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Abstract

Brazilian Latosols are characterized by low acyivlay, little horizon differentiation, a
weak macrostructure and a strong microgranulactire. The development of the latter that
was reported as being possibly related to the firegerial mineralogy, location in the
landscape, parental material and biological agtigtstill under discussion. The aim of this
study is to discuss the origin of the microgranuttnucture of Latosols located in the
Brazilian Central Plateau. Ten Latosols (L) devetbpn different parent materials were
selected along an approximately 350-km long redidoposequence across the South
American Surface (SAS) (L1 to L4) and Velhas Swefé¢S) (L5 to L10). The structure of

the Latosols was studied in the field and sampleshe diagnostic Bw horizons were



collected for laboratory analyses. Basic soil cbi@zation was performed on the <2-mm
material according to the Brazilian standard proces. The SiQ AL,Os;, FeOs; and TiQ
content was determined after dissolution with 1;5@k. The microstructure was studied in
optical microscopy and electron scanning electracraacopy in thin sections. The results
showed a varying compound strong microgranularciire and weak to moderate medium
sub-angular blocky structure independently of dnedscape position as well as the parental
material, except for the Latosol developed on artgita. The Latosols were classified as
gibbsitic-sexquioxic, kaolinitic non-sesquioxid, &aolinitic-sesquioxid Latosols but there
was no relationship between their composition arel development of the microgranular
structure in the Bw horizon. The analyses showetted several types of microgranular
structure with different proportions but without yamelationship with their texture and
mineralogy. Actually, the types of microgranularusture appeared to be mainly related to
soil bioturbation by termites and eventually se@iig by ants. Thus, the weak
macrostructure and strong microgranular structdirth® Latosols studied, the little vertical
differentiation of the horizons, and the lack otlaar relationship between their landscape
position and parent material characteristics waelsult from long-term biotic action with

high probability.

Keywords. Oxisol; Porosity; Termite; Soil structure; Brazil Micromorphology;

Microstructure

1. Introduction
Soil structure corresponds to the organization leé primary soil particles into
secondary units that are called aggregates or patlsby and Allaby, 2003). These

secondary units are defined on the basis of thepe, size, and grade. They can be easily



affected by the climate, biological activity, anailsnanagement. In Brazil, Latosols occupy
about 2,835,000 kfnand 1/3 of the national territory (Ker, 1998). Yhare characterized by
little differentiation of their horizons, low actty clay, a weak macrostructure, and a strong
submillimetric granular structure (Embrapa, 199®%). the Brazilian Soil Taxonomy
(Embrapa, 1999), Latosols are defined by the pressef a diagnostic horizon Bw between
the surface and 200 cm depth. This horizon is dbanaed by 1:1 clay minerals, variable
amount of iron content, and Si@nd AbOs removable by EB5Qy, such as Si@Al,03< 2.2.
Most Latosols are Oxisols according to the Soil dreomy (Soil Survey Staff, 2006) or
Ferralsols in the World Reference Base (IUSS WakiGroup WRB, 2006). The
development of the microgranular structure wasusised in humerous studies based on the
clay mineralogy, location in the landscape, palematerial, and biological activity. Lima
(1988) stated that the development of the micrageanstructure in the Bw horizon would
increase with the hematite content in the claytioac Vidal-Torrado and Lepsch (1993)
found a microgranular structure more developedhenupper slope than on the lower slope
where the microgranular structure was weak or alesent in combination with a massive
argillic horizon. Bennema et al. (1970) studiedcoand argillic horizons and showed an
increase in the microgranular structure developmtit the clay content regardless clay
mineralogy variation. The independency of the ngcaoular structure from the clay
mineralogy was also observed by Gomes et al. (2004)the other hand several authors
showed that the microgranular structure was les®ldped in kaolinitic Latosols than in
gibbsitic Latosols (Ferreira et al., 1999; Vianaakt 2004; Schaefer et al., 2004). Schaefer
(2001) studied a set of Bw horizons with §i@l1,03; and FeO; removable by 50O, such as
0.28 < SiQ/AI,05<1.17 and 80<KRE®;<170g kg. They recorded a uniform
microgranular structure with different degreesaindness in spite of the great variability of

parent material and mineralogy. The influence @& Hiological activity on microgranular



structure was also discussed by (Eschenbrenne6).198haefer (2001) and Schaefer et al.
(2002) said that the quartz grains in the centrenmfoaggregates were smaller than in the
surroundings which indicates the biological origmcluding grain size segregation by
termites and other soil animals. Based in this, afdr (2001) concluded that the
microgranular structure of Brazilian Latosols wowgult from long-term biological activity.

