonate method).

130



Clays were oriented on glass slides with the following standard
treatments: Mg saturation (MgCl, — 1 mol L), Mg saturation/glycerol solvation,
K saturation (KCl — 1 mol L), and heat treatment of K-saturated samples,
during three hours at 350 and 550 °C (Whittig and Allardice 1986). Clay mineral
identification was based on criteria described by Jackson (1975); Brown and
Brindley (1980); Moore and Reynolds (1997).

2.4. Measurements of chemical weathering

The sample powders were mechanically compressed to make pellets for
X-ray fluorescence analysis. The molecular proportions of major element oxides
were determined using XRF spectrometry (S8 TIGER ECO — WDXRF-1KW).
Loss on ignition was determined at 1,000 °C. The results were verified using
international geochemical standard (SRM 2709, San Joaquin soil), and used to
calculate the chemical index of alteration (CIA), following Nesbitt and Young
(1982). The formula for the CIA is as follows:

CIA = [ALO3 / (Al,O3+ Na,O + CaO + K,0)] x 100.

This index increases with the loss of cations (Ca®*, K* and Na"). It is
assumed that feldspar to kaolin transformation is the predominant weathering
process and that Al is relatively immobile (Rasmussen et al. 2010). It is used as
indicator specifically to evaluate the degree of chemical weathering of felsic

rocks (Sanematsu et al. 2015).

2.5. Statistical analysis

Results were assessed by descriptive statistics and factor analysis (FA).
The latter was applied to the correlation matrix of dataset in order to study REE
geochemistry during granite weathering. To extract the significant factors while
diminishing the contribution of variables with little importance, we employed

Varimax rotation (Kaiser 1958).

3. Results

3.1. Mineralogy of S- and I-type granites
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Overall, S-type granites showed texture with fine to medium crystals, with
a light gray color (Figure 2c). The granites are mainly composed of quartz,
feldspars and biotite evenly distributed; no magnetic minerals were observed
(Figure 2d). These rock types showed gentle foliations outlined by mafic
minerals. I-type granites have inequigranular, commonly porphyritic texture, with
medium to coarse K-feldspars, small amounts of gray quartz and black mafic
minerals, commonly biotite (Figure 2a). I-type granites are slightly magnetic due
to magnetic minerals (i.e. magnetite).

K-feldspar, quartz, plagioclase and biotite are the dominant components,
ranging from 85 to 90% and 87 to 93% of the total composition of the I- and S-
type granites, respectively (Table 3). Quartz and plagioclase are more abundant
in S-types whilst K-feldspars and opaque minerals were higher in I-types.
Muscovite was observed only in S-types, ranging from 3 to 6% and exhibited
some degree of alteration, chiefly being replaced by sericite. Amphibole (Figure
2i), apatite and titanite (Figure 2g) were evidenced only in I-type granites (Table
3).
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Figure 2. Macro-photograph of I- and S-type granites (a, c, respectively) and
selected petrographic characteristics. General aspects (b, d, respectively).
Mafic minerals of I- and S-type granites (e, f, respectively). Titanite, apatite and
opaque minerals (g). Allanite (h). Amphibole (i) Qz — Quartz; Micr — Microcline;
Ort — Orthoclase; Bt — Biotite; Pl — Plagioclase; Ms — Muscovite; Om — Opaque
minerals; Ti — Titanite. Al — Allanite; Amp — Amphibole.
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The mineral assemblage of I-type granites (Table 3) is consistent with
the petrographical results of Chappell and White et al. (2001). Allanite and
titanite tend to occur in I-type rather than S-type granites (Bea 1996). Biotites
are in the early alteration stage to chlorite. Plagioclases are slightly altered to
sericites. K-feldspars are found as microcline and orthoclase. The phosphate
mineral apatite occurs in small crystals and is often associated with mafic
minerals (Figure 2g). Apatite inclusions are common in biotite of I-type granites
whereas they occur in larger discrete crystals in S-types (Chappell and White
(2001).

Table 3. Mineralogical composition (%) of I- and S-type granites in Pernambuco
State

Mineral I-type granites S-type granites
Humid Sub-humid Dry  Humid Sub-humid Dry
K-feldspar 61 55 65 45 37 23
Quartz 12 7 8 23 26 34
Plagioclase 7 12 7 5 22 28
Biotite 10 11 5 14 12 8
Amphibole 4 4 7 nd nd nd
Sericite / Muscovite nd nd nd 6 3 6
Opaque mineral 2 4 4 4 <1 1
Allanite 3 2 <1 3 <1 <1
Apatite 1 2 3 nd nd nd
Titanite nd 2 1 nd nd nd
Chlorite <1 <1 nd nd nd <1
Total 100 100 100 100 100 100

nd — not detected.

In the S-type granites, small amounts of biotite are changing in terms of
composition to chlorite. Small inclusions of allanite with radioactive elements in
its composition are found in biotite (Figure 2d). The disintegration of allanite is
responsible for the spot formations in biotites. Plagioclases are sericitized
usually forming lamellae of muscovite/sericite. K-feldspars are found as

microcline and orthoclase.

3.2. Clay mineralogy
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Powder XRD of the clay fraction derived from |- and S-type granites
revealed that kaolinite was the major phase in the samples, with minor amounts
of quartz and feldspar (Figures 3). Greater expressions of primary minerals
were identified in the dry zones, mainly in soils developed on S-type granites
(Figure 3f). The humid zones originated typical kaolinitic soils (Figures 3a and
3d). The main differentiating pattern between these granites was the presence
of 0.41 nm goethite peak, observed only in the clay fraction of the I-type

granites (Figure 3a) in the sub-humid and humid zones.
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Figure 3. X-ray diffraction patterns for clays obtained from diagnostic horizons
of soil profiles derived from |- and S-type granites in different climatic zones of
Pernambuco State, Northeast Brazil. Humid zone (a, d); Sub-humid zone (b, e);
Dry zone (c, f). Ka — Kaolinite; Gt — Goethite; Il — lllite; Qz — Quartz.

The presence of kaolinite, illite, Interstratified illite-vermiculite and

gibbsite were observed through the oriented aggregates (Figure 4). Kaolinite
was recognized by its 00land 002 peak reflections of 0.71 and 0.35 nm,
respectively. The disappearance of these peaks upon 550°C heat treatment
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confirms its presence, as well as the absence of chlorite in all samples. The
mica peak (1.0 nm) — not very sharp — indicates illite formation as the first mica

weathering product (Yousefifard et al. 2015). The persistence of this peak after

ethylene glycol solvation treatment confirms its existence.
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Figure 4. X-ray diffraction patterns for various clay treatments obtained from
diagnostic horizons of soil profiles derived from I- and S-type granites in
different climatic zones of Pernambuco State, Northeast Brazil. Humid zone (a,
d); Sub-humid zone (b, €); Dry zone (c, f). Ka — Kaolinite; Gb — Gibbsite; Il —

Illite; Qz — Quartz; Il / Vm - Interstratified illite-vermiculite.

In the dry zone, the 1.2 nm peak (Figure 4c) corresponds to different
minerals, likely illite-vermiculite. This finding was only observed in soil profiles
derived from I-type granites. Nevertheless, S-type granite exhibited

predominantly monosialitization process (kaolinite — 0.7 nm), with coexistence
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of illite (0.1, 0.5, 0.33 nm) and no evidence of interstratified illite-vermiculite
(Figure 4f).

Soils of both granite types, from the dry to the humid zone, are mainly
kaolinitic soils, with minor amounts of illite (Figures 4a and 4d). A gibbsite peak
(0.48 nm) was found only in soil derived from S-type granite (Figure 4d) based
on its disappearance after the 300 °C treatment.

3.3. Geochemistry of REEs in soil profiles

Regardless of the climatic zone, the average REE concentrations in soils
derived from S-type granites exhibited the following order: Ce > La > Nd/Pr > Y
>Sm > Er > Dy > Sc > Eu > Gd > Yb > Lu > Th/Ho/Tm, except for the larger
concentration of Gd in sub-humid and dry zones, ranging from 0.6 to 3.0 mg kg
1 and 0.8 to 1.7 mg kg™, respectively, higher than Eu and Sc (Figure 4). Soils
derived from I-type granites showed the following order: Ce > La > Pr > Nd >
Sm>Er>Y>Sc>Eu>Lu>Gd>Dy>Yb>Tb/ Ho/Tm for humid zone; and
Ce>La>Pr>Nd>Y>Sm>Er>Dy>Sc>Eu>Gd>Yb>Lu>Tb/Ho/Tm
for sub-humid and dry zones (Figure 5). The HREEs geochemistry is more
influenced by the environmental gradient in comparison to the LREEs for all soil
types (Figures 5, 6). The Lu accumulation in depth was more pronounced in soil
derived from I-type granite (Figure 5b).

Soils derived from I-type granites exhibited higher total REE contents
than those derived from S-types, ranging from 58.8 to 305.3 mg kg, 55.0 to
683.7 mg kg™ and 83.75 to 749.2 mg kg for humid, sub-humid and dry zones,
respectively (Table 4). The high to low average sequence of REEs values is Dry
> Sub-humid > Humid zone. These data are within the *REE concentration
range likely to occur in soils (Hu et al. 2006; Laveuf and Cornu 2009; Liang et
al. 2005; Tyler 2004).
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Figure 5. Concentration of REEs in soils derived from I-type granites in three
climatic zones of Pernambuco State, Northeast Brazil. Hypereutric Chromic

Lixisols (a and b); Eutric Regosols (c and d); Eutric Regosols (e and f).

Soils developed over I-type granites contain large amounts of 2LREE
compared to those derived from S-types, ranging from 53.1 to 296.0 mg kg™ for
the humid zone, 49.0 to 683.7 mg kg for the sub-humid zone and 83.75 to

749.2 mg kg™ for the dry zone (Figure 5). Clearly, their concentration increased
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with depth owing to the accumulation of clay from uper to lower layers during

granite weathering (Bao and Zhao 2008; Beyala et al. 2009; Feng et al. 2010;
Panahi et al. 2000). Meanwhile, ZHREE contents ranged from 5.4 to 36.4, 6.3
to 23.9 and 12.2 to 80.3 mg kg, with means of 8.3. 9.1 and 16.2 mg kg™ for

humid, sub-humid and dry zones, respectively (Figure 5).

Table 4. Mean ILREE, YHREE and ZREE concentrations (mg kg?) in soil

profiles derived from |- and S-type granites in different climatic zones of

Pernambuco State, Brazil

S-type granites

I-type granites

Depth 2LREE/ Depth 2LREE/
(cm) >LREE ZXZHREE SHREE >REE (cm) >LREE ZzHREE SHREE >REE
Dystric Xanthic Ferralsols ------------ Humid zone ------------ Hypereutric Chromic Lixisols
0-9 110.8 7.2 154 118.0 0-8 53.1 5.7 9.3 58.8
920 153.7 7.7 19.9 161.4 818 66.4 54 12.3 71.8
20-37 174.2 8.4 20.7 182.6 18-30 186.1 7.7 242  193.8
37-50 130.1 7.2 18.1 137.3 30-46 120.8 8.3 145 129.1
50-69 176.6 8.2 215 184.8 46-64 123.7 14.8 8.3 138.5
69-89 148.2 7.8 19.0 156.0 64-84 147.8 7.7 19.2 1555
89-109 1725 8.3 20.8 180.8 84-135 190.8 8.2 23.3  199.0
109-147 165.6 8.9 18.6 174.5 135-175  296.0 9.3 31.8 305.3
147-165 118.1 7.5 15.7 125.6 175-195 255.8 9.3 27.5 265.1
R 150.3 13.3 11,3 163.6 R 241.4 36.4 6.6 277.8
Dystric Regosols -------------=----- Sub-humd zone Eutric Regosols
0-16 338.7 22.7 14.9 361.4 0-11 55.0 7.3 7.5 62.3
16 -34 278.5 19.7 14.1 298.2 1117 49.0 6.3 7.7 55.3
34-56 239.7 14.0 17.1 253.7 17-46 83.2 9.1 9.1 92.3
56-93 284.8 18.7 15.2 303.5 46-70 64.3 7.5 8.6 71.8
93-111 121.2 10.3 11.8 131.5 70-78 78.0 7.2 10.8 85.2
111-136 157.25 114 13.8 168.7 78-148 364.7 115 317 376.2
136-152 1454 11.3 12.9 156.7 148-185  683.7 23.9 28.6 707.6
152-195 180.2 14.6 12.3 194.8 185-200  408.6 9.1 449 4177
195-205 212.8 15.6 13.6 228.4 R 136.3 14.6 9.3 150.9
R 154.73 11.6 13.3 166.4
Eutric Regosols Dry zone Eutric Regosols
0-5 135.2 11.7 115 146.9 0-3 108.0 13.1 8.2 121.1
517 142.9 12.2 11.7 155.1 39 108.8 15.3 7.1 124.1
17-26 163.8 15.6 10.5 179.4 917 101.1 14.3 7.1 115.3
26-40 152.0 16.7 9.1 168.7 17-27 83.75 12.2 6.9 95.9
40-48 151.6 13.1 11.5 164.7 27-39 127.3 171 7.4 144.4
48-59 137.7 14.1 9.8 151.8 39-53 187.0 19.2 9.7 206.1
R 108.5 12.6 8.6 121.1 53-63 749.2 80.2 9.3 829.4
R 122.4 25.3 4.8 147.7
China (Wei et al. 1991) 139.79 14.81 9.43 154.6
Europe (Sadeghi et al. 2013) 111.65 13.63 8.19 125.28
Upper Continental Crust (Tyler and Olsson 2002) 159.2 51.5 3.09 210.7

The LREE/HREE ratios range from 4.8 to 44.9 mg kg™ and 8.6 to 21.5

mg kg for soils formed over |- and S-type granites, respectively, increasing
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from dry to humid zones. This finding suggests that LREE concentration is

higher where weathering is more intense (Table 4).
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Figure 6. Concentrations of REESs in soils derived from S-type granites
climatic zones of Pernambuco State, Northeast Brazil.
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Overall, the ZREE concentrations in soils derived from |- and S-type

granites were lower than the values reported from the Upper Continental Crust
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(UCC) except for saprolites derived from I-type granites (Table 4). Both LREEs
and HREEs in saprolites originating from I-types showed the largest enrichment
in relation to the UCC, with values reaching 305.3, 707.57 and 829.45 mg kg™
for humid, sub-humid and dry zones, respectively, reflecting differences in

fractionation associated with the formation of both granite types.

4. Discussion
4.1. Geochemistry of REEs in I- and S-type granites

The geochemistry of REEs in I-type granites shows distinct pattern when
compared to S-type granites (Table 5). This was expected mainly because I-
types are derived from igneous protolith whereas S-types are derived from
sedimentary rocks (Chappell and White 1984). As a result, distinct mineralogy
and geochemistry of REEs have been observed (Clemens 2003; Yusoff et al.
2013).

Table 5. Geochemistry of REESs in I- and S-type granites in Pernambuco State,

Brazil

Climaticzone La Ce Pr Nd Sm Eu Gd Yb Lu Dy Er Y Sc

I-type granite (mg kg™)

Humid 56.0 108.3 26.7 40.4 83 17 46 09 06 33 35 183 5.2
Sub-humid 316 67.6 183 147 32 09 12 02 02 20 31 6.2 17
Dry 26.1 541 151 200 54 1.7 30 0.7 04 24 35 119 34
Mean 379 76.6 20.0 250 56 14 29 06 04 26 34 121 34
S-type Granite (mg kg.1)
Humid 379 754 175 157 3.1 0.7 08 03 0.2 20 25 63 1.2
Sub-humid 450 70.6 18.1 16.1 43 06 09 02 02 22 26 51 0.6
Dry 27.3 488 144 136 3.8 06 1.0 02 0.2 20 28 56 0.9
Mean 36.7 649 16.7 151 3.7 06 09 02 0.2 21 26 57 0.9

The mean concentrations of REEs in |- and S-type granites were
normalized to the UCC (Taylor and McLennan 1985) to investigate distribution
patterns. The majority of REESs in S-type granites exhibited depletion compared
with the UCC, except for La, Ce, Pr and Er (Figure 7). Conversely, the majority
of REEs in I-type granites exhibited enrichment compared with the UCC, except
for Gd, Yb, Dy and Sc. These results reflect the fractionation between LREEs

and HREEs in soils derived from I- and S-type granites (Table 4).
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Figure 7. Rare earth elements in |- and S-type granites normalized to Upper
Continental Crust (UCC). UCC values used (Taylor and McLennan 1985) (mg
kg') La: 30; Ce: 64; Pr: 7.1; Nd: 26; Sm: 4.5; Eu: 0.88; Gd: 3.8; Yb: 2.2; Lu:
0.32; Dy: 3.5; Er: 2.3; Ho: 0.8; Th: 0.64; Tm: 0.33; Y: 22; Sc: 11.

The larger REE contents in I-types in comparison to S-type granites are
explained by the higher proportion of mafic and accessory minerals, chiefly
bastnaesite, titanite, allanite, apatite, amphibole and opaque minerals (Table 3).
Titanite is moderately enriched in LREEs because of their relatively-high
partition coefficients between titanite and melts (Green and Pearson 1986;
Prowatke and Klemme 2005). Allanite contains REEs as major compositions
and is rich in LREEs relative to HREEs (Gieré and Sorensen 2004; Tyler 2004)
due to its large co-ordination polyhedral. It may contain more than 20% of REEs
(Braun et al. 1993; Ercit 2002). Likewise, apatite is usually enriched in LREES
(Henderson 1984). Amphibole is also enriched in REEs (Sm, Eu, Gd and Dy)
(Rollinson 1993. The higher proportion of mafic minerals in I-type granites
explains the larger Sc contents in comparison to S-type granites. Moreover, Sc
is more concentrated in basic rocks than in felsic rocks (Taylor and McLennan
1985). Biotite from I-type granite is enriched in LREEs due to inclusions of
bastnaesite (Figure 8, spectrum 34). This mineral seems to be the major source
of REESs in soils derived from I-type granites.

142



-
Map Data 8

Spectrum 36
i )

10 ym 10 pm 10 pm

Figure 8. Cross-section of biotite with inclusion of bastnaesite using scanning
electron microscope with energy-dispersive X-ray spectroscopy attached
facilities (SEM-EDS) (a): Spectrum 34 (Bastnaesite, Ce — 32%, La — 20%, F —
13%, Nd — 9%, Ca — 8%, Si, Fe — 5%, Pr — 3%, Al, K — 2%, Mg — 1%), spectrum
35 (Biotite, Si — 32%, Fe — 29%, Al — 15%, K — 14%, Mg — 8%, Ti — 1.8%, Mn —
0.2%), spectrum 36 (Biotite, Si — 33%, Fe — 28%, Al — 16%, K — 13%, Mg — 8%,
Ti — 2%). Semiquantitative elemental map (b, ¢, d) from a cross-section of
biotite with inclusion of bastnaesite using scanning electron microscope with

energy-dispersive X-ray spectroscopy attached facilities (SEM-EDS).
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Muscovite derived from granites shows high abundance of all REEs, with
means of 235 mg kg and 19 mg kg™ for LREEs and HREEs, respectively
(Taylor and McLennan 1985). Quartz does not contain REEs (Compton et al.
2003). Feldspars contain negligible amounts of REEs, except Eu (Condie et al.
1995). In comparison to other REES, this specific behaviour for Eu is related to
the substitution of Eu?* by Ca®*, Sr** or Na* (Gromet and Silver 1983; Panahi et
al. 2000). Apatite from S-type granite is enriched in LREEs due to inclusions of
monazite (Figure 9, spectrum 90). This mineral seems to be the major source of
REEs in soils derived from S-type granites.

|
| View fleld: 27.6 ym Nw____4 Spm
SEM MAG: 7.91 kx ,Dﬂ(_m'dm: 0411516

Ce Lal Nd Lal P Kal

e St ) £ A & Ao 0
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Figure 9. Scanning electron microscope (SEM) image captured from apatite

with inclusion of monazite in S-type granite (a) and respective elemental
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composition by energy dispersive X-ray spectrum (EDS). (b) Cross-section of
apatite with inclusion of monazite: spectrum 90 (apatite plus monazite, Ca —
28%, P — 20%, Ce — 15%, Si — 11%, La — 7%, Nd — 5%, Al, K, Th — 4%, Pr —
2%), spectrum 91 (Monazite Ce — 35%, Nd — 19%, La — 15%, Si — 7%, Pr — 6%,
Sm — 5%, Al — 3%, K -2%, Ca, Cd - 1%), spectrum 92 (Apatite, Ca — 54%, P —
31%, Ce — 5%, Si, La, Nd — 3%, Al — 1%), spectrum 93 (Monazite, Ce — 33%,
Nd — 19%, La — 13%, Si — 9%, Sm, Gd — 7%, Pr — 6%, Al — 3%, K,Th — 2%) (b).
Semiquantitative Ce (c), Nd (d) and P (e) maps from a cross-section of apatite
with inclusion of monazite using scanning electron microscope with energy-

dispersive X-ray spectroscopy attached facilities (SEM-EDS).

4.2. Enrichment /depletion of REEs during granite weathering

The REE concentrations in soils were normalized to the UCC (Taylor and
McLennan 1985) to investigate distribution patterns. The REEs show large
variations compared to UCC (Figure 10). In general, soils derived from I- and S-
type granites are enriched (values are higher than unity) in LREES, mainly La,
Ce and Pr and depleted in HREES, except for Er of all environmental conditions
and solil types and Lu at the lower part of the weathering profiles originated from

I-type granites.
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Figure 10. Concentration of REEs in soils profiles derived from |- and S-type
granites in three climatic zones of Pernambuco State (Northeast Brazil) relative

to the concentration of the upper continental crust. UCC values used (Taylor
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and McLennan 1985) (mg kg) La: 30; Ce: 64; Pr: 7.1; Nd: 26; Sm: 4.5; Eu:
0.88; Gd: 3.8; Yb: 2.2; Lu: 0.32; Dy: 3.5; Er: 2.3; Ho: 0.8; Th: 0.64; Tm: 0.33; Y:
22; Sc: 11.

The LREEs were depleted from the upper layers of soils derived from I-
type granites and accumulated in the lower part (saprolites) of the profiles
(Figure 10). Soil profiles over S-type granites exihibited enrichement of La, Ce
and Pr not only in soil surface but also in the subsurface and depletion of Nd,
Sm and Eu, except for the upper part of soil profile in sub-humid zone were
observed (Figure 10).

The negative Ce anomalies in soils derived from |- and S-type granites,
ranging from 0.1 to 0.9 and 0.5 to 0.8 (Figure 10), respectively, reflect the
relative enrichment of La and Pr, being indicative of Ce depletion, mainly in
surface as also observed by Yusoff et al. (2013). Despite of the strong Ce
accumulation in saprolites developed over I-type granites, no positive Ce
anomalies have been observed as a result of high La and Pr enrichment.

Strong positive Eu anomalies were evidenced on soil surfaces derived
from I-type granites, with values reaching 6.1, 5.6 and 7.6 for humid, sub-humid
and dry zones, respectively, decreasing with depth (Figure 10). The deepest
soil layers (saprolites) exhibited only slightly positive Eu anomalies, with values
reaching 1.3 for humid, 1.1 for sub-humid and 1.4 for dry zone. This can be
explained by the higher depletion of Sm and Gd leading to accumulation in
saprolites as well as by their redox-sensitive. In other words, when Eu is
reduced to the divalent oxidation, it can partition into plagioclase and be
replaced by Sr**, leading to positive Eu anomalies in the feldspar (Aubert et al.
2001; Compton et al. 2003). In contrast, lower positive Eu anomalies were
observed in soils develop over S-type granites, ranging from 1.1 to 2.9, except
for the first four horizons located in the sub-humid zone that exhibited weak
negative Eu anomalies (0.8 to 0.9) (Figure 10).

The LREE/HREE fractionation based on La/Yby ratios in soils derived
from I-type granites ranged from 4.6 to 19.3 for the humid zone, 4.3 to 17.46 for
the sub-humid zone, except for saprolite with values reaching 115.6, and 2.7 to
6.8 for dry zone (Figure 10). On the other hand, La/Yby ratios in soils derived
from S-type granites ranged from 8.3 to 28.3, 7.4 to 50.8 and 12.8 to 24.4 for
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humid, sub-humid and dry zones, respectively (Figure 10). The REEs were
mobilized during granite weathering. It is clear that weathering processes
influenced the REE fractionation. With increasing intensity of chemical
weathering there is greater fractionation of REE. The higher La/Yby ratios from
dry to humid zones are a result of both LREEs accumulation and HREEs
depletion resulting from weathering.

4.3. Geochemical signatures of REEs: Climate vs. Parent material

Mobility and fractionation of REEs during weathering are widely
controlled by climate and the stability of primary REE minerals. Several studies
have demonstrated the influence of both factors. Weathering processes
commonly result in REEs depletion from the upper part of soil profiles and
accumulation in the lower parts (Aubert et al. 2001; Nesbitt and Markovics
1997). The different composition of primary minerals between I- and S-type
granites seems to produce different mobilization patterns of REEs during
weathering. Strong fractionation of REEs was observed in soils primarily
derived from I-type granites.

Weathering of silicate minerals are chiefly responsible for the formation
of clay minerals. The composition, mobilization and adsorption of REESs in soils
depend largely on the type of clay mineral formed (Galan et al. 2007;
Henderson 1984). Kaolinite, the most dominant clay mineral in soils derived
from granites, seems to be the most important adsorbent for REEs. Moreover,
kaolinite preferentially adsorbs LREE over HREE (Yusoff et al. 2013). Kaolinite
is most common in humid weathering environments, so its abundance in soils
decreases from humid to the dry climates. Conversely, illite abundance tends to
increase from soils in the humid to the dry zone. Vermiculite was detected only
in clay fraction of I-type located in dry zone (Figure 4c). These clay minerals are
enriched in LREEs (Laveuf and Cornu 2009). Goethite and gibbsite was found
only in soil derived from I- and S-type granites located in humid zone,
respectively (Figure 4d). These oxides also contain REEs (Palumbo et al.
2001).

Aiming to provide more insights into the factors controlling REE behavior

during weathering, we used the additional technique of factor analysis. Three
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factors with eigenvalues higher than a unit explained roughly 84 and 83% of the
REE distribution in I- and S-type granites, respectively (Table 6). For soils
derived from |- type granites the F1 was positively loaded for La, Ce, Pr, Nd,
Sm, Eu, Gd, Yb, Dy, Er, Y, and Sc (0.68-0.98); F2 positively loaded for Lu, clay,
silt, Fe, and CIA (0.85-0.96) and negatively loaded for sand (-0.98) and pH (-
0.60), and F3 showed high loading of CEC (0.80). For soils derived from S-type
granites F1 was positively loaded on La, Ce, Pr, Nd, Sm, Eu, Gd, and Er (0.81-
0.97); F2 positively and negatively loaded on Lu, clay, silt, Fe, and CIA (0.85-
0.94) and Dy, Y, sand and pH (-0.92 to -0.64), respectively, and F3 exhibited
negative loadings for TOC (-0.89) and CEC (-0.94).

Table 6. Factors controlling REEs behavior during weathering process in three
climatic zones of Pernambuco, Brazil

| type granites S type granites
F1 F2 F3 F1 F2 F3
La 0,77 021 0,42 0,97 0,03 0,04
Ce 0,68 0,27 0,58 0,95 -0,06 0,06
Pr 0,74 0,23 0,57 0,96 -0,17 0,09
Nd 0,94 0,08 0,07 0,96 -0,18 0,03
Sm 0,92 0,07 0,35 0,93 -0,31 0,07
Eu 098 -0,01 0,15 0,81 -0,35 0,24
Gd 096 -0,12 0,20 0,83 -0,33 0,20
Yb 0,97 0,00 -0,06 0,42 0,27 0,30
Lu 0,36 0,85 0,14 0,15 0,85 0,12
Dy 095 -022 0,11 0,41 -0,86 0,20
Er 0,84 0,07 0,33 0,81 0,04 -0,08
Y 0,96 -0,24 0,04 0,59 -0,70 0,16
Sc 0,84 0,16 -0,27 0,46 0,44 0,20
Clay -0,01 09 -0,01 -0,30 0,89 -0,21
Silt -0,16 094 -0,02 -0,26 0,91 -0,02
Sand 0,0 -0,98 0,02 0,29 -0,92 0,10
TOC -0,25 -0,30 0,00 -0,16 0,13 -0,89
pH -0,11 -0,59 -0,36 -0,44 -0,64 0,02
CEC 0,25 -0,22 0,80 -0,06 0,24 -0,94
Fe -0,06 0,87 -0,09 -0,23 0,93 -0,05
CIA 0,00 0,95 0,05 0,12 0,94 -0,22
Eigenvalue 10,40 5,95 1,39 10,26 5,49 1,78
EV (%) 4955 28,34 6,62 48,85 26,15 8,48
Cumulative(%) 4955 77,89 84,51 48,85 75,00 83,48

The LREEs in soils derived from I-type granites tend to be concentrated
in the deeper layers as shown by F1 (Table 6) and Table 4; also, HREEs
showed a slight enrichment. As might be expected, the highest degree of
LREEs depletion is related to the highest concentrations of minerals that

dissolve easily, such as allanite and apatite, titanite (Ma et al. 2011; Yusoff et
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al. 2013). These results suggest that LREEs represented by F1 were
predominantely derived from primary minerals. Not suprisingly, sand and pH
were inversely correlated with CIA and Fe. In other words, the higher the quartz
concentrations (Table 3) the higher the dilution effect in REE and trace element
concentrations (Hardy and Cornu 2006). As seen from F3 (Table 6), the TOC
and CEC did not influence REE geochemistry during granite weathering. For
soils derived from S-type granites, the F1 (Table 6) also showed high positive
loads for LREEs not because subsurface accumulation but due to surface
enrichment. It might be related to the lowest concentrations of easily
weatherable minerals (Table 3). The high geochemical association of HREEs
(e.g. Lu, Dy, Y) with Fe-oxyhydroxides, clay concentration might be related to
preferential adsorption of the HREEs to pedogenic minerals, (Brioschi et al.
2013; Laveuf and Cornu 2009; Pédrot et al. 2015).

4.4. REEs as indicator of weathering intensity

Despite of the behavior of REEs during weathering has been extensively
studied (Condie et al. 1995; Ma et al. 2011; Mihajlovic et al. 2014; Panahi
2000), the question of whether REE mobility and fractionation may be used as a
proxy of the degree of weathering remains debatable (Ma et al. 2007; Malpas et
al. 2001;). Specifically, when it comes to the weathering of different granites
(Yusoff et al. 2013).

To shed more light on this issue, we compared the fractionation patterns
with the degree of weathering, using the chemical index of alteration (CIA)
(Nesbitt and Young 1982) - a general indicator of the degree of chemical
weathering of felsic rocks (Sanematsu et al. 2015). The weathering degree of |-
and S-type granites (Tables 1, 2) as well as the LREE/HREE ratios (Table 4)
varied systematically with contrasting climates. Overall, the weathering intensity
and the LREE/HREE ratios decreased in the following order: humid zone > sub-
humid zone > dry zone. The CIA in humid zones was higher than 90%. These
findings demonstrate leaching effects, loss of cations, and predominance of
kaolinite in the mineral assemblage (Rasmussen et al. 2010). These results are
well related to the clay mineralogy composition in each soil profile, which

exhibited dominance of monosialitization process in this climatic zone (Figure
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4a and 4d). The positive correlation of CIA values with high LREE/HREE ratios
(r=0.3; n=48; p < 0.0001) suggests that LREE/HREE ratios are good indicators

of the degree of granite weathering.
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5. Conclusions

This study explores the effects of mineralogy and geochemistry of I- and
S-type granites, their derived soils, and the rare earth elements (REES)
distribution in rocks and soils across a climosequence from semiarid to tropical
settings. S-type granites are characterized by higher silicate contents, whereas
I-type granites show higher proportion of mafic and accessory minerals: allanite,
titanite, apatite, amphibole and opaque minerals. Bastnaesite and monazite
seems to the major sources of REEs in soils derived from I- and S-type
granites, respectively. According to the high La/Yby and LREE/HREE ratios,
weathering processes showed significant correlation on REE fractionation in
soils derived from both granite types. The higher LREE/HREE fractionation in
soils in the humid zone is explained by the dominance of kaolinites that have
preferentially retained LREEs over HREES. In general, both granite types show
a similar REE signature, with an enrichement of LREEs over HREES, a negative
Ce-anomaly and positive Eu anomaly. The highest CIA values are related to the
highest LREE/HREE ratios and suggest that LREE/HREE fractionation is a
good indicator of the degree of granite weathering. The differences in the
composition of primary minerals between I- and S-type granites, as well as in
the degree of weathering resulted in different mobilization of REEs during
granite weathering. Thus, both climate and parent material composition are key

factors for the understanding of REE mobility during weathering.
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Effect of I- and S-type granite parent material mineralogy and
geochemistry on soil fertility: a multivariate statistical and gis-based

approach

Abstract

This study provides new insights into the effects of parent material on inherent
soil fertility. We describe the mineralogy and geochemistry of I- and S-type
granites and their effect on soil fertility under similar environmental conditions in
the Borborema Province, NE Brazil using standard mineralogical, geochemical
and soil analysis as well as multivariate analysis and geographic information
system approaches. We hypothesized that soils derived from I-type granites will
derive higher natural fertility than those derived from S-type granites. The
mineralogy and chemistry of two different granitic parent materials have a
profound effect on soil fertility. S-type and I-type granites have different
mineralogical compositions whereby S-type granites have higher concentrations
of silica and I-type granites contain larger concentration of mafic and accessory
minerals, mainly amphibole and apatite. Geophysical field measurements show
different magnetic susceptibilities, whereby I-type granites have substantial
higher magnetic properties than S-type granites. Soils derived from I-type
granites have higher natural fertility than soils derived from S-type granites. The
application of principal component, cluster and discriminant analysis (95%
accuracy) were effective tools to discriminate soils developed from different
granites. Spatial distribution maps are suitable soil fertility management tools to
guide and support soil fertility management decisions for improved soil and crop
specific fertilization. These finding have wider implications in large parts of the
tropics (S-America, sub-Saharan Africa, India, SE and East Asia, Australia)
which are underlain by igneous and metamorphic rock types including S- and I-
type granites and where effective management tools are needed to increase
nutrient use efficiencies for increased productivity of food, fodder and energy

crops.

Keywords: Granite; parent material; mineralogy; geochemistry of soils; inherent

soil fertility.
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1. Introduction

Parent material is one of the five major factors that influence soil formation
and is regarded the initial state of the soil system (Jenny, 1941). The
mineralogical and chemical nature of the parent material plays a major role on
soil fertility (Van Straaten, 2007). Granitic rocks are abundant in the Earth's
upper continental crust underlying large expanses of agricultural land in the
tropics and in areas with temperate climates. In Pernambuco State alone,
granites cover approximately 1/3 of the whole land area (Brazil, 2001).
However, granites are generally regarded as nutrient poor parent materials in
the formation of soils, although they differ widely in chemical and mineralogical
compositions. Chappell and White (1974, 2001) simplified the classification of
granites into I- and S-type granites. This classification, along with the use of A-
type granites is widely used (Foden et al., 2015; Guan et al., 2014; Guani et al.,
2013; Litvinovsky et al., 2015; Vilalva et al., 2016; Wang et al., 2014; Wang et
al., 2015; Zhao et al., 2008).

In general, the S- and I-type granites are derived from melting of meta-
sedimentary sources and melt products of meta-igneous source rocks,
respectively (Chappell and White, 1984; Chappell et al., 2012). The genesis
and geochemical signature of I- and S-type granites has been widely studied
(Almeida et al., 2007; Antunes et al., 2008; Antunes et al., 2009; Chappell and
White, 1974, 2001; Chappel et al., 2012; Clemens, 2003; Foden et al., 2015;
Guan et al., 2014; Guani et al., 2013). So far however, no attempts have been
made to study the specific influence of the mineralogy and geochemistry of |-
and S-type granites on soll fertility.

One of the most effective tools to study environmental and agricultural
issues is the use of multivariate statistical techniques (Chen et al., 2008; Gielar
et al., 2012; Templ et al.,, 2008). Principal component analysis (PCA) and
cluster analysis (CA) have been used for multivariate analysis in soil science
(Franco-Uria et al., 2009; Li et al., 2009; Silva et al., 2015) and have been
mainly applied for source identification. The use of integrated methods such as
multivariate statistical techniques and GIS approaches (Facchinelli et al., 2001,
Li et al., 2004; Manta et al., 2002; Mico et al., 2006; Sun et al., 2013; Thuong et
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al., 2013; Varol, 2011) have rarely been used as tool to identify natural soil
fertility derived from different parent material.

The objectives of this study were: (i) to describe the petrography and
mineralogy of I- and S-type granites of the Borborema Province, Pernambuco
State, Northeast Brazil; (ii) to address the effect of I- and S-type granites on soil
fertility using geochemical and mineralogical methodologies supported by
multivariate analyses as well as geographic information system (GIS) mapping

techniques.

2. Materials and methods

2.1.Site setting and sampling

The study was carried out in the Borborema Province, Pernambuco State,
northeastern Brazil. Geologically speaking the Borborema Province is the
western part of a major Late Neoproterozoic mobile belt (Brasiliano-Pan-
African) that extends from Brazil into Africa in pre-drift reconstructions (Van
Schmus et al., 2008). Petrographic and geochemical details of Borborema
Province can be found in a number of previous studies (Cruz et al., 2014; Da
Silva Filho et al., 2014; Ferreira et al., 1998; Santos and Medeiros, 1999).

For this study, two geological granite zones were selected in eastern
Pernambuco State (Figure 1). Soil sampling along two transects (A and B) was
carried out in areas with minimal anthropogenic disruption and similar climatic
conditions. A total of 15 sites each were selected from the two transects with
site intervals varying from 500 m to 1 km. Slight variations in these sampling
distances were necessitated by absence of native vegetation or presence of
other rock types at the sampling site. Composite soil samples consisting of
three subsamples were taken from the sampling sites at 0—20 and 20-40 cm
depths.

The A-transect is characterized by soils derived from S-type granites and
cover an area from 08°41°03.5” to 08°39'56.4”S and 036°18'37.7” to
036°05’49.3"W, between 609 and 764 m elevation with gentle slope
morphologies. The B-transect encompassed soils developed over I-type

granites (08°42°15.7” to 08°37°48.2”S and 036°01°33.0” to 036°00°46.9”N)
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between 450 and 693 m elevation with relatively steep slope morphologies.
Soils derived from I- and S-type granites are classified as Eutric Regosols and
Dystric Regosols, respectively (IUSS Working Group WRB, 2014). (IUSS
Working Group WRB, 2014).

The climate, according to the Koppen classification (Koppen, 1931), is
semiarid (Bsh). It is characterized by average air temperature of approximately
24 °C, annual rainfall ranges from 800 to 1,000 mm. The study area is located
on the Borborema Plateau (400-800 m). The vegetation is composed of semi-
deciduous tropical forest and dry deciduous forest (Caatinga), the unique biome
that is exclusively Brazilian and one of the sites most vulnerable to
desertification (Souza et al., 2012). They are thorny brushes that inhabit in arid
and semiarid regions of Northeast Brazil. This vegetation type occupies

approximately 5/6 of Pernambuco’s surface area (Araujo Filho et al., 2000).

A A-transect

Brazil

Pernambuco State

Figure 1. Distribution of soil sampling location over I- and S-type granites from

the Borborema Province, Pernambuco State, northeastern Brazil.

2.2.Granite analysis

The |- and S-type granites and their modal mineral compositions were
determined from fresh rock samples which were collected from each transect.
The mineralogical identification was made from polished thin sections according

to Murphy (1986) using a petrographic microscope.
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The major-element oxides (SiO,, TiO,, Al,O3, Fe 03, MgO, CaO, MnO,
Na,O, K,0, and P,0s) of whole-rock samples were determined by with X-ray
fluorescence (XRF) spectrometry (S8 Tiger model-1KW). Loss on ignition was
determined at 1000 °C. The two granite types were also analyzed for their
magnetic properties, suing a handheld magnetic susceptibility meter (KT-10,
Terraplus).

After optic microscope observation, granite samples were coated with a
20 nm gold layer (model Q150R - Quorum Technologie). Fine-grained minerals
and their textures were observed using a TESCAN (model: VEGA-3 LMU) field
emission SEM at an accelerating voltage of 15 kV. Afterwards, the energy
dispersive X-ray spectrum (EDS; Oxford Instrument, model: 51-AD0007)
coupled with SEM were used to analyze the semiquantitative characteristics of

the mineral compositions.

2.3. Soil analysis

The particle size distribution was obtained according to Gee and Or
(2002), using Calgon as chemical dispersant. All samples were pre-treated by
hydrogen peroxide (H,0O,) to eliminate organic matter. Soil pH was measured in
distilled water (1:2.5 soil:solution ratio). Potassium, Na, P, Co, Cu, Fe, Mn, Mo,
Ni and Zn were extracted using Mehlich-1 procedures (1:10 soil:solution ratio).
Calcium, Mg and Al were extracted with 1 mol L™ KCI (1:10 soil:solution ratio).
All elements were determined by optical emission spectrometry (ICP-
OES/Optima 7000, Perkin Elmer). Then, the sum of the bases, cation exchange
capacity and aluminum saturation percentage were calculated. Potential acidity
(H" + AI**) was determined by calcium acetate method (0.5 mol L™, pH 7.0),
and total organic carbon (TOC) according to Yeomans and Bremner (1988).

X-ray diffraction (XRD) was performed on the clay fraction (< 2 uym) -
separated using standard sedimentation procedures - of the topsoil horizon
using a Shimadzu 7000 diffractometer fitted with a graphite monochromator set
to select Cu Ka radiation (30mA/40 kV). The measurement range was 3° to 35°
(20), with steps of 0.02°20 at 1.2 s/step, except for treatment with ethylene
glycol solvation (3-15°28). Prior to analysis, the clay was submitted to the

following standard treatments: organic matter elimination (15% H,0O,) and iron
166



oxides elimination (dithionite-citrate-bicarbonate method).

Clays were oriented on glass slides with the following standard
treatments: Mg saturation (MgCl, — 1 mol L™), Mg saturation/glycerol solvation,
K saturation (KCl — 1 mol L), and heat treatment of K-saturated samples,
during three hours at 350 and 550 °C (Whittig and Allardice, 1986). Clay
mineral identification was based on criteria described by Brown and Brindley
(1980); Jackson (1975); Moore and Reynolds (1997). The major-element oxides
were determined by pressed pellet with X-ray fluorescence (XRF) spectrometry

(S8 Tiger model-1KW). Loss on ignition was determined at 1000 °C.

2.4.Quality assurance and quality control

Optical emission spectrometry analysis was performed only when the
coefficient of determination (r’) of the calibration curve was higher than 0.99.
Analytical data quality and standard operation procedures such as curve
recalibration, analyses of blanks were performed. Calibration was carried out
every ten samples. Whenever more than 10% deviation was observed, the
equipment was calibrated and samples analyzed again. All analyses were
carried out in duplicate. The accuracy of the geochemical data by XRF was
assessed according to international geochemical standards (SRM 2709, San
Joaquin soil). The recovery rates of major element (%) appeared in the
following decreasing order: P (126) > Al (106) > Ca (105) > Ti 101) > Fe (100) >
K (98) > Mg (96) > Si (89) > Mn (81) > Na (72). These results were considered

to be satisfactory and reflect the quality of the XRF measurement.

2.5. Statistical and geographic information system

Results were assessed by descriptive and multivariate statistical analyses.
Normality tests of the raw and transformed data were performed using
STATISTICA 10 software. Principal component analysis (PCA) was used to
select the key variables responsible for distinguishing the granite types. To
extract the significant principal components while diminishing the contribution of
variables with little importance, we employed Varimax rotation (Kaiser, 1958).

We used the Kaiser method for choosing the appropriate number of factors
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(only factors with eigenvalues > 1 were selected).

To classify soil samples into groups with similar soil fertility characteristics,
cluster analysis were carried out according to the method of Ward (Ward, 1963)
and Euclidean distance as a measure of similarity. Moreover, discriminant
analysis was carried out to verify the representative characteristics of the
groups and to understand how a combination of variables can be used to
predict S- and I-type granites occurrences and subsequently contribute to soil
fertility assessments.

Spatial variability analysis of the essential elements was performed by GIS
through the deterministic interpolation techniques - based on the extent of
similarity (Inverse Distance Weighted - IDW). All maps were produced using
ArcGIS 10.2 software.

3. Results and discussion

3.1.Mineralogy of S- and I-type granites

S-type granites are light grey, slightly foliated granites with fine to medium
crystal size. They are mainly composed of quartz, feldspar, biotite and
muscovite/serizite evenly distributed (Figure 2a). They do not contain magnetic
minerals. The mineralogical composition of S-type granites is as follows:
microcline (30%) > quartz (26%) > plagioclase (Albite - 22%) > biotite (12%) >
orthoclase (7%) > sericite / muscovite (3%) > opaque minerals (< 1%) > allanite
(< 1%) (Figure 2b). Small amounts of biotite are changing composition to
chlorite, with small inclusions of radioactive allanite (Figure 2c) that is
responsible for the spot formations in biotites. The plagioclases are sericitized
usually forming lamellae of muscovite/sericite. K-feldspars are found as
microcline (chess-board type and cross-hatch twinning) (Figure 2d) and
orthoclase (simple twinning). The presence of flame perthites is a result of albite

lamellae exsolution of the K-feldspar (Figure 2e).
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Figure 2. (a) Macrophotograph (b) and microphotographs of a typical S-type

granite, (c) inclusion of allanite in biotite, (d) microcline, (e) flame perthites, (f)
opaque mineral. Bt — Biotite; Qz — Quartz; Micr — Microcline; Ort — Orthoclase;
Pl — Plagioclase; Ms — Muscovite; Alb — Albite.
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Field measurements of fresh S-type granites with the hand-held magnetic
susceptibility meter reveal only very low magnetic susceptibility (0.01- 0.02 x
103 SI).

In contrast to the S-type granites, I-type granites have inequigranular,
commonly porphyritic texture, with medium to coarse K-feldspars, small
amounts of gray quartz and black mafic minerals, commonly biotite (Figure 2b).
I-type granites are slightly magnetic due to magnetic minerals (i.e. magnetite).

The mineralogical composition of I-type granites follows the order:
Microcline (55%) > plagioclase (12%) > biotite (11%) > quartz (7%) > amphibole
(4%) > opaque minerals (4%) > apatite (2%) > allanite (2%) > titanite (2%) >
orthoclase (< 1%) > chlorite (< 1%) (Figure 3b). I-type granites clearly exhibit
higher proportions of accessory minerals (Figure 2f) than S-type granites
(Figure 3c). Biotites are in the early alteration stage to chlorite. Feldspars are
slightly altered to sericites. The K-feldspar crystals occur with cross-twinning,
simple twinning and exsolution (perthites). These occur in forms of small
lamellae. The phosphate mineral apatite occurs in small crystals and is

commonly associated with mafic minerals (Figure 3d). Apatite inclusions are

common in biotite of I-type granites (Chappell and White, 2001).
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Figure 3. (a) Macro-photograph and (b) Micro-photographs of a typical I-type

granite. (c) Mafic phase minerals (d) Apatites associated with mafic minerals.
(e) Titanite, apatite and opaque mineral phases, (f) Typical section, overview. Bt
— Biotite; Qz — Quartz; Pl — Plagioclase; Ms — Muscovite; Kfs - K-feldspar; Ep -
Epidote.

Field measurements of fresh I-type granites with the hand-held magnetic
susceptibility meter show elevated magnetic susceptibility (3-20 x 10 SI),
likely caused by mafic minerals present in this type of granite. The magnetic

susceptibility data are consistent with the findings of Ferreira et al. (1998).

3.2.Geochemistry of I- and S-type granites and corresponding topsoils

Differences observed in the mineralogical properties of |- and S-type
granites (Figures 2, 3) explain their distinct chemical compositions in rocks and

topsoils (Table 1). Chemically, the S-type granite contains large amounts of

171



SiO; (75%), typical for S-types (Chappell and White, 1984). Sodium had a
relatively higher concentrations in I-type granites (Na,O > 3.2%) then in S-type
granites (Na,O < 3.2%). Both granites contain approximately 5% of K,O in
accordance with the chemical properties of both granite types described by
Chappell and White (1974).

Table 1. Total chemical composition of I- and S-type granites and topsoils

overlying both granite types in sub-humid zone of Pernambuco State, Brazil

SIOZ A|203 Fe;,O; MnO MgO Ca0 Na,O K,O T|02 P>0Os5

Granites (%)

I-type 63.59 168 579 0.06 12 278 364 476 117 047
S-type 75.67 150 141 001 04 072 260 550 0.19 0.11
Topsoils (%)

I-type 54.08 889 176 0.02 025 045 031 3.86 1.02 0.11
S-type 71.10 6.22 0.71 0.00 0.06 0.08 0.19 1.60 0.36 0.06

I-type granites exhibited higher CaO, Na,O, Fe;O3, MnO, MgO, P,0s
contents compared to S-types. CaO and Na,O contents in S-types are likely lost
in solution when feldspars are weathered to clay minerals (Chappell and White,
2001). The slightly higher K,O content in S-type granites in comparison to I-type
granites is likely related to the incorporation of K into clay minerals during
chemical weathering (Chappell and White, 2001). Thus higher K,O/Na,O ratio
are usually observed in S-type granites. The sum of Na,O + K,O + CaO is
higher in I-type granites than in S-type granites.

The presence of titanite (Figure 3e) associated with high contents of Fe,0O3
(Table 2), in I-type granite, suggests that the last crystallization was from a
relatively oxidized magma (Guani et al., 2013). The higher CaO, MgO, Fe,03
and MnO contents in I-type granites (Table 1) are related to the larger
proportion of accessory minerals, such as apatite, magnetite, zircon and mafic
minerals (Figure 4). The P,Os content four times greater in soils developed over
I-type granites is explained by the presence of apatite (Figure 4a, spectrum 20).
It can be concluded that the geochemistry of the topsoil samples largely reflect

the composition of the underlying granite type.

172



Spectriim 30
+ v

Spectrum 20
+
Spectrum 21
4+

100 pm T 250 um

Figure 4. Scanning electron microscope (SEM) image captured from I-type
granites and their respective elemental composition by energy dispersive X-ray
spectrum (EDS). (a) Chemical composition of apatite (Spectrum 20: Ca — 67%,
P —29%, Fe — 1%, Si — 1%, Al — 1% K — 1%), magnetite (Spectrum 21: Fe —
98%, Si, Al, Ca — 1%), and zircon (Spectrum 22: Zr — 78%, Si — 20%, Fe — 2%).
(b) Chemical composition of magnetite: spectrum 28 (Fe — 98%, Si, Al — 1%)
and spectrum 29 (Fe — 98%, Si, Al — 1%); and biotite (Spectrum 30 Si — 33%,
Fe — 25%, Al — 16%, K — 13%, Mg 11%, Ti — 2%).

In general, the mineralogical assembly of the clay fractions of the topsoils
overlying both S- and I- type granites are similar. They are composed of mica,
illite, kaolinite and quartz (Figures 5a, 5b). However, there is a clear distinction
between two samples in terms of mica. Soils formed over I-type granite
exhibited biotite in clay fraction. It was identified by the relative peak intensity at
plane 002 (0.5 nm) — much less than half the intensity of the diffraction peak in
the plane 001 (1.0 nm), this is characteristic of trioctaedral mica (biotite). On the
other hand, soils originated from S-type granites showed muscovite in clay
fraction, identified by the half of relative peak intensity at plane 002 (0.5 nm)
compared to the intensity of the diffraction peak in the plan 001 (1.0 nm), which
is typic of dioctahedral mica (muscovite) (Moore and Reynolds, 1997). These
results are very well related to the mineralogical composition of each granite

(Figures 2, 3), as well as to the lithology and sub-humid climate conditions
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where these soils are being formed.

Kaolinite occurs at 0.71 and 0.35 nm spacings in the reflections 001 and
002. In addition, the absence of the kaolinite peak when subjected to heat
treatment of 550° C confirms the presence of this clay mineral. Quartz occurs at
0.42 and 0.33 nm in 001 reflection, while the peaks of 1.01 and 0.5 nm,

persistent across all treatments, are characteristic of illite.
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Figure 5. Representative X-ray diffraction patterns (Cu Ka-radiation) obtained
from the two soil types: (a) Topsoil derived from I-type granite, (b) Topsoil
derived from S-type granite. II: illite; Ka: kaolinite. Qz: quartz; Mg gly: Mg

glyconated.

3.3.Physico-chemical properties and soil fertility

In the study area, the particle size distribution in soils reflects the
underlying granite composition. Soils originated from S-type granites showed
the highest concentration of sand size particles, ranging from 78 to 89% and 76
to 87% for surface (0-20 cm) and subsurface (20-40 cm) horizons, respectively.
Conversely, soils derived from I-type granites exhibited higher silt contents,
ranging from 24 to 35% and 25 to 32% for surface (0-20 cm) and subsurface
(20-40 cm) horizons, respectively (Table 2).

Clay contents were slightly greater in soils developed from I-type granites.
These results can be explained by contrasting mineral composition of the

parent rocks. Thus, the higher percentages of weathering resistant minerals in
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the S-type granites (i.e. quartz and muscovite) have likely hindered higher
weathering rates. In contrast, the higher proportion of easily weathereable
minerals in I-type granites favored the genesis of soils with higher silt and clay
contents.

In terms of the soil pH, soils formed from I-type granites exhibited lower
acidity (pH 5.2), higher base saturation (BS > 50%), lower Al saturation values
(< 50%) and higher CEC (5.2 cmol; kg™) than soils developed over S-type
granites. As expected, the organic matter contents were always higher in
surface horizons (Table 2).

The higher organic matter accumulation in soils derived from I-type
granites than those developed from S-types are probably related to the larger
surface area in soils developed over I-type granites, which promote higher
stabilization of soil organic carbon than sandy soils, forming stable organo-
mineral complexes (Six et al. 2002). In addition, the higher CEC in soils over |-
type granites would also favor a more intimate interaction between the organic
and mineral fractions and, thus, further promote soil carbon protection
(Lehmann and Kleber, 2015). Thus, soil developed from I-type granites can play
a more important role in ecosystems services such as agriculture production,
carbon sequestration and mitigation of soil degradation than soils originating
from S-types granites.

The soil analyses showed that most nutrient element concentrations in
soils overlying I-type granites are higher than in soils overlying S-type granites.
These results can be explained by the higher proportions of mafic, opaque and
accessory minerals that, upon weathering, would release more nutrients for
plants. The greatest difference in extractable concentrations of nutrient
elements in I-type granites compared to S-type granites are found in the
following order: Co > Ni >Ca >P > Mg > Mn > Fe > K > Zn > Cu > Al > Mo >
Na (Table 2). Differences observed in the mineralogical and geochemical
properties of I- and S-type granites (Figures 2, 3) explain their distinct soll
fertility differences. Imbalances among Ca and Mg (low Ca/Mg ratio) in both soil
types may lead to Ca deficiencies. Liming materials (calcite — CaCQO3) can be

used to reverse this trend on agricultural land (Van Straaten, 2007).
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Despite being moderately acidic and show low water retention capacity,
regosols are widely used for crop production owing to its favorable topographic
conditions (gently sloping sites) and easy management in this region (Brazil,
2000). The major agricultural uses of these soils are corn, beans, palm,
cassava and cotton productions (Brazil, 2000). Our results have wide
application to improve the soil management for these crops.

Using the criteria for soil fertilizer recommendations for the State of
Pernambuco (IPA, 2008), the inherent natural soil fertility of the regosols
developed from S-type granites is very low. In contrast, those for regosols
derived from I-type granites are moderate. The results of the soil analyses over
different granite parent materials have practical management implications. Soils
derived from S-type granites need to receive large amounts of mineral fertilizers
to support crop development and management, while soils derived from I-type
granites need only modest fertilizer inputs. For instance, soils developed from
S-types are recommended to receive 60 kg ha™ of P in order to grow beans and
corn, the most cultivated crops in this region. On the other hand, soils derived
from I-type granites demand less than a half of that rate to cultivate the same
crops. In addition, liming requirement for soils derived from S-type granites
should be twofold higher than those originating from I-type granites (IPA, 2008).

These results can be used to develop general fertilizer recommendations
making better use of fertilizer-based nutrient resources not only to the study
area but also to soils worldwide developed under similar geological
backgrounds, such as Australia (Chappell et al. 2012; Foden et al. 2015), China
(Zhao et al.2008; Guan et al. 2014), Saudi Arabia (Robinson et al. 2015), Spain
(Canosa et al. 2012), Brazil (Almeida et al. 2007), so long as all other soil-

forming factors are also considered.
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Table 2. Mean, maximum and minimum nutrient concentrations, and standard
deviation of selected chemical and physical characteristics of soils derived from

I- and S-type granites in sub-humid zone of Pernambuco, Brazil

I-type granite S-type granite
Depth (cm) Mean Max?® Min® Stand Dev® Mean Max Min Stand Dev
---------------------------------- mg kg™
pH 0-20 52 6.0 4.0 0.5 49 50 4.0 0.6
(Hz0) 20-40 52 6.0 4.0 0.5 49 50 4.0 0.2
Ca 0-20 03 05 0.1 0.1 0.1 0.1 0.0 0.0
(cmolckg™)  20-40 02 05 01 0.1 0.1 01 0.0 0.0
Mg 0-20 1.4 43 05 0.8 03 07 0.1 0.2
(cmolckg™  20-40 1.7 47 05 1.0 03 0.7 0.1 0.0
K 0-20 02 04 01 0.1 0.1 02 0.0 0.0
(cmolckg™)  20-40 0.2 06 0.07 0.1 0.1 02 0.0 0.0
P 0-20 146 68 0.8 10 29 9.7 08 1.7
(mg kg™) 20-40 195 84 1.4 17 3.0 50 0.9 1.3
Na 0-20 04 11 02 0.1 04 07 0.2 0.1
(cmolckg™)  20-40 04 10 0.2 0.2 04 07 0.2 0.1
Al 0-20 05 1.0 0.0 0.3 04 08 0.0 0.2
(cmolckg™)  20-40 05 14 01 0.3 04 07 0.0 0.2
Fe 0-20 83 217 15 6.7 42 124 75 20
(mg kg™) 20-40 71 145 11 44 37 70 7.7 14
Mn 0-20 11 34 22 5.3 3.2 88 0.7 1.9
(mg kg™) 20-40 10 21 1.8 4.3 41 88 1.2 2.4
Zn 0-20 16 28 0.9 0.5 1.0 19 07 0.3
(mg kg™) 20-40 16 20 1.1 0.3 1.0 16 06 0.2
Cu 0-20 02 05 0.0 0.1 0.1 0.6 0.0 0.1
(mg kg™) 20-40 02 04 00 0.1 0.1 06 0.1 0.1
Ni 0-20 02 06 01 0.1 0.04 0.2 0.0 0.0
(mg kg™) 20-40 03 06 0.1 0.1 0.04 02 0.0 0.02
Co 0-20 02 05 0.0 0.1 001 01 0.0 0.0
(mg kg™) 20-40 02 06 00 0.1 001 01 00  0.02
Mo 0-20 0.01 0.01 0.0 0.0 00 00 0.0 0.0
(mg kg™) 20-40 0.0l 0.02 0.0 0.01 00 0.0 0.0 0.0
CECY 0-20 52 95 27 1.9 26 4.4 1.3 0.5
(cmolc kg?)  20-40 42 88 26 0.8 29 42 1.2 0.4
BS® 0-20 54 68 42 5.4 37 41 21 6.6
(%) 20-40 58 71 44 6.5 32 39 22 5.7
Al sat'. 0-20 19 53 0.0 14 33 81 0.0 19
(%) 20-40 23 61 15 12 34 77 0.0 17
TOC? 0-20 23.7 487 9.4 9.8 58 87 2.1 0.9
(9 kg™) 20-40 54 212 35 8.5 33 6.9 17 0.8
Clay 0-20 60 110 30 8.1 50 80 30 11.5
(g kg?) 20-40 70 130 40 7.4 60 90 30 10.3
Silt 0-20 284 315 241 18.1 95 137 72 22
(g kg™ 20-40 277 328 253 20.6 126 142 94 24.7
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Sand 0-20 656 737 575 237 855 898 783  26.4
(9 kg™ 20-40 653 719 542 21.1 814 876 768  23.3

2 Maximun; ° Minimum; © Standard deviation; ¢ Cation Exchange capacity; ® Base saturation; '
Aluminum saturation; ° Total organic carbon.

In order to provide further information regarding the fertility status of
granite-derived soils, multivariate statistical techniques (PCA, CA and DA) and
a GIS approach were used. Due to the high similarity of soil fertility values

between the two depths, only the data from the topsoil horizon were used.

3.4.Multivariate statistical analyses

Using PCA we select the key variables that explain the differences in soil
fertility according to the granite type. The selection was carried out based on
strong positive correlation among the variables and their multivariate normal
distribution. Variables with poor correlations were eliminated. Following the
criteria of eigenvalues greater than 1, two independent extracted factors
explained 81% of the total variance among soils over granites of different
compositions. Both factors show that Mg, Ca, Ni, Co, P, Zn, and Mn are best
suited to differentiate between the soil fertilities derived from the underlying I-
and S-type granites.

The first PC (eigenvalue = 4.7) was responsible for 68% of the total
variance between the two soils over different types of granites and was best
represented by Mg (0.83), Ca (0.68), Ni (0.67), Co (0.65) and P (0.57). In
addition, 12.9% of the total variance was explained by PC 2 (eigenvalue = 1.04)
with Zn (0.77) and Mn (0.69) providing the most contributions. These
components allow for distinguishing the soil fertility owing to the higher
proportion of accessory minerals found in I-type granite.

The results of cluster analysis confirmed those of PCA (Figure 6). Cluster
1 and 2 were entirely formed by soils developed over I- and S-type granites,
respectively; cluster 3 comprises soils predominantly derived from I-type
granites, excepted for two soil samples derived from S-type granites. Cluster 1
and 3 showed higher Mg, Ca, Ni, Co, P, Zn, and Mn concentrations in
comparison to cluster 2. This finding was also supported by the petrography

and geochemistry of the two types of granites — a greater presence of

178



accessory minerals in the I-type granite (Figures 3c, d, e) and higher
concentrations of nutrient elements in their chemical composition (Table 1).
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Figure 6. Cluster analyses of soils derived from |- and S-type granites in similar

climatic zone of Pernambuco State, Northeast Brazil.

The use of combined tools provide a greater insight to discriminate soils
developed from different granites. To confirm the misclassification of two sail
samples, we used the additional technique of discriminant analysis (Figure 7)
that showed no reclassification error for cluster 1 and 2 (left to right from Figure
6), but 15% for the cluster 3 (i.e. two samples). The statistically significant
results also show a high percentage of correct classification, ranging from 85%
to 100%. The Wilks’ lambda statistics confirm that the differences among the
soils overlying different granite types is significant at P = 0.05. In fact, both
misclassified samples were located at transition zone between the |- and S-type
granites; also these samples are far from their centroid (group mean) in group
B, showing the dimensions along which both samples may differ in relation to

soils derived from I-type granites (Figure 7).

179



e A B e(C OCentroids

F2 (3.67 %)

6 L
F1 (96.33 %)

Figure 7. Discriminant analysis of the groups formed in cluster analysis.

The following canonical discriminant functions: D1 = -0.082Ca + 0.54Mg +
0.36P -0.31Mn -0.83Co -0.92Ni -0.74Zn and D2 = -0.99Ca + 0.35Mg -1.03P -
0.01Mn + 1.63Co -0.62Ni -0.22Zn can be used to discriminate other soils
derived from |- and S-type granites within the same region or under similar
encountered conditions. The first function provides the best discrimination
between soils derived from |- and S-type granites (96%). These methods show
that both discriminant functions can correctly classify soils derived from |- and

S-type granites.

3.5. Spatial distribution patterns of soil fertility

The GIS mapping technique was used to outline the spatial distribution of
seven essential elements (Mg, Ca, Ni, Co, P, Zn, and Mn) previous selected by
PCA. To develop element distribution patterns, the spatial interpolation method
of inverse distance weighted (IDW) was applied with 12 neighbouring samples
used to estimate each grid point. Appropriate spatial patterns for all elements
were obtained (Figure 8). All elements showed much higher concentrations of
nutrient elements in soils derived from the I-type granites than soils underlain by

S-type granites. Thus, the spatial distribution maps of soil fertility, based on I-
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and S-type granites, are important tools for agricultural management decisions,
such as delineating soil zones that are suitable for specific crop nutritional

requirements.
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Figure 8. Digital Terrain Model for available contents of Ca (a), Mg (b), P (c),
Mn (d), Ni (f) and Co (g) in soils derived from I- and S-type granites in similar
climatic zone of Pernambuco State., Northeast Brazil.
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4. Conclusions

The mineralogy and chemistry of two different granitic parent materials
have a profound effect on soil fertility. S-type and I-type granites have different
mineralogical compositions whereby S-type granites have higher concentrations
of silica and I-type granites contain larger concentration of mafic and accessory
minerals, mainly amphibole and apatite. The chemical composition of the two
granites reflects their different respective mineralogical compositions.
Geophysical field measurements of the two different granites show different
magnetic susceptibilities, whereby I-type granites have substantial higher
magnetic properties than S-type granites. Soil fertility analyses showed that
soils derived from these two types of granites exhibit different soil fertilities.
Soils overlying I-type granites showed higher natural fertility than soils derived
from S-type granites. According to the Soil Fertilizer Recommendations for the
State of Pernambuco, the inherent natural soil fertility of the soils developed
from S-type granites is very low. In contrast, those for soils derived from I-type
granites have moderate soil fertility status. Principal Component Analyses
identified Ca, Mg, P, Mn, Zn, Co and Ni as key variables to discriminate soils
derived from |- and S-type granites. The application of principal component,
cluster and discriminant analysis (95% accuracy) were effective tools to
discriminate soils developed from different granites. Spatial distribution maps
are suitable soil fertility management tools to guide and support soil fertility
management decisions for improved soil and crop specific fertilization. These
finding have wider implications in large parts of the tropics (S-America, sub-
Saharan Africa, India, SE and East Asia, Australia) which are underlain by
igneous and metamorphic rock types including S- and I-type granites and where
effective management tools are needed to increase nutrient use efficiencies for

increased productivity of food, fodder and energy crops.
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