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RESUMO 

Evolução da paisagem tropical e sua relação com paleosuperfícies, Latossolos e 

duricrusts ferruginosos na região do Alto Paranaíba (Planalto Central, Estado de Minas 

Gerais, Brasil) 

Os Latossolos, também denominados como Oxisols e Ferralsols, ocorrem em paisagens 

antigas na zona intertropical. Eles são normalmente desenvolvidos em superfícies mais ou 

menos planas e em diferentes níveis de elevação, formados a partir de materiais de origem 

diversos. Apesar desses solos serem extensivamente estudados, várias questões permanecem 

pouco compreendidas sobre sua formação e evolução em paisagens tão antigas. Por isso, uma 

área com predominancia de Latossolos, incluindo duricrusts ferruginosos, no Planalto Central 

(Sudoeste do Estado de Minas Gerais, Brasil) foi selecionada para investigar a formação e 

evolução desses espessos solos intensamente intemperizados, e sua relação com a paisagem na 

qual ocorrem. A contextualização e compreensão dos fatores controladores responsáveis pela 

evolução da paisagem foi realizada (Capítulo 2) e, a partir desse entendimento geomorfológico, 

a seleção de locais para estudo de pedons representativos de Latossolos foi feita nas duas 

principais formas topográficas identificadas, sendo uma de cimeira e outra em nível 

intermediário. Amostragem sistemática alcançando vários metros de profundidade foi realizada 

e amostras foram coletadas em diferentes horizontes. Amostras do horizonte pisolítico de um 

duricrust ferruginoso subjacente a um dos pedons amostrados na superfície mais elevada e 

antiga foram detalhadamente investigadas quanto à sua mineralogia. Datação por (U-Th/He) 

foi realizada para restringir o tempo de formação e transformação de minerais secundários em 

estruturas pisolíticas, qual fornecem indícios para desvendar os principais períodos de 

intemperismo da área de estudo (Capítulo 3). Amostras dos horizontes não endurecidos foram 

analisadas em relação à sua composição química e características mineralógicas, incluindo 

propriedades cristalográficas e termais. As condições de intemperismo que prevaleceram 

durante sua formação foram discutidas considerando os diferentes fatores de formação 

(Capítulo 4). 

Palavras-chave: Geomorfologia quantitativa, Paisagem reliquial, Pedogênese, Ferralitização, 

Mineralogia de argilas, Geocronologia de intemperismo 
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ABSTRACT 

Tropical landscape evolution and its relationship with paleosurfaces, Ferralsols and 

ferruginous duricrusts in the Alto Paranaíba region (Central Plateau, Minas Gerais, 

Brazil) 

Latossols, also known as Oxisols and Ferralsols, occur in ancient landscapes in the 

intertropical zone. They are usually developed on more or less flat surfaces, and at different 

elevation levels, developed from different parent materials. Although these soils have been 

extensively studied, several issues remain poorly understood about their formation and 

evolution in ancient landscapes. Therefore, an area with predominance of Ferralsols, including 

ferruginous duricrusts, in the Central Plateau (Southwest of the Minas Gerais State, Brazil) was 

selected to investigate the formation and evolution of thick highly weathered soils, and their 

relationship with the landscape in which they occur. The contextualization and understanding 

of the controlling factors responsible for the landscape evolution were carried out (Chapter 2) 

and, based on this geomorphological understanding, the selection of sites for the study of 

pedons representative of Ferralsols on the two main identified landforms was carried out, one 

at the summit and the other at an intermediate level. Systematic sampling reaching several 

meters deep was carried and samples were collected from different horizons. Samples of the 

pisolitic horizon from a ferruginous duricrust underlying one of the pedons sampled on the 

upper and older surface were thoroughly investigated for their mineralogy. (U-Th)/He dating 

was carried out to constrain the formation and transformation of pisolitic structures, which 

provide clues to unveil the main weathering periods of the study area (Chapter 3). Samples of 

the non-indurated horizons were analysed regarding to their chemical composition and 

mineralogical characteristics, including crystallographic and thermal properties. The 

weathering conditions that prevailed during their formation were discussed considering the 

different forming factors (Chapter 4). 

Keywords: Quantitative geomorphology, Relict landscape, Pedogenesis, Ferralitization, Clay 

mineralogy, Weathering geochronology 
  



11 

 

1. INTRODUCTION 

Paleosurfaces are preserved in the present-day landscape in most stable continental 

intraplate regions under humid and sub-humid tropical climate conditions as a result of slow 

denudation rate, relatively tectonic stability and stark lithological variability (e.g., Beauvais and 

Chardon, 2013; Monteiro et al., 2014; Beauvais et al., 2016; Vasconcelos et al., 2019). The 

remnants of the upper and older surfaces are covered by thick highly weathering profiles, 

including indurated horizons known as either Fe or Al duricrusts, which record the major 

weathering periods through time (Beauvais, 2009; Allard et al., 2018; Mathian et al., 2019; Jean 

et al., 2019). Despite its formation and transformation processes have been extensively studied 

in the last sixty years (Maignien, 1958; Alexander and Cady, 1962; McFarlane, 1976; Ambrosi 

and Nahon, 1986; Beauvais and Tardy, 1993; Bitom and Volkoff, 1993 and references therein), 

the constraints of distinct weathering periods remain dispersed (e.g., Bonnet et al., 2016; 

Vasconcelos et al., 2019; Allard et al., 2020). Therefore, several issues about the long and 

complex evolution of thick regoliths and their relation with the major paleoclimates and 

landscape evolution in the intertropical zone remain poorly understood. 

The non-indurated horizons of the highly weathered profiles are recognised as 

ferralitic soils, lateritic soils, and latéritique meuble. In the broad sense, they may be classified 

as Oxisols (Soil Survey Staff, 2014), Ferralsols (IUSS Working Group WRB, 2015), or 

Latossolos (Santos et al., 2018). Although Ferralsols (term used hereinafter) and the underlying 

horizons are well known in tropical areas through the systematic description and analysis of 

profiles, several issues about them were not fully addressed, such as: (1) what are the controlling 

factors responsible for the development of distinct landforms in which Ferralsols are 

developed?; (2) what can thick soils including duricrusts reveal to us about the major 

weathering periods as well as the processes that have governed its evolution?; (4) how did the 

parent materials, topography, and length of time of the surface exposure to weathering agents 

influenced the characteristics and attributes of soils?; and (6) are Ferralsols developed under 

the present-day weathering conditions or different horizons from prevailing conditions coexist 

in the same profile?. 

Concerning the Brazilian territory, the Central Plateau situated in the Neoproterozoic 

Brasília Belt, between São Francisco and Paranapanema Cratons, is an important area of 

Ferralsols with diverse underlying horizons developed on landforms at different elevation and 

parent materials (Curi and Franzmeier, 1984; Lepsch and Buol, 1986; Macedo and Bryant, 

1987; Ferreira et al., 1999; Motta et al., 2002; Gomes et al., 2004; Reatto et al., 2008; Rolim 
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Neto et al., 2009). The extensive upper landform was recognised by King (1956) as Sul-

Americana Surface (SAS; ~1,000 to 1,200 m), supposedly developed from the Upper 

Cretaceous to Oligocene, and the lower landform as Velhas Surface (VS), supposedly 

developed from the Neogene (King, 1956; Braun, 1971; Motta et al., 2002). The Ferralsols in 

the SAS are usually reported as developed from Cenozoic deposits with low or no genetic 

relationship with the underlying material (e.g., Motta et al., 2002; Marques et al., 2004; Reatto 

et al., 2008). However, many studies have been carried out in the first two meters of very thick 

soils and thus several issues could remain oversimplified. In addition, other evidence about its 

origin has not been fully investigated, such as from the degradation of ferruginous duricrusts, 

which is widely observed in other intertropical zones (e.g., Beauvais and Nahon, 1985; Bilong 

et al., 1992; Beauvais, 2009; Bitom et al., 2003) or even from the underlying bedrock, although 

the indications of genetic affiliation can be obliterated due to the intense weathering. Regarding 

to the soils developed in the lower landscape position, some studies (e.g., Motta et al., 2002; 

Reatto et al., 2008; Rolim Neto et al., 2009) pointed out that there is an influence of the mixture 

of pre-weathered material from the upper landform with the contribution of the weathering of 

the underlying bedrock in the soil formation. However, further studies are still needed to assess 

whether the contribution of the transported material is generalised and whether there are soils 

developed exclusively from the underlying bedrock. 

It is expected that with the present thesis a contribution to some of the main issues and 

clues for future investigations can be provided. Therefore, the main objective of the thesis is to 

investigate the hidden history of an ancient landscape and their related soils. To achieve this 

purpose, the Quebra-Anzol catchment was chosen as the study area, due to be the largest 

(~10,600 km²) complete catchment in the Alto Paranaíba region (Minas Gerais State, Brazil). 

The thesis was structured in three chapters covering from a macro-regional to a detailed scale. 

The macro-regional scale is related to a detailed geomorphological study through the analysis 

of various topographic metrics in order to investigate the landscape evolution (Chapter 2). After 

geomorphological contextualization and interpretation, a ferruginous duricrust profile belongs 

to the upper landform (~1,100 m elevation) was chosen and their pisolitic facies was sampling 

for mineralogical characterization of supergene phases on undisturbed grains prior to dating the 

same grains by (U-Th)/He method. The results of (U-Th)/He dating unveil the weathering 

periods related to the formation and transformation of secondary minerals from the pisolitic 

facies of the ferruginous duricrust developed on the upper surface. The older and upper 

paleosurface and Ferralsols are developed under ferruginous duricrusts profiles, and thus such 

surface is at least the same age as ferruginous duricrust, suggesting that Ferralsols may have 
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been developed since the Oligocene (Chapter 3). In addition, eight sites for studies at scale of 

soil profiles were selected on two landforms at different elevations and parent materials. 

Trenches were excavated with a hydraulic excavator, reaching up to 10 meters for the soils on 

the upper landform and half for soils on the lower landform, and then soil description and 

sampling were carried out on the field. Thereafter, samples of all soils were investigated 

concerning their chemical characteristics and mineralogy of clay fraction, including 

crystallographical and thermal properties, in order to compare and discuss the pedogenetic 

processes responsible for the formation and transformation of Ferralsols on different conditions 

(Chapter 4).  
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2. TRANSIENT AND RELICT LANDFORMS IN A LITHOLOGICALLY 

HETEROGENEOUS POST-OROGENIC LANDSCAPE IN THE 

INTERTROPICAL BELT (ALTO PARANAÍBA REGION, BRAZIL) 

ABSTRACT 

High elevations and steep slopes are currently observed in ancient mountain 

ranges despite active tectonics having ceased tens to hundreds of millions of years 

ago. Explanations for landscape dynamics in these settings generally postulate that 

post-orogenic relief is either the product of a recent topographic rejuvenation 

episode (or episodes) or was formed by ancient orogenesis after which the 

landscape has survived ever since, perhaps in a topographic equilibrium condition 

where erosion is spatially uniform. Here, we explore the morphology of a tropical 

wet and dry, high relief post-orogenic landscape in the Brazilian continental interior 

capped by ferruginous duricrusts and characterised by stark lithological variability. 

We explore whether a decline in relief has remained constant or increased during 

its post-orogenic evolution. We show that river knickpoints demarcate regional 

topographic transitions between 1) flat, relict uplands, 2) a rugged transition zone 

where channels and adjacent hillslopes are steep, and 3) gentle lowland 

morphologies in downstream areas. Relict areas are primarily capped by 

ferruginous duricrusts that are likely Eocene, as suggested by weathering 

geochronology in surrounding areas. Topography in the study area records at least 

two regional, transient topographic disequilibrium events, where the oldest drop in 

relative base level is expressed by knickpoints lying in high elevations fixed within 

ferruginous duricrusts that slow the propagation of the transient base level lowering 

signal. This transience is consistent with regional uplift events, likely driven by 

denudational isostatic rebound or compressional far-field stresses, with local effects 

superimposed linked with the strike-slip reactivation of old faults and the formation 

of the Pratinha Pull-Apart Basin. Relief is growing as the topography is slowly 

decaying, yet the topographic configuration of the area was established before these 

disequilibrium events. Our study demonstrates that ancient and younger landforms 

coexist in a post-orogenic setting, implying that the competing hypotheses for post-

orogenic development are not mutually exclusive. 

Keywords: Topographic rejuvenation, Ferruginous duricrust, Quantitative 

geomorphology, Knickpoints. 

 

2.1. Introduction 

Topographic equilibrium, a condition where topographic forms are constant through 

time because erosion everywhere equals tectonic uplift irrespective of lateral variations in rock 

type or relief, is generally expected where boundary conditions are constant or changed 

extremely slowly over millions of years (Hack, 1960; Howard, 1965). However, a complete 
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topographic equilibrium is likely never achieved in nature (Willett and Brandon, 2002). 

Reasons for this include 1) the complexity of tectonic displacement, which has vertical and 

horizontal components (e.g., Willett et al., 2001); 2) the nature of most surface processes, which 

occur as discrete events (e.g., Montgomery, 2001); and, 3) mainly, the tectonic and climatic 

conditions imposed on a landscape vary over a range of timescales, implying that boundary 

conditions are unlikely to remain unchanged over long timespans (e.g., Whipple, 2001). 

Nonetheless, various authors argue that convergent mountain belts such as in Taiwan, New 

Zealand, or the Olympic Mountains (NW USA), achieved a topographic equilibrium or a less 

strict topographic quasi-steady state, where one may observe within a relevant time frame the 

steadiness of the mean elevation (e.g., Suppe, 1981; Pazzaglia and Brandon, 2001). 

In intraplate landscapes where convergent tectonics ceased tens to hundreds of 

millions of years ago, referred to as “post-orogenic” landscapes, boundary conditions tend to 

be steady or change very slowly through time. The topographic equilibrium concept was 

defined in the context of one such post-orogenic landscape, the Appalachian Mountains (Hack, 

1960), and various post-orogenic mountains were interpreted afterwards to be in topographic 

equilibrium or quasi-steady state. Examples include the Namibian highlands (e.g., Bierman and 

Caffee, 2001), the Appalachians (e.g., Matmon et al., 2003), the Cape Mountains (e.g., Scharf 

et al., 2013) and other areas in South Africa (e.g., Chadwick et al., 2013; Heimsath et al., 2020), 

and the Western Ghats (e.g., Mandal et al., 2015). Supporting this hypothesis are, generally, 

morphometric observations that topographic forms are adjusted to rock strength, with steep 

topography in resistant units and gentle morphologies in more erodible units these being 

characterised by smooth, concave-upward river profiles unless disrupted by lithological 

boundaries, and geochronological data which shows the steadiness of erosion rates over time 

and across the landscape (e.g., Bierman and Caffee, 2001; Matmon et al., 2003; Scharf et al., 

2013; Mandal et al., 2015). However, rock uplift is necessary to maintain equilibrium (Hack, 

1975), making the equilibrium hypothesis problematic for tectonically stable landscapes, 

although equilibrium may be driven by denudational isostatic rebound (e.g., Hack, 1975; 

Matmon et al., 2003; Mandal et al., 2015). In contrast, a range of empirical constraints including 

thermochronological, cosmogenic, topographic, and sedimentary data record variations in 

erosion rates in space and time in various post-orogenic settings, which is generally interpreted 

as an episode or episodes of topographic rejuvenation long after cessation of crustal thickening 

(e.g., Hack, 1982; Quigley et al., 2007; Cogné et al., 2012; Gallen et al., 2013; Miller et al., 

2013; Gallen, 2018; van Ranst et al., 2020). This topographic rejuvenation hypothesis implies 

a geomorphic differentiation whereby rivers and hillslopes responding to the rejuvenation are 
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associated with coupled increasing relief and higher erosion rates (e.g., Gallen et al., 2013), 

supporting thus a view of an unsteady post-orogenic evolution (Tucker and van Der Beek, 2013; 

Gallen, 2018).  

Nevertheless, there is compelling geochronological and geomorphic evidence that 

large areas of post-orogenic landscapes are of considerable antiquity, particularly in slowly 

eroding humid tropical areas in Australia, Africa, India and South America (e.g., Twidale, 1976; 

Beauvais and Chardon, 2013; Monteiro et al., 2014; Beauvais et al., 2016; Bonnet et al., 2016; 

Vasconcelos et al., 2019). These ancient areas commonly refer to low-relief uplands capped by 

highly weathered profiles, including duricrusts containing iron oxides (e.g., hematite and 

goethite), K-Mn oxides or aluminium hydroxides (e.g., gibbsite) as their principal constituent. 

Supergene mineral dating in these profiles documents intense chemical weathering-initiated 

tens of millions of years ago, resulting in the formation of chemically and physically resistant 

duricrusts, likely exposed subaerially continuously over a long period (e.g., Beauvais et al., 

2016; Bonnet et al., 2016; Monteiro et al., 2018; Vasconcelos and Carmo, 2018). These 

discontinuous low-relief uplands have often been interpreted as remnants of a pre-existing, 

roughly continuous ancient surface with a continental extent, not much different from a classical 

planation surface, that later undergone some form of episodic rock uplift, surviving in high 

elevations principally due to the exposure of resistant bedrocks and a relative tectonic 

quiescence (e.g., Twidale, 1976; Monteiro et al., 2014; Bonnet et al., 2014; Vasconcelos and 

Carmo, 2018; Vasconcelos et al., 2019). 

These examples demonstrate the lack of consensus on how landscapes that are not 

experiencing continuing tectonically-driven rock uplift evolve over long timescales (cf., 

Bishop, 2007). We focus on this issue in this contribution, and we perform a quantitative study 

of the topography of a tropical wet and dry, ancient landscape located deep in the continental 

interior that last experienced active tectonics ~80 Ma, to test whether its current morphology 

shows topographic characteristics that are either signatures of landscapes in equilibrium or 

landscapes that have undergone topographic rejuvenation. We focus on the spatial distribution 

of knickpoints and potential relationships with upstream low-relief upland areas and 

downstream steepened river segments and adjacent hillslopes. We examine this question in the 

context of the Alto Paranaíba Uplift (APU), a lithologically heterogeneous post-orogenic 

setting located in what is considered the least seismically active stable continental region in the 

world, the Brazilian Platform (Johnston et al., 1994; Schulte and Mooney, 2005; Talwani, 

2014). We explore whether spatial patterns in topography are related to variations in bedrock 

lithology, and, in particular, we investigate how ferruginous duricrusts, which we define 
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coupling imagery analysis and fieldwork mapping, are related to the APU’s topographic 

configuration. 

 

2.2. Geomorphological and geological setting 

The study area is located in the APU, an Upper Cretaceous tectonic feature along the 

Az 125º Lineament (Moraes Rocha et al., 2019) associated with the opening of the Atlantic 

Ocean and embedded within a “dead” Neoproterozoic orogen that has been tectonically stable 

since the Early Paleozoic (~460 Ma) (Fonseca et al., 2021), referred to as the Brasília Orogenic 

Belt, forming a still topographically prominent landscape (Fig. 1a). The APU is located between 

two Proterozoic cratons, the São Francisco and the Paranapanema cratons, and the Brasília Belt 

is bound to the Paranapanema craton by the Itumbiara Suture (Fig. 1b). Topographically the 

APU lies on the highlands of the Central Plateau, dividing two of the largest Brazilian 

catchments, the São Francisco and Paraná catchments. The major river flowing through the 

APU is the Paranaíba River (Minas Gerais State, Brazil), the northernmost tributary of the 

Paraná River. 
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Figure 1. Geological framework of the study area. (a) Simplified tectonic framework of the South American 
Platform. (b) Sketch representing the geological context of the Alto Paranaíba Uplift (APU). The red rectangle in 

panel (a) indicates the location of (b). Cratons: 1 = Amazon Craton; 1a = Guyana Shield; 1b = Central Brazil 

Shield; 2 = São Luis Craton; 3 = Paranaíba block; 4 = São Francisco Craton; 5 = Paranapanema Craton; 6 = Luis 

Alves Craton; 7 = Rio de La Plata Craton. CTA1 = Abaeté Depression; CTA2 = Perdizes Depression. Adapted 

from Hasui and Haralyi (1991), Batezelli (2003) and Cordani et al. (2016). 

 

This study investigated the Quebra-Anzol (QA) catchment, which is the largest 

(~10,600 km²) complete catchment in the APU, located in the axis of this Upper Cretaceous 

tectonic feature, and a large tributary of the Araguari River on the left side of the Paranaíba 

River. Elevation ranges from 535 to 1,427 m in the QA catchment and surrounding areas, with 

a mean elevation of 986 m (Fig. 2). The landscape is characterised by an upstream area of high 

elevation (with elevations > 986 m) surrounding the regional drainage divides defined by the 

QA interfluves, and downstream areas with gentle relief, at valley bottoms (Fig. 2). The climate 

is Aw (Köppen–Geiger's classification), characterised by warm and seasonally dry winters and 

moist and warm summers, with an average annual rainfall of 1,600 mm and a mean annual 

temperature of 22 °C (Oliveira et al., 2020). 
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Figure 2. Elevation in the QA catchment and surrounding areas. Drainage divide segments were extracted using 

the “DIVIDEobj” algorithm in TopoToolbox, and the line width is proportional to the divide segment order, similar 

to stream order, computed using the “topo” method (Scherler and Schwanghart, 2020). Note that this divide 

segment sorting helps to visualise the topographic configuration in the region. Polygons in dark red, identified as 

P1-P20, represent fourth-order catchments for which we show long profiles in 𝜒-elevation space in Fig. 11. Black 

dotted lines represent the limits of the Perdizes and Pratinha sectors. The inset map shows the topographic 

configuration of the APU region (orange lines). 

 

The bedrock of the QA region is complex and spatially variable, including 

metamorphic, crystalline, volcanic, and sedimentary units (Fig. 3). The oldest units exposed are 

Neoproterozoic metamorphic rocks and local granites arranged in sub-vertical boundaries. 

Diamond-bearing kimberlites and alkaline intrusions from the Upper Cretaceous (e.g., Serra 

Negra, Salitre I and II and Tapira) related to the Alto Paranaíba Igneous Province crop out, 

following the NW-SE structural trend of the Az 125º Lineament (Moraes Rocha et al., 2019), 

forming an important province of mineral extraction (e.g., Riccomini et al., 2005). The APU 

acted as a source area supplying distributive fluvial sediments to the Sanfranciscana Basin to 

the northeast, and the Bauru Basin to the southwest (Sgarbi and Dardenne, 1996; Batezelli, 
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2017; Batezelli et al., 2019). These occur as sub-horizontal sedimentary deposits that overlie 

the Neoproterozoic and the volcanic units locally (Hasui and Haralyi, 1991; Riccomini, 1997).  