Balbino et al. (2001, 2002) and Volland-Tuduri (86D also studied the microgranular
structure of this soil type and proposed that gmiresult from termite and ant activity. Thus
the origin of the microgranular structure of Braail Latosols is still under discussion. The
aim of this study is to analyze the characterisb€sthe microstructure development in

Latosols that originated from different parentalteni@als and are located on the two main
geomorphic surfaces of the Central Plateau. Thdystdso shows that the microstructure

would be related to bioturbation by termites mainly

2. Material and Methods
2.1 Site conditions

The Brazilian Central Plateau covers about 10%mefdontinuous Cerrados Biome and
represents 176,000 KnSilva et al., 2005). Latosols occupy about 40%tofsurface area
(Fig. 1). The Central Plateau corresponds to twannggeomorphic surfaces, the South
American Surface (SAS) and Velhas Surface (VS) ¢Kih956; Lepsch and Buol, 1988;
Motta et al., 2002; Marques et al., 2004). The SABesponds to a Brazilian landscape that
begins as a vast peneplain produced by denudagitvebn the lower Cretaceous and middle
Tertiary. At this time, very humid climatic conditis were favorable for a deep weathering of
rocks. The continent was uplifted afterwards antygalic stream incision carved valleys
into the surface, transforming it into a disseaipthnd. Braum (1971) reported the tablelands

(chapadas) 900 to 1200-m high of Central Brazil as correspog to remnants of the SAS.



They appear as smoothly convex plane portions thahinates either as an abruptly
escarpment or as a kind of a stepwise border ositles of the plateau. The VS that initiates
at the dissection of the SAS and is characterizechdiderate slope, convex forms, and covers
smaller extensions than the SAS. According to tliggen (1931) classification, the most
representative climate of the Central Plateau igatkrmic or Humid Tropical (Aw) with the
subtype savanna. It is characterized by a dry wi(ieedium temperature of the coldest
month > 18C) and maximum rains in summer. The mean annuafalhranges from 1,500 to
2,000 mm, with the highest rainfall in January dahd smallest in June, July and August
(<50 mm montH). The relative humidity of the air is about 75%been January and April

and about 30% during the dry winter (Assad et1&93).

2.2 Soil selection and characterization

According to Reatto et al. (2000), ten Latosols (gveloped in different parent
materials were selected along an approximately KBbdeng regional toposequence across
the SAS (L1 to L4) and VS (L5 to L10) (Fig. 2 andble 1). Basic characteristics and
hydraulic properties of these Latosols can be faarfeatto et al. (2007) and data on the clay
mineralogy of their Bw horizons in Reatto et aD@8). The Latosols L7 and L8 were studied
by Volland et al. (2004 and 2005a) and are simaathose studied by Balbino et al. (2001,
2002 and 2004). The Latosols L5 and L6 were locatedhe upper VS, L7 and L8 on the
intermediate VS, and L9 and L10 on the lower VSIsSegere described according to the field
manual of Lemos and Santos (1996) and the Brazfiaih Taxonomy (Embrapa, 1999).
About 2-m deep soil pits were dug and the top lworigA), transitional horizons (AB and
BA), and diagnostic horizon (Bw) were describedstibed samples were collected in every
horizon. Basic soil characterization was perforraedhe air-dried <2-mm material according

to the Brazilian standard procedures as descrilgdehfbrapa (1997) which in general follow



the international procedures (Klute, 1986; Pagd.ef1982). The particle size distribution was
determined using the pipette method after dispensith NaOH 1N. The particle density was
determined by using 95% hydrated alcohol with 26f gir-dried soil material in a 50-ml
pycnometer. The bulk density was calculated usheg dven-dried mass of soil material
contained in cylinders 100-¢hin volume ¢ = 5.1 cm, h = 5 cm). The soil pH was measured
in distilled water and 1 N KCI using 1:1 mass doilsolution ratio. The cation exchange
capacity (CEC) was computed as being the sum oklkbetric charges of 5 Mg**, and
AlI* extracted with 1IN KCI, of Kand N4 extracted with 0,05N HCI, and of'Hand AF*
extracted with a tampon solution of Ca((tHDO) and CHCOOH at pH 7.0. The organic
carbon content was analyzed by wet oxidation witfNGK,Cr,O;.

The SiQ, Al,Os, F&O3 and TiQ content was estimated after dissolution in 1:56,

(Vettori, 1959; Camargo et al., 1986; Embrapa, 198arques, 2000). The Si@S,, ) and
Al20s (S,,0,) contents extracted with sulfuric acid were useddmpute théi ratio andKr

ratio plus FeOs in according (Resende and Santana, 1988) defméallaws:

(Sso,)
S
Ki=_ 60 =17y (Ss0) 1)
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102
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102 160

The kaolinite Kt) and gibbsite Gb) contents were determined as follows (Resende et

al., 1987; Bruand and Prost, 1988):

Kt = Sqo, / Ktgo, 3)



Gb = (S0, — Kt X (Kt /1000)/Gb, ,, | 4)
whereKt is the kaolinite content (in g Ky of the sampleKtg, the SiQ content of kaolinite
and equaled to 465 in g kg Ktu,o, the ALOs content of kaolinite and equaled to 395 in g kg

o Gb, ., the ALOs content of gibbsite and equaled to 654 in ¢ .kgquations (3) and (4)

assumed kaolinite and gibbsite without any suligtitu
The goethite Gt) and hematiteH{m) contents were computed by combining the two
equations as follows:
Sre0, = 0.8989x Gt +Hm (5)
Hm/(Hm+Gt) =(RI — 350)/833 (6)
where S, is the FgOs content (in g kd) of the sample recorded with,$0, extraction,

0.8989 the specific proportion of £& in a goethite (goethite and hematite was assursed a
being no Al-substituted)Rl is the red index according (Santana, 1984; Kanafl.e 1988)
and equaled to:

R =(M+C/V) ()
with M a parameter related to the h@ethe chroma an¥f the value.

Undisturbed samples of the Bw horizon were alsdect#d in triplicate by using
cylinders of 100-cthin volume. They were impregnated with a polyestsin that was
diluted with styrene monomer and left 4 weeks teue@ complete polymerization. Vertical
thin sections (4 x 6 cfj were produced following the method of Fitzpatri#984) and
examined under optical microscopy using a Zeisarohg microscope equipped with a
digital camera. The pedological features of the Bwizon were described using standard
micromorphological techniques (Bullock et al., 19&toops, 2003). Estimation of the
proportion of surface area occupied by each typmiofostructure was performed visually by

using the frequency charts proposed by Fitzpa(i®84). The thin sections were also studied



in scanning electron microscopy (SEM, Cambridge)a@#ng the emission of backscattered

electrons (Bruand et al., 1996).

3. Results
3.1. Field observations

The Latosols studied showed a compound weak to ratelenedium sub-angular
blocky structure and strong fine to very-fine granwstructure. Dense irregular sub-rounded
volumes (DIRV) of soil with varying size and matdrsimilar to the surrounding soil were
recorded in different proportions in the Latosdlsdsed (Table 2). The DIRV were described
as clay nodules in Reatto et al. (2007). The bicklgnacrocrovoids were represented by fine
channels 1 to 2-mm in diameter resulting from r&ciivity and channels varying in their size
and cavities several centimeters in diameters lalttied to termite or ant activity (Table 2).
In L1, high content in DIRV < 10-mm in size was aeed between 100 and 200 cm depth.
Another characteristic of L1 was the high quar@igrcontent and iron nodules < 0.5 mm in
size content in different depths. The biologicalcne&oids were concentrated within the
upper 100-cm. In L2 and L3, the greatest DIRV conhteas detected between 30 and 70-cm
depth that differed much in size (from 5 to 50-miplogical macrovoids were very few in
these two profiles. In L4, any DIRV was evidencé&Htis profile showed also distinct mottles
(7.5YR 5/6) below 130-cm depth and fragments ofthed plinthite (5YR 5/4) below 160-
cm depth (Bw horizon). Numerous DIRV from 5 to 50-mm in sizereveecorded in L5 from
the surface to 90-cm depth. Only a few biologicacnovoids were observed in these two
profiles. In L6, L7 and L8, numerous biological mawmids were recorded in the whole
profile and high DIRV content with sizes varyin@im 5 to 50-mm between 20 and 140-cm
depth. Finally, in L9 and L10 biological macrovomere very few and DIRV were recorded

between 15 to 110-cm depth.



3.2. Physico-chemical properties

The clay content of the Bw horizons ranged from 89380 g kg (Table 3). A large
range of bulk density (Db) was also recorded fa Bw horizons of these Latosols with
0.83<Db<1.21 g crit. The pH, varied from 4.80 to 5.34 and the girlfrom 4.00 to 6.20.
The pH, and phc of the Bw horizons was greater in the Latosols the SAS
(5.20< pH, <5.34 and 5.73 pHkcl < 6.20) than in those of the Latosols located on\Be
(4.80< pH,, < 5.20 and 4.0& pHkc < 5.50). The organic carbon content ranged from @01
0.62 g kg and the cation exchange capacity (CEC) from 10730t60 cmal kg™*. On the

SAS, the Bw horizons showed high levels of@J content, (averag&, , =577 ¢ kg, and
small SiQ content, (averag&y, =165 g.kg) (Table 3). On the opposite, on the VS the Bw
horizons showed small AD; content (averageS, , = 468 g kg) and high Si® content,
(averageSy, =302 g kg). The FeOs; and TiQ contents G0, @nd Sy, , respectively)
were slightly greater in the Bw horizons on the S@8erageS.., = 230 g kg', average
S0, = 28 g kg) than in those on the VS (avera8g,, = 210 g kg, averageS;, =19 g

kgl) (Table 3).

3.3. Observations in microscopy

The Bw horizons studied showed several types ofagranular structure according to
their development and related inter-microaggregateds. A strong microgranular structure
with well developed microaggregates 50 to 200-unsige that are combined in a loose
assemblage with 40 to 50% of the surface area lkewggpound packing voids (type A) was
recorded in all the Bw horizons (Fig. 3a and b;. Eig) except in L4. The microaggregates

showed a double-spaced-porphyric and open-porplepacse/fine related distribution in the



groundmass (Stoops, 2003). A microgranular strectieveloped as well as in the type A
with similar internal characteristics but with noaggregates combined in a close assemblage
(type B) with 20 to 35 % of the surface area cqroesling to complex packing voids was also
observed in all the Bw horizons but in smaller gndion than type A (Fig. 3c and d; Fig. 4b).
Besides types A and B, a very weak microgranularcgire with a compact assemblage of
microaggregates and 10 to 30 % of the surface @va@sponding regular and star-shaped
vughs, channels and planar voids (type C) was tistegd-ig. 3e and f; Fig. 4c). Finally, a
microstructure corresponding to the assemblageadiglly clay coated quartz grains with
small rounded microaggregates 10 to 30-um in sigee(D) with simple to compound
packing voids corresponding to 30 to 40% of thdamer area was also visualized (Fig. 3g and
h; Fig. 4d).

Observations of the thin sections of the Bw horgzander optical microscopy showed
around 95% of the surface area in L3 and L6 coomeded to type A (Table 4) with
compound and complex packing voids in L3 and sintpleompound packing voids in L6
(Stoops, 2003). In L2, the observations showed tip¢ A was dominant (70 %) and
associated with type C (30 %). The other Bw horizstudied showed a varying proportion of
the types A, B and C (Table 4, Figure 5), except fd where the microstructure

corresponded to type D alone.

4. Discussion
4.1. Mineralogical classification of the Latosols studied

Latosols are classified as kaolinitic Latosols ifnbgitic Latosols according to the value
of the Ki ratio in the diagnostic Bw horizon. They can beoatlassified as sexquioxid
Latosols or not according to the value of #eratio (Resende and Santana, 1988). Khe

ratio ranged from 0.3 to 1.4 akd ratio from 0.3 to 1.0 (Table 5). On the SAS, 8 Ri <0.7
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and 0.3 Kr <0.6 when on the VS 0ZKi<1.4 and 0.& Kr <1.0 for the Bw horizons
studied. Hence, L1, L2, L3 and L4 located on the&SShd L10 on the VS were classified as
gibbsitic-sexquioxidic Latosols, L5, L7, L8 and b the VS as kaolinitic non-sesquioxidic

Latosols and L6 on the VS as kaolinitic-sesquiaxidatosol.

4.2. Mineralogy of the diagnostic Bw horizons

The results showed that thé& content was smaller (196Kt < 412 in g k') in most
Bw horizons of the Latosols located on the SAS timathose of the Latosols located on the
VS (399<Kt<645in g kg) (Table 5). In contrast, theGb content was higher
(442< Gb< 625 in g kg") for Latosols on the SAS in comparison with thédsals on the VS
(183< Gb< 405 in g k') (Table 5). We computed the ratio of the kaolimigtent to both
the kaolinite and gibbsite contenti{R.+cp). The data indicated that Os2Rkyki+cp < 0.5 in
the Latosols located on the SAS and 0 Bxyk:+cp < 0.8 for those located on the VS (Table
5). TheHm content ranged from 0 to 205 in g kgndGt content from 0 to 178 g Kgfor the
Bw horizons studied (Table 5). The averadd#m and Gt content in the Bw horizon was
respectively 87 and 106 in g kgon the SAS and 136 and 45 in gkgn the VS (Table 5).
We computed the ratio of the hematite content tth ibe hematite and goethite content
(Rummm+ay. The results pointed that 0s0Rymmm+ct< 0.7 for the Latosols situated on the

SAS, and 0.4 Rynmm+ct< 1.0 for those situated on the VS (Table 5).

4.3. Types of microgranular structure, particle size distribution, and mineralogy

The analysis of the type of microgranular structdict not show any relationship with
the composition of the Bw horizons studied, neitivéh their particle size distribution (Fig.
5a and b), nor with their mineralogy of the finadtion (Fig. 5a and c). The Bw horizons of

L1, L2, L3, L6 and L10 on the one hand, and thdsk5p L7, L8 and L9 on the other hand
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showed kaolinite and gibbsite different contentg.(bc) when the proportion of the types of
microgranular structure varied independently ot thiatinction (Fig. 5a). These results are in
line with many former studies that led to contraéalig results when the development of the
microgranular structure was discussed accordinghéoclay content and clay mineralogy
(Bennema et al., 1970; Vidal-Torrado and Lepsci®91%Ferreira et al., 1999; Gomes et al.,

2004; Viana et al., 2004; Schaefer, 2001 and Seha¢fal., 2004)

4.4. Microgranular structure devel opment and associated voids

The types of microgranular structure A, B and Cenaloserved in different proportions
in the Bw horizons studied (Table 4). They are abtarized by a varying volume of voids
between the microaggregates (Fig. 3 and Fig. 4and c) except for L4 where the
microgranular structure corresponds to type D withny voids between the clay-coated
quartz grains and microaggregates (Fig. 3g and d Eig. 4d). The volume of inter-

microaggregate voids was calculated as follows:
Vinter =Vtotal +Vintra (8)
whereV,™" was the volume of inter-microaggregates voidsc(ini gb), Vv,™® the volume of

intra-microaggregates voids (in ¢mji*), andV,*®, the total volume of voids (in chg’). The
latter was computed as follows:

V™ = (1/Db) - (1/ Dp) (9)
whereDp was the particle density and equal to the recgdrof 2.65 g cfi The value of
v.™™ for each Bw horizon studied was computed by ushwe relationship recorded by

Balbino et al. (2002) for Latosols. The resultswsed that 0.156< V"™ < 0.234 cm g* and

0.305< V"* <0.585 cmig™.
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Comparison ofv,"* with the proportion of the different types of mistaucture showed
that botthinter and the surface area proportion of type A weregtieatest in L2, L3, L6 and

L10 (Fig. 5a; Table 6). On the other hand, this parison also showed that bo#j"* and

the surface area proportion of type A was the ssstaih L1 and L9.

4.5. Microgranular structure development and biological activity

Analysis of the distribution of the different typesf microgranular structure in
microscopy at low magnification showed that typedresponds to portions of channels or
cavities walls similar to those described by Esthenner (1986) (Fig. 6). Contours of
channels and cavities were particularly visibleLih, L5 and L9 (Fig. 6). Thus, type C
originates from soil material kneading by termitesulting in coalescent microaggregates
forming mechanically stable and water proof walls the other hand, the types A and B
originate from an infilling activity with microagggates resulting from fragmentation and
burrowing action of termites and possibly of arnisp. The findings of this study are
comparable to those of Miklos (1992) and Cooped.ef2005). These authors also worked on
Brazilian Latosols and recorded the microgranulaucsure as originating partly from
biological activity. Holt and Lepage (2000) alssaissed soil bioturbation by termites during
mound-building and cavities and galleries constomst These constructions, in a long period
of time, modified the soil properties and pedogentsnds as consequence soil turnover over
and soil translocation (Holt and Lepage, 2000).a88&r (2001) proposed that the Bw horizon
microgranular structure of Brazilian Latosols woudsult from long-term biological activity
of termites. Based on this model, the structuréhefLatosols studied would originate from
long-term action of biotic activity, mainly of terta activity as shown in Figure 7. Such a
long-term bioturbation might explain the poor veati differentiation of the Latosols studied

and the lack of relationship between Latosol contmes and microgranular structure
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development. The DIRV observed in the soil typed&d that also show a microgranular
structure of type C would correspond to remnantsofind, cavities or galleries walls made

up of coalesced microaggregates (Table 2 and Fig. 6

5. Conclusions
The Latosols studied showed a compound strong gnanular structure and weak to

moderate medium sub-angular blocky structure indeégetly of the landscape position on
the South American Surface or Velhas Surface abasehe parental material, except for the
Latosol developed on a quartzite. They were clessds gibbsitic-sexquioxic, kaolinitic non-

sesquioxid, or kaolinitic-sesquioxid Latosols.. Trstudy revealed several type of
microgranular structure with different proportiomscording to the Latosol studied but
without any relationship with their texture and memalogy. The types of microgranular

structure appeared to be related to soil biotunbattonducted mainly by termites, and
secondarily by ants. Thus, the weak macrostru@ndestrong microgranular structure of the
Latosols studied, their little vertical differerti@n of the horizons, and the lack of clear
relationship between their landscape position aar@émi material characteristics would result

from long-term biotic action.
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Figures
Figure 1

Distribution of the Latosols on the Brazilian CehtPlateau.

Figure 2
Location of the ten Latosols studied (L) on eaclongerphic surface along a regional

toposequence across the Brazilian Central Plateau.

Figure 3

Microstructure of the Bw horizon observed in optio@icroscopy (natural light): a and b,

strong microgranular structure with highly sepatat@icroaggregates in L1; ¢ and d, strong
microgranular structure with moderately separatéctaaggregates in L9; e and f, moderate
microagranular structure with coalesced microagapesy in L5; g and h, compound

microgranular structure and pellicular grain mit¢rosture in L4.

Figure 4

Microstructure of the Bw horizon observed in scagnielectron microscopy using the
backscattered electrons: a, strong microgranutactstre with highly to moderately separated
microaggregates in L1; b, strong microgranularcitme with moderately to weakly separated
microaggregates in L7; ¢, moderate to weak mic@agar structure with coalesced
microaggregates in L5; d, compound microgranularucsire and pellicular grain

microstructure in L4.

Figure 5
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Different types of microstructure (a), particleesdistribution (b) and clay mineralogy (c) for

the Bw horizon of the Latosols (L) studieg, @ibbsitic — sexquioxidic Latosolg, kaolinitic

— sexquioxidic and, kaolinitic — non sexquioxidic Latosols).

Figure 6
Distribution of the different types of microgranulstructure (types A, B and C) in the diagnostic

horizons (Bw) of L1 (a), L5 (b), L2 (c) and L9 (d).

Figure 7

Model based on long-term termite activity for thatdsols studied showing the accumulated

action of bioturbation on the structure with time.
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Fig. 3 - Microstructure of the Bw horizon obserdoptical microscopy (natural
light): a and b, strong microgranular structurenwitghly separated microaggregates
in L1; ¢ and d, strong microgranular structure withoderately separated
microaggregates in L9; e and f, moderate microadearstructure with coalesced
microaggregates in L5; g and h, compound microdeainstructure and pellicular

grain microstructure in L4.

26



Fig. 4 - Microstructure of the Bw horizon obseniadscanning electron microscopy using the
backscattered electrons: a, strong microgranulactstre with highly to moderately separated
microaggregates in L1; b, strong microgranular citme with moderately to weakly separated
microaggregates in L7; c, moderate to weak mic@aagar structure with coalesced

microaggregates in L5; d, compound microgranularcstire and pellicular grain microstructure in

L4.
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mineralogy (c) for the Bw horizon of the Latosolg 6tudied (, gibbsitic — sexquioxidic

Latosols,e, kaolinitic — sexquioxidic and, kaolinitic — non sexquioxidic Latosols).
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Fig. 6 - Distribution of the different types of microgranulstructure (types A, B and C) in the

diagnostic horizons (Bw) of L1 (a), L5 (b), L2 @)d L9 (d).
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Table 1
General characteristics of the Latosols (L) studreddified after Reatto et al., 2007; Reatto et2008)

Position Slope
Geographical Geomorphic Altitude alongthe Length Declivity
Latosols Coordinates Surface Soil type (m) toposequence (Km) (%) Geology Lithology Parent Material
Red LatosdP Metgmorphic Rpckg- Complex
Rhodic Acrusto® Goiano — (Angpohs - ltaugu) _ _ _
L1 S 66°60°'77” Rhodic Ferralsé? and metaclastic rocks — Group ~ Granulite Mafic granulite
W 81°60'187” South America 1,050 Median 3 <1 Araxa - Superior Precambrian
Red LatosdP Lateritic crusts and
L2 S 15°37'127” Typic AcrustoX® Clastic rocks - Paranoa Group -  Sandy saprolite Sandy
W 47°45'576" South America  Orthic FerralsdP 1,200 Median 5 2 Superior Precambrian Metarithimite Metarithimite
Yellow Latosof" Lateritic crusts and
L3 S 15°36'919” Xanthic Acrusto®’ Clastic rocks - Paranoa Group -  Sandy saprolite Sandy
W 47°45'78" South America Xanthic Ferralsé? 1,190 Median 5 2 Superior Precambrian Metarithimite Metarithimite
Plinthic Yellow
Latosof?
L4 S 15°36'320” Plinthic Acrustof® Clastic rocks - Paranoé Group - Lateritic crusts and
W 47°44°148” South America Plinthic FerralséP? 1,180 Down 12 3 Superior Precambrian Quartzite saprolite Quartzite
Velhas Red LatosdP _ ] _
L5 S 15°36'502” Superior Iével Typic AcrustoX? Clastic rocks - Paranoa Group -  Clayed Colluvial
W 47°42'813” P Orthic FerralsdP 920 Median-up 12 <1 Superior Precambrian Metarithimite Sediment
Red LatosdP
Velhas, Rhodic Acrusto%’
L6 S 15°31'450” Superior level Rhodic Ferralsé? Pelitic rocks - Parano& Group - Lateritic crusts and
W 47°41'90” 880 Down 20 6 Superior Precambrian Metapelite saprolite Metapelite
Red-Yellow
Velhas, Latosof?
L7 S 15°13'24,2" Intermediate level Typic Acrustox? Median-up 20 2 Pelitic rocks - Paranoa Group - Colluvial
W 47°42'14,7” Orthic Ferralsdf 820 Superior Precambrian Metapelite Sediment
Velhas Red LatosdP N .
L8 $15°1323,3" | o eyel RNOMIC Acrusto® Pelitic rocks - Paranoé Group Colluvial
W 47°42'5,2" Rhodic Ferralsé? 805  Median-down 7 2 Superior Precambrian Metapelite Sediment
Velhas Re(_j LatosdP Pelitic rocks and limestone - _ Saprolite Metapelite
L9 S 15°11'183” Inferior Ie(/el Rhodic Acrusto%’ Paranoa Group Metapelite and and
W 47°43'680" Rhodic Ferralsé? 785 Median-up 15 <1 Superior Precambrian limestone limestone
Red LatosdP
L10 S 15°14'080" Velhas, Rhodic Acrusto®’ Limestone and Lacustrine Colluvial
W 47°46'372" Inferior level Rhodic Ferralsé? 760 Dow 15 7 lacustrine sediment of Terciary limestrone Sediment

Geographical Coordinates: measured with a Globsitieoing System (GPS); Altitude: measured withaltimeter; Soil Type: (1) Brazilian Soil Taxononfgrobrapa, 1999), (2) Soil Taxonomy
(Soil Survey Staff, 2006), (3) World Reference BA&KSS Working Group WRB., 2006).
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Table 2
Field morphological descriptions of the Latosol} gtudied

Matrix Biological macrovoids
Latosol  Horizon Depth Munsell Color Compound Stauet DIRV channels and caviti
channels related to
cm dry wet roots termite or ant activity
Red LatosdP - Rhodic Acrusto®’ — Rhodic Ferrals6i
L1 A 0-20 5YR4/4  25YR3/3 (5)2f-mSBK (+)D (+++)fCH (++4QN
AB 20 - 40 5YR4/6  2.5YR 3/4 (3)3c-veSBK; (4)3-2f-mSBK (+)D +{+)fCH (++++)F-mCV
BA 40 - 60 25YR4/6  2.5YR3/4 (2)2¢SBK; (3)2-1f-mSBK; (4)3f8BB(3)2-1f-viGR (++)D (++)fCH (+Hfcv
Bw, 60 - 100 25YR4/6  2.5YR3/4 (2)1f-mSBK; (2)1-2cGR; (4)3f6R (++)viD (+)fCH (+++)fcv
Bw, 100-160  25YR4/8 25YR3/6 (2)1mSBK; (3)2fSBK; (2)1f-mGRY)3f-ViGR (+++)VE-D (+)fCH no
Bws 160 -200+  25YR4/8 2.5YR 3/4 (2)1mSBK; (3)1f-mGR; (4)3viGR (++++)VED (+-)fCH no
Red Latosdt - Typic Acrusto¥® — Orthic Ferrals&?
L2 A 0-15 75YR3/4  5YR3/3 (1)3cSBK: (5)3fGR 0 (+)fCH no
AB 15 - 35/40 75YR5/6  5YR4/4 (1)3cSBK; (4)3mBiK; (4)3fGR (++++)vclC no no
BA 35/40-60/80  5YRS5/8  25YRA4/6 (1)2c-mSBK)ZBBK; (5)2f-viGR (+++)veD; (++)mLC (+)fCH no
Bw, 60/80 - 115/120 5YR5/6 2.5 YR 4/8 (1)1cSBK; (BBK; (4)2-3f-viGR (++)fD no (+)cCV
Bw, 115/120 - 200+ 5YR 5/6 2.5YR 4/8 (1)1cSBK; (5)36GR no no no
Yellow Latosof® - Xanthic Acrusto® — Xanthic Ferrals&
L3 A 0-20/25 25YR5/3  10YR 4/3 (1)2cSBK; (2)B; (5)3viGR (+)D (+)fCH no
AB 20/25-50/70  10YR6/4 10YRS/6 (2)3c-mSBK; IBSK; (4)2-3fGR (++++)f-mD ho no
BA 50/70 - 75/95  10YR6/6  10YR 6/6 (2)2c-mSBK; (BBK; (4)2fGR (+++)fD no no
Bw, 75/95 - 130 10YR6/6 10YRS5/8 (2)3-2cSBK; (2)2mSER)2-1fSBK; (4)3f-ViGR (++)D no no
Bw, 130 - 180 10YR 6/6 10YR 6/6 (2)2-1¢SBK; (5)3f-viGR (+)fLC no no
Bw; 180 - 220+ 75YR7/6 7.5YR5/6 (3)1cSBK; 2-1m SBK; (4)3f-viGR (+)fiLC no no
Plinthic Yellow LatosdP - Plintic Acrusto$® — Plinthic Ferrals&?
L4 A 0-18 25Y5/4 10YR 3/4 (0)3-2¢SBK: (2)2-1f-mSBK; (3)1f8B(4)1f-mGR no (++++)f-viCH no
AB 18- 30 25YR6/6 10YR 4/4 (3)2-1m-cSBK; (2)2f-mSBK; (4)2fSR no (+++)f-viCH no
BA 30- 60 25YR6/6 10YR5/6 (3)2-1f-mSBK; (2)2-1fSBK; (3)2{GR)1f-ViGR no (+)fCH no
Bw, 60 - 110 10YR7/8  10YR 5/8 (2)1cSBK: (1)1f-mSBK; (5)2f-viGR on (+-)fCH no
Bw, 110-180+ 10YR7/8 10YR5/8 (2)1f-mSBK; (5)2f-viGR no (+-)fCH no
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Cont...Table 2 - Field morphological descriptionglef Latosols studied

Matrix Biological macrovoids
Latosol  Horizon Depth Munsell Color Compound Stauet DIRV chgnnels and
cavities related to
channels termite or ant
cm dry wet roots activity
Red LatosdP - Typic Acrusto¥’ — Orthic Ferrals&?
L5 A 0-11/20 5YR5/6 5YRS5/7 (1)3cSBK; (4)3f-mRBB(2)3viSBK; (3)3f-ViGR (+++)fLC (+)fCH no
AB 11/20-35/40 7.5 YR 4/6 5YR 4/6 (1)3-2c-mSBK; (4)3fBSK; (4)2-3fGR (+++)D +)fCH no
BA 35/40 - 57/90 5YR4/6 2.5YR 2,5/4 (2)2mSBK; (3)3fSBK; (4)3-2fGR (+++)fD; (++)c-mLC fiCH (+)cCV
Bw, 57/90 - 90/120  S5YR5/8 2.5YR 3/6 (2)2mSBK; (1)BBK; (5)3-2fGR (++)D (+)fCH (+)f-mcv
Bw, 90/120 - 170 5YRS5/8 2.5YR 4/8 (2)2SBK; (5)3f\RG (+-)D ho no
Bws 170 - 200+ 2.,5YR 5/82.5YR 4/8 (1)1c-mSBK; (2)2-1f-mSBK; (5)3f-viGR 0 no no
Red Latosdt — Rhodic Acrusto® — Rhodic Ferrals6i
L6 A 0-10 5YR4/6  2.5YR 3/6 (1)2-1c-mSBK; (5)RG no (++)fCH (+-)fcv
AB 10-25 25YR4/6 2.5YR3/4 (0)3f-mSBK; (4)2f8BK; (4)3fGR no (++)fCH (+)fcv
BA 25-70 5YR4/6  2.5YR 4/6 (3)2m-cSBK; (4)3fSB)3f-viGR (+++)fD f-viCH (++++)fCHCV
Bw; 70 - 140 25YR4/6  10R 4/4 (3)2-1f-mSBK; (4)3f-RG (D ViCH (++)f-VfCHCV
Bw, 140-200+  25YR4/8  10R 3/6 (2)1mSBK; (5)3f-ViGR no no no
Red-Yellow Latosdt — Typic Acrusto®’ — Ortