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Abstract Given the importance of climate conditions for

the development of soils, studies on climosequences are a

valuable tool to predict the influence of climate change on

weathering rates and on soil formation processes. The

Baturité massif, a humid enclave located in the Brazilian

semi-arid region, has unique characteristics that cause a

disproportional distribution of rainfall: the eastern and

northern slopes receive more than 1,600 mm/year of rain-

fall, whereas the southern and western slopes have semi-

arid characteristics with rainfall of less than 600 mm/year.

Eight soil profiles were selected to investigate the influence

of these distinct climates on soil formation. To achieve this,

physical, chemical, morphological, mineralogical and

micromorphological data were determined and analyzed. In

the humid slope predominate soil processes include mel-

anization, brunification, intense leaching, acidification and

alitization, with intensified weathering in higher altitudes.

In contrast, the environment in the dry slope favored the

occurrence of soils with a higher base status, high-activity

clays, low Al saturation and bisialitization processes

coexisting with monosialitization, mainly in the soils

located at lower altitudes. Micromorphological data indi-

cate that clay illuviation is not the main process responsible

for the enrichment of clay in the subsurface horizons. The

contrasting environmental conditions with different min-

eralogical composition seem to be an important indicator of

weathering intensity and pedoenvironmental conditions.

Keywords Altitudinal gradient � Chemical weathering �
Pedogenesis � Tropical soils

Introduction

Climate issues have been on the spotlight of the current

scientific context for the past years and have aroused

interest regarding the effects that climate changes may

have on soil evolution (Egli et al. 2009). Those changes

may promote abrupt modifications in the intensity of active

weathering and pedogenetic processes.

Studies in regions of altitudinal gradient, characterized

by decreasing temperatures and increasing rainfalls, have

shown the influence of the climatic contrast on soil attri-

butes, such as acidity, clay content, exchangeable cations

and soil organic matter (Bockheim et al. 2000; Rech et al.

2001). Although many studies on altimontane soils were

performed in high-altitude regions, marked by mild and

alpine climates (Bockheim et al. 2000; Rech et al. 2001;
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Egli et al. 2009), some studies have aimed to evaluate soil

evolution in arid and semi-arid regions (Yousefifard et al.

2012; Brock-Hon et al. 2012).

In general, soils formed in tropical climates are strongly

weathered, with deep soil composed of stable secondary

minerals (Furian et al. 2002). The humid climate intensifies

losses of alkali, alkali-earth elements and silicon and, thus,

the formation of kaolinite, oxide and oxyhydroxide min-

erals. In contrast, in environments under dryer climates,

such as semi-arid or arid environments, the soils are mostly

poorly to moderately developed and marked by the

occurrence of bisialitization and monosialitization pro-

cesses (Barbiéro et al. 2001; Khormali and Ajami 2011).

Yousefifard et al. (2012), studying soil weathering in a

semi-arid region from Iran, verified that most soils are

formed mainly by physical weathering of bedrock, and that

clay minerals are minor constituents in these soils. Climate

is responsible for the occurrence of poorly to moderately

developed soils, due to the lower intensity of weathering

and mobilization of major elements. In this context, studies

on sequences of soils developed in contrasting climate

environments may be a valuable tool to predict the influ-

ence of climate on weathering rates, soil evolutionary

stage, and soil formation processes (Egli et al. 2006; Bétard

et al. 2007; Egli et al. 2008).

In northeastern Brazil, the semi-arid occupies a total

area of about 750,000 km2 (Ab’Saber 1977). In these

macro-region, the predominant vegetation, called caatinga,

stands out as one of the main ecosystems of the Brazil,

covering an area of about 600,00 km2 (Sampaio 1995). The

Brazilian semi-arid region is one of the most vulnerable to

desertification (Souza et al. 2012) and periodic droughts

(Silva 2004).

Contrasting with this semi-arid scenario, the humid

sierras stand out as climatic exceptions. These ranges of

mountains with medium altitudes (600–1,200 m) act as

orogenic barriers to the wet fronts of air coming from the

Atlantic Ocean. These mountainous obstacles favor the

occurrence of high orographic rainfalls (1,200-2,000 mm/

year), constituting true ‘‘islands of humidity’’ characterized

by the presence of evergreen forest fragments within a

harsh semi-arid (Bétard et al. 2007). Among these singular

semi-arid environments is the Baturité massif, a geomor-

phological feature that spreads over an area of 3,580 km2

in the state of Ceará (NE Brazil).

Due to the importance, peculiarity and the lack of

information on the diversity of soils in the Brazilian alti-

montane environments, especially those occurring in semi-

arid regions, a study was carried out aiming to evaluate the

effects of the climate contrast on the pedogenesis of its

soils. For this, physical, chemical, morphological, miner-

alogical and micromorphological data of an altitudinal

sequence of eight soil profiles were determined and

discussed. The objectives of this work are (i) to charac-

terize the physical, chemical, macromorphological,

micromorphological and mineralogical aspects of alti-

montane soils; (ii) evaluate the influence of contrasting

climatic conditions on degree of weathering and pedoge-

netic evolution of altimontane soils from the Brazilian

semi-arid region.

Materials and methods

Study area

The Baturité massif is located in the northern part of the

Ceará state, about 50 km from the coast line (Fig. 1) and

occupies 2.4 % of the area of Ceará (Souza 1994). From a

geomorphological perspective, the Baturité massif is

located within the domain of the Residual Massifs. These

geologic formations are the result of the higher resistance

of the lithotypes of the massif under weathering and ped-

iplanation of the surrounding areas, which occurred in

previous, drier periods. Thus, the Baturité massif can be

considered a vast residual relief, preserved above a leveling

surface and denominated by depressão sertaneja (Bétard

et al. 2007). From a lithological perspective, the Baturité

massif consists almost entirely of rocks from the crystalline

basement from the Precambrian Era (Jacomine et al. 1973),

showing a petrography basically dominated by gneisses

and migmatites.

The average monthly temperatures in the region range

from 20 to 22 �C at the highest altitudes, where the tem-

perature range does not exceed 2 �C. Temperatures

increase at the lower altitudes, reaching monthly averages

of more than 26 �C (Souza 1994). The humid portion of the

massif, delineated by the northern and eastern slopes,

shows a tropical monsoon climate (Amw’), while the

southern and western slopes show a dry, semi-arid climate

(BSw’h’).

The humid portion of the massif is characterized by the

occurrence of high orographic rainfalls (1,200–2,000 mm/

year), caused by the range of mountains with medium

altitudes (600–1,200 m) acting as orogenic barriers to wet

fronts of air from the Atlantic Ocean. In contrast, the

southern and western slopes have semi-arid characteristics,

with annual precipitation that remains below 600 mm/year,

constituting a ‘‘rain shadow’’ environment. The rainy sea-

son in both areas of the massif are concentrated in few

months; in the humid zone, the dry season lasts less than

5 months, while in the dry zone it can last 10 months.

Consistent with the climatic contrast, the vegetation of

the massif shows a clear zonation, with the following units:

(i) Primary evergreen forest (Atlantic rainforest), located

above the altitude of 900 m; (ii) Semi-evergreen forest,
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located between 600 and 800 m; (iii) Semi-deciduous

forest, located at altitudes between 400 and 800 m; (iv) Dry

deciduous forest (Caatinga), located on the foothills or at

the lowest elevations.

Sample collection

Soil sampling and description were performed on two

opposite slopes on the Baturité Massif, one located on the

northern side of the Massif and the other on its eastern side,

representing, respectively, the humid slope (HS) and the

dry slope (DS). The study was performed along two soil

toposequences.

For that, eight soil profiles were described and sampled

on each slope (Fig. 1). To rule out the effect of topography

as a dominant factor in the formation of the soils, soil

profiles were located on sites with flat relief. To facilitate

the comparison of soils from the two slopes, the profiles

were sampled at nearly the same altitude. All sampled and

analyzed soils were located above the altitude of 400 m,

within the municipalities of Palmácia, Pacoti and Gua-

ramiranga on the humid slope, and within Caridade on the

dry slope.

Laboratory analyses

Soil samples from all horizons were dried, passed through

10 mesh sieves (2 mm grid) and stored for analyses in the

laboratory. To determine particle size distribution, the

samples underwent a pre-treatment to eliminate organic

matter (H2O2) and were analyzed through the pipet method

(Gee and Bauder 1986), after chemical dispersion with

NaOH. To obtain the contents of exchangeable bases

(Ca2?, Mg2?, Na? and K?), an extracting solution of

ammonium acetate (1 M NH4OAc) was used, while

potential acidity (H? ? Al3?) was determined with a

solution of calcium acetate in pH 7.0 (Quaggio et al. 1985).

To meet the requirements for the Brazilian Soil Classi-

fication System (Embrapa Embrapa 2013), 1 g of air-dried

soil was dissolved in 20 mL of H2SO4 (1:1) and the

amounts of SiO2, Al2O3, and Fe2O3 were determined in the

sulfuric extract (Embrapa 2011). Semi-quantitative esti-

mates of the abundance of secondary mineral phases were

calculated using the Ki ratio (1.7 SiO2/Al2O3), a common

index that indicates the degree of alteration or weathering

in tropical soils. Ki values below 1.0 indicate the pre-

dominance of iron oxides and aluminum hydroxide (gibb-

site); values close to 2.0 indicate the predominance of

kaolinite and values higher than 2.0, the occurrence of 2:1

phyllosilicates (Tardy 1971).

Sodium citrate-bicarbonate-dithionite (CBD) was used

to extract pedogenic iron (Fed), following a sequence of

three successive extractions every 15 min (80 �C) (Mehra

and Jackson 1960). To obtain measurements of low-crys-

tallinity iron (Feo), ammonium oxalate ((NH4)2C2O4�H2O

at pH 3.0) was used in the absence of light. For total iron

determination (Fet), extractions with sulfuric attack

(H2SO4, 1:1) were performed, according to Embrapa

Fig. 1 Location of studied soil profiles (Baturité massif, Ceará, Brazil)
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protocol (Embrapa 2011). Determination of elements

present was performed using atomic emission spectrome-

try, with the spectrometer Optima 4300 DV, Perkin Elmer.

To identify minerals in clay fraction, powder diffraction

patterns of total clay were performed by X-ray diffraction

(XRD). The clay fraction was obtained by decantation in a

dispersing solution of sodium hydroxide and was not sub-

jected to any saturation or heating treatment. The diffrac-

tograms were generated in intervals of 3–30�2h and

3–50�2h for total clay and oxides concentration, respec-

tively, with 2 s/step of 0.02�2h, using CuKa radiation. Iron

oxides from the clay fraction were concentrated using

5 mol L-1 NaOH (Kämpf and Schwertmann 1982). For

better characterization of the soil mineralogy, Mössbauer

spectra were measured with a conventional constant-

acceleration spectrometer and a Rh(57Co) source. Absorb-

ers were prepared by pressing finely ground samples

between two Lucite plates with a sample thickness of

10 mg cm-2 Fe. All Mössbauer measurements were per-

formed at 77 K in a liquid-nitrogen cryostat to minimize

magnetic relaxation effects due to small particle of the iron

oxides.

Undisturbed samples of different soil horizons were

collected for micromorphological studies. All soil samples

were dried and the samples were impregnated by capillarity

(Murphy 1986) with an unsaturated polyester resin (Poly-

dyne 5061—Cristal) mixed with styrene monomer. The

polished blocks were mounted onto glass slides followed

by additional polishing to obtain 30 lm thick thin-sections.

The micromorphological descriptions were performed

using the criteria proposed by Bullock et al. (1985) and

Stoops (2003).

Results and discussion

Differences in morphological, chemical and physical

attributes of soil profiles

The morphological characteristics and chemical and

physical data of the profiles from both slopes were used to

classify the soils taxonomically (Tables 1, 2). The classi-

fication of the studied profiles was done according to the

World Reference Base for Soil Resources (IUSS Working

Group WRB 2006) and Soil Taxonomy (Soil Survey Staff

2014). The results of physical and chemical analyses

(Tables 1, 2) evidenced clear differences between soils

from the opposite slopes, as well as contrasts with respect

to the altitudinal gradients. Granulometric data showed that

there were no substantial changes regarding textural class

between the studied soils, however, some differences in

granulometry between soils from both slopes were

observed. In general, most soils from both slopes presented

a clay-enriched subsoil, with an argic horizon (argillic

according to Soil Taxonomy) (except for P4HS), but dif-

fered taxonomically, mostly due to chemical attributes

(discussed below). All subsurface soil horizons from the

HS (329–518 g kg-1; Table 1) showed higher clay con-

tents when compared to those in DS (183–398 g kg-1;

Table 1). Additionally, for both slopes the average clay

content increased with altitude (from *400 to *600 m).

These clay distribution patterns seem to indicate that

weathering is increased at the HS slope, and that weath-

ering also increases with altitude (at both slopes). This

assumption is in accordance with the Ki values, silt/clay

ratios and clay activities, which also indicate a more

intense weathering environment at the HS. Subsurface

horizons from HS soil profiles showed lower Ki index

values (1.8–2.2), silt/clay ratios (0.1–0.5) and clay activi-

ties (18–26 cmolc kg-1 clay), while higher values were

obtained in DS soils (2.2–3.2; 0.4–1.1 and 19–100

cmolc kg-1 clay, respectively for Ki index, silt/clay ratio

and clay activity).

In general, soils from the HS presented a moderate to

strong acidity (4 [ pH \ 6) and a very low base status

(BS \ 50 %), with most soil profiles presenting Al satu-

ration values of 50 % or more, especially with increasing

altitudes ([600 m; P3HS and P4HS). Contrastingly, soil

profiles from the DS presented higher base status

(BS [ 50 %), high-activity clays (CEC [ 24 cmolc kg-1

clay-1), and low Al saturation (\50 %), with the exception

of P4DS, located above 800 m.

With respect to soil color, surface soil horizons from the

DS presented higher value and chroma when compared to

HS soil profiles (Table 1). These contrasting colors,

marked by lower values and chroma in HS soils, evidence a

higher supply of organic matter in this area, probably

related to the denser vegetation cover, which supplies the

soil surface with higher biomass in response to the more

wet conditions (especially at higher altitudes), generating

higher TOC contents (Table 2) and a more intense mel-

anization process (darkening of surface soil horizons). In

fact, although soils from both slopes have showed

increasing TOC contents with higher altitudes, TOC values

were always higher in surface horizons from the HS

(28.75–42.65 g kg-1) when compared to those from the

DS (11.03–32.25 g kg-1; Table 2).

The altitudinal effect on climatic conditions may be

evidenced by the similar colors (10YR 3/3 and 10YR 3/4)

found in profiles P4HS and P4DS, which, despite being

located on opposite sides of the Massif, are probably sub-

jected to similar pedoenvironments, especially with respect

to relative humidity. However, despite the proximity

between these soil profiles, TOC contents remained higher

in the HS (Table 2), evidencing a stronger melanization

process.
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Table 1 Selected macromorphological and physical characteristics of studied soil profiles

Horizon/depth (cm) Silt

(g kg-1)

Clay

(g kg-1)

Sand

(g kg-1)

Color

(moist)

Textural

classesa
Structureb Coatingsc

P1HS (368 m)—Haplic Alisol (Alumic, Rhodic) (Typic Rhodudult)

A (0–11) 207 207 586 5YR 3/2 scl f m sbk gr (2) -

AB (11–30) 158 265 577 7.5YR 3/2 scl m co sbk (2) -

BA (30–53) 167 341 491 7.5YR 3/2 scl m co sbk (2) -

Bt1 (53–77) 159 429 413 2.5YR 3/4 c m co sbk (2) -

Bt2 (77–105) 219 360 421 2.5YR 3/4 cl m co sbk (2) -

BC (105–193?) 258 143 600 2.5YR 4/6 – – -

P2HS (423 m)—Hyperalic Alisol (Chromic) (Typic Hapludult)

A (0–8) 217 133 650 10YR 3/2 sl f m co gr 2 -

AB (8–24) 196 201 603 10YR 3/2 scl f m co gr e sbk (2, 3) -

BA (24–48) 205 291 504 10YR 4/3 scl m co sbk (2, 3) -

Bt1 (48–59) 191 329 480 5YR 3/3 scl co sbk (2, 3) -

Bt2 (59–83) 185 348 467 5YR 3/2 scl f m sbk (2) -

Cr (83–134?) 199 324 477 10YR 3/2 – – -

P3HS (658 m)—Haplic Acrisol (Alumic, Clayic) (Typic Hapludult)

A (0–9) 189 262 549 10YR 3/2 scl vf f m co gr (3) -

AB (9–17) 144 253 603 10YR 3/3 scl vf f m co gr (3) -

BA (17–29) 203 318 479 10YR 4/4 scl vf f m sbk (3) -

Bt1 (29–50) 121 510 369 7.5YR 4/4 c vf f m co sbk (3) -

Bt2 (50–60) 114 518 368 7.5YR 4/6 c vf f m co sbk (1, 2, 3) -

BC (60–91) 109 307 584 – – – -

C (91–180?) 162 216 622 – – – -

P4HS (846 m)—Haplic Cambisol (Alumic, Humic) (Oxic Dystrudept)

A (0–18) 108 430 463 10YR 3/3 sc f m sbk gr (2) -

BA (18–29) 55 483 462 10YR 4/4 sc f m sbk (2) -

Bi (29–48) 50 484 466 10YR 4/5 sc f m sbk (2) -

BC (48–73) 52 464 484 10YR 4/4 – m sbk (1) -

CB (73–118) 43 311 646 2.5YR 4/8 – – -

C (118–208?) 100 268 632 2.5 YR 3/6 – – -

P1DS (396 m)—Cutanic Luvisol (Epidystric, Rhodic) (Ultic Haplustalf)

BA (0–29) 194 332 474 7.5YR 4/6 scl f m sbk (2) -

Bt1 (29–50) 224 388 388 5YR 4/6 cl f m sbk (23) ?

Bt2 (50–63) 212 306 482 2.5YR 4/6 scl f sbk (3) ?

BC (63–89) 228 183 590 2.5YR 3/6 – f sbk (2) -

CB1 (89–121) 204 93 702 2.5YR 4/6 – vf f sbk (2) -

CB2 (121–177 ?) 236 169 595 7.5YR 4/6 – f m sbk (2) -

P2DS (571 m)—Cutanic Luvisol (Hypereutric, Chromic) (Typic Haplustalf)

A (0–10) 331 180 488 5YR 3/3 l f m sbk (3) -

AB (10–20) 297 284 419 2.5YR 4/4 cl co sbk (3) -

Bt1 (20–50) 359 308 333 2.5YR 5/6 cl co pr (3) ?

Bt2 (50–75) 318 276 405 7.5YR 5/8 cl co pr (3) ?

C1 (75–95) 192 167 641 5YR 3/4 – – -

C3 (125–190?) 222 52 725 10YR 5/6 – – -

P3DS (679 m)—Cutanic Luvisol (Hypereutric, Chromic) (Typic Haplustalf)

A (0–16) 269 196 536 5YR 3/4 sl m co sbk gr (3) -

AB (16–30) 261 236 503 7.5YR 4/6 scl m sbk (3) -

Bt1 (30–74) 244 343 414 2.5YR 4/6 cl m co sbk (2) ?
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Soil colors registered in subsurface horizons from both

slopes also evidenced contrasting pedoenvironments. Hue

from B horizons in the humid slope indicates the domi-

nance of yellowish colors (5YR and 10YR) and, thus, the

occurrence of brunification. Brunification involves the

release of iron from primary minerals followed by the

formation of goethite, which is readily bound with organic

compounds, giving the soil brownish colors. Thus, bruni-

fication is more likely to occur in conditions of low tem-

perate, high moisture and moderate acidity, in which

organic matter has higher participation (Kämpf and

Schwertmann 1982; Kaiser and Guggenberger 2007).

As for the DS, the 2.5YR hue was prevalent in its soils,

indicating the presence of reddish colors. Reddish colors

indicate the occurrence of hematite and, also, the rubifi-

cation process (the development of red color in soils or

reddening) which is favored by low humidity, warm tem-

peratures, and rapid turnover of organic matter (Boero and

Schwertmann 1989; Chen et al. 2010).

This scenario is consistent with the conditions at the DS

where precipitation is significantly lower and temperatures

are higher. In this pedoenvironment, organic matter is

rapidly decomposed and iron is not readily complexed,

resulting in hematite formation through dehydration of

ferrihydrite. In fact, Torrent et al. (1982), Schwertmann

(2008) and Etame et al. (2009) pointed out that, under

higher temperatures and lower water activity conditions,

both the instability and dehydration of ferrihydrite are

favored, resulting in transformation into hematite.

Weathering intensity and secondary minerals

The XRD patterns of the iron-concentrated clay samples

(Fig. 2a and b) show some differences between the humid

and dry slopes, in accordance with the process involved in

iron mineral formation. Based on the XRD peak intensities,

goethite seems to prevail in all soil profiles, however, with

higher intensity peaks in the HS soil profiles. On the other

hand, the more intense hematite XRD peaks were observed

in soil profiles from the DS. These results indicate the

dominance of brunification and goethite genesis in the HS

soils profiles, contrasting with the rubification processes

and hematite formation in DS soils. It should also be noted,

however, that the altitudinal gradient (both increasing and

decreasing) caused different patterns in both slopes. For

example, the P4DS profile, despite of its location within the

DS, showed yellowish colors and more intense XRD peaks

(relative to goethite), which could be attributed to its

location on a higher altitudinal zone (*800 m) and, thus,

under a similar pedoenvironment to that of P4HS. Simi-

larly, the reddish colors (2.5YR) and more pronounced

hematite peaks (33.0�, 35.5� and 49.2�2h) observed in

P1HS are consistent with its transitional position between

the semi-deciduous forest to the dry caatinga deciduous

forest (i.e., between a more humid and a more arid

condition).

The lower Fed-Feo values in surface horizons from all

studied profiles (irrespective of slope) provide further

evidence for the iron complexation by organic matter

(Table 2). Schwertmann(1966), Oliveira et al. (2010) sta-

ted that organic matter acts as a complexant, and that this

process can inhibit iron oxide crystallization and favor the

occurrence of greater amounts of less crystalline iron (Feo),

with respect to more crystalline iron forms (Fed).

The Mössbauer spectroscopy data, measured at 77 K

(Fig. 3 and Table 3), were generated to better characterize

the iron mineral phases in the studied soils. Intense central

doublets were evident and related to the iron oxyhydrox-

ides and/or within phyllosilicates. The spectra revealed

goethite as the dominant iron oxide in the soils, with a

Table 1 continued

Horizon/depth (cm) Silt

(g kg-1)

Clay

(g kg-1)

Sand

(g kg-1)

Color

(moist)

Textural

classesa
Structureb Coatingsc

Bt2 (74–137) 299 398 303 2.5YR 4/6 cl ft m co sbk (2) ?

C (137–175 ?) 349 121 530 10YR 5/8 – – -

P4DS (823 m)—Haplic Acrisol (Chromic) (Typic Haplustult)

A (0–22) 183 268 549 10YR 3/3 scl m sbk (3) -

BA1 (22–39) 163 334 503 10YR 4/4 scl f m sbk (3) -

BA2 (39–73) 178 335 486 7.5YR 4/4 scl m co sbk (2) -

Bt (73–132) 195 313 492 5YR 4/6 scl m co sbk (2) -

BC (132–193?) 252 244 504 7.5YR 5/6 – – -

a Textural classes: sandy clay loam (scl); clay loam (cl); sandy clay (sc); clay (c); sandy loam (sl); loam (l)
b Structure (type/size/grade): subangular blocky (sbk); granular (gr); very fine (vf); fine (f); medium (m); coarse (co); prismatic (pr); weak (1);

moderate (2); strong (3)
c Coatings: absent (-); present (?)
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Fig. 2 XRD patterns of

concentrate oxides from

diagnostic horizons (a and

b) and clay fraction (c and d).

K Kaolinite, Il illite, Hm

hematite, Gt goethite, An

anatase, 2:1 expandable clay

Fig. 3 Mössbauer spectra of

studied B horizon from soil

profiles
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certain degree of isomorphic substitution, shown by the

low values of hyperfine fields that were expected for this

mineral (maximum of 48.1 T). In addition, hematite and

possible traces of ferrihydrite were identified as constitu-

ents of the soil’s profile by their characteristic parameters

(Table 3), given that in some cases no magnetic order is

observed for ferrihydrite, even at 4.2 K (Schwertmann

et al. 2005).

The values of the hyperfine fields related to goethite

were always lower in the humid slope, ranging from 44.3

(P4HS) to 46.7 T (P3HS), making clear that the goethite

present in the soils located in the humid slope has a higher

degree of isomorphic substitution. This is another indicator

that the soils of the HS are more weathered than in the DS,

which can be explained by higher aluminum activity in the

HS, which promotes the substitution of iron for aluminum

in the goethite crystal lattice (Fitzpatrick and Schwertmann

1982; Motta and Kämpf 1992). This result agrees with the

XRD data, which showed predominant goethite features in

most soils. Similarly, for P1HS and P1DS, the spectra

presented hematite patterns, with hyperfine field values

around 51.4 T, also agreeing with the XRD patters. High

quadrupole splitting suggests the presence of relatively

high amounts of Fe2? in the illite structure, due to the

distortion of the octahedral sites (Murad and Wagner

1994); this can be an indicator of transformation processes

of biotite into illite.

It was also observed that soil profiles located at higher

altitudes showed higher values of relative goethite area

than others, with relative area (RA) of 83 and 66 % for

P4HS and P4DS, respectively. Accordingly, P1HS and

P1DS profiles, located at lower altitudes, were the only

profiles that showed clear hematite patterns in the spectra,

confirming the more favorable conditions for hematite

formation relative to goethite. These results agree with

XRD and morphological data, which show more intense

peaks for goethite and a predominance of 10YR hue in this

soil (P4HS and P4DS), as well as XDR patters of hematite

on the profiles located on lower altitudes (P1HS e P1DS).

Besides the more crystalline iron oxides (goethite and

hematite), Fe3? doublets suggest the presence of ferrihy-

drite in the soils, since no orientation was observed at

77 K. However, for more reliable interpretations, data

collection under cryogenic conditions (4.2 K) is needed, to

block paramagnetic relaxation and improve the spectral

resolution.

Although the clay fraction XRD patterns of soils have

evidenced similar mineral assemblages in both slopes

(dominance of illite and kaolinite), the existence of con-

trasting weathering environments (Fig. 2c and d) is also

supported. Illite was confirmed by XRD peaks in the angle

of 8.7�2h, while kaolinite showed its XRD peaks in

12.3�2h (Moore and Reynolds 1997). Within the HS,

gibbsite was observed in the P4HS. Additionally, XRD

patterns showed a clear increase in the intensity of kaolinite

peaks from the DS to HS. These results support the

hypothesis that the HS has more intense weathering con-

ditions. In this case, in response to the higher precipitation

values and strong leaching, desilication would have been

responsible for the chemical migration of silica out of the

solum, leading to the concentration of kaolinite (mono-

sialitization), due to the more intense weathering environ-

ment (Papoulis et al. 2004; Samotoin and Bortnikov 2011).

Sharper kaolinite peaks in the HS (when compared to the

DS) provide further evidence of a more favorable envi-

ronment for the occurrence of monosialitization. Addi-

tionally, kaolinite showed higher crystallinities in the HS

profiles and in the P4DS profile, where weathering was

likely stronger. XRD shoulders formed in the lower angles

of P1DS, P2DS and P3DS evidence lower crystallinity of

kaolinite in these profiles and, thus, a less favorable envi-

ronment for monosialitization processes.

The presence of gibbsite in P4HS is probably related to

its higher position within the slope and, thus, to a more

Table 3 Mössbauer parameters of studied soil profiles

Phase Bhf (T) D (mm s-1) d (mm s-1) Ar (%)

P1HS (368 m)—Haplic Alisol (Alumic, Rhodic) (Typic Rhodudult)

Gt 46.1 (2) -0.31 (3) 0.54 (1) 46

Hm 51.3 (1) -0.19 (1) 0.51 (1) 19

Fe3? – 0.87 (1) 0.52 (1) 35

P3HS (658 m)—Haplic Acrisol (Alumic, Clayic) (Typic Hapludult)

Gt 46.7 (1) -0.25 (2) 0.55 (1) 63

Fe3? – 0.81 (2) 0.50 (3) 33

Fe2? – 2.11 (6) 0.67 (1) 4

P4HS (846 m)—Haplic Cambisol (Alumic, Humic)

(Oxic Dystrudept)

Gt 44.3 (3) -0.20 (5) 0.54 (3) 82

Fe3? – 0.67 (5) 0.53 (2) 18

P1DS (396 m)—Cutanic Luvisol (Epidystric, Rhodic)

(Ultic Haplustalf)

Gt 47.8 (2) -0.25 (3) 0.51 (1) 40

Hm 51.4 (1) -0.19 (1) 0.46 (1) 23

Fe3? – 0.81 (1) 0.44 (1) 37

P3DS (679 m)—Cutanic Luvisol (Hypereutric, Chromic)

(Typic Haplustalf)

Gt 47.7 (1) -0.26 (2) 0.48 (1) 56

Fe3? – 0.57 (1) 0.45 (1) 44

P4DS (823 m)—Haplic Acrisol (Chromic) (Typic Haplustult)

Gt 47.4 (1) -0.24 (2) 0.51 (1) 66

Fe3? – 0.83 (1) 0.51 (1) 26

Fe2? – 2.11 (3) 0.74 (1) 8

Gt Goethite, Hm hematite, Fe3? high spin octahedral coordination,

Bhf hyperfine field, D quadrupole splitting, d isomeric shift, Ar relative

area
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intense degree of desilication (alitization or total desilica-

tion) at higher altitudes. In this case, gibbsite may have

formed as an end product of kaolinite formation. Furian

et al. (2002) and Herrmann et al. (2007) also indicated

gibbsite as an important secondary mineral formed in

places with high rainfall due to intense weathering pro-

cesses, which indicates that altitudinal gradients may trig-

ger an alitization process despite the semi-arid surrounding

context. Bétard (2012) also found gibbsite in soils located

at higher altitudes in the massif. In either case, gibbsite and

kaolinite formation in the HS soils may have some role in

the genesis of the clay-enriched subsurface horizons, which

is in accordance with the higher mean clay contents in the

HS (401 ± 84 %; for subsurface horizons) when compared

to DS soils (319 ± 57 %; for subsurface horizons).

Contrastingly, in response to a drier and thus, less lea-

ched environment, bisialitization seemed to occur in the

DS over more intense desilication processes, especially at

lower altitudes (P1DS). In fact, XRD patterns of the P1DS

profile, where the semi-aridity is more intense, showed the

presence of 2:1 minerals with basal spacing at 1.40 nm, an

observation also reported by Bétard (2012) for the same

region. The semi-arid environment would have restricted

silica (H4SiO4) and basic cations removal, favoring a par-

tial desilication and the formation of 2:1 phyllosilicates.

Less intense kaolinite peaks with respect to those registered

at the HS soils and the presence of 2:1 clay minerals

reinforces the less aggressive weathering conditions within

this slope.

The neoformation of 2:1 minerals in the deeper layers of

the DS soils may have been responsible for the genesis of

the argic horizons (argillic according to Soil Taxonomy)

and, thus, the textural differentiation between surface and

subsurface horizons. In fact, Bétard et al. (2009) have

evidenced illite neoformation, caused by weathering of

feldspar crystals in Luvisols occurring in the semi-arid

region of Baturité massif. In this case, the higher intensities

of illite XRD peaks in DS soils may indicate that its genesis

is favored in this pedoenvironment, at the expense of

feldspars by neoformation (Bétard et al. 2009), or trans-

formation of primary micas (Braga et al. 2002).

Micromorphological investigations

The profiles located at the lowest and highest elevations

were chosen to carry out the micromorphological studies.

In general, all profiles have porphyric distributions and a

subangular blocky microstructure, showing different pe-

dofeatures (summarized in Table 4). An important mac-

romorphological difference that was observed between

soils from both slopes was the identification (during profile

description) of clay coatings only in DS soils, despite the

presence of clay-enriched subsurface horizons in both

slopes. However, based on the description of thin sections,

these macromorphological features were not associated

with pedofeatures indicators of clay illuviation (i.e., illuvial

clay coatings). In this case, these macromorphological

shiny surfaces would likely be related to an orientation of

fine material (porostriated and granostriated b-fabrics; see

Table 4; Fig. 4a), produced by tensional and compressional

stresses induced by wetting and drying cycles, which are

likely more frequent in the DS, due to the more contrasting

seasonal variations. Additionally, the presence of high-

activity clays in DS soils (as discussed below) may also

have influenced the intensity of shrinking and swelling

and, as a result, favored the genesis of shiny faces due the

Table 4 Micromorphological characteristics of selected soil profiles

Depth

(cm)

C/F

ratio

C/F related

distribution

Microstructure Voids Micromass Pedofeatures

P1HS (368 m)—Haplic Alisol (Alumic, Rhodic) (Typic Rhodudult)

21–31 1/2 Porphyric Weakly developed

subangular blocky

Vughs and

channels

Reddish-yellow,

undifferentiated

Clay coating

P4HS (846 m)—Haplic Cambisol (Alumic, Humic) (Oxic Dystrudept)

18–28 1/3 Porphyric Moderate developed

subangular blocky

(dominant) and granular

Vughs and

channels

Reddish-yellow External clay coating of

aggregates (micropans)

P1DS (396 m)—Cutanic Luvisol (Epidystric, Rhodic) (Ultic Haplustalf)

28–38 1/3 Porphyric Weakly developed

subangular blocky

Planar voids,

vughs and

chambers

Reddish-brown, striated

b-fabric (porostriated)

Occasional textural

pedofeatures: dense

incomplete clay infillings

P4DS (823 m)—Haplic Acrisol (Chromic) (Typic Haplustult)

36–46 1/

2.5

Porphyric Weakly developed

subangular blocky and

microgranular

Vughs and

channels

Reddish-brown, striated

b-fabric (granostriated)

undifferentiated

Occasional textural

pedofeatures: loose

continuous clay infillings
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preferential orientation of clay minerals. In that case, the

higher clay content in B horizons at the DS may have

resulted from processes other than argilluviation (i.e., clay

destruction in upper horizons, selective erosion of the

surface layer and/or clay neoformation in the subsoil).

However, the participation of clay illuviation in the genesis

of the clay coatings in DS soils cannot be ruled out, since

occasional textural pedofeatures (both dense and loose clay

infillings; see Table 4) were described in different thin

sections of its soils.

Contrastingly, despite the absence of clay coating

observed in the field, thin sections from HS soils showed

more evident textural pedofeatures (clay coatings), likely

related to argilluviation (Table 4; Fig. 4b). In this case,

argilluviation may have been partially responsible for the

textural contrasts. Since most of these textural pedofeatures

were non-laminated, poorly orientated and with absent

extinction lines, the participation of other mechanisms in

the genesis of argic horizons (argillic according to Soil

Taxonomy) from the HS cannot be discarded. Additionally,

it must be considered that processes such as iron segrega-

tion, and soil swelling and shrinking (due to the presence of

high-activity clays, Fig. 2) may alter the micromorpho-

logical patterns of the textural pedofeatures.

Conclusions

The contrasting climatic conditions imposed by the ele-

vational gradient and orientation of Baturité massif have

triggered, within a semi-arid context, the occurrence of

pedogenetic processes typical of tropical wet conditions,

such as melanization, brunification, alitization, intense

lixiviation and acidification. The more humid pedoenvi-

ronment at the HS has clearly intensified these processes,

which also increased in intensity with altitude. Although

most soils, irrespective of the slope, have presented clay-

enriched subsurface horizons, results indicate a minor

participation of clay illuviation, mainly in dry slope soils

(DS). Even though present in low amounts in most semi-

arid soils, iron oxide distribution still presented itself as an

important indicator of the different pedoenvironments.
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