The study area is thus characterised by substantial lithological variability, with 

lithologies ranging from Neoproterozoic (Tonian units: phyllites, schists, quartzites, banded 

iron formations; Cryogenian units: schists and leucogranites; and Ediacaran units: metapelites 

and schists) to Mesozoic (basalts, alkaline intrusions, conglomerates, sandstones and pelites) 

(Fig. 3). A wide compositional range is also present, with different secondary mineral 

compositions for metasediments or the alternation of coarse- and fine-grained beds cemented 

by iron or calcium carbonate for Upper Cretaceous sequences. For instance, sericite and 

carbonaceous phyllites intercalate with quartzites and mica quartzites, calcischists alternate 

with chlorite and mica schists, and conglomerates intercalate with sandstones, siltstones and 

shales of different compositions and variably affected by ferruginous duricrusts. 
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Figure 3. Simplified geological units exposed in the study area. Lithological units were adapted from CPRM 
(2014), classified based on age and composition. Green circles show locations we visited in the field to validate 

our mapping of in situ ferruginous duricrusts (see section 3.3). Thick white lines represent the Pratinha Fault Zone 

(PFZ). 

 

The late phase of the volcanic-magmatic event related to the rifting, associated with 

the alkaline intrusions (e.g., Riccomini et al., 2005), was defined as Upper Cretaceous to 

Paleocene through apatite fission-track thermochronological data (Fonseca et al., 2021). A 

period of tectonic quiescence and seasonal wet and warm climate likely followed this phase, 

which is generally inferred from the formation of extensive surfaces capped by thick weathering 

profiles, including ferruginous duricrusts (Macedo and Bryant, 1987; Motta et al., 2002), 
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affecting the distributive fluvial sequences of the Upper Cretaceous Basins. Various authors 

have argued that remnants of these extensive surfaces have survived subaerially as low-relief 

uplands in the APU region, often interpreted in the study area as a relict of Lester King’s Sul-

Americana Surface (e.g., King, 1956; Braun, 1971), allegedly from the Upper Cretaceous to 

Oligocene, though without geochronological data supporting such an age range. 

 

2.3. Methods 

Erosion processes are known to be more effective when the topography is steeper, and 

high relief and steep slopes correlate with rapid erosion rates on a global scale (Ahnert, 1970; 

Montgomery and Brandon, 2002; Portenga and Bierman, 2011; Kirby and Whipple, 2012; 

Harel et al., 2016). Spatial variations in topography have thus been widely used to investigate 

geomorphic evolution in erosive settings (e.g., Wobus et al., 2006; Bishop and Goldrick, 2010; 

Kirby and Whipple, 2012; Gallen et al., 2013). Here, we used a seamless Copernicus (COP-30) 

digital elevation model (DEM) with a spatial resolution of 30 m and a vertical accuracy of <2 

m for the APU region (AIRBUS, 2020) to extract local relief, hillslope angle, and normalised 

channel steepness in the study area, and to perform knickpoint and stream profile analysis, 

exploring potential links with lithological variability. Other reasonable choices of topographic 

data were not used because the vertical accuracy of the SRTM (Shuttle Radar Topography 

Mission) 30 m DEM is considerably worse (~9-12 m) as described in its specification 

(Rodriguez et al., 2005), while the ALOS (Advanced Land Observation Satellite) 30 m DEM 

is not complete in the region. The COP-30 DEM was downloaded from OpenTopography 

(https://opentopography.org/) and projected to WGS84 UTM Zone 23S. 

 

2.3.1. Extraction of topographic metrics 

A large body of geomorphic work has attempted to detect signatures of tectonic, 

climatic, and lithologic forcing in the morphology of river profiles (e.g., Wobus et al., 2006; 

Bishop and Goldrick, 2010; Kirby and Whipple, 2012; Gallen et al., 2013). Most of these 

studies build on the common empirical observation that channel slope (S) decreases along a 

stream profile with a downstream increase in drainage area (A) following a power-law 

relationship (e.g., Hack, 1957; Flint, 1974): 

https://opentopography.org/
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𝑆 = 𝑘𝑠𝐴−𝜃  (1) 

where θ is a dimensionless coefficient that describes how concave the channel profile is, with 

higher θ values determining that S decreases more rapidly with a downstream increase in A, and 

𝑘𝑠 is the local channel slope normalised by the upstream drainage assuming a reference value 

of θ.  

The extraction of 𝑘𝑠 values from a DEM depends on the choice of θ, and recent work 

demonstrated that θ might vary substantially in erosive landscapes (Mudd et al., 2018). The 

standard approach to analyse channel steepness data is to define a reference value of θ from 

which one computes normalised 𝑘𝑠 values commonly referred to as ksn (Kirby and Whipple, 

2012). Empirical studies in various tectonic settings have demonstrated that ksn is positively 

correlated with long-term channel erosion rates (e.g., DiBiase et al., 2010; Mandal et al., 2015; 

Harel et al., 2016), and spatial patterns in ksn are generally expected to reflect variations in rock 

uplift, lithology or climate conditions (Kirby and Whipple, 2012). 

We used the “integral method” of river profile analysis to extract ksn (Perron and 

Royden, 2013). This method allows computation of ksn without extracting values of local 

channel slope, resulting in ksn estimates that are less affected by topographic noise (Perron and 

Royden, 2013). The integral method involves replacing S with 𝑑𝑧/𝑑𝑥 in Eq. 1, where z is 

channel bed elevation and x is distance along the profile, moving 𝑑𝑥 to the right-hand side of 

the equation, and integrating the equation in the upstream direction from an arbitrary base level 

at the position xb in the profile, resulting in: 

𝑧(𝑥) = 𝑧(𝑥𝑏) + (
𝑘𝑠

𝐴0
𝜃) ∫ (

𝐴0

𝐴(𝑥)
)

𝜃

𝑑𝑥
𝑥

𝑥𝑏
, (2) 

where 𝐴0 is a reference drainage area introduced to make the area term (i.e., 𝐴0 𝐴(𝑥)⁄ ) 

dimensionless. From Eq. 2, we can define an integral quantity 𝜒 with dimensions of length: 

𝜒 = ∫ (
𝐴0

𝐴(𝑥)
)

𝜃

𝑑𝑥
𝑥

𝑥𝑏

. (3) 

The angular coefficient of a river profile in 𝜒-elevation space is ksn if 𝐴0 = 1 m2 and 

the 𝜒-transformation of the profile is based on a reference value of θ. Rivers in equilibrium 

flowing through areas with uniform rock uplift and bedrock erodibility are linear in 𝜒-elevation 

space if the choice of the reference value of θ is adequate (Perron and Royden, 2013; Mudd et 

al., 2014, 2018). In contrast, spatial variations in rock uplift or bedrock erodibility should result 

in stark spatial contrasts in ksn, and hence in channel erosion rates, which is generally expected 
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to be expressed as inflexions in 𝜒-elevation space (Perron and Royden, 2013; Mudd et al., 2014, 

2018). 

The downstream end of the study area’s river network features the Nova Ponte 

reservoir, a large reservoir with an area of 428 km2 built-in 1987 (Silva, 2017). The COP-30 

DEM includes flattening of water bodies (AIRBUS, 2020), and hence the entire reservoir 

exhibits 805 m of elevation. We set a minimum elevation of 830 m for performing river profile 

analysis, which determined that this arbitrary base level is located ~1 km upstream from the 

reservoir, thus avoiding artefacts related to its neighbouring areas (Fig. 4). 

We estimated how θ varies in the landscape by calculating the best-fit value of θ for 

all complete, non-nested catchments in the region with an area ≥10 km2, upstream from the 830 

m base level (n = 171), extracted using functions implemented in TopoToolbox (Schwanghart 

and Scherler, 2014) and the TAK addon (Forte and Whipple, 2019). We used the “mnoptimvar” 

algorithm in TopoToolbox, which employs the disorder method (Hergarten et al., 2016), to 

estimate θ for each of these catchments. The mean θ value for the entire landscape is 0.468 

(with a standard deviation of 0.138), close to the commonly used value of θ = 0.45 (e.g., Kirby 

and Whipple, 2012; Mandal et al., 2015), and thus we quantified ksn and 𝜒 using 0.45 as our 

reference value of θ. We calculated ksn for all channel segments upstream from the 830 m base 

level using the “KsnChiBatch” function in TAK. For that, we extracted the river network using 

a minimum contributing area of 1 km2, smoothed ksn measures using a window of 300 m, and 

used “trib” as our calculation method because it computes ksn for each channel segment 

separately, which is recommended for segments adjacent to the 830 m base level (Forte and 

Whipple, 2019). 
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Figure 4. Complete catchments in the region, upstream of the 830 m base level, with an area greater than 10 km², 

draped over a hillshade image. Note that every river in the study area has headwaters at elevations ≥830 m 

transitioning downstream to such an elevation. Non-nested catchments were extracted using the 

“ProcessRiverBasins” function in TAK (Forte and Whipple, 2019).  

 

Local relief and hillslope angle are two others commonly used topographic metrics to 

explore patterns in uplift, climate conditions and lithology from topographic data, mainly 

because they are positively correlated with erosion rates (e.g., Ahnert, 1970; Montgomery and 

Brandon, 2002; Portenga and Bierman, 2011). Local relief is the range in elevation within an 

area generally defined by a circular window. We computed local relief with window diameters 

varying from 0.5, 1-7 km using the “localtopography” algorithm in TopoToolbox to estimate 

the optimal window of local relief for the study area. Following previous studies (e.g., DiBiase 

et al., 2010; Peifer et al., 2021), we computed catchment-averaged values of local relief, 

calculated using different windows, and mean ksn values for all catchments used to estimate the 

best-fit value of θ. Mean values of local relief computed with a circular window of 5 km of 

diameter were best correlated with mean ksn, defining the 5 km diameter window as the optimal 

local relief in this study. Hillslope angle was extracted using the “gradient8” algorithm in 

TopoToolbox. 
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We investigated how topographic metrics vary as a function of lithology by computing 

descriptive statistics for how elevation, local relief, hillslope angle, and ksn are distributed per 

lithological units adapted from CPRM (2014), classified based on age and composition (Fig. 

3). Although we do not have quantitative data on rock strength, we used the approximate rock 

strength classification of Selby (1993) and Goudie (2006) to separate the exposed lithologies 

into relative rock strength classes (Tab. 1). 

 

Tabela 1. Approximate strength classification of rock units exposed in the study area and 

respective geological information 

Age (Ma) Unit1 Lithology Rock strength2 

  Cenozoic 

70 - 483 L16 Ferruginous duricrusts Very strong 

  Mesozoic 

130 - 65 

L15 Alkaline intrusions Very strong 

L14 Sandstones and argillites Moderately strong 

L13 Sandstones, conglomerates and lavas Very strong 

L12 Pelites and cemented clastics sediments Very strong 

145 - 130 L11 Basalts Very strong 

  Neoproterozoic 

635 - 541 

L10 Siltstones and fine sandstones Weak 

L09 Schists and secondary phyllites  Weak 

850 - 635 

L08 Granites Weak 

L07 Mica schists Weak 

1,000 - 850 

L06 Phyllites Weak 

L05 Banded iron formations Very strong 

L04 Micaceous quartzites Very strong 

L03 Sericite phyllites and fine quartzites Very strong 

L02 Sericite phyllites and schists Weak 

L01 Carbonaceous phyllites Weak 

1 Geological units adapted from CPRM (2014) (Fig. 3).  
2 Relative rock strength classification according to Selby (1993) and Goudie (2006). 
3 According to weathering geochronological data in surrounding areas (e.g., Monteiro et al., 2014; Monteiro et al., 

2018; Vasconcelos and Carmo, 2018; Vasconcelos et al., 2019). 

 

2.3.2. Knickpoint and river profile analysis 

River networks generally respond to variations in prevalent tectonic, climatic or 

lithologic conditions by adjusting local channel slope in the proximity of the relative base level, 

which can be a confluence, an active structural boundary or the sea level (Kirby and Whipple, 

2012). A knickpoint, or, in other words, a local steepening in channel slope expressed as a sharp 
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convexity in a river profile, prompts faster rates of local channel erosion, triggering their 

upstream migration through the river network with a velocity that is directly related to upstream 

drainage area and bedrock erodibility (Whipple and Tucker, 1999; Kirby and Whipple, 2012). 

Knickpoints propagate through the river network, defining a morphological boundary between 

1) downstream “active” areas that are adjusted or adjusting to new boundary conditions, 

characterised by steep topographic relief, and 2) upstream, headwater “relict” areas whose 

gentle morphology is likely adjusted to past boundary conditions (Kirby and Whipple, 2012). 

The transient river network response is generally expected to involve the clustering of 

knickpoints at relatively constant elevations and 𝜒 values in lithologically homogeneous 

landscapes (e.g., Schwanghart and Scherler, 2020). Nevertheless, when resistant and more 

erodible bedrocks are exposed, the celerity of the upstream migration of knickpoints is slower 

where resistant rocks are exposed. Hence, in lithologically heterogeneous landscapes affected 

by a spatially uniform base level fall, knickpoints are typically expected to be concentrated in 

resistant lithologies (e.g., Bishop and Goldrick, 2010). Differently, knickpoints may be 

anchored in active structural boundaries or lithological contacts. Therefore, one can use spatial 

patterns of knickpoint distribution to infer the geomorphic history of an erosive landscape 

(Kirby and Whipple, 2012). 

We performed an uncertainty assessment of the stream profile data, following 

Schwanghart and Scherler (2017), to extract knickpoints from the COP-30 DEM. Channel 

elevation must necessarily decrease monotonically along a profile, yet raw river profiles are 

consistently “bumpy”, which express errors in channel elevation. We estimated how “bumpy” 

the river network is for each of the complete catchments upstream of the 830 m base level by 

calculating the maximum difference in elevation between 10th and 90th percentiles of the 

channel elevation generated using the “quantile carving” algorithm in TopoToolbox 

(Schwanghart and Scherler, 2017). These uncertainty estimates, varying from 3-21 m, with a 

mean uncertainty of 9 m and a standard deviation of 4 m, defined the minimum elevation 

threshold for identifying knickpoints in the study area. 

We computed knickpoints for all channels upstream of the 830 m base level using the 

“knickpointfinder” algorithm in TopoToolbox, which fits an ideal concave upward river profile 

(associated with a uniform ksn along the entire profile) to the hydrologically corrected profile. 

We corrected river profiles using the “quantile carving” algorithm with tau = 0.5 in 

TopoToolbox (Schwanghart and Scherler, 2017). Discrepancies in elevation between the ideal 

concave-up profile and the corrected profile represent knickpoints. The “knickpointfinder” 

algorithm identifies where discrepancies are highest, splitting the profile into strictly concave-
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up sections separated by knickpoints and progressively diminishing the concavity constraint 

until a threshold tolerance value is reached. Our uncertainty assessment informed spatially 

varying tolerances in the study area. 

 

2.3.3. Mapping of in situ ferruginous duricrusts 

We mapped the distribution of in situ ferruginous duricrusts in QA catchment and 

nearby areas combining fieldwork survey and visualization methods in hillshade raster models 

produced from the COP-30 DEM. A typical smooth texture and the flat surface at high 

elevations (low-relief uplands) are diagnostic imagery patterns of these materials in the study 

area, which is further corroborated by a close association with Upper Cretaceous sedimentary 

sequences, locally affected by ferruginous duricrusts in the region. The areas investigated in the 

field are exhibited in Fig. 3. Even though ferruginous duricrusts are not commonly classified as 

a rock (e.g., Tardy, 1993), they behave as a chemically and physically resistant material which 

we hereafter refer to as rock unit (L16 in Fig. 3). 

 

2.4. Results 

2.4.1. Spatial patterns in topographic metrics 

Local relief is spatially variable in the study area, ranging from 32 to 462 m, with a 

mean of 178 m. In the QA catchment, we observe a patch of high relief located downstream of 

the interfluve yet following roughly its shape, extending nearly continuously through the entire 

catchment (Fig. 5). Headwater rivers cross this high relief patch perpendicularly and similarly 

so do the drainage divide segments separating adjacent tributaries (black lines in Fig. 5), 

indicating that high relief is not confined to a single tributary but instead collectively affects the 

catchment’s uplands. The exception is a small area in the north-western limit of the QA 

catchment (located between the sub-catchments P18 and P19 in Fig. 2) where high relief is not 

present. In contrast, we find a continuous area of low-relief downstream of the catchment-wide 

patch of high relief, in elevations lower than the mean (986 m) associated with the valley bottom 

of the trunk river and its tributaries. Discontinuous areas of low-relief are also present upstream 

of the high relief patch, near the QA’s interfluves. These low-relief areas located near the QA’s 

interfluves are more expressive in some areas and less in others. For example, low-relief 

uplands are not present (or are less evident) along the southern limit of the QA catchment, and 
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this is more pronounced in the Pratinha sector. Surrounding areas show similar patterns in local 

relief. For instance, in the Paranaíba catchment, the trunk stream valley bottom is characterised 

by low-relief, with a continuous patch of high relief affecting all upstream tributaries, and 

discontinuous areas of low-relief are present upstream of this high relief zone. In the Araguari 

catchment, a patch of high relief follows the trunk river in a buffer-like pattern, with low-relief 

areas positioned immediately upstream of these areas. 

 

 

Figure 5. Local relief in the study area. (a) Map of local relief (extracted using a 5-km diameter window). (b) Map 

of local relief highlighting the spatial distribution of the interpreted catchment-wide patch of high relief, located 

downstream of the Quebra-Anzol catchment interfluves, and upstream areas of low-relief. 

Hillslope angles in the QA region vary from 0 to 61º, with a mean of 7º, showing a 

right-skewed distribution with a bulk of low values and a long upper tail resulting from very 

high, low-frequency values. The spatial pattern of hillslope angles is similar to that of local 

relief, with a laterally continuous patch of high hillslope angles extending throughout the entire 
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QA catchment, separating downstream from upstream areas, both with low hillslope angles 

(Fig. 6). The map distribution of this patch of high hillslope angles is substantially thinner than 

the patch of high relief we observe (Fig. 5), suggesting that it represents an escarpment with an 

elevation difference of roughly 100 m immediately upstream and downstream of the feature, 

though with some variance throughout the catchment. In detail, the escarpment-like feature 

follows the river network closely, distributed adjacent to it (Fig. 7). All upstream low relief 

areas are strikingly flat, whereas the downstream low-relief areas appear to be less flat, with 

smaller and less prominent high hillslope angles adjacent to downstream channels (Fig. 7). We 

find upstream areas of low hillslope angles even in the southern limit of the QA catchment 

where we do not observe low relief areas (Fig. 5). The exception is the Pratinha sector, which 

shows a more complex spatial pattern of hillslope angles. The catchment-wide escarpment is 

not present in the north-western limit of the QA catchment, yet we observe, adjacent to its 

channels, small patches of high hillslope angles. Similar patterns in hillslope angles characterise 

nearby areas (Fig. 6). 

 

Figure 6. Map of the distribution of hillslope angles. Red rectangles indicate the location of other figures where 

we visualise the distribution of hillslope angles with more detail (see Fig. 7).  
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Figure 7. Detailed distribution of hillslope angles showing flat uplands and a steep downstream escarpment 
following adjacent the river network. Dashed red lines represent lithological boundaries separating resistant and 

more erodible rock units. Stars with black outlines represent knickpoints, and when these are located less than 300 

m away from lithological boundaries, they exhibit red outlines instead. We explore the distribution of knickpoints 

in section 4.3. Panel (a) indicates the location of the images shown in Fig. 12. 

 

The distribution of ksn values is highly right-skewed (skewness = 5.3), varying from 0 

to 630 m0.9, with a mean of 18 m0.9. The vast majority of channel segments in the study area are 

primarily flat, with ksn values < 20 m0.9 (Fig. 8). Where headwater rivers in the QA catchment 

cross the catchment-wide patch of high relief perpendicularly, ksn is substantially higher, in 

many cases > 100 m0.9, and these high ksn segments are somewhat laterally aligned across the 

QA catchment (Fig. 8). Most upland rivers in the QA catchment have headwater segments with 

lower ksn transitioning downstream to segments with higher ksn, implying a systematic pattern 

of along-profile increase in channel steepness. The river network in nearby areas shows similar 
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patterns in ksn, with river segments with high ksn separating upstream and downstream segments 

with lower ksn values. For instance, all tributaries of the Araguari River show very high ksn 

values near the confluence with the trunk stream, and these rivers exhibit upstream segments 

with substantially lower ksn (Fig. 8). The Pratinha sector shows a denser distribution of river 

segments with high ksn values, and a single river profile exhibits sequential segments with high 

ksn, differently from other areas in the QA catchment. 

 

2.4.2. Links between topographic metrics and lithology 

Resistant and more erodible lithologies are juxtaposed at the surface in the study area 

(Fig. 3). Elevation varies with bedrock erodibility to some degree, with resistant rocks such as 

the micaceous quartzites (L4), the Upper Cretaceous units (L12-L15), and the ferruginous 

duricrusts (L16) comprising, in general, areas with high elevation in the region, and more 

erodible rock units, such as schists and phyllites (e.g., L6, L7, and L9), granites (L8), and 

siltstones (L10), comprising lower elevation areas (Fig. 9a). However, we find that areas in 

some resistant lithologies, for example, banded iron formation (L5) and sericitic phyllites and 

quartzites (L3), are positioned in lower elevations than other resistant units, and areas in more 

erodible rock units, such as carbonaceous phyllites (L1) and sericitic phyllites and schists (L2), 

are located in higher elevations than other less resistant lithologies (Fig. 9a).  

Local relief is similarly high for all Tonian rock units (L1-L6), with resistant rock units 

(L3-L5) showing a similar distribution of local relief to that of more erodible rock units (L1, 

L2, and L6) (Fig. 9b). Resistant and moderately resistant lithologies, including basalts (L11), 

pelites and cemented clastic sediments (L12), sandstones, conglomerates and lavas (L13) and 

the alkaline complexes (L15), show a distribution of local relief that is substantially higher than 

that of more erodible rock units (L7-L10) and is comparable to the distribution we find in 

Tonian rock units (L1-L6). The exception is the distribution of local relief in ferruginous 

duricrusts (L16), which is lower than we observe in other resistant units and is comparable to 

local relief in erodible rock units (Fig. 9b). 



36 
 

 

 

Figure 8. Map of normalised channel steepness (ksn) draped over a hillshade image. (a) the QA catchment and 

nearby areas and (b) detailed sector in the Araguari catchment. See Methods for details about the ksn calculation. 

 

The distribution of hillslope angles is higher in some resistant rock units (L4, L5, L12, 

L13, and L15) than in more erodible units (L7-L10), particularly the high-end of the 

distribution, although the variability among different lithologies is less pronounced than with 

other topographic metrics (Fig. 9c). However, some erodible phyllite-dominated lithologies 

(L1, L2, and L6) show high hillslope angles that are comparable to some of the resistant rocks 

(e.g., L12, L13, and L15), and the distribution of hillslope angles are lowest under the 

ferruginous duricrusts (L16) (Fig. 9c). The distribution of ksn per lithology shows a similar 
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pattern, with higher ksn in resistant rock units (L4, L11, L12, L13, and L15) compared to the ksn 

distribution in more erodible units (L7-L10), most notably the high-end of the distribution (Fig. 

9d). Nevertheless, some resistant lithologies, such as the banded iron formations (L5) and 

ferruginous duricrusts (L16), show a ksn distribution that is similar to the ksn distribution we find 

in areas of more erodible units, for example, Tonian phyllite-dominated lithologies (L1, L2, 

and L6) (Fig. 9d). We observe a stark contrast in local relief, hillslope angle and ksn between 

areas in micaceous quartzites (L4) and ferruginous duricrusts (L16), both resistant lithologies 

that are distributed in similarly high elevations in the region (Fig. 9). 

 

Figure 9. Boxplots of (a) elevation, (b) local relief, (c) hillslope angle, and (d) ksn per lithological units. Box ranges 

show the interquartile range, whiskers exhibit the interval between the 10th and 90th percentiles of the data, white 

squares represent mean values, and the thick black line show median values. Lithological units are classified based 

on age and composition. 
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2.4.3. Knickpoints and river profiles analysis 

We identify 1,636 knickpoints in the river network (Fig. 10). Knickpoints are present 

in most headwater rivers in the QA catchment, located primarily in tributaries’ uppermost 

reaches, following a pattern in which they appear laterally aligned throughout the catchment 

(Fig. 10). We observe other knickpoints in downstream parts of the river network at lower 

elevations, although there are not easily recognisable patterns in their distribution. In the 

Araguari River catchment, all tributaries show knickpoints near their confluences to the trunk 

stream, whilst the upper reaches of large tributaries on the right margin of the Araguari River 

show upland knickpoints that appear to be laterally aligned. In nearby areas, knickpoints are 

present at the uppermost reaches of most headwater rivers, and, in many cases, they occur 

laterally aligned. Nearly 20% of the knickpoints we identify (n = 319) lie less than 300 m away 

from lithological contacts (Fig. 10). Knickpoints located close to lithological boundaries in the 

QA catchment are primarily concentrated in the Serra Negra massif (Fig. 2 and 10), where 

alkaline intrusions transition downstream to micaceous quartzites and phyllites (L4 and L6), 

secondarily in the southern limit of the QA catchment where micaceous quartzites transition 

downstream to the schist-dominated Rio Verde and Paracatú formations (L9 and L12), and in 

a few locations outside the QA catchment (Fig. 10).  

Filtering away knickpoints that may be anchored to lithological boundaries, we find 

that knickpoints are spread over a relatively large range of channel elevations, varying from 

839 to 1,256 m (Fig. 10b). Nonetheless, the distribution of knickpoint elevations indicates three 

prominent peaks, the first (and most evident) at roughly 910 m, including most knickpoints in 

the vicinity of the confluence between tributaries and the Araguari River and various 

downstream channel segments in the QA catchment and nearby areas. The second peak is at 

roughly 1,025 m, including headwater segments located relatively close to the Nova Ponte 

reservoir downstream of QA’s southern and northern limits, the downstream part of the Pratinha 

sector, and segments located upstream of the lower elevation knickpoints outside the QA 

catchment. Finally, the third peak is at 1,150 m, including upland knickpoints in the QA 

catchment, the Araguari River catchment, and nearby areas. Knickpoints lying in lower 

elevations are distributed over a range of erodible lithologies, such as phyllites (L1, L6), schists 

(L2, L7, L9), granites (L8), and siltstones (L10), while the only resistant lithology associated 

with lower elevation knickpoints are basalts (L11) exposed close to the Araguari River. In 

contrast, knickpoints in high elevations are underlain by resistant lithologies, such as quartzites 
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(L3, L4), sandstones (L13, L14), and, in particular, ferruginous duricrusts (L16) that 

concentrates by far most of the knickpoints (Fig. 10c). 

 

Figure 10. Spatial distribution of knickpoints in the study area. (a) Map distribution of knickpoints, whereby 

knickpoint elevations are classified by quartiles. Stars with red outlines represent knickpoints located less than 300 

m away from lithological boundaries. (b) Violin plot showing the probability density (smoothed by a kernel density 

estimator) of knickpoint elevations. Boxplot elements are the same as in Fig. 9. (c) Histograms showing the 

frequency of knickpoints per lithology above and below the mean knickpoint elevation. 

 

River profiles of headwater rivers and tributaries (including all rivers with more than 

1 km of extension) throughout the QA catchment in 𝜒-elevation space show that most tributaries 

of upland rivers exhibit prominent convexities in their profiles, with only a few located close 

to lithological boundaries (Fig. 11). In contrast, several trunk streams show linear profiles in 𝜒-
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elevation space (e.g., P4 and P20 in Fig. 11). We observe that river profiles show different 

overall morphologies in the study area, but river profiles of adjacent areas in related geomorphic 

contexts are similar, such as, for example, a1-a5, c1-c2, d1-d2, e1-e2, and g1-g2 in Fig. 11. 

Clusters of knickpoints per elevation are not evident in Fig. 11, although they might be present. 

For example, adjacent rivers P7 and P8 (Fig. 11c) show knickpoints in their tributaries in similar 

elevations. Other rivers, such as P1 and P2 (Fig. 11a), might show different clusters of 

knickpoint elevation, yet these are not easily discernible from the plot. 

 

 

Figure 11. River profiles in χ-elevation space of upland drainages in the study area. Panels are separated according 

to geomorphic context; for example, (c1-c4) refers to rivers in the Pratinha sector, while (f) show river profiles in 

the Perdizes sector. “Tol” indicates the threshold tolerance value used to extract knickpoints (see Methods for 

details). See Fig. 2 for the location of upland sub-catchments. 
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2.4.4. Ferruginous duricrusts and shallower weathered soils in the QA 

catchment 

In situ ferruginous duricrusts occur at a mean elevation of 1,060 m, and they mantle 

low-relief uplands located near the QA’s interfluves (Figs. 3 and 9). The ferruginous duricrusts 

are formed over various bedrock (e.g., phyllites, basalts, pyroclastic, and epiclastic rocks), with 

thickness varying from 1 to 4 m, or even more, transitioning upwards into non-indurated 

horizons (locally very thick ~40 m) (Fig. 12). We observe that the ferruginous duricrust profiles 

exposed on the surface present several morphological pieces of evidence of dismantling, such 

as physical degradation and mineralogical transformation (e.g., Tardy, 1993). Discontinuous 

thin layers are spatially distributed immediately downstream of the low-relief uplands in the 

QA catchment. Such deposits are comprised of debris of ferruginous duricrusts and bedrock, 

suggesting that these gravity/erosion-driven sediments were supplied from source areas 

originally containing in situ ferruginous duricrusts. Weathering profiles in downstream areas, 

in contrast, are generally mantled by clay-rich shallow soils (<3 m in depth) developed at the 

expense of the underlying bedrock (e.g., schists, phyllites, mica schists and granites) and with 

no ferruginous duricrust (Fig. 12). Hence, a stark contrast in regolith thickness characterises 

low-relief uplands and downstream areas. 
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Figure 12. Example of the low-relief uplands and downstream areas near P1 (see Figs. 2 and 7a) and the 

corresponding regolith developed on both landscape positions. (a) Photo took from a downstream area (in P3) 

looking into a low-relief upland (where P2 is located). (b) Extremely dismantled ferruginous duricrust underlying 

a thick weathered profile developed in the low-relief uplands (in panel c) and a shallow weathered profile 
developed at the expense of the underlying bedrock in the valley bottom (in panel d). 

 

2.5. Discussion 

2.5.1. Transience in a lithologically diverse post-orogenic setting 

Topography in the QA catchment and surrounding areas show spatial patterns that are 

characteristic of landscapes experiencing a transient topographic disequilibrium in response to 

a relative base level fall, commonly reported in tectonically active areas (e.g., Wobus et al., 

2006; Reinhardt et al., 2007) and, in some cases, in post-orogenic landscapes (e.g., Bishop and 

Goldrick, 2010; Gallen et al., 2013; Miller et al., 2013; Prince and Spotila, 2013; Gallen, 2018). 
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The numerous knickpoints we find in headwater channel segments in the QA catchment and 

nearby areas demarcate a stark topographic transition between essentially flat uplands above 

the knickpoints, with low ksn and hillslope angles, a zone of high ksn, hillslope angles and local 

relief immediately downstream of the knickpoints, and a downstream area of gentle 

morphology at lower elevations (Figs. 5, 6 and 8). In the QA catchment, the laterally continuous 

patch of high-relief expresses a basin-wide escarpment with an elevation drop of ~100 m which, 

in detail, follows adjacent to the map distribution of the river network, implying that channel 

steepening and the resulting accelerated river incision induced the steepening of adjacent 

hillslopes (Figs. 7 and 11). Our findings suggest that the entire region is in a transient state of 

adjustment instead of topographic equilibrium or quasi-steady state, whereby the propagation 

through the river network of a transient wave of river incision rejuvenated the topography. The 

upper limit of this area of high-relief, located upstream of lithological boundaries between 

resistant and more erodible units (Figs. 3 and 7), define the leading edge of propagation of the 

rejuvenation signal that separates areas that are adjusting or adjusted to the new base level and 

relict low-relief uplands that are evolving under pre-rejuvenation boundary conditions (e.g., 

Gallen et al., 2013). 

Corroborating such an interpretation, the lithological variability characterising the 

study area, where metamorphic, crystalline, volcanic, and sedimentary units are exposed side 

by side at the surface, is not the primary controlling factor in the distribution of ksn, hillslope 

angles and local relief (Fig. 9), which is otherwise expected in a landscape in topographic 

equilibrium or quasi-steady state (Hack, 1960). For example, two of the most resistant 

lithologies exposed, the micaceous quartzites (lithological unit L4) and the ferruginous 

duricrusts (L16), show distinctly different topographic expression, with substantially higher ksn, 

hillslope angles and local relief in micaceous quartzites, while ferruginous duricrusts show the 

lowest hillslope angles among all rock units. Similarly, erodible phyllite-dominated lithologies 

(L1, L2, and L6) show distributions of ksn, hillslope angles and local relief similar to that of 

some resistant units. However, our data show some degree of lithological control in how some 

resistant units (L4, L11, L12, L13, and L15) are generally characterised by higher ksn, hillslope 

angles, and local relief than more erodible rocks (L7-L10) (Fig. 9). Nonetheless, we do not have 

Schmidt hammer measurements or river erosion data to allow quantitative discrimination of 

erodibility between units. Furthermore, the transient topographic signal we infer is not anchored 

in active structural boundaries or lithological contacts. Only a minor proportion of mapped 

knickpoints are located close to lithological contacts (Fig. 10), and there are no patterns in the 

distribution of lithological or structural boundaries that could explain the transience we infer. 
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Relief is therefore increasing over time in a landscape evolving over timescales of 

millions of years instead of slowly decaying as most conceptual and numerical models of post-

orogenic landscape development assume (e.g., Ahnert, 1970; Baldwin et al., 2003; Egholm et 

al., 2013) or remaining steady over time as the topographic equilibrium hypothesis predict (e.g., 

Hack, 1960; Matmon et al., 2003). On the one hand, our results support a growing body of 

literature showing that landscape dynamics in dead orogens is more complex and dynamic than 

previously thought, with relief resurgence long after cessation of ongoing tectonics (e.g., 

Pazzaglia and Brandon, 1996; Hancock and Kirwan, 2007; Quigley et al., 2007; Bishop and 

Goldrick, 2010; Gallen et al., 2013; Miller et al., 2013; Tucker and van Der Beek, 2013; Gallen, 

2018). On the other hand, the low-relief uplands we identify represent a relict landscape, 

presumably adjusted to pre-existing boundary conditions and maintaining its morphology, 

which in many cases in the region are capped by ferruginous duricrusts. The presence of relict 

and transient areas indicates that older and more recent topographic elements coexist in the 

landscape. Hence, the topographic rejuvenation we infer cannot explain the entire topographic 

configuration of the study area, particularly the high elevations in drainage divides and nearby 

areas. 

Knickpoints migrate upstream at rates that are commonly predicted to follow a non-

linear kinematic wave proportional to upstream area raised to the exponent m, estimated as 0.45 

in the study area (see methods section), and a fluvial erosion efficiency coefficient which 

reflects bedrock strength, climate conditions and other controls (Whipple and Tucker, 1999). 

In cases where channel slope scales linearly with fluvial erosion and the fluvial erosion 

efficiency coefficient is spatially uniform (e.g., areas in a single lithology), the wave speed 

depends only on drainage area, implying a transient response that produces a contour-like 

pattern of knickpoints in map view, with an overall consistency in knickpoint elevation (e.g., 

Wobus et al., 2006). However, if the fluvial erosion efficiency coefficient varies spatially, 

knickpoint retreat rates also change, with faster retreat rates where rocks are less resistant (e.g., 

Gallen, 2018) or where precipitation is high (e.g., Ferrier et al., 2013). The QA region shows a 

complex spatial distribution of lithologies, with substantial along-profile variations in the 

efficiency coefficient in every river profile, implying that a contour-like map distribution of 

knickpoints lying in common elevations is unlikely. We observe, however, some degree of 

consistency in knickpoint elevation, with three peaks at 910, 1,025, and 1,150 m, albeit with 

some variance. Knickpoints in lower elevations are distributed in various lithological units yet 

concentrated in non-resistant units, while knickpoints in upland channel segments are related 

to resistant units, with ferruginous duricrusts concentrating by far most knickpoints (Fig. 10). 
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These characteristics are consistent with the predicted transient response of at least two and 

perhaps more migrating waves. The oldest drop in base level is documented in resistant rocks 

at high elevations because these rocks act slowing the propagation stalling the transient signal 

similarly as in Bishop and Goldrick (2010), and the youngest drop in base level is distinctly 

expressed in the Araguari river network where knickpoints mark all tributaries near their 

confluences to the trunk stream (Fig. 10). We emphasise that we do not have quantitative 

constraints on erosion efficiency to model the transient response adequately, yet we expect the 

transient signals to be naturally complex given the lithological diversity in the study area. 

 

2.5.2. Preservation of a pre-existing low-relief landscape capped by 

ferruginous duricrusts 

Ferruginous duricrusts underlie most of the relict uplands we infer, and these materials 

archive information about the pre-existing boundary conditions before the oldest transient wave 

of topographic rejuvenation. The formation of duricrusts is dependent on favourable climate 

conditions, generally meaning tropical seasonally wet and dry climates that promote weathering 

and supergene mineral formation in a close association with the water table, and geomorphic 

and tectonic conditions that act inhibiting the effectiveness of runoff and erosion processes, 

commonly referring to gentle morphologies and relative tectonic stability (e.g., McFarlane, 

1976; Nahon, 1986; Tardy, 1993; Widdowson, 1997). These weathering profiles record a 

protracted history of exposure and weathering, meaning that they keep evolving after their 

formation, likely until the optimal climate and tectonic conditions terminate, implying the onset 

of a significant fall of the water table and presumably the acceleration of erosion processes 

(Vasconcelos and Carmo, 2018; Vasconcelos et al., 2019). Geochronological data on the 

formation of ferruginous duricrusts is not available in the APU region, yet in surrounding 

regions, (U-Th)/He and 40Ar/39Ar dating of iron or K-Mn oxides in duricrusts located in high 

elevations areas of SE Brazil suggest that duricrusts formed 70-48 Ma (e.g., Monteiro et al., 

2014; Monteiro et al., 2018; Vasconcelos and Carmo, 2018; Vasconcelos et al., 2019). 

Weathering profiles developed on low-relief uplands in other tropical, post-orogenic landscapes 

suggest roughly coeval ages, including Peninsular India (e.g., ~53–50 Ma, Bonnet et al., 2016; 

~53 Ma, Beauvais et al., 2016; ~53–44 Ma, Jean et al., 2020) and West Africa (e.g., ~59-45 

Ma, Beauvais et al., 2008). Such consistency in the ages of the materials capping low-relief 

uplands in various tropical, post-orogenic settings indicates a period of optimal climate and 
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tectonic conditions in the Paleogene, probably global in extent, which is consistent with global 

paleoclimatic studies (e.g., Zachos et al., 2001). 

The morphology of hillslopes in ferruginous duricrusts is strikingly flat, and steep 

adjacent hillslopes to upland channels demarcate these flat uplands (Figs. 6 and 7), implying 

that river incision and feedbacks with adjacent hillslopes, which we interpret to be the result of 

transient disequilibrium, are progressively dismantling duricrusts that were formerly more 

spatially extensive. The topographic characteristics of these uplands capped by duricrusts are 

consistent with the scenario of incision into a pre-existing low-relief landscape proposed by 

Whipple et al. (2017), in which remnants patches are always located high in the landscape, near 

drainage divides but extending beyond these (Figs. 2 and 3), show a low variability in relief and 

are distributed at similarly high elevations (>1,000 m). We expect that consistently low erosion 

rates characterise these remnants due to their general flatness and the arguably high resistance 

to weathering and erosion of the ferruginous duricrusts, even though we do not have data to 

support it. Extremely low erosion rates were reported in areas capped by similar materials in 

SE Brazil (e.g., Monteiro et al., 2018; Vasconcelos et al., 2019). Such low erosion rates promote 

the prolonged preservation of this relict landscape, which presumably will only be consumed 

by erosion when affected by the oldest transient wave of topographic rejuvenation that we infer.  

 

2.5.3. Driving mechanism for topographic rejuvenation 

While the topographic evidence of transience in the study area is compelling, the factor 

or factors responsible for the two (and perhaps more) topographic disequilibrium events are 

uncertain. Factors such as drainage reorganization (e.g., Prince et al., 2011), far-field-driven 

tectonic uplift (e.g., Hack, 1982), mantle-flow-driven uplift (e.g., Gallen et al., 2013; Miller et 

al., 2013), denudational isostatic rebound (e.g., Bishop and Goldrick, 2010), and climate 

changes (e.g., Hancock and Kirwan, 2007) have been proposed as potential drivers of relief 

resurgence in post-orogenic settings. Much because of our lack of quantitative information on 

timing and rates of fluvial erosion and the variability of erosion efficiency, we have no decisive 

way to resolve the mechanism responsible for the transience or estimate timings for base level 

fall events postdating the duricrusts’ ages.  

Nonetheless, the regional expression of the transient signals we infer, affecting the QA 

catchment and its surroundings and not limited to catchments sharing a drainage divide, is 

unlikely to express discrete river capture or captures (Whipple et al., 2017), and the study area 

lacks evidence of regional drainage reorganization such as elbows of capture (Bishop, 1995). 
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The available data on the Cenozoic climatic history of Brazil indicates many cyclic oscillations 

of drier and wetter conditions within different timescales, with various of these oscillations 

showing similar magnitudes (e.g., Zachos et al., 2001; Behling, 2002; Strikis et al., 2018), 

which is not easily linked to our data consistent with two and perhaps three disequilibrium 

events. Furthermore, a climate change to more humid conditions is predicted to reduce the 

steepness of river segments (e.g., Whipple and Tucker, 1999; Wobus et al., 2010), whereas we 

observe steepening of river profiles immediately below the relict uplands. The topographic 

resurgences we infer are less than a few hundred meters, similar to post-orogenic relief 

increases observed in the Appalachians (e.g., Gallen et al., 2013; Miller et al., 2013). Such 

magnitudes of relief growth are broadly consistent with the rejuvenation expected in the context 

of rock uplift driven by mild denudational isostatic rebound (e.g., Bishop and Goldrick, 2010), 

long-wavelength, low-amplitude uplift driven by some form of mantle dynamics (e.g., Gallen 

et al., 2013; Miller et al., 2013), or mild uplift driven by compressional far-field stresses (e.g., 

Marques et al., 2013). 

 

2.5.4. Areas with different topographic signatures in the QA catchment 

Two areas in the QA catchment show patterns in topography that are different from 

those discussed so far. The first is a small area in the north-western limit of the QA catchment, 

located between the sub-catchments P18 and P19 in Fig. 2, where the zone of high local relief, 

hillslope angles and ksn values is not present. The resistant lithologies underlying upstream areas 

in the QA catchment, notably quartzites and ferruginous duricrusts, are not present in this small 

area, and we hypothesise that the transient signals were able to sweep through rivers and 

hillslopes, leaving the system. In contrast, these signals are stalled primarily in resistant 

lithologies in other parts of the QA catchment. The second is the Pratinha sector, which shows 

complex spatial patterns in topography, with high hillslope angles, local relief, and ksn values 

upstream (Figs. 5, 6 and 8) of what we interpret as the basin-wide escarpment, and where the 

relict uplands are not present. Although this is not the main objective of our study, we use field 

structural analysis to tentatively explain the spatial patterns in topography in the Pratinha sector. 

We emphasise, nonetheless, that more work is necessary to fully resolve its tectonic evolution.  

In the field in the Pratinha sector, we identify trapezoidal and triangular facets, 

landslides comprised of debris of ferruginous duricrusts and bedrock along the escarpment of 

two approximately E-W left-lateral strike-slip faults and deep fault-driven gullies controlled by 

roughly E-W and N-S trends (Fig. S1). We also identify transverse normal faults (Riedel T 
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fractures) oriented approximately N-S, which outline a domino-like block arrangement tilted 

towards W (Fig. S1b). Remains of a sedimentary layer with debris of ferruginous duricrusts and 

bedrock occur along the master faults and on top of the domino blocks, showing a difference 

of elevation ~100 m (Figs. 13, S1f and S1g). These roughly N-S normal faults limit the 

longitudinal extension of the ~E-W master faults and are apparently lowering the base level of 

the trunk stream in the Pratinha sector (Fig. 13). The geometry and kinematics of master and 

transverse faults are consistent with what is generally expected in a pull-apart basin (Liu and 

Konietzky, 2018), and thus we named it here as the Pratinha Pull-Apart Basin (PPB).  

The PPB is embedded in a horsetail splay structure of the Pratinha Fault Zone (PFZ) 

along a Neoproterozoic thrust structure (Fig. 13a) that reactivated during the South Atlantic 

rifting stage, which is suggested by the unexposed E-W-trending Pratinha I and II alkaline 

intrusions (Marangoni and Mantovani, 2013), and was likely reactivated later as a post-rift 

strike-slip fault. This transtensional basin characterised by a negative flower structure geometry 

was probably formed due to a releasing bend in the ~E-W left-lateral strike-slip fault system 

(Fig. 13b). The spatial patterns in topography (Figs. 6, 10 and 11f) coupled with field evidence 

such as trapezoidal facets, landslides and fault-driven gullies (Figs. 13b and S1) corroborate 

that this sector has undergone tectonic reactivation. Therefore, it is reasonable to hypothesise 

that the geometry and kinematics of the master and transverse faults of the PPB are compatible 

with stress regimes identified by various authors in the Brazilian passive margin. Examples 

include a Plio-Pleistocene stress regime with a ~N-S horizontal maximum paleostress (SHmax) 

(e.g., Peyerl et al., 2018), or a Neogene stress regime attributed to an NW-SE distension event 

(e.g., West and Mello, 2020) or a strike-slip stress regime with N-S-trending compression and 

E-W-trending extension (e.g., Bezerra et al., 2020).  

The link between the regional rock uplift events responsible for the topographic 

resurgence in the study area and the strike-slip reactivation of old fault zones and the Pratinha 

Pull-Apart Basin formation is not straightforward or resolved. Nevertheless, the activity of the 

two most likely candidates as drivers of regional rock uplift, denudational isostatic rebound and 

compressional far-field stresses, can trigger reactivation of pre-existing structures (e.g., Zoback, 

1992; Cobbold et al., 2001; van Arsdale et al., 2007; Marques et al., 2013; Talwani, 2017; 

Gallen and Thigpen, 2018), potentially causing geomorphic and structural consequences 

consistent with the described for the Pratinha sector. Hence, more work is necessary to reconcile 

regional rock uplift events and the local effects superimposed adequately in the study area. 

Furthermore, the APU setting consists of a complex mosaic of elements evolving contrasting 

crustal thickness (e.g., Mantovani et al., 2005), deep weakness zones such as the Azimuth 125º 
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Lineament and the associated Pratinha Fault Zone (e.g., Marangoni and Mantovani, 2013; 

Moraes Rocha et al., 2019), and recurrent transtensional reactivation during its post-rift 

evolution (e.g., Moraes Rocha et al., 2014), suggesting an intricate post-orogenic history. 

 

 

Figure 13. Structural and geomorphic elements of the Pratinha sector and the Pratinha Pull-Apart Basin (PPB). 

(a) Geometry and kinematics of the PPB and map distribution of hillslope angles, knickpoints, and ferruginous 

duricrusts. (b) Sketch of the PPB showing its negative flower structure and associated geomorphic features. We 

show some of the geomorphic features we observed in the field in Fig. S1 (e.g., ~E-W fault escarpments, ~N-S 

transverse normal faults, gullies, and landslides). 
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2.6. Conclusion 

We present topographic data exploring spatial patterns in channel steepness, local 

relief, hillslope angles, and the distribution of knickpoints, and we test their relationships with 

variations in bedrock lithology in a tropical wet and dry, high relief post-orogenic landscape 

located in the Brazilian continental interior. We show that the topography in the study area is 

in a topographic disequilibrium condition whereby the propagation through the river network 

of at least two transient waves of river incision rejuvenated the topography, implying relief 

growth long after cessation of ongoing tectonics ~80 Ma. The front of propagation of these 

regional transient signals is delimited by high elevation knickpoints underlain by resistant 

lithologies, which presumably supress the upstream migration of these signals, isolating upper 

relict areas from base level drops. Relict uplands with a markedly flat morphology are primarily 

capped by ferruginous duricrusts, likely formed in the Eocene. Transient waves of accelerated 

river incision and feedbacks with adjacent hillslopes are actively dissecting these relict uplands. 

Our study demonstrates that a post-orogenic landscape in the tropical Brazilian continental 

interior is an ancient setting with younger topographic elements, whereby stark contrasts in 

lithology strongly control the style and pattern of transient landscape response to drops in base 

level. This transience is consistent with regional uplift events, likely driven by denudational 

isostatic rebound or compressional far-field stresses, with local effects superimposed linked 

with the strike-slip reactivation of old faults and the formation of the Pratinha Pull-Apart Basin. 

The post-orogenic history of other lithologically diverse ancient landscapes is likely similar in 

that they are not adequately explained by a progressive decay in relief and denudation rates but 

instead show a more dynamic evolution, with variations in erosion rates in space and time, and 

where variations in lithology play an essential role on landscape dynamics. 
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3. SUPERGENE PHASES FROM FERRUGINOUS DURICRUSTS: NON-

DESTRUCTIVE MICROSAMPLING AND MINERALOGY PRIOR TO DATING 

BY (U-TH)/HE 

ABSTRACT 

The interpretations of ages of supergene phases, such as iron oxides and 

oxyhydroxides, clearly depend on the appraisal of the complexity arising from their 

finely divided and polycrystalline nature at the microscopic scale. This study 

addresses a meaningful and critical issue for dating of hematite and goethite by the 

(U-Th)/He method: the mineralogical analysis prior to dating of the same grain. 

Mineralogy on single grains used for dating is not achievable by classical tools, 

such as conventional powder XRD (requiring at least some mg) or SEM (that can 

contaminate the grain by coating or fixing). Therefore, two samples from the 

pisolitic facies of a Brazilian ferruginous duricrust (Southwestern of the São 

Francisco craton, Minas Gerais State) were chosen because they presented a usual 

heterogeneity. In the pisolitic core and cortex, single grains (size circa 500 µm) 

were collected and powder samples were prepared in parallel by hand grinding and 

sieving at 100 µm. Samples were analyzed by high X-ray flux experiments such as 

laboratory rotating anode X-ray diffraction (RA-XRD) and synchrotron X-ray 

diffraction (SXRD). Rietveld refinement performed on grain patterns obtained from 

both RA-XRD and SXRD yielded similar values of the 

Hematite/(Hematite+Goethite) ratio. In addition, this ratio was consistently 

estimated by a previously proposed calibration curve based upon isolated XRD 

peaks for goethite and hematite. No effect of exposure time of RA-XRD was 

revealed on XRD patterns nor (U-Th)/He ages. Hence, inframillimetric, 

undisturbed grains can be used to analyze the mineralogy of ferruginous duricrusts 

by RA-XRD with a short exposure, and the same grains can subsequently be dated 

by (U-Th)/He method. The (U-Th)/He dating of pisolitic core and cortex grains also 

provided meaningful ages: they revealed two evolution phases of the ferruginous 

duricrust, which occurred at or before the Late Oligocene for pisolitic core and 

Middle to Late Miocene for pisolitic cortex, agreeing with the previous model for 

the development of pisoliths. The mineralogy of single grains selected for dating is 

helpful for discussing the crystallization ages, and the high-flux XRD approach may 

be applied to other supergene mineral parageneses used for absolute dating of 

weathering profiles. 

Keywords: Iron oxides, X-ray diffraction, Synchrotron diffraction, Weathering 

geochronology. 

 

3.1. Introduction 

Ferruginous duricrusts, containing hematite and/or goethite as major components, 

consist in hard iron-rich horizons formed at or near the ground surface of laterites that are 
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widespread in intertropical areas (see e.g., Tardy, 1993). Their modes of formation have been 

extensively discussed in order to unravel the complexity arising from their polyphasic nature 

(McFarlane, 1976; Nahon, 1986; Nahon 1991; Tardy, 1993; Ollier and Sheth, 2008; Monteiro 

et al., 2014). In the landscape, they may represent paleosurfaces that partially resisted to erosion 

and weathering for long periods, down to Mesozoic (King 1956; Tardy and Roquin, 1998). In 

order to understand and reconstruct related continental surface evolution through time as a 

result of geodynamic or paleoclimate forcing, it is necessary to perform absolute dating of 

appropriate mineral components of ferruginous duricrusts, such as goethite and hematite (Tardy 

and Roquin, 1998; Theveniaut and Freyssinet, 1999; Theveniaut and Freyssinet, 2000; Allard 

et al., 2018; Monteiro et al., 2018; Vasconcelos et al., 2019). Through (U-Th)/He dating, the 

knowledge on their timing of formation is continuously increasing, but the chronology of 

ancient landscapes worldwide in relation to paleoclimate events is still fragmented and remains 

a topical issue (Shuster et al., 2005, Heim et al., 2006; Shuster et al., 2012; Vasconcelos et al., 

2013; Monteiro et al., 2014; Allard et al. 2018; Monteiro et al., 2018; Vasconcelos et al., 2019; 

Albuquerque et al., 2020). 

In the (U-Th)/He dating methodology, sample mineralogy is analyzed using 

conventional XRD and SEM on milli/microfacies first recognized to the naked eye or with a 

binocular magnifyer (e.g., Allard et al., 2018; Albuquerque et al., 2020). However, the finely 

divided nature of iron oxides and oxyhydroxides causes that even inframillimetric grains used 

for dating (typically less than 500 µm large, i.e., circa 0.25 mg for a goethite with spherical 

shape) can be polycrystalline and thus potentially exhibit different mineralogy from the sample 

analyzed beside with conventional XRD or SEM. This may induce some bias when discussing 

the dating results, especially when goethite and hematite correspond to contrasting ages 

according to the sampled microfacies (Anand and Gilkes, 1987; Alburquerque et al., 2020). 

Classical mineralogical investigations cannot perform analyses on the same sample as 

the one independently used for (U-Th)/He dating: SEM can contaminate the grain by metal 

coating or fixing, and conventional powder XRD requires amounts of matter (at least several 

mg) much higher than that of a single grain extracted for (U-Th)/He dating. Consequently, in 

order to support interpretation and discussion of ages of iron oxides populations from 

ferruginous duricrusts using mineralogy, it appears critical to analyze the same single grain that 

will be subsequently used for (U-Th)/He dating. This can be potentially achieved using a 

powerful source of X-rays that is far beyond classical setups, such as those available with 

rotating anode (RA-XRD) or synchrotron X-ray diffraction (SXRD) facility.  
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Consequently, the present study objectives are twofold. First, it proposes to refine the 

mineralogical characterization of iron oxides and oxyhydroxides from ferruginous duricrusts 

on inframillimetric (≤500 µm), undisturbed grains prior to dating the same grains by (U-Th)/He 

method. On two natural samples from a Brazilian pisolithic duricrust, the RA-XRD patterns are 

compared to the better-resolved SXRD patterns. Related data allowed us to determine 

parameters that are useful for recognition of different generations between samples (e.g., sizes 

of mean coherent domain and Al-substitution) and the hematite/(hematite+goethite) ratio using 

either Rietveld fitting (Bish and Post, 1993) or an amplitude-based calibration curve upon 

isolated XRD peaks for goethite and hematite (Sanchez et al., 2021). Second, using this 

methodology, the (U-Th)/He ages of the cortex and core of the pisolitic sample from a Brazilian 

Fe-duricrust (Minas Gerais State) were determined and discussed as an example. Pisoliths are 

frequently observed in ferruginous duricrusts, may exhibit contrasting mineralogy between the 

core and cortex, and are thus relevant for the second aim of this study. This methodology is 

shown to be appropriate to evidence and quantify different Fe oxides and oxyhydroxides in a 

dated grain and also potentially to reveal mineral contaminants, provided that their 

concentration is high enough. 

 

3.2. Material and methods 

3.2.1. Location and description of the sampling 

Low-relief uplands are preserved in ancient landscapes across the intertropical belt 

(Bardossy and Aleva, 1990; Scharf et al., 2013; Mandal et al., 2015; Heimsath et al., 2020; 

Peifer et al., 2021; Marques et al., 2021). Its preservation in the present-day landscape is often 

attributed to the slow erosion rate related to the stark contrast in lithology and relative tectonic 

quiescence (e.g., Beauvais and Chardon, 2013; Beauvais et al., 2016; Monteiro et al., 2018; 

Vasconcelos et al., 2019). The South America passive margin has been considered the least 

seismically active stable continental region in the world (Johnston et al., 1994; Schulte and 

Mooney, 2005; Talwani, 2014), and thick weathering profiles including duricrusts are partially 

preserved on remnants of paleosurfaces in slowly eroding humid tropical areas (e.g., Monteiro 

et al., 2018; Vasconcelos and Carmo, 2018; Vasconcelos et al., 2019). 

A ferruginous duricrusts profile (~1,100 m elevation) at the Southwestern of the São 

Francisco craton (Minas Gerais State, Brazil) was chosen for sampling. It is developed at the 

expense of pyroclastic and epiclastic rocks from the Mata da Corda Group (Upper Cretaceous) 
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(CPRM, 2014). Despite being an important area of occurrence of thick weathering profiles at 

high elevations (Marques et al., 2021), no weathering geochronological data are available yet. 

The climate of the study area is Aw (Köppen–Geiger's classification), characterized by warm 

and seasonally dry winters, and moist and warm summers. The average annual rainfall is 1,600 

mm and the mean annual temperature is 22 °C (Oliveira et al., 2020). 

The morphological description of the profile was carried out based on McFarlane 

(1976), Tardy (1993) and Aleva (1994), and then non-disturbed samples were taken from all 

the described layers. Based on the morphological description at the fieldwork and lab, the 

pisolitic facies, which is often encountered in ferruginous duricrusts (Nahon, 1991; Tardy, 

1993), was chosen due to being structurally suitable for dating, and also because it presented a 

usual complexity or heterogeneity allowing us to carry out our methodological approach. 

 

3.2.2. Selection and preparation of samples 

The morphological characteristics of a hand specimen from the pisolitic facies were 

observed and described using a binocular microscope. The populations of iron oxides were 

identified based on texture, color and morphology (e.g., Tardy, 1993), and then the pisoliths 

were individualized. The semi-quantitative composition of a complete pisolith was analyzed by 

a Zeiss Ultra55 Scanning Electron Microscope (SEM) with a FEG-Schottky electronic source 

coupled with an energy-dispersive spectrometer (EDS) facility. The working distance was at 

7.5 mm and the acceleration voltage was at 15 kV. 

Another pisolith with similar morphological characteristics and belonging to the same 

identified population was sampled using a diamond micro drill to divide the cortex and core. 

Grains (circa 500 µm large) were carefully selected from the cortex and core using an optical 

microscope. Some of grains were prepared by hand grinding using a mortar and pestle and then 

homogenized, and sieved at 100 µm in order to obtain powder samples (~0.50 mg). In the other 

selected grains (~0.10 mg), no preparation was carried out. 

 

3.2.3. X-ray data collection and processing 

The mineralogical analysis was performed in both powder and grain samples from the 

pisolitic cortex and core in transmission geometry on the samples loaded in a borosilicate 

capillary either as a filling for the powder or as a stuck-up for grain. A Rigaku MM007HF 
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diffractometer equipped with a RAXIS4++ image plate detector placed at a distance of 200 mm 

from the sample and a Mo rotating anode (0.70926 Å - 0.713609 Å) at 50 KeV and 24 mA were 

used for 60 min, with a range scan of 3-45 º2 and a step size of 0.02 º2 s-1. The Fit2D program 

was used for the integration of 2D images into 1D patterns after a calibration with LaB6 

standard. Rotating anode generators are the most powerful X-ray sources available in the 

laboratory. In these experimental setting operating under a high vacuum, a cooled rotating 

surface is continuously irradiated by the electron beam (Fig. 1), resulting in an improved signal-

to-noise ratio and in the possibility to analyze small samples. 

 

 

Figure 1. Diagram (out of scale) of the rotating anode X-ray diffraction device. 

 

Higher X-ray fluxes require the use of a synchrotron facility. Therefore, SXRD 

patterns were collected on the same grains at the SOLEIL Synchrotron Facility, Orsay, France. 

It was used 2-circle diffractometer of the CRISTAL beamline, which is equipped with a 

MYTHEN2 X 9K detector (DECTRIS). The measurements were performed at 17 keV (0.72896 

or 0.727913 Å) using 5 min exposure time, with a range scan of 3-65 º2 and a step size of 0.04 

º2 s-1. 

The mineral phases of the grains and powder samples from the pisolitic cortex and 

core were identified from RA-XRD and SXRD patterns using the d-spacing according to 

Bragg’s Law (Dixon and Weeds, 1989). The hematite/(goethite+hematite) ratio was estimated 

for powder and grain samples using an amplitude-based calibration curve upon isolated XRD 
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peaks, i.e., (020) goethite and (204) hematite (Sanchez et al., 2021). The sizes of Mean Coherent 

Domains (MCD) were calculated for grain samples using the Scherrer’s equation (Klug and 

Alexander, 1954) taking into account the experimental width for correction of the instrumental 

error, considering the reflection peaks (020) and (111) of goethite, and (204) and (102) of 

hematite. The wt% ratio of the main phases of grain samples was determined by Rietveld 

refinement using the FullProf program (Rodriguez-Carvajal, 1993). When possible, the Fe/Al 

ratio for goethite and hematite was determined by Rietveld refinement and compared to its 

estimation using the empirical formula by Schulze (1984) for goethite and Schwertmann et al. 

(1979) for hematite. It allowed us to compare RA-XRD and SXRD data and evaluate the 

possibility of mineralogically characterizing grains prior to dating. 

The undisturbed grains from the pisolitic core and cortex, and a reference sample of 

goethite were exposed to different exposure times (30, 60, 90 min) during RA-XRD recording, 

to find the best conditions for X-ray analysis and verify that (U-Th)/He dating was not biased 

by He diffusion. 

 

3.2.4. (U-Th)/He dating 

The grains previously analyzed for different acquisition times by RA-XRD were 

weighed, their size was measured, and then they were encapsulated into a niobium foil. One 

grain from each population without exposure to irradiation, including the reference sample, was 

also analyzed. Grains with circa 500 µm size were selected to avoid significant natural He losses 

out of the crystals (i.e., alpha ejection, He diffusion) (Farley et al., 1996; Shuster et al., 2005). 

The dating was performed by the (U-Th)/He method according to Gautheron et al. (2013), 

Allard et al. (2018) and Monteiro et al. (2018). The helium content of the encapsulated grains 

was analyzed using a Pfeiffer Prisma Quadrupole mass spectrometer in the Low-temperature 

Thermochronology Laboratory at GEOPS, Paris-Sud University, France. After this step, grains 

inside niobium foils were dissolved and their U, Th and Sm content was measured. Based on 

these data, the age of each population was calculated. Detailed information of procedures 

mentioned above is described by Shuster et al. (2005; 2012), Vasconcelos et al. (2013), 

Monteiro et al. (2014; 2018) and Allard et al. (2018). 
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3.3. Results and discussion 

3.3.1. Morphological description 

The ferruginous duricrust profile of the studied site (Fig. 2a) comprises basal 

pyroclastic and epiclastic rocks from the Upper Cretaceous transitioning upwards into a sensu 

stricto ferruginous duricrust (~400 cm), a pisolith-rich (~100 cm) and nodular indurated zone 

(~30 cm) (Fig. 2b). The pisoliths are well-formed, irregular in size and shape and range from 5 

to 10 mm in diameter (Fig. 2c). They are separated one from the other by a matrix composed 

of goethite, kaolinite and quartz. The pisoliths present a concentric yellow-brown cortex that 

develops at the periphery of the purple-red nodule. The well-developed concentric cortex 

presents an alternation of light and dark banded zones (Fig. 2d), which the light rings have a 

higher Al and Si than Fe content (Fig. 2e), as often observed for pisoliths from duricrusts 

(Nahon, 1976; McFarlane, 1983; Amouric et al., 1986; Anand and Gilkes, 1987). 
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Figure 2. Ferruginous duricrusts profile and pisolitic facies, indicating the morphological characteristics and 

compositional variation. (a)  Location of the Fe-duricrust profile in a Brazilian landscape, (b) distinct horizons of 

the profile, (c) pisolitic facies, (d) internal structure of a pisolith and (e) contrasting compositional variation from 

the core to cortex. Line white on the SEM image in painel d indicate of the transect analyzed and showed in painel 

e. 
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3.3.2. XRD data of the core and cortex from the pisolitic facies 

3.3.2.1. Rotate anode-XRD patterns 

Various assays of the RA-XRD acquisition of grain samples from both pisolitic core 

and cortex and a reference sample of goethite were carried out using 30, 60, and 90 min 

exposure times in order to evaluate the quality of signal/noise in XRD patterns and question the 

influence on He diffusion and age. The RA-XRD patterns of all three samples were similar with 

a very good signal-to-noise ratio. Consequently, a 60 min exposure time was chosen for RA-

XRD in the following study, because it should provide good quality patterns for Rietveld 

refinement, even for phases with low concentration. The effect of exposure time on the He 

diffusion is approached in the final section. 

The RA-XRD patterns for grain and powder samples from the pisolitic core and cortex 

are shown in Fig. 3, with assigned mineral contributions together with the indexation of the 

isolated peaks used for the determination of the Hm/(Hm+Gt) ratio, sizes of MCD, and Al-

substitution. The grain- and powder-XRD patterns were dominantly similar, indicating that both 

types of sample preparation could be used to analyze the mineralogical composition in small 

amounts (Fig. 3). However, the intensity of some peaks appears different for powder and grain 

samples, suggesting that they do not have exactly the same mineralogical content. This is the 

case for the core sample for which the relative intensity of Hm peaks is greater in the grain 

pattern than in the powder preparation. This is interpreted as an effect of heterogeneity of Hm 

content in the selected core microfacies and fully justifies the benefit of analyzing the 

mineralogy of the same grain as the one used for subsequent (U-Th)/He dating, in order to help 

discussion of ages in case of mixed mineral compositions. Thus, this clearly indicates that the 

mineralogy of a single grain with ≤500 µm size can be analyzed with RA-XRD with a good 

signal/noise ratio and that subsequently the same grain can be retained without disturbance for 

further analysis. 



70 

 

 

  

Figure 3. Rotating anode XRD patterns for grain and powder samples from the pisolitic core and cortex of the 
ferruginous duricrust. Gt: goethite, Hm: hematite, Kt: kaolinite and An: anatase. Note that the quality of the grain 

pattern is similar to that of the powder pattern. Red line represents the Rietveld fit. 

 

The RA-XRD patterns indicate that hematite and goethite are present in the pisolitic 

core whereas goethite and kaolinite are present in the cortex, as revealed by the reflection peaks 

at 7.15 and 3.58 Å of kaolinite (Dixon and Weeds, 1989), which were not observed in the 

samples from the pisolitic core (Fig. 3). The absence of kaolinite in the pisolitic core is often 

related to its epigenetic replacement by hematite, which becomes more aluminous with the 

progressive dissolution of kaolinite (Nahon, 1976; Didier et al., 1983; Tardy and Nahon, 1985; 

Ambrosi et al., 1986). The reflection peak at 1.84 Å related to (204) of hematite was not 

observed in the RA-DRX patterns of the pisolitic cortex, regardless of the sample preparation 

method, indicating a low amount or absence of hematite, as confirmed by the Rietveld 

refinement (Tab. 1). The mineralogical composition of the pisolitic core and cortex is consistent 

with previous studies (Didier et al., 1985; Amouric et al., 1986; Tardy, 1993). 

The Hm/(Hm+Gt) ratio estimated from RA-XRD patterns is shown in Tab. 1. In the 

grains, the values of the Hm/(Hm+Gt) ratio determined by Rietveld refinement and amplitude-

based calibration are fully consistent, i.e., 0.41 and 0.39 in the core and 0.30 and 0.00 in the 
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cortex, respectively. This indicates that the pisolitic core contains ~40% of hematite and the 

pisolitic cortex is predominated by goethite (Tab. 1). In the core powder, the hematite content 

is lower, i.e., 25%, owing to the lesser amplitude of the peak at 1.84 Å (Fig. 3). The 

Hm/(Hm+Gt) ratio can be useful for investigating the ferruginous duricrust dismantling process 

and therefore it can be used as a proxy for the investigations of paleoclimate and weathering 

episodes (Didier et al., 1985; Tardy and Nahon, 1985). 

The estimated values of the MCD sizes of hematite and goethite from RA-XRD for 

grain and powder samples arise from peak widths such as those reported in Fig. 3. There were 

differences for grain and powder samples of both pisolitic core and cortex, with higher values 

for powder samples (Tab. 1). This is thought to reveal the heterogeneity of crystallites present 

in the powder, which is revealed even using a small amount of matter. The alternative would 

be the result of grinding that may induce crystalline disorder (Buhrke et al., 1998). Concerning 

grains, the MCD size for core hematite is circa 144 Å, while goethite of the pisolitic core and 

cortex is circa 163 Å and 204 Å, respectively (Tab. 1). Goethite and hematite particles are 

generally smaller in laterites, with particle size ranges from 40 to 100 Å for hematite and 100 

to 400 Å for goethite being commonly reported (e.g., Tardy and Nahon, 1985; Amouric et al., 

1986; Anand and Gilkes, 1987). However, Didier (1983) and Amouric et al. (1986) reported 

hematite crystals ca. 400 Å by Mössbauer spectra and TEM, while MCD sizes for goethite 

crystals were observed according to the reported for other studies. 

The Fe/Al determination from Rietveld refinement for the core grain was 10% for 

goethite and 30% for hematite, respectively (Tab. 1). The value for Al-hematite is far over the 

maximum value of Al-substitution for this mineral (i.e., 15%) (Cornell and Schwertmann, 

2003). This was probably due to the weak number of isolated and relatively intense Hm peaks, 

which hinders an accurate Rietveld refinement. By comparison, the estimation of Al/Fe 

according to Schulze’s formula was 8.5% for goethite and 1.1% for hematite of the pisolitic 

core, indicating the replacement of Al-hematite by Al-goethite, as often reported for pisoliths 

(Tardy and Nahon, 1985). On the other hand, the Al/Fe calculation using Rietveld refinement 

and Schulze’s formula for cortex grain was 18% and 4.1% for goethite, respectively, which are 

possible values (i.e., <33%; Cornell and Schwertmann, 2006). In the studied samples, the Al-

substitution on goethites assessed on RA-XRD patterns decreases from the core to the cortex 

as already observed in pisoliths from duricrusts (Didier et al., 1985; Tardy and Nahon, 1985; 

Nahon and Tardy, 1992), indicating the advanced evolution of pisoliths and thus the ferruginous 

duricrust dismantling (Didier et al., 1983). 
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Table 1. Mineralogical parameters determined for the core and cortex samples by Rietveld refinement and empirical calibrations using RA-XRD 

patterns: sizes of Mean Coherent Domains of the hematite and goethite, estimated Hm/(Hm+Gt) ratio, concentrations of main phases and Fe/Al 

ratio 

Sample 

RA-XRD-based   Rietveld refinement 

Gt (020) Gt (111) Hm (204) Hm (102) 

Hm/ 

(Hm+Gt)3 

IS4 

Hm Gt Kt An 

Fe/Al ratio 

d1 MCD2 d MCD d MCD d MCD Gt Hm 
Gt Hm 

Å     %mol wt % 

 Pisolitic core 

Grain 4.97 192 2.44 133 1.84 134 3.68 154 0.39 8.5 1.1 41.24 58.76 0.00 0.00 90:10 70:30 

Powder 4.96 231 2.44 148 1.84 143 3.68 166 0.25 7.4 0.0 nd nd nd nd nd nd 
 Pisolitic cortex 

Grain 4.96 231 2.45 176 * * * * 0.00 4.1 * 0.3 94.45 2.7 2.54 82:18 * 

Powder 4.96 302 2.45 193 * * * * 0.00 5.9 * nd nd nd nd nd nd 

1 The interplanar space according to Bragg’s Law; 2 Sizes of the Mean Coherent Domain according to Scherrer's formula; 3 Empirical calibration on Hm/(Hm+Gt) ratio (Sanchez 

et al., 2021); 4 Isomorphic substitution of Fe3+ by Al3+ according to Schulze (1984) for goethite and Schwertmann et al. (1979) for hematite. Hm: hematite; Gt: goethite; Kt: 

kaolinite; An: anatase; nd: not determined; * absent. 
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3.3.2.2.  Synchrotron-XRD patterns 

The synchrotron XRD patterns for the grain samples from the pisolitic core and cortex 

are shown in Fig. 4. The results were similar to those obtained by RA-XRD data concerning 

the signal/noise ratio and identified mineral phases. As expected, the synchrotron XRD patterns 

show a better resolution of diffraction peaks than RA-XRD (Figs. 3 and 4). It is related to the 

better-defined wavelength of the incident synchrotron radiation, which is useful for identifying 

minor constituents in a sample and even particles of small size (Lombi and Susini, 2009; Tsao 

et al., 2013). There was also a good fit that modeled all the peaks, except for kaolinite because 

stacking disorder was not accounted for the refinement (Fig. 4). 

 

  

Figure 4. Synchrotron XRD patterns for grain samples from the pisolitic core and cortex. Gt: goethite, Hm: 

hematite, Kt: kaolinite, and An: anatase. Red line represents the Rietveld fit. 

 

Comparing the crystallographic properties of mineral phases, the MCD sizes of 

hematite and goethite from the pisolitic core were slightly different by both XRD data, 
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considering the reflection of (020) of Gt and (204) of Hm. From the pisolitic cortex, MCD size 

of hematite and goethite was quite similar (Tab. 2). The difference may be related to the higher 

resolution and intensity of diffraction peaks from the SXRD, which influences the smaller peak 

width and therefore the MCD result (Fig. 4). The Hm/(Hm+Gt) ratio estimated from SXRD 

patterns for pisolitic core using grain sample was 0.39, the same value was obtained by RA-

XRD data (Tabs. 1 and 2). This supports why the single grain analysis is appropriate also for 

Hm/(Hm+Gt) ratio, in addition to the investigation of the mineral phases and the MCD size. 

Furthermore, it also highlights that the calibration curve proposed by Sanchez et al. (2021) can 

be used for estimation of Hm/(Hm+Gt) ratio instead of Rietveld refinement, which is time-

consuming and requires very well resolved patterns. 

The estimation of the Fe/Al ratio in goethite was higher for SXRD data than RA-XRD 

using Rietveld refinement. The resulting value of Al-substitution in goethites was 35% for the 

core, which is a maximum value (Cornell and Schwertmann, 2006), and 15% for the cortex 

(Tab. 2). This is not consistent with the RA-XRD data (Tab. 1), but is more in agreement with 

the natural lowering of Al-substitution in goethites from the pisolitic cortex as a result of 

duricrust dismantling (Didier et al., 1983; Tardy and Nahon, 1985). The Schulze’s calibration 

in contrast gave different values, with 12.3% and 10.5% for goethite in the pisolitic core and 

cortex, respectively. 

Despite the different settings between RA-XRD and SXRD, both methods are suitable 

for investigating the mineralogical composition of supergene phases in small amounts (down 

to micrometric, circa 500 µm size). The RA-XRD, available in laboratories, is powerful enough 

to analyze undisturbed grains that can be subsequently used for dating, and thus appears much 

more appropriate than conventional XRD analysis, which does not provide quality data 

allowing quantitative mineralogy analysis even after a long exposure time (i.e., 15 hours). 
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Table 2. Mineralogical parameters determined for the core and cortex samples by Rietveld refinement and empirical calibrations synchrotron XRD 

patterns: sizes of Mean Coherent Domains of the hematite and goethite, estimated Hm/(Hm+Gt) ratio, concentrations of main phases and Fe/Al 

ratio 

Sample 

XRD-based   Rietveld refinement 

Gt (020) Gt (111) Hm (020) Hm (102) 
Hm/ 

(Hm+Gt)3 
IS4 

Hm Gt Kt 

Fe/Al ratio 

d1 MCD2 d MCD d MCD d MCD  Gt Hm Gt Hm 

Å  % mol wt % mol % 
 Pisolitic core 

Grain 8.43 259  2.44  178 1.84  162 3.67 181  0.39 12.3 6.7 32.17 67.83 0 65:35 nd 
 Pisolitic cortex 

Grain 8.42  361 2.44  302 * * *   0 10.5 * 0.73 93.94 5.33 85:15 nd 

1 The interplanar space according to Bragg’s Law; 2 Sizes of the Mean Coherent Domain according to Scherrer's formula; 3 Empirical calibration on Hm/(Hm+Gt) ratio (Sanchez 

et al., 2021); 4 Isomorphic substitution of Fe3+ by Al3+ according to Schulze (1984) for goethite and Schwertmann et al. (1979) for hematite. Hm: hematite; Gt: goethite; Kt: 

kaolinite; An: anatase; nd: not determined; * absent. 
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3.3.3. (U-Th)/He dating 

The effect of exposure time of RA-XRD recording on apparent age for pisolitic core 

and cortex, and reference samples is shown in Fig. 5 and 6. For each sample, there is no 

representative shift in age related to the acquisition time of mineralogical data and the results 

showed reliable replicates within the analytical uncertainty, i.e., 10% (Shuster et al., 2005; 

Vasconcelos et al., 2013; Monteiro et al., 2014). Only one reference subsample (60 min 

exposure) showed an age lower than the others aliquots, but this is likely due to some 

heterogeneity of the reference goethite. This difference also exists on eU, hence this point is 

considered as an outlier, as also found by Monteiro et al. (2014) and Albuquerque et al. (2020) 

for grains belong the same population. Fig. 6 clearly shows that all the samples exhibit apparent 

age clusters including the 0 exposure point, supporting the possibility to perform mineralogical 

analysis by RA-XRD prior to dating the same grain by (U-Th)/He. 

 

 

Figure 5. Ternary diagram indicating the He-Th-U concentrations and the (U-Th)/He age (Ma) for pisolitic core 

and cortex, and reference samples. 
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Figure 6. Effective uranium content (eU) (a) and Th/U ratio (b) as a function of (U-Th)/He age (Ma). 

 

U and Th concentrations clearly differ between the pisolitic core and cortex (Fig. 6a), 

with higher values of both elements for the pisolitic cortex. In addition, Th/U decreases from 

the core to cortex (Fig. 6b), suggesting a relative enrichment of U during the weathering of the 

iron oxides and oxyhydroxides of the core, as also observed by Albuquerque et al. (2020) for 

lateritic pisoliths. A grain from the pisolitic cortex contains lower U and Th concentrations than 

other grains (Fig. 6a), which is possible to occur due to small differences between grains, as 

reported for grains of supergene minerals belonging to the same population (e.g., Monteiro et 

al., 2014; Albuquerque et al., 2020). Nevertheless, such difference has not influence age, which 

is similar to the other grains (Fig. 6). 

(U-Th)/He ages for the pisolitic core range from 25.3±0.8 to 21.3±0.7 Ma and pisolitic 

cortex from 13.2±1.6 to 9.5±0.3 Ma (Fig. 6). The apparent age reveals that the pisolitic core is 

older than the pisolitic cortex which is fully in agreement with the model for the development 

of pisoliths from different localities, as proposed by several authors (see e.g., Didier et al., 1983; 

Didier et al., 1985; Tardy and Nahon, 1985; Nahon and Tardy, 1992). It must be pointed out 

that the core age may be an average age of the hematite and goethite, with hematite being 

possibly much older than goethite. Assuming that the goethite has the same age in the core as 

in the cortex and knowing the Hm/(Hm+Gt) ratio, the pure hematite average age would be ~41 

Ma. The crystallographic parameters such as the MCD size and Fe/Al ratio of goethite in the 

core and cortex rather indicate that they formed in different conditions, but with no constraint 
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on the age. Thus, the formation episode of ferruginous duricrusts at the Southwestern of the 

São Francisco craton (Minas Gerais State, Brazil) occurred at or before the Oligocene. 

Accordingly, Albuquerque et al. (2020) also found younger goethites in the pisolitic 

cortex than for hematite in the pisolitic core of pisolitic bauxites and fragmental ferruginous 

duricrust from the Southwestern Amazonia, Brazil. They pointed out that the ferruginous 

duricrust dismantling process, which is evidenced by the formation phase of the pisolitic cortex, 

took place in the Early to Late Miocene (~23 to 13 Ma) and therefore can be correlated to an 

epoch of extensive bauxite duricrust formation in the region. Our results suggest that the 

dismantling process of ferruginous duricrusts at Southeastern Brazil took place from the Middle 

to Late Miocene (~13.2 to 9.5 Ma), which is close to the finding by Albuquerque et al. (2020). 

Monteiro et al. (2014) reported that ferruginous duricrusts below ca. 1,550 m elevation in 

Southeastern Brazil, relatively close (~250 km) to our study area, yielded (U–Th)/He ages 

predominantly younger than 15 Ma and they are more prone to rejuvenation through goethite 

dissolution–reprecipitation. 

Monteiro et al. (2014) pointed out that discrepancies in (U-Th)/He ages would be 

expected for samples with apparent age close to the lower limit of the method, greater 4He loss, 

incorporation or loss of U and Th after goethite precipitation, contamination with primary 

minerals and coexistence of several generations in a single grain. Some of these factors cannot 

be detected before dating, but the primary minerals inclusions can be assessed satisfactorily 

using a powerful X-ray source, which cannot be achieved using a conventional powder XRD. 

This reinforces the importance of performing detailed mineralogical analysis of grains 

potentially suitable for (U-Th)/He dating. Further studies would need to be conducted to assess 

the potential of RA-XRD and SXRD in identifying minor constituents in supergene minerals 

prior to dating and their influence on ages. 

 

3.4. Conclusion 

Mineralogy of supergene minerals from core and cortex of lateritic pisoliths can be 

analyzed non-destructively by RA-XRD, with good quality of signal/noise on submillimetric 

(≤ 500 µm) single grains, which can be used subsequently retained without disturbance for 

further analysis. RA-XRD allows the estimation of Hm/(Hm+Gt) either by Rietveld refinement 

or using an amplitude-based calibration curve upon isolated XRD peaks for goethite and 

hematite amplitudes. SXRD patterns yielded similar results to the RA-XRD, but it is more 

appropriate for identifying minor constituents in a grain due to its better resolution. This 
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approach could potentially be applied to other mineral parageneses (e.g., Mn-oxides, jarosites) 

prior to dating. The exposure to X-rays was shown not to compromise the accuracy of the 

apparent age and thus the same grains used for mineralogical investigations can subsequently 

be dated by (U-Th)/He method. 

Although concerning only a few grains, the (U-Th)/He ages reveal that a formation 

phase of ferruginous duricrusts at the Southwestern of the São Francisco craton (Minas Gerais 

State, Brazil) occurred at or before the Late Oligocene, which is recorded by the pisolitic core 

ages ranging from 25.3±0.8 to 21.3±0.7 Ma. A subsequent phase associated with the 

dismantling process of ferruginous duricrusts took place from the Middle to Late Miocene 

(~13.2 to 9.5 Ma), which is evidenced by the formation of the goethitic pisolitic cortex. 

Therefore, the apparent age by (U-Th)/He results reveals that the pisolitic core is older than 

pisolitic cortex, agreeing with the previously proposed model for the development of pisoliths 

in duricrusts. 
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4. CRYSTALLOGRAPHIC AND THERMAL PROPERTIES OF KAOLINITE AND 

GIBBSITE OF FERRALSOLS DEVELOPED IN DISTINCT LANDFORMS AND 

PARENT MATERIALS (SOUTHERN CENTRAL PLATEAU, SE BRAZIL) 

ABSTRACT 

Ancient landscapes in humid and semi-humid tropical climate conditions 

are frequently covered by highly weathered soils, known as Ferralsols. Although 

they have been extensively studied worldwide in the last sixty years, there is a 

dominance of studies focused on the first two meters of soils that often reach several 

tens of meters thick until contact with saprolite or rock and thus several issues 

concerning the soil evolution could remain oversimplified. Therefore, our main 

objective was to investigate the variation of the mineralogical composition and 

crystallographic properties of the main mineral species of clay fraction, and the 

thermal properties of kaolinite and gibbsite of Ferralsols developed in a tropical wet 

and dry ancient landscape at the Southern Central Plateau, Alto Paranaíba region, 

Minas Gerais State, Brazil. Eight soil profiles over two landforms at different 

elevations and parent materials were systematic sampling reaching several meters 

deep and particle size distribution, chemical and mineralogical analyses, including 

crystallographic and thermal properties, were carried out. The soils developed in 

the upper and relict landform, known as Sul-Americana surface in the classic 

literature, are much thicker than those in the transient and younger landform. 

Ferralsols are highly weathered in both landforms and present geric properties, but 

their mineralogical composition is not dominated by gibbsite and iron 

oxides/oxyhydroxides as expected. Instead, an increase in the amounts of kaolinite 

in depth in soils developed in the relict landform and relatively similar amounts of 

kaolinite and gibbsite in depth in soils in the transient landform were observed, 

which amounts of gibbsite were roughly higher in soils developed in the transient 

than those in the relict landforms. In addition, kaolinites with a higher structural 

disorder and gibbsites more crystalline were observed in soils developed in the 

transient landform, contrasting to expected for soils developed in a young landform. 

Such variation of the proportions of minerals in clay fraction, and their 

crystallographic and thermal properties can be interpreted as influenced more due 

to distinct weathering conditions prevailing at the present time of their formation 

and the different parent materials than the exposure time of the surface. 

Keywords: Tropical weathering; Mean coherent domain sizes; Dehydroxylation 

temperature; iron oxides. 

 

4.1. Introduction 

Highly and long-term weathered soils recognised as either ferralitic or lateritic soils 

may be classified as Oxisols (Soil Survey Staff, 2014), Ferralsols (IUSS Working Group WRB, 
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2015), or Latossolos in the Brazilian Soil Classification System (Santos et al., 2018). Many of 

them have been developed under distinct weathering periods for sometimes for millions of years 

over different elevations, landforms and lithologies in humid and semi-humid tropical climate 

conditions (e.g., Chauvel and Pedro, 1978a; Bittom and Novikoff, 1991; Macedo and Bryant, 

1987; Tardy and Roquin, 2000; Mathian et al., 2020). The weathering conditions that prevailed 

during their formation are recorded in their mineralogy, which may be an archive to decipher 

the major paleoclimates when appropriately constrained their formation by dating methods of 

secondary minerals (e.g., Balan et al., 2005; Fritsch et al., 2011; Monteiro et al., 2018; Mathian 

et al., 2019; Allard et al., 2020). 

The occurrence of Ferralsols (term used hereinafter) in ancient landscapes under 

humid or semi-humid tropical climates is predominant. Regarding the Brazilian territory, where 

its occurrence is widespread (~33%), Ferralsols are widely reported as occurring in the distinct 

landforms which are recognised by King (1956) as Sul-Americana Surface (SAS; upper 

landform) supposedly from the Upper Cretaceous and Oligocene and Velhas Surface (VS; 

lower landform) supposedly from the Neogene (King, 1956; Braun, 1971; Motta et al., 2002), 

although no geochronological data are widely available to support such age range. The upper 

landform and other analogous in the intertropical zone have been covered by thick highly and 

long-term weathered profiles including duricrusts, and distinct weathering periods have 

influenced its evolution (Beauvais, 2009; Monteiro et al., 2018; Jean et al., 2019; Mathian et 

al., 2019; Vasconcelos et al., 2019). However, there are still few studies that reveal the influence 

of these periods on the processes that operated or are currently underway in soils developed in 

ancient landscapes. 

The general trend of progressive weathering under tropical climate conditions is 

towards the residual accumulation of iron and aluminum oxyhydroxides: the ferralitization 

(e.g., Muller, 1972; Chauvel and Pedro, 1978b; Herbillon, 1980). However, varying proportions 

of gibbsite, kaolinite, iron oxides/oxyhydroxides, and frequently minor accessory minerals have 

been observed in highly weathered soils in the intertropical zone (Tardy et al., 1991; Curi and 

Franzmeier, 1984; Furian et al., 2002; Muggler et al., 2007; Mathian et al., 2020). It is well 

known that the amounts and characteristics of kaolinite and gibbsite are governed by the extent 

to which desilication occurs and weathering conditions prevailing at the present time of their 

formation (Muller, 1982; Nahon, 1986; Macedo and Bryant, 1987; Tardy et al., 1991; Fritsch 

et al., 2005). Therefore, the increase of the amounts of gibbsite from the bottom to the top is 

commonly observed with the advance of weathering. However, high amounts of gibbsite can 
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also occur in depth, which is often related to its formation in saprolite (e.g., Watanabe et al., 

2006; Herrmann et al., 2007; Muggler et al., 2007). 

It is well reported the predominance of gibbsite in Ferralsols developed in the upper 

and older landform and kaolinite in those developed in the lower and younger ones (Ker, 2002; 

Motta et al., 2002; Gomes et al., 2004; Reatto et al., 2008), suggesting a relationship between 

apparent age of the landform and intensity of weathering. However, a very deep Ferralsol 

profile (~800 cm) developed in the upper landform and studied by Macedo and Bryant (1987) 

may exemplify that variation of the amounts of kaolinite and gibbsite occur in depth and the 

consensus of similar amounts of the clay minerals in great depth for highly weathered soils may 

be questioned. As many studies have been carried out in the first two meters of soils that often 

reach several tens of meters thick until contact with saprolite or rock (e.g., Reatto et al., 2008; 

Rolim Neto et al., 2009), several issues about them remain oversimplified. Indeed, certain soils 

which are products of recent weathering can coexist in the same landscape and even in the same 

profile (Nahon, 2003), and restrict investigations to the upper sola makes them difficult to 

distinguish. 

The identification of the mineralogical composition, estimation of the amounts of 

individuals minerals in clay fraction, and degree of crystallinity are commonly assessed via 

conventional X-ray diffraction (XRD) for its perceived availability. Such approach is very 

useful when minerals are well-ordered, but it is less promising for short-range ordered minerals 

as well as those with small crystallite size (Klug and Alexander, 1954; Brown and Brindley, 

1980; Dixon and Weeds, 1989). Therefore, several limitations in an XRD-based approach when 

used for highly weathered soils arise, such as: 1) many reflections are absent or very weak to 

be measured; 2) reflections of different clay minerals may be superimposed; and 3) many of the 

proposed methods for assessing the crystallographic properties were empirically obtained 

considering standard minerals, which are well-ordered and thus different from those commonly 

found in soils (e.g., Hinckley, 1963; Mitra, 1963; Hughes and Brown, 1979; Plançon et al., 

1988). 

Other techniques for evaluation of minerals in clay fraction have been used (e.g., 

Mössbauer spectroscopy, thermogravimetry and differential thermal analysis, isotopic 

composition, electron paramagnetic resonance, infrared spectroscopy, and transmission 

electron microscopy) and insights from the mineralogy of highly weathered soils have emerged 

(e.g., Girard et al., 2000; Mathian et al., 2020; Allard et al., 2020). Among them, the upwards 

replacement of an old population of well-ordered kaolinites with large particle size by a more 

recent population of disordered kaolinites with smaller particle size has been verified in 
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Ferralsols from Amazon Basin (Fritsch et al., 2002; Balan et al., 2005; Balan et al., 2007; 

Mathian et al., 2020) and over an ancient landscape in Minas Gerais State, Brazil (Muggler et 

al., 2007). Therefore, the direction of weathering and the conditions that prevailed during its 

formation cannot be adequately revealed by the composition of the clay fraction itself assessed 

via XRD patterns. 

Our main objective was to investigate the variation of the mineralogical composition 

and crystallographic properties of the main mineral species of clay fraction, and the thermal 

properties of kaolinite and gibbsite in Ferralsols developed in a tropical wet and dry ancient 

landscape (Southern Central Plateau, Minas Gerais State, Brazil). Eight sites located on two 

landforms at different elevations and parent materials were selected and systematic sampling 

reaching several meters deep was carried out. The weathering conditions that prevailed during 

the soil formation were discussed considering the different factors and then compared with 

those of other intertropical regions where Ferralsols are predominant. 

 

4.2. Methods 

4.2.1. Study site and soil profiles 

The study area is located at the Southern Central Plateau (Alto Paranaíba region, Minas 

Gerais State, Brazil), nested within the Neoproterozoic Brasília Orogenic Belt, which is situated 

between São Francisco and Paranapanema Cratons. Topographically the area is characterised 

by relict landforms up to 1,000 m surrounded by transient landforms at valley bottoms (Marques 

et al., 2021) (Fig. 1a). The Quebra-Anzol (QA) catchment was chosen as the study area, due to 

be the largest (~10,600 km²) complete catchment in the Alto Paranaíba region (Fig. 1b). The 

climate of the study area is tropical (Aw – Köppen–Geiger's classification), characterised by 

warm and seasonally dry winters and moist and warm summers, with an average annual rainfall 

of 1,600 mm and a mean annual temperature of 22 °C (Oliveira et al., 2020). The native 

vegetation is characterised by a predominance of different Brazilian savanna 

phytophysiognomies (Oliveira et al., 2020), but some enclaves of Semideciduous Tropical 

Forest are also present. Currently, most of the area is cultivated with cereals, cotton, pastures, 

coffee, and horticulture. 
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Figure 1. Study site. (a) Simplified tectonic and geological setting of the South American Platform (adapted from 

Cordani et al., 2016) and (b) hypsometric map of the Quebra-Anzol catchment, indicating the location of the 

studied soil profiles. 

 

Eight sites for studies at scale of soil profiles were selected in the QA catchment, which 

were chosen to cover the lithological variability and landforms in which the Ferralsols are 

developed in the study area. Four sites were located in the relict landform (identified as P1, P2, 

P3, and P4), and the other four in the transient landform (identified as P5, P6, P7, and P8) (Fig. 

1b). In some portions of the relict landform, Ferralsols are observed covering ferruginous 

duricrusts (i.e., P2 and P4). In general, Ferralsols in the relict landform are usually reported as 
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developed from Cenozoic deposits with low or no genetic relationship with the underlying 

bedrock (Ferreira et al., 1999; Motta et al., 2002; Marques et al., 2004; Reatto et al., 2008; 

Rolim Neto et al., 2009), but no evidence of lithologic discontinuity was observed. Ferralsols 

in the transient landform are developed from underlying metamorphic rocks, being P5 and P6 

from mica schists of the Araxá Group and P7 and P8 from chlorite-quartz-muscovite schists of 

the Rio Verde Formation (CPRM, 2014) (Tab. 1). 

 

Table 1. Topographic conditions and parent material of the selected sites 

Pedon Elevation (m) Slope (%) Parent material1 

P1 ~1,100 <2 Cenozoic deposits 

P2 ~1,100 ~3 Cenozoic deposits 

P3 ~1,250 <2 Cenozoic deposits 

P4 ~1,130 <5 Cenozoic deposits 

P5  ~930 ~3 Mica schists  

P6 ~930 ~3 Mica schists 

P7 ~970 ~3 Chlorite-quartz-muscovite schists 

P8 ~970 ~3 Chlorite-quartz-muscovite schists 

1 According to the geological map from CPRM (2014) and previously mentioned studies. 

 

Trenches were excavated with a hydraulic excavator until ~10 m in P1 and P3, and 

until the contact with the saprolite in P5, P6, P7, and P8 (<5 m). P2 and P8 are sites of 

exploration of ferruginous duricrusts and therefore there were recently excavated outcrops, 

having less than 5 m thick, so they were used in this study. Soil description and sampling were 

carried out in the field, according to soil description procedures by FAO guidelines (2006) and 

Santos et al. (2015), and soil profiles were classified according to IUSS Working Group WRB 

(2015). 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0016706117304056#bb0120
https://www.sciencedirect.com/science/article/pii/S0016706117304056#bb0120
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4.2.2. Soil sampling and analyses 

Disturbed soil samples were collected from each pedogenetic horizon, except in P2 

and P8, which samples were collected only in few horizons due to the difficulty of sampling. 

The soil samples were oven-dried in the lab at 40°C, ground, and sieved (<2 mm) for particle 

size distribution, chemical and mineralogical analyses. Particle size distribution by soil 

separates was performed using 40 g of material, 50 ml of 1 mol L-1 NaOH as dispersing agent, 

and deionised water, and then samples were mechanically agitated by 16h. The total sand 

fraction (0.05-2 mm) was sieved, the clay fraction (<0.002 mm) was measured using a 

hydrometer according to the Stokes’ law, and the silt fraction (0.002 - 0.05 mm) was obtained 

by the difference (Gee and Or, 2002). Chemical analyses were performed as follows: pH in 

H2O and KCl (1:2.5), exchangeable aluminum (Al3+), calcium (Ca2+), and magnesium (Mg2+) 

extracted by KCl solution 1 mol L-1, exchangeable sodium (Na+) and potassium (K+) extracted 

by Mehlich-1, and potential acidity (H + Al) extracted by calcium acetate solution of 0.5 mol 

L-1 at pH 7. The soil analyses were performed according to current Brazilian Soil Survey 

methods (Teixeira et al., 2017). Such results were used to calculate sum of exchangeable bases 

(S = Ca2+ + Mg2+ + K+ + Na+), cation exchange capacity at pH 7 (CEC = Ca2+ + Mg2+ + K+ + 

Na+ + H+ + Al3+), and base saturation status (V = [S/CEC]*100). Organic carbon content was 

determined according to Walkley and Black (1934). 

 

4.2.3. X-ray diffraction measurement 

Samples of the clay fraction from selected soil horizons of each soil profile were 

prepared following the method described by Mehra and Jackson (1960) and Jackson (1979). 

After the elimination of organic matter with the addition of 15% H2O2, extractions with citrate-

bicarbonate-dithionite (CBD) of sodium at 65 ºC for 10 min in a water bath were performed six 

times to remove the free iron oxides. The Fe content from the CBD residue was determined by 

an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) and then Fe2O3 

content was calculated. Furthermore, X-ray diffraction (XRD) patterns of the deferrated 

oriented slides samples were obtained using a Panalytical X’Pert3 Powder device with CuKα 

radiation, operating at 40 kV and 40 mA, with a range scan of 4-65 º2 and a step size of 0.02 

º2 s-1. 

Iron oxides were concentrated after the elimination of silicate minerals and gibbsite 

using 5 mol L-1 NaOH under heating at ~250ºC for 120 minutes, according to the procedures 
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of Norrish and Taylor (1961) modified by Kämpf and Schwertmann (1982). Sodium 

metasilicate was added to reach 0.2 mol L−1 Si concentration in solution to avoid Fe oxide 

dissolution with high Al-substitution (Kämpf and Schwertmann, 1982). Sodalite 

[Na4Al3Si3O12(OH)] formed during extraction was removed by washing twice with 50 mL of 

0.5 mol L−1 HCl solution and washing once with 50 mL of deionised water (Norrish and 

Taylor, 1961; Singh and Gilkes, 1991). XRD patterns of random powder samples were obtained 

using the previous settings described, but with a range scan of 10-60 º2 and a step size of 0.01 

º2 s-1. 

 

4.2.4. Crystallographic properties 

The mineral species of the clay fraction were identified from the XRD patterns using 

the d-spacing according to Bragg’s Law (Brown and Brindley, 1980; Dixon and Weeds, 1989). 

The Asymmetry Index (AI) of the (001) diffraction peak of kaolinite was obtained by drawing 

a perpendicular line considering the sharpest point and measuring the Width at Half Height 

(WHH) to the right and the left of the peak, according to Melo and Wypych (2009). The Mean 

Coherent Domain (MCD) sizes of the main mineral species were calculated using the Scherrer’s 

equation (Klug and Alexander, 1954), considering the (001) peak of kaolinite and (002) of 

gibbsite from XRD patterns of deferrated clay samples, and (110) of goethite and (104) of 

hematite from XRD patterns after elimination of silicates and gibbsite. The Average Number 

of Layers (ANL) of kaolinite was calculated by dividing the corresponding MCD sizes by the 

(001) value. The Al-substitution was calculated from a cell parameter of hematite as proposed 

by Schwertmann et al. (1979) and c cell parameter of goethite according to Schulze (1984). The 

goethite and hematite ratio [Gt/(Gt+Hm)] was estimated based on the peak area of (110) 

goethite and (104) hematite due to the low intensity of the (111) goethite or (110) hematite, 

according to the equation proposed by Torrent and Cabedo (1986) and also used by Melo et al. 

(2020). 

 

4.2.5. Estimation of the amounts of kaolinite and gibbsite 

Simultaneous thermogravimetric and differential thermal analysis (TG-DTA) was 

performed in clay samples after CBD treatment in order to eliminate interferences with iron 

oxides that present overlapping dehydroxylation reactions in similar temperature ranges 
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(Karathanasis, 2008). The thermogravimetric analysis was carried out using ~10 mg of soil 

sample which were placed in platinum crucibles and heated from room temperature to 950°C 

at 10°C min-1 under an N2 atmosphere with the gas flow at 50 ml min-1. The heating temperature 

and its respective weight loss were recorded using a thermogravimetric analyzer, model DTG-

60 (Shimadzu Corporation, Japan). A standard poorly ordered kaolinite (KGa – 2 sample) was 

used to verify the precision of the measurement. The amounts of kaolinite and gibbsite were 

estimated according to Eqs. 1 and 2, respectively. 

% 𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 = (
wl

13.95
∗ 100) ∗ c    (Eq. 1) 

% 𝑔𝑖𝑏𝑏𝑠𝑖𝑡𝑒 = (
wl

34.62
∗ 100) ∗ c   (Eq. 2) 

Where wl is the weight loss in % corresponding to the dehydroxylation temperature of kaolinite 

(~480°C) and gibbsite (~260°C) and c is the weight loss during the CBD treatment. 

 

4.3. Results 

4.3.1. Soil characterization and classification  

Morphological description, horizon designation and classification of all soil profiles 

are shown in Tabs. 2 and 3. The soils developed in the relict landform are much deeper than 

those in the transient ones. P1 and P3 had a thickness greater than 10 m while P2 and P4 have 

less than 5 m thick. The soils developed in the transient landform in contrast showed contact 

with the saprolite within 3 m thick. 

 

  

https://acsess.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Karathanasis%2C+A+D
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Table 2. Morphological description of the soils developed in the relict landform 

Hz1 
Depth 

Color2 
Structure3 Consistence4 

Boundary 
(cm) Grade Type Size Moist Wet 

Profile 1 - Geric Ferralsol (Dystric, Clayic)5 

Ap 0-24 5YR 3/4 WE GR FI-ME VFR PL/ST Clear 

AB -42 5YR 4/6 WE SB ME VFR PL/ST Clear 

BA -63 2,5YR 4/8 WE/ST SB/GR ME/FI VFR PL/ST Gradual 

Bo1 -110 2,5YR 4/8 WE/ST SB/GR ME/FI VFR VPL/VST Diffuse 

Bo2 -168 2,5YR 4/8 WE/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo3 -210 2,5YR 3/6 WE/ST SB/GR ME/FI FR VPL/VST Gradual 

Bo4 -300 2,5YR 4/6 MO/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo5 -360 10R 4/8 MO/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo6 -455 10R 3/6 MO-ST/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo7 -555 10R 3/6 MO-ST/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo8 -630 10R 3/6 MO-ST/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo9 -705 10R 3/6 MO-ST/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo10 -795 10R 3/6 MO-ST/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo11 -950+ 10R 3/6 MO-ST/ST SB/GR ME/FI FR VPL/VST - 

Profile 2 - Geric Ferralsol (Dystric, Clayic) 

Bo1 ~60 2,5YR 3/6 MO/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo4 ~330 10R 3/6 MO/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo5 ~500 10R 3/6 MO-ST/ST SB/GR ME/FI FR VPL/VST - 

Profile 3 - Geric Ferralsol (Dystric, Clayic) 

Ap 0-20 5YR 3/4 WE SB/GR FI/VF-FI VFR SPL/SST Clear 

AB -37 5YR 4/6 MO SB FI-ME VFR SPL/SST Clear 

BA -58 2,5YR 4/8 WE/ST SB/GR ME/FI FR PL/ST Diffuse 

Bo1 -93 2,5YR 4/8 WE/ST SB/GR ME/FI FR PL/ST Diffuse 

Bo2 -142 2,5YR 4/8 WE/ST SB/GR ME/FI FR PL/ST Diffuse 

Bo3 -230 2,5YR 3/6 WE/ST SB/GR ME/FI FR VPL/VST Gradual 

Bo4 -345 10R 4/8 MO/ST SB/GR ME-CO VFI VPL/VST Diffuse 

Bo5 -450 10R 3/6 MO/ST SB/GR FI-ME VFI VPL/VST Diffuse 

Bo6 -575 10R 3/6  MO/ST SB/GR ME-CO VFI VPL/VST Diffuse 

Bo7 -680 10R 3/6 MO/ST SB/GR ME FR VPL/VST Diffuse 

Bo8 -755 10R 3/6 MO SB/GR ME FR VPL/VST Diffuse 

Bo9 -850 10R 3/6 MO/ST SB/GR ME-CO FR VPL/VST Diffuse 

Bo10 -980 10R 3/6 MO/ST SB/GR ME-CO VFI VPL/VST Diffuse 

Bo11 -1000+ 10R 3/6 MO SB/GR ME VFI VPL/VST - 

Profile 4 - Geric Ferralsol (Dystric, Clayic) 

AB ~35 2,5YR 4/8 WE/ST SB FI-ME FR PL/ST Clear 

Bo1 ~200 10R 3/6 MO/ST SB/GR ME/FI VFI VPL/VST Diffuse 

Bo3 ~480 10R 3/6 MO/ST SB/GR ME/FI VFI VPL/VST - 
1Hz: horizon; 2Soil color according to Munsell; 3Structure: Grade = WE: weak, MO: moderate, ST: strong / Type 

= SB: subangular blocky, GR: granular / Size = VF: very thin, FI: thin, ME: medium, CO: coarse; 4Consistence: 

moist = VFR: very friable, FR: friable, FI: firm, VFI: very firm / wet (soil plasticity) = SPL: slightly plastic, PL: 

plastic, VPL: very plastic; wet (soil stickiness): SST: slightly sticky, ST: sticky, VST: very sticky; 5Soil 

classification according to IUSS Working Group WRB (2015). 

 

https://www.sciencedirect.com/science/article/pii/S0016706117304056#bb0120
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Table 3. Morphological description of the soils developed in the transient landform 

Hz1 
Depth 

Color2 
Structure3 Consistence4 

Boundary 
(cm) Grade Type Size Moist Wet 

Profile 5 - Geric Ferralsol (Dystric, Clayic)5 

Ap 0-24 5YR 3/4 WE SB/GR FI-ME FI SPL/SST Clear 

AB -47 5YR 4/6 WE SB ME FI PL/ST Clear 

Bo1 -82 2,5YR 4/6 MO/ST SB/GR FI-ME/FI FR PL/ST Diffuse 

Bo2 -110 2,5YR 4/8 MO/ST SB/GR FI-ME/FI FR PL/ST Diffuse 

Bo3 -178 2,5YR 4/8 MO/ST SB/GR FI-ME/FI FR VPL/VST Diffuse 

Bo4 -276+ 2,5YR 4/8 MO-ST/ST SB/GR ME/FI FI VPL/VST - 

Profile 6 - Geric Ferralsol (Dystric, Clayic) 

Ap 0-28 5YR 3/4 WE GR FI-ME FR PL/ST Clear 

A2 -42 5YR 3/4 MO SB FI-ME FR PL/ST Gradual 

AB -66 5YR 4/6 WE-MO SB FI-ME VFR PL/ST Gradual 

Bo1 -113 2,5YR 4/8 WE-MO SB FI-ME VFR VPL/VST Diffuse 

Bo2 -165 2,5YR 4/8 WE-MO SB FI-CO VFR VPL/VST Gradual 

Bo3 -198 2,5YR 4/8 MO-ST SB FI-ME VFR VPL/VST Gradual 

Bo4 -247+ 2,5YR 4/8 MO-ST SB FI-ME VFR VPL/VST - 

Profile 7 - Gibbsic Ferralsol (Dystric, Clayic) 

Ap 0-22 5YR 4/4 MO G FI-ME FI PL/ST Clear 

AB -43 5YR 4/6 WE BS FI FI PL/ST Gradual 

BA -60 5YR 4/8 MO/ST BS/G ME/FI FR PL/ST-VST Gradual 

Bo1 -112 5YR 4/6 WE/ST BS/G ME/FI FR PL/VST Diffuse 

Bo2 -140 5YR 4/6 WE/ST BS/G ME/FI FR PL/VST Clear 

BC -270+ 5YR 4/6 MO/ST BS/G FI-ME/FI VFR PL/ST - 

Profile 8 - Geric Ferralsol (Dystric, Clayic) 

Ap 0-14 7,5YR 3/4 MO GR VF-FI VFR LPL/SST Clear 

A2 -30 7,5YR 3/4 MO SB FI-ME FI VPL/VST Clear 

AB -46 5YR 4/6 MO SB ME FI VPL/VST Clear 

BA -67 5YR 4/6 MO/ST SB/GR ME/FI FR 
PL-VPL/ 

ST-VST 
Gradual 

Bo1 -112 5YR 4/6 MO/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bo2 -152 5YR 4/6 MO/ST SB/GR ME/FI FR VPL/VST Diffuse 

Bw3 -185 5YR 4/6 MO/ST SB/GR ME/FI FR VPL/VST Gradual 

BC -225+ 5YR 4/6 MO/ST SB/GR FI-ME/FI VFR PL/ST - 
1Hz: horizon; 2Soil color according to Munsell; 3Structure: Grade = WE: weak, MO: moderate, ST: strong / Type 

= SB: subangular blocky, GR: granular / Size = VF: very thin, FI: thin, ME: medium, CO: coarse; 4Consistence: 

moist = VFR: very friable, FR: friable, FI: firm, VFI: very firm / wet (soil plasticity) = SPL: slightly plastic, PL: 

plastic, VPL: very plastic; wet (soil stickiness): SST: slightly sticky, ST: sticky, VST: very sticky; 5Soil 

classification according to IUSS Working Group WRB (2015). 

 

The clay fraction varied from 665 to 917 g kg-1 and from 404 to 600 g kg-1 while sand 

fraction from 45 to 180 g kg-1 and from 155 to 507 g kg-1 in soils developed in the relict and 

transient landforms, respectively (Tabs. 4 and 5). There was a slight variation of particle size 

distribution in depth for all soil profiles, but in general the clay and sand content was relatively 

homogeneous. All soils are clayey or very clayey, but soils developed in the transient landform 

https://www.sciencedirect.com/science/article/pii/S0016706117304056#bb0120
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have higher sand content than those in the relict ones, mainly P5 and P6, which sand content is 

even greater than its correlates belong to the same landform (i.e., P7 and P8) (Tabs. 4 and 5). 

 

Table 4. Particle size distribution and chemical attributes of the soils developed in the relict 

landform 

Horizon 
Depth Clay Silt Sand pH 

H2O 

pH 

KCl 
ΔpH 

S1 Al3+ CEC2 V3 C4 

(cm) g kg-1  cmolc kg-1 % g kg-1 

 Profile 1 - Geric Ferralsol (Dystric, Clayic) 

Ap 0-24 752 146 102 6.12 5.39 -0.73 7.58 0.42 13.24 57.24 47.49 

AB -42 873 75 52 4.97 4.39 -0.58 0.99 0.43 7.33 13.46 19.45 

BA -63 880 70 50 5.48 4.77 -0.71 0.83 0.48 5.21 15.87 13.94 

Bo1 -110 901 51 48 4.83 4.93 0.10 0.42 0.42 4.48 9.42 12.71 

Bo2 -168 917 32 51 4.91 5.20 0.29 1.48 0.39 4.64 31.90 11.18 

Bo3 -210 898 54 48 4.84 5.73 0.89 0.48 0.40 2.88 16.65 8.42 

Bo4 -300 902 50 48 5.02 6.10 1.08 0.44 0.39 2.28 19.14 7.20 

Bo5 -360 904 51 45 5.72 6.52 0.80 0.50 0.28 1.08 46.46 5.05 

Bo6 -455 914 41 45 5.89 6.57 0.68 0.32 0.22 0.36 89.02 4.14 

Bo7 -555 892 62 46 5.89 6.54 0.65 1.50 0.25 1.82 82.40 3.52 

Bo8 -630 900 46 54 5.98 6.51 0.53 0.31 0.25 0.91 34.03 2.91 

Bo9 -705 897 43 60 5.98 6.48 0.50 0.29 0.29 0.89 32.40 1.68 

Bo10 -795 884 58 58 5.94 6.39 0.45 0.18 0.32 0.86 20.73 2.30 

Bo11 -950+ 872 68 60 5.99 6.07 0.08 0.18 0.30 1.46 12.11 1.68 

 Profile 2 - Geric Ferralsol (Dystric, Clayic) 

Bo1 ~60 740 133 127 5.1 5.4 0.4 0.1 0.0 2.8 2.0 n.d. 

Bo4 ~330 809 78 113 5.7 6.4 0.7 0.0 0.0 0.3 4.6 n.d. 

Bo5 ~500 794 81 125 5.8 6.5 0.6 0.0 0.0 0.2 11.4 n.d. 

 Profile 3 - Geric Ferralsol (Dystric, Clayic) 

Ap 0-20 686 193 120 6.87 5.95 -0.92 8.08 0.41 12.46 64.85 29.26 

AB -37 866 35 98 5.73 5.15 -0.58 2.31 0.38 7.95 29.05 19.45 

BA -58 844 59 97 5.59 5.08 -0.51 0.93 0.43 6.15 15.07 15.78 

Bo1 -93 848 54 97 5.92 5.50 -0.42 0.87 0.39 5.27 16.57 15.78 

Bo2 -142 849 69 82 5.42 5.98 0.56 0.21 0.39 3.25 6.52 11.49 

Bo3 -230 867 71 62 4.92 6.32 1.40 0.18 0.33 2.48 7.18 8.73 

Bo4 -345 882 67 51 5.78 6.88 1.10 0.27 0.20 0.85 31.38 7.81 

Bo5 -450 899 53 48 6.07 6.98 0.91 0.18 0.23 0.90 19.90 7.05 

Bo6 -575 891 57 52 6.11 6.69 0.58 0.16 0.22 0.86 18.16 2.60 

Bo7 -680 845 91 64 5.83 5.95 0.12 0.34 0.39 1.60 21.41 5.36 

Bo8 -755 784 126 90 5.66 6.21 0.55 0.51 0.36 1.31 39.08 1.99 

Bo9 -850 833 73 94 6.16 6.13 -0.03 0.22 0.39 1.14 19.49 1.38 

Bo10 -980 815 90 95 6.31 6.04 -0.27 0.10 0.34 1.24 8.25 2.30 

Bo11 -1000+ 785 95 120 6.12 5.97 -0.15 0.13 0.37 1.59 8.18 1.68 

 Profile 4 - Geric Ferralsol (Dystric, Clayic) 

AB ~35 665 156 180 5.4 4.6 -0.9 0.1 0.1 6.2 1.9 n.d. 

Bo1 ~200 779 86 136 4.7 5.5 0.8 0.1 0.0 2.7 3.7 n.d. 

Bo3 ~480 728 156 115 5.2 6.2 1.0 0.0 0.0 0.7 3.5 n.d. 
1S: sum of exchangeable bases; 2CEC: cation exchange capacity at pH 7; 3V: base saturation status; 4C: Organic 

carbon content. n.d.: not determined. 
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Table 5. Particle size distribution and chemical attributes of the soils developed in the transient 

landform  

Horizon 
Depth Clay Silt Sand pH 

H2O 

pH 

KCl 
ΔpH 

S1 Al3+ CEC2 V3 C4 

(cm) g kg-1  cmolc kg-1 % g kg-1 

 Profile 5 - Geric Ferralsol (Dystric, Clayic) 

Ap 0-24 511 144 345 5.90 4.99 -0.91 4.68 0.50 9.62 48.64 27.11 

AB -47 531 145 324 5.99 4.87 -1.12 1.57 0.46 5.55 28.30 15.78 

Bo1 -82 565 128 307 5.95 5.34 -0.61 0.80 0.44 3.36 23.83 10.88 

Bo2 -110 583 113 304 5.55 5.90 0.35 0.79 0.39 2.25 35.24 7.51 

Bo3 -178 582 109 309 5.65 6.19 0.54 0.46 0.33 1.48 30.97 6.89 

Bo4 -276 600 89 311 5.39 6.29 0.90 0.44 0.26 1.06 41.30 3.83 

 Perfil 6 - Geric Ferralsol (Dystric, Clayic) 

Ap 0-28 405 89 507 6.15 5.09 -1.06 2.07 0.44 5.41 38.22 13.02 

A2 -42 404 112 484 4.86 4.25 -0.61 0.43 0.47 4.47 9.71 11.18 

AB -66 460 71 469 4.86 4.28 -0.58 0.47 0.34 4.05 11.58 7.81 

Bo1 -113 458 99 443 5.25 5.47 0.22 0.40 0.40 2.24 17.90 5.36 

Bo2 -165 459 81 460 4.87 5.78 0.91 0.52 0.43 1.76 29.53 4.75 

Bo3 -198 449 91 460 4.53 5.82 1.29 0.32 0.44 1.56 20.55 4.14 

Bo4 -247 475 83 443 4.25 5.71 1.46 0.24 0.39 1.34 18.10 3.83 

 Profile 7 - Gibbsic Ferralsol (Dystric, Clayic) 

Ap 0-22 470 287 243 6.59 5.76 -0.83 4.27 0.40 7.45 57.32 24.05 

AB -43 491 266 243 5.16 4.47 -0.69 0.84 0.28 4.74 17.70 12.41 

BA -60 468 309 224 5.53 5.11 -0.42 1.43 0.40 4.19 34.19 9.65 

Bo1 -112 518 253 229 6.82 6.32 -0.50 2.01 0.33 2.73 73.65 8.42 

Bo2 -140 492 264 245 6.29 6.34 0.05 1.32 0.33 2.22 59.50 6.59 

BC -270 n.d. n.d. n.d. 5.06 6.04 0.98 1.11 0.36 1.91 58.21 n.d. 

 Profile 8 - Geric Ferralsol (Dystric, Clayic) 

Ap 0-14 585 226 189 5.7 4.8 -0.8 3.92 0.44 9.48 41.34 26.81 

A2 -30 577 257 166 5.9 5.1 -0.9 3.52 0.36 7.62 46.22 20.99 

AB -46 581 270 149 5.9 5.1 -0.8 2.04 0.41 7.28 28.07 15.78 

BA -67 580 274 146 5.8 5.1 -0.7 1.51 0.40 4.63 32.59 13.02 

Bo1 -112 589 267 144 5.9 5.8 -0.1 1.36 0.34 2.74 49.70 9.65 

Bo2 -152 581 275 144 5.0 5.7 0.7 0.46 0.32 1.76 26.05 8.12 

Bo3 -185 567 284 149 4.8 5.8 1.0 0.39 0.33 1.71 23.01 5.97 

BC -225 569 271 160 5.3 6.1 0.8 1.00 0.34 1.62 61.62 n.d. 
1S: sum of exchangeable bases; 2CEC: cation exchange capacity at pH 7; 3V: base saturation status; 4C: Organic 

carbon content. n.d.: not determined. 

 

pH in water and KCl solution varied from 4.7 to 6.9 and from 4.2 to 7.0 in soils 

developed in the relict landform, respectively, and from 4.3 to 6.8 and from 4.3 to 6.3 in soils 

developed in the transient landform, respectively. The values were relatively similar between 

all soil profiles. However, ΔpH, which is the difference between pH in KCl and water, changed 

from negative to positive values in depth in all soil profiles, indicating soils behave like an 

anion exchanger downwards. In addition, ΔpH changed from 755 cm onwards to negative in 
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P3 and it was close to zero in the deepest horizon of P1, indicating an inverse change in net 

charge (Tabs. 4 and 5). Cation Exchange Capacity (CEC) ranged from 0.18 to 13.24 cmolc kg-

1 and from 1.1 to 9.6 cmolc kg-1 in soils developed in the relict and transient landforms, 

respectively. The higher values of CEC were found in the upper sola and a trend to decrease in 

depth was observed. A similar trend was also noticed for the sum of exchangeable bases, which 

values predominated below 50% for all soil profiles, except in P7, which presented values above 

50% from 60 cm onwards (Tabs. 4 and 5). In addition, an abrupt increase in the sum of 

exchangeable bases was observed between 360 and 555 cm in P1, which is associated with the 

highest values of pH in KCl. The organic carbon content varied from 1.4 to 47.5 g kg-1 and 

from 3.8 to 27.1 g kg-1 in soils developed in the relict and transient landforms, respectively. The 

highest values were observed in the most superficial horizons, with a trend to decrease in depth 

for all soil profiles (Tabs. 4 and 5). 

 

4.3.2. XRD patterns and crystallographic properties of kaolinite and 

gibbsite 

The XRD patterns of the deferrated oriented slides samples from all soil profiles are 

shown in Figs. 2 and 3, with assigned mineral contributions. The mineralogical composition of 

the clay fraction was quite similar within and between the soil profiles, indicating the presence 

of kaolinite, gibbsite, anatase, and rutile. However, the peak intensity was slightly different, 

suggesting that the soil samples do not have the same proportions of minerals. According to the 

XRD patterns, the peak intensity of kaolinite and gibbsite indicated a similar desilication trend 

in depth for all soil profiles in the relict landform. The XRD patterns showed a trend of greater 

amounts of gibbsite in the upper sola and a decrease in depth associated with the higher 

proportion of kaolinite, which can be observed more evidently in P1 and P3, which samples 

were collected in greater depth (Fig. 2). For all soils developed in the transient landform, the 

peak intensity of gibbsite was also higher than kaolinite (Fig. 3). Indeed, an inversion of the 

peak intensity of kaolinite and gibbsite was not observed in depth for such soils, suggesting the 

predominance of gibbsite in the entire profile. Furthermore, the peak intensity of gibbsite was 

higher and kaolinite was lower in XRD patterns of the soils developed in the transient landform 

than those in the relict ones, suggesting thus a higher amount of gibbsite in soils developed in 

the transient landform (Figs. 2 and 3). 
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Figure 2. XRD patterns of the deferrated clay fraction samples from soils developed in the relict landform. (a) 

Profile 1 – P1; (b) Profile 2 – P2; (c) Profile 3 – P3; and (d) Profile 4 – P4. The d(hkl) corresponds to the d-spacing 

according to Bragg’s Law. The location of the soil profiles is provided in Fig. 1b. 
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Figure 3. XRD patterns of the deferrated clay fraction samples from soils developed in the transient landform. (a) 

Profile 5 – P5; (b) Profile 6 – P6; (c) Profile 7 – P7; and (d) Profile 8 – P8. The d(hkl) corresponds to the d-spacing 

according to Bragg’s Law. The location of the soil profiles is provided in Fig. 1b. 

 

The (001) value of kaolinite ranged from 0.72 to 0.74 nm and it was slightly different 

between the XRD patterns of soil samples. The asymmetry index of the (001) reflection of 

kaolinite varied within and between soil profiles, with values ranging from 0.0 to 0.4. The 

highest values were observed for the most superficial as well as the deepest horizons. Therefore, 

a trend of variation of the asymmetry index of kaolinite was not observed (Figs. 2 and 3). The 

WHH values of (001) reflection of kaolinite ranged from 0.35 to 0.42 °2θ and from 0.43 to 0.81 

°2θ for the XRD patterns of soils developed in the relict and transient landforms, respectively. 

The WHH values were similar between the soil profiles developed in the relict landform, but 

quite different from those soils developed in the transient landform for which broader basal 

reflection was observed (Tab. 6). 
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Table 6. Crystallographic properties of the kaolinite and gibbsite estimated from XRD patterns 

for the studied soil profiles 

Depth  

(cm) 

(001) kaolinite  (002) gibbsite 

d1 WHH2 MCD3 
ANL4 Asymmetry 

index 

d WHH MCD 

nm °2θ nm nm °2θ nm 

 Profile 1 - Geric Ferralsol (Dystric, Clayic) 

~85 0.73 0.39 20.60 28.30 0.2 0.49 0.25 32.85 

~190 0.72 0.40 20.12 27.76 0.4 0.49 0.23 34.33 

~320 0.73 0.39 20.68 28.30 0.1 0.49 0.24 33.31 

~500 0.73 0.36 22.11 30.17 0.2 0.49 0.22 36.83 

~870 0.73 0.35 22.58 31.12 0.2 0.49 0.21 38.11 

 Profile 2 - Geric Ferralsol (Dystric, Clayic) 

~60 0.73 0.40 20.13 27.49 0.1 0.49 0.24 34.01 

~330 0.73 0.38 20.85 28.58 0.1 0.49 0.24 33.18 

~500 0.73 0.39 20.28 27.70 0.0 0.49 0.25 32.85 

 Profile 3 - Geric Ferralsol (Dystric, Clayic) 

~115 0.73 0.40 20.19 27.64 0.3 0.49 0.24 33.30 

~290 0.73 0.39 20.52 28.03 0.1 0.49 0.24 34.03 

~990 0.74 0.39 20.54 27.77 0.0 0.49 0.22 36.31 

 Profile 4 - Geric Ferralsol (Dystric, Clayic) 

~35 0.73 0.42 18.99 26.08 0.1 0.49 0.24 33.69 

~200 0.72 0.41 19.56 27.01 0.1 0.49 0.24 33.50 

~480 0.73 0.39 20.72 28.36 0.3 0.49 0.25 32.73 

 Profile 5 - Geric Ferralsol (Dystric, Clayic) 

~95 0.73 0.54 14.90 20.41 0.2 0.49 0.25 31.58 

~225 0.73 0.57 14.00 19.07 0.2 0.49 0.26 31.51 

~350 0.73 0.58 13.73 18.85 0.1 0.49 0.26 30.90 

 Profile 6 - Geric Ferralsol (Dystric, Clayic) 

~140 0.73 0.43 18.55 25.40 0.2 0.49 0.28 28.99 

 Profile 7 - Gibbsic Ferralsol (Dystric, Clayic) 

~85 0.73 0.81 9.84 13.42 0.0 0.49 0.27 29.82 

~125 0.73 0.79 10.15 13.95 0.1 0.49 0.28 28.89 

 Profile 8 - Geric Ferralsol (Dystric, Clayic) 

~168 0.73 0.55 14.63 20.18 0.0 0.49 0.28 28.95 
1 d: d-spacing according to Bragg’s Law; 2 WHH: Width at Half Height; 3 MCD: Mean Coherent Domain; 4 ANL: 

Average Number of Layers. 

 

The WHH is inversely related to the sizes of coherently diffracting regions and thus 

lower values suggest larger MCD sizes, according to Scherrer’s formula (Klug and Alexander, 

1954). The MCD sizes considering the (001) reflection of kaolinite ranged from 18.99 to 22.58 

nm and from 9.84 to 18.55 nm in soils developed in the relict and transient landforms, 

respectively. The largest MCD sizes of kaolinite were observed in the deepest horizon of P1 

(~870 cm), while the smallest one was observed in the most superficial horizon of P5 (~85 cm), 
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which value was less than half of that observed in the deepest horizon of P1. The MCD sizes 

of kaolinite tended to increase or be similar in depth in soils developed in the relict landform 

and decrease in those developed in the transient ones, at least in P5 and P7 (Tab. 6). The ANL 

of kaolinite in soils developed in the relict landform was between 26.08 and 31.12 while those 

in the transient landform ranged from 13.42 to 25.40, indicating kaolinite with higher ANL in 

soils developed in the relict than transient landforms. The values of ANL tended to increase in 

depth in P1 and P4, similar to the MCD sizes, while similar values between soil horizons were 

observed in P2 and P3. The lowest ANL values of kaolinite were observed in P5, which are 

lower than those of soils belonging to the same landform and quite lower than those in the relict 

landform (Tab. 6). 

The (002) values of gibbsite were 0.49 nm for XRD patterns of all soil samples. The 

WHH values ranged from 0.21 to 0.25 °2θ and from 0.25 to 0.28 °2θ for XRD patterns of soils 

developed in the relict and transient landforms, respectively. Therefore, the WHH values were 

slightly higher for the XRD patterns of soils developed in the transient than relict landforms. 

The MCD sizes ranged from 32.73 to 38.11 nm and from 28.89 to 31.58 nm in soils developed 

in the relict and transient landforms, respectively (Tab. 6). The MCD sizes of gibbsite were 

larger in soils developed in the relict landform and showed an increase in depth in P1 and P3, 

but an opposite trend was observed in P2 and P4. Instead, for the soils in the transient landform, 

the MCD sizes of gibbsite were relatively lower and decreased slightly in depth (Tab. 6). 

 

4.3.3. Dehydroxylation temperature and amounts of kaolinite and gibbsite 

The dehydroxylation temperature (DT) of kaolinite ranged from 480.2 to 494.1ºC and 

from 474.8 to 485.0ºC in soils developed in the relict and transient landforms, respectively 

(Tab. 7). There was a trend to increase the DT value of kaolinite in depth in all soil profiles 

developed in the relict landform, with higher values for samples collected in greater depth (~870 

cm in P1 and ~990 cm in P7). No trend of DT values of kaolinite was observed for soils in the 

transient landform, as for some of them the DT value increased and for others, it decreased in 

depth. The lowest DT values of kaolinite were observed in P7 followed P8, values that were 

even lower than their counterparts which belong to the same landform (i.e., P5 and P6) (Tab. 

7). 
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Table 7. Dehydroxylation temperature and estimation of the amounts of kaolinite and gibbsite 

by thermogravimetric and differential thermal analysis for the studied soil profiles  

 Kaolinite  Gibbsite   

Depth  

(cm) 

Dehydroxylation temperature Amounts Dehydroxylation temperature Amounts 
Kt/(Kt+Gb) 

ºC % ºC % 

Profile 1 - Geric Ferralsol (Dystric, Clayic) 

~85 485.4 56.6 267.0 32.9 0.63 

~190 482.4 52.0 265.4 32.7 0.61 

~320 483.4 42.9 264.8 31.1 0.58 

~500 485.4 52.1 265.9 29.2 0.64 

~870 490.8 72.9 257.0 9.7 0.88 

Profile 2 - Geric Ferralsol (Dystric, Clayic) 

~60 481.7 38.4 269.4 37.2 0.51 

~330 482.4 45.1 266.4 36.0 0.56 

~500 483.4 38.6 266.8 35.1 0.52 

Profile 3 - Geric Ferralsol (Dystric, Clayic) 

~115 482.9 42.5 268.4 37.2 0.53 

~290 484.2 44.0 268.6 38.1 0.54 

~990 494.1 71.9 257.5 9.4 0.88 

Profile 4 - Geric Ferralsol (Dystric, Clayic) 

~35 480.8 37.8 267.9 35.4 0.52 

~200 480.2 36.6 268.7 37.2 0.50 

~480 483.1 37.6 267.2 33.3 0.53 

Profile 5 - Geric Ferralsol (Dystric, Clayic) 

~95 481.4 32.5 270.7 38.1 0.46 

~225 483.8 38.0 272.3 42.6 0.47 

~350 482.3 38.9 270.4 40.1 0.49 

Profile 6 - Geric Ferralsol (Dystric, Clayic) 

~140 484.1 36.1 270.9 38.4 0.48 

~180 485.0 30.9 271.3 39.4 0.44 

Profile 7 – Gibbsic Ferralsol (Dystric, Clayic) 

~85 479.4 43.3 271.4 39.5 0.52 

~125 474.8 39.7 269.5 39.4 0.50 

Profile 8 - Geric Ferralsol (Dystric, Clayic) 

~168 480.6 31.7 269.8 35.7 0.47 

 

The DT value of gibbsite ranged from 257.0 to 269.4ºC and from 269.5 to 272.3ºC in 

soils developed in the relict and transient landforms, respectively (Tab. 7). In general, there was 

a downward decrease in the DT value of gibbsite in soils developed in the relict landform, a 

trend that was inverse to that observed for kaolinite. The lowest DT values of gibbsite were 

found for samples collected in greater depth (i.e., ~870 cm in P1 and ~990 cm in P7). The DT 
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value of gibbsite in soils developed in the transient landform was higher than that observed in 

soils developed in the relict landform. However, no trend of DT values was observed in depth, 

thus being similar to that observed for kaolinite (Tab. 7). 

The amounts of kaolinite varied from 36.6 to 72.9% and from 30.9 to 43.3% in soils 

developed in the relict and transient landforms, respectively. While gibbsite varied from 9.4 to 

38.1% and from 35.7 to 42.6% in soils in the relict and transient landforms, respectively (Tab. 

7). The higher amounts of kaolinite were observed in P1 and the lowest ones in P8. There was 

a trend to increase in depth the amounts of kaolinite in P3. However, the same trend was not 

observed in the other soil profiles developed in the relict landform, because, for instance, a 

decrease follows by an increase in the amounts of kaolinite in depth was observed in P1. An 

opposite trend was observed in P2, where an increase followed by a decrease in the amount of 

kaolinite was observed. In addition, the amounts of kaolinite were similar between the soil 

horizons of P4, while, although the slight differences, the amounts of gibbsite tended to 

decrease in depth in soils developed in the relict landform (Tab. 7). The amounts of kaolinite 

in depth were similar to P1 and P3, with more than 70% in the deepest horizons (~870 cm in 

P1 and ~990 cm in P3) and values close or below 50% in the upper horizons. Lower amounts 

of kaolinite in P2 and P4 were observed, with values of ~40% in all soil horizons. A lower 

amount of gibbsite was observed in the deepest horizons of P1 and P3, with values lower than 

10%. Instead, similar amounts were observed in the other horizons of soils developed in the 

relict landform, with values close to 35% (Tab. 7). 

A variation of the amounts of kaolinite and gibbsite was observed in depth in soils 

developed in the transient landform. There was a decrease in the amounts of kaolinite 

accompanied by a slight increase in depth in the amounts of gibbsite in P6 and P7. Instead, in 

P5, there was an increase of kaolinite in depth while a decrease and then an increase of the 

amounts of gibbsite in depth were observed. Although such differences, the amounts of 

kaolinite and gibbsite were quite similar between the soil horizons and profiles, with values 

nearly 35% for both clay minerals, similar to those observed in the upper sola of soil profiles 

developed in the relict landform. No predominance of one over the other was observed in soils 

developed in the transient landform (except in P7), as observed for the soils in the relict 

landform (Tab. 7). 
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4.3.4. XRD patterns of the iron concentration samples and crystallographic 

properties of goethite and hematite 

The XRD patterns indicated that goethite, hematite, and anatase are present in the clay 

fraction of all soils, and zircon is present only in soils developed in the transient landform. 

Similar to that observed for the XRD patterns of the deferrated samples, the peak intensity is 

slightly different between the soil horizons and thus different proportions of minerals may exist 

in depth. Indeed, the peak intensity was higher for goethite than hematite in the upper sola for 

all soil profiles developed in the relict landform. However, a decrease of the peak intensity of 

goethite was noticed in depth, which can be observed more clearly in ~870 cm in P1 and ~990 

cm in P7, suggesting a downward increase of amounts of hematite in P1, P2, and P4, and a 

predominance of hematite over goethite in the deepest horizon of P3. In addition, the peak 

intensity of hematite was very low for soil samples from the transient landform, and thus the 

peaks of goethite were predominant, except for P5, which the peak intensity of both minerals 

was roughly similar (Figs. 4 and 5). 
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Figure 4. XRD patterns of the iron concentration samples from soils in the relict landform. (a) Profile 1 – P1; (b) 

Profile 2 – P2; (c) Profile 3 – P3; and (d) Profile 4 – P4. The d(hkl) corresponds to the d-spacing according to 

Bragg’s Law. The location of the soil profiles is provided in Fig. 1b. 
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Figure 5. XRD patterns of the deferrated clay fraction samples from soils developed in the transient landform. (a) 

Profile 5 – P5; (b) Profile 6 – P6; (c) Profile 7 – P7; and (d) Profile 8 – P8. The d(hkl) corresponds to the d-spacing 

according to Bragg’s Law. The location of the soil profiles is provided in Fig. 1b. 

 

The (110) value of goethite ranged from 0.41 to 0.42 nm between the XRD patterns of 

soil samples, with the higher value for the sample from the deepest horizon of P1. A variation 

of the (104) peak of hematite was not observed, which was 0.27 nm for all XRD patterns (Tab. 

8). The WHH values of (110) reflection of goethite ranged from 0.30 to 0.47 °2θ and from 0.41 

to 0.52 °2θ for the XRD patterns of soils developed in the relict and transient landforms, 

respectively. There was a sharp variation of the WHH values between soil horizons and also 

between soil profiles in both landforms. The lower WHH values were observed for XDR 

patterns of soil samples from the relict than transient landforms, except for P6, which values 

were similar to those observed for thicker soils (Tab. 8). The MCD sizes considering the (110) 

reflection of goethite ranged from 17.05 to 27.21 nm and from 15.68 to 19.51 nm in soils 
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developed in the relict and transient landforms, respectively. The largest MCD sizes of goethite 

were observed in P1, mainly in the deepest horizon (~870 cm), while the smallest MCD sizes 

were observed in the upper sola of P5. The MCD sizes of goethite tended to increase in depth 

in the thickest soils developed in the relict landform (i.e., P1 and P3), suggesting an upward 

replacement of goethite with larger to smaller MCD sizes. Instead, similar values of the MCD 

sizes of goethite were observed between the soil horizons of the other soil profiles (Tab. 8). The 

WHH values of (104) hematite ranged from 0.27 to 0.57 °2θ and from 0.42 to 0.71 °2θ for XRD 

patterns of soils developed in the relict and transient landforms, respectively. The MCD sizes 

of hematite ranged from 13.81 to 31.02 nm and from 11.63 to 19.53 nm in soils developed in 

the relict and transient landforms, respectively (Tab. 8). The MCD sizes of hematite were larger 

in soils developed in the relict landform and showed a downward decrease in P1 and P3, but an 

opposite trend was observed in P2 and P4. The smallest MCD sizes of hematite were observed 

in the deepest horizon of P1 and the largest one in the deepest horizon of P4. For the soils 

developed in the transient landform, the MCD sizes of hematite were relatively smaller and, in 

general, slightly increased in depth (Tab. 8). 
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Table 8. Crystallographic properties of the goethite and hematite estimated from XRD patterns 

for the studied soil profiles 

Depth  

(cm) 

(110) goethite  (104) hematite  Al-substitution 
Gt/ 

(Gt+Hm) 

Fe2O3 
d1 WHH2 MCD3 d WHH MCD Gt4 Hm5 

nm °2θ nm nm °2θ nm mol % % 

  Profile 1 - Geric Ferralsol (Dystric, Clayic)  

~85 0.41 0.38 21.09 0.27 0.40 20.77 33.3 6.4 0.94 4.7 

~190 0.41 0.40 20.42 0.27 0.41 20.11 32.6 6.3 0.98 5.3 

~320 0.41 0.40 20.47 0.27 0.40 20.96 33.6 7.1 0.85 4.8 

~500 0.41 0.40 20.46 0.27 0.43 19.45 33.1 6.0 0.63 5.1 

~870 0.42 0.30 27.21 0.27 0.57 14.62 21.3 8.4 0.23 5.2 

  Profile 2 - Geric Ferralsol (Dystric, Clayic)  

~60 0.41 0.44 18.39 0.27 0.36 23.19 28.3 7.7 0.91 8.2 

~330 0.41 0.44 18.32 0.27 0.28 30.14 31.6 8.0 0.91 7.6 

~500 0.41 0.43 18.61 0.27 0.28 30.10 30.8 8.2 0.85 8.8 

  Profile 3 - Geric Ferralsol (Dystric, Clayic)  

~115 0.41 0.47 17.05 0.27 0.29 28.87 30.7 4.6 1.00 7.7 

~290 0.41 0.47 17.19 0.27 0.58 14.41 32.7 6.3 0.70 7.7 

~990 0.42 0.41 19.79 0.27 0.4 20.85 17.3 2.6 0.03 7.8 

 Profile 4 - Geric Ferralsol (Dystric, Clayic)  

~35 0.41 0.45 18.14 0.27 0.49 17.02 28.2 9.8 0.80 7.6 

~200 0.41 0.45 18.15 0.27 0.60 13.81 28.9 9.5 0.67 6.2 

~480 0.41 0.43 18.74 0.27 0.27 31.02 30.6 7.4 1.00 8.0 

 Profile 5 - Geric Ferralsol (Dystric, Clayic)  

~95 0.41 0.51 15.80 0.27 0.42 19.53 30.3 8.1 0.60 8.3 

~225 0.41 0.52 15.68 0.27 0.46 18.09 30.4 8.1 0.50 10.5 

~350 0.41 0.52 15.71 0.27 0.45 18.43 29.9 8.4 0.44 11.8 

 Profile 6 - Geric Ferralsol (Dystric, Clayic)  

~140 0.41 0.43 19.03 0.27 0.52 16.05 31.7 6.5 0.70 8.1 

~180 0.41 0.41 19.51 0.27 0.48 17.40 31.9 6.7 0.70 9.1 

 Profile 7 - Gibbisic Ferralsol (Dystric, Clayic)  

~85 0.41 0.50 16.10 0.27 0.71 11.63 33.6 2.4 0.77 6.5 

~125 0.41 0.50 16.15 0.27 0.56 14.84 33.2 3.1 0.89 7.4 

 Profile 8 - Geric Ferralsol (Dystric, Clayic)  

~168 0.41 0.51 15.89 0.27 0.46 17.88 33.3 5.5 0.97 8.0 
1 d: d-spacing according to Bragg’s Law; 2 WHH: Width at Half Height; 3 MCD: Mean Coherent Domain; 4 Gt: 

Goethite; 5 Hm: Hematite. 

 

Al-substitution varied from 17.3 to 33.6% and from 29.9 to 33.6% in goethite, and 

from 2.6 to 9.8%, and from 2.4 to 8.4% in hematite of soils developed in the relict and transient 

landforms, respectively. The largest Al-substitution in goethite was frequently observed in the 

upper sola, except in P2 and P4, which an inverse trend was observed. The lowest values were 

observed in the deepest soil horizons of P1 and P3, which values were lower than 22%. There 

was a sharp variation of Al-substitution in hematite, but no clear trend was observed in the soil 
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profiles. There was an upward decrease in P1 and P2 and an upward increase in P4, which 

belongs to the same landform, although different slope positions (Tab. 8). 

According to Gt/(Gt+Hm) ratio calculated from XRD patterns, there is a predominance 

of goethite in all soil profiles, except in the deepest horizon of the thickest soil profiles (i.e., P1 

and P3). Gt/(Gt+Hm) ratio suggests that the deepest horizons of P1 have ~23% of goethite while 

the deepest one of P3 has less than 1% of goethite (Tab. 8). Nevertheless, peaks with very low 

intensity corresponding to hematite were observed in the XRD pattern of P3 (Fig. 4). Different 

from its correlates, XRD patterns of P5 showed an increase in the proportion of hematite in 

depth, but even so, a predominance of goethite was still observed (Tab. 8). 

 

4.4. Discussion 

The soils developed in the relict landform (i.e., P1, P2, P3, and P4) are much deeper 

(at least twice) than those in the transient ones (i.e., P5, P6, P7, and P8). It was not observed 

the contact with the underlying material in P1 and P3 (A + B horizons >15 m), but P2 and P4 

are underlying ferruginous duricrusts. The soils developed in the transient landform in contrast 

are shallower (<5 m) and no evidence of lithological discontinuity was observed, suggesting 

that they are developed from the underlying bedrock. The relative homogeneity of the particle 

size distribution observed in depth for all soil profiles is associated with the strong degree of 

weathering and synergic action of fauna in the soil homogenization (bioturbation), as also were 

reported for other Ferralsols worldwide (e.g., Chauvel et al., 1983; Macedo and Bryant, 1987; 

Lepsch and Buol, 1988; Muggler et al., 2007; Ferreira et al., 2011; Jouquet et al., 2015; Freitas 

et al., 2021). Although soils are developed in different landforms with contrasting age range 

and parent materials, the chemical attributes of all soil profiles indicate that they are highly 

weathered, which is evidenced by the silt/clay ratio <0.6, presence of low-activity clays, low 

base saturation status, the sum of exchangeable bases plus Al3+ of less than 1.5 cmolc kg-1 clay, 

and net positive charge in most sub-horizons B (Tabs. 4 and 5), confirming the geric properties 

(IUSS Working Group WRB, 2015). However, the geric properties were not observed in P7, 

due to the predominant net charge close to zero or negative, and a higher sum of exchangeable 

bases plus Al3+ (Tab. 4). 

The mineralogy of the clay fraction of all soil profiles is dominated by kaolinite, 

gibbsite, hematite, goethite, anatase/rutile, and accessory minerals (i.e., zircon in the soils 

developed in the transient landform) (Figs. 2, 3, 4 and 5), similar to that observed in others 

Ferralsols developed over different parent materials, climates, and landscape positions in the 

https://www.sciencedirect.com/science/article/pii/S0016706117304056#bb0120
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intertropical zone (e.g., Curi and Franzmeier, 1984; Vidal-Torrado et al., 1999; Fritsch et al., 

2005; Muggler et al., 2007; Mathian et al., 2020). The variation of the basal spacing and 

broadening of the (001) reflection of kaolinite is not related to the interstratification with 2:1 

clay mineral, considering that the Asymmetry Index (AI) of this plan was low (Tab. 6). 

Therefore, it may be related to different crystal size, degree of stacking disorder, or isomorphic 

substitution of Al3+ by Fe3+ in octahedral sheet, which induces a decrease in the interplanar 

spacing due to reduced mineral ordering, as frequently reported for kaolinites from different 

zones of highly weathering profiles (e.g., Janot and Gilbert, 1973; Herbillon et al., 1976; Didier 

et al., 1983; Tardy and Nahon, 1985; Singh and Gilkes, 1992; Balan et al., 2005; Fritsch et al., 

2011). 

It is frequently reported that soils with a predominance of gibbsite instead of kaolinite 

are found mostly in Brazilian ancient landscapes under tropical climate conditions (e.g., Curi 

and Franzmeier, 1984; Motta et al., 2002; Gomes et al., 2004; Reatto et al., 2008; Rolim Neto 

et al., 2009; Freitas et al., 2021). According to the XRD patterns of the soil samples from the 

relict landform, the mineralogy of clay fraction is predominated by gibbsite instead of kaolinite 

in the upper sola. However, an inversion in the peak intensity was observed in depth, indicating 

the predominance of kaolinite downwards, which was more evident in P1 and P7, which soil 

samples were collected in greater depth (Fig. 2). According to the TG-TDA (Tab. 7), the 

amounts of kaolinite increase from the top to the bottom accompanied by a decrease in the 

amounts of gibbsite in soils developed in the relict landform. However, the amounts of gibbsite 

do not exceed the amounts of kaolinite as suggested by the XRD patterns (Fig. 2) and proposed 

by several studies carried out in soils developed at the Brazilian Central Plateau (Motta et al., 

2002; Gomes et al., 2004; Reatto et al., 2008; Rolim Neto et al., 2009). The estimation of the 

relative amounts of minerals in clay fraction via XRD patterns can be misleading, because many 

factors in addition to the amounts of minerals may affect the intensity of the diffraction peaks, 

such as crystallite size, degree of structural order, preferred orientation, etc (Klug and Alexan-

der, 1954; Brown and Brindley, 1980; Dixon and Weeds, 1989). Moreover, as many studies 

have been carried out in the first two meters of soils, the variation of amounts of kaolinite and 

gibbsite is not frequently reported for Ferralsols developed in the Brazilian Central Plateau, 

except for a few studies as Macedo and Bryant (1987). Therefore, the generalization that 

Ferralsols developed in Brazilian ancient landscapes correspond to soils with a predominance 

of gibbsite must be reconsidered. In addition, further investigation using more appropriate 

techniques and deeper sampling are needful, because many of them are still prevail in the upper 

sola (up to 200 cm) (e.g., Gomes et al., 2004; Reatto et al., 2008; Rolim Neto et al., 2009). 



112 

 

The peak intensity of gibbsite from the XRD patterns is much more intense than the 

peak of kaolinite in all soils developed in the transient landform (Fig. 3). However, the amounts 

of both minerals were roughly similar according to the TG-TDA (Tab. 7). It was expected to 

observe a difference in the proportion of kaolinite and gibbsite, because the relict landform is 

much older and has thicker soils than the transient ones (Marques et al., 2021). Indeed, the soils 

developed in the relict landform have fewer amounts of gibbsite than those in the transient 

landform (Tab. 7). Differences in peak intensity of kaolinite and gibbsite from XRD patterns 

were observed by Reatto et al. (2008) for selected samples of Ferralsols belonging to the same 

landform (<1,000 elevation) reported here as transient landform, but at different elevations and 

hillslope positions. The XRD patterns of the samples analysed by those authors indicated a 

higher intensity of kaolinite peaks for soils developed in higher and flat positions (~920 m 

elevation and <1% slope gradient) and gibbsite for lower and backslope position (~760 m 

elevation and 7% slope gradient). The authors justified these variations by the local topographic 

location, which would influence the volume of water percolating in soils. However, greater 

water percolation and consequently higher losses of Si are commonly reported to occur on soils 

developed in the flatter positions of the landscape, rather than those developed in more steep 

positions. Therefore, a greater occurrence of gibbsite is expected under free drainage 

conditions, lower Si activity, and even pedoenvironment with Al-rich solutions whereas high 

amounts of kaolinite tend to occur in a less strongly leaching environment (e.g., Didier et al., 

1985; Trolard and Tardy, 1987). 

The MCD sizes of kaolinite have been reported to range from 11 to 51 nm and 9 to 26 

nm in highly weathered soils developed in Australia and Brazil, respectively (Singh and Gilkes, 

1992; Melo et al., 2001). Similar results of the MCD sizes of kaolinite were found in our study 

in soils developed in both landforms, with smaller MCD sizes of kaolinite in soils developed in 

the transient landform (ranging from 9.84 to 18.55 nm) and larger size (ranging from 18.99 to 

22.58 nm) in soils in the relict landform, with an overall trend to increase in depth (Tab. 6). The 

MCD sizes of gibbsite were also larger in soils developed in the relict landform and smaller in 

those in the transient landform, suggesting that kaolinite and gibbsite with large MCD sizes 

coexist in the soil horizons of Ferralsols (Tab. 6). However, the amounts and the DT value of 

gibbsite in the deepest horizon of the thickest soil profiles (i.e., P1 and P3) were very low (i.e., 

<10% of gibbsite and DT <260 ºC) (Tab. 7), and thus lead us to question whether the result 

could be misleading due to the limitations of the XRD patterns. 

Several authors have observed that the DT of kaolinite depends strongly on its degree 

of ordering. Standard kaolinites were reported to show a strong endothermic deflection in the 
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DTA curves at ~530-540°C for the well-ordered specimen (Smykatz-Kloss, 1974; Queiroz de 

Carvalho, 1983; Singh and Gilkes, 1992) and at <515°C for poorly ordered ones (Queiroz de 

Carvalho, 1983; Karathanasis, 2008). Singh and Gilkes (1992) reported DT of kaolinite of 

highly weathered soils from Australia (amounts of kaolinite ~940 g kg-1 clay) ranging from 

464 to 520°C, with most values less than 500°C. Queiroz de Carvalho (1983) obtained DT of 

kaolinite from ferralitic soils ranging from 470 to 550°C whereas Melo et al. (2001) found 

values from 497 to 518°C, with predominant values above 500°C, for Brazilian kaolinite-rich 

soils (i.e., containing more than 50% of kaolinite in the clay fraction). 

According to our results, it was possible to observe that with decreasing of WHH from 

XRD patterns for (001) reflection of kaolinite, respectively with increasing of the MCD sizes, 

the DT also increase (Tabs. 6 and 7). This shows that kaolinites with larger MCD sizes must 

have lesser amounts of structural disorder, as also observed by Melo et al. (2001) and Balan et 

al. (2005) for highly weathered soils in Brazil. It is worthy to note that the DT values obtained 

for the samples analysed in our study were lower than those reported for standard kaolinites 

and even for those from highly weathered soils in Brazil (Queiroz de Carvalho, 1983; Melo et 

al., 2001). The variation of the DT of kaolinite, accompanied by the variation in the MCD sizes 

(Tabs. 6 and 7), observed in depth in soils developed in the relict landform must be related to 

distinct populations of kaolinites, although we do not have data to support it. According to the 

MCD sizes and DT values (Tabs. 6 and 7), the replacement of well-ordered kaolinites associated 

with less aluminous goethites by disordered ones in soils developed in the relict landform can 

be related to a past weathering condition, as observed for other Ferralsols in the intertropical 

zone (e.g., Fritsch et al., 2005; Balan et al., 2007; Muggler et al., 2007; Allard et al., 2020; 

Mathian et al., 2020). 

The subsequent upwards dissolution of kaolinites associated with the crystallization of 

gibbsites and the formation of Al-rich goethites in soils developed in the relict landform can 

represent the present-day weathering condition (e.g., Vernet et al., 1994; Ledru et al., 1996; 

Pessenda et al., 1996; Oliveira et al., 2020), suggesting greater water activity and lower Si 

activity in the upper sola. Indeed, the upwards changes in Gt/(Gt+Hm) ratio and increase of Al-

substitution (Tab. 8) can be interpreted as resulting from the yellowing or xanthization process, 

as already reported for other Ferralsols under humid and semi-humid tropical climate conditions 

(Fritsch et al., 2005; Mathian et al., 2020; Melo et al., 2020). Although no geochronological 

data are available to unveil the weathering periods related to the formation and transformation 

of such minerals, several studies have reported a similar trend for Ferralsols developed in the 

intertropical zone (e.g., Didier et al., 1985; Ambrosi et al., 1986; Trolard and Tardy, 1989; 

https://acsess.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Karathanasis%2C+A+D
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Bilong et al., 1992; Nahon and Tardy, 1992; Balan et al., 2005; Muggler et al., 2007). In 

addition, Balan et al. (2005) pointed out that the persistence of well-ordered kaolinite in 

Ferralsols from the Amazon region unraveled by kaolinite dating (Allard et al., 2020; Mathian 

et al., 2020) may be related to its relatively slow rate of transformation, confronting the 

dynamical equilibrium model of kaolinite. Nevertheless, the exposure time of the surface at the 

Brazilian Central Plateau is expected to be older than that at the Amazon basin and therefore 

the persistence of kaolinite in such soils should be investigated in more detail and contrasted 

with studies from other intertropical regions. 

According to the MCD sizes and DT values, kaolinites with a higher structural disorder 

or small crystal size were observed in soils developed in the transient landform, mainly in P5 

(Tabs. 6 and 7). Although the peak intensity of the XRD patterns suggested that gibbsite 

predominates in the clay fraction of soils in the transient landform (Fig. 3), TG-DTA showed a 

similar proportion of both clay minerals. This may have occurred because crystals of smaller 

size or poorly ordered influenced the XRD patterns, since it was not observed in the XRD 

patterns of samples from the deepest horizons of P1 and P3, which kaolinites with larger MCD 

sizes and lower structural disorder was observed (Tabs. 6 and 7). 

 

4.5.  Conclusion 

Ferralsols developed in distinct landforms and parent materials in an ancient landscape 

of the Brazilian territory have contrasting thickness. The soils developed in the relict and older 

landform are much thicker (>15 m) than those in the transient and younger ones (<5 m). 

Nevertheless, soils in both landforms are highly weathered and have chemical attributes 

corresponding to the geric properties in most sub-horizons B. The geric properties are 

frequently related to soils predominating gibbsite and iron oxides/oxyhydroxides, but our 

results support the occurrence of geric properties even in soil horizons with 29% of gibbsite, 

52% of kaolinite and 5% of iron oxides, in an intense but not total ferralitization stage. Soils 

developed in the transient landform have relatively similar amounts of kaolinite and gibbsite in 

depth, which amounts of gibbsite were roughly higher than those in soils developed in the relict 

landform. Highly disordered kaolinites and with small MCD sizes, and gibbsites more 

crystalline were observed in soils developed in the transient landform, implying no clear trend 

with the exposure time of the surface. In contrast, an upward replacement of kaolinites with 

large MCD sizes and well-ordered associated with less aluminous goethite by kaolinites with 

smaller MCD sizes and disordered was observed in the thicker soil profiles developed in the 
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relict landform. In addition, such replacement also accompanied an increase in the amounts of 

gibbsite with small MCD sizes and the formation of Al-rich goethites in the upper sola. Our 

study shows that such differences between soils are influenced more due to distinct weathering 

conditions prevailing at the present time of their formation and the different parent materials 

than the exposure time of the surface. 
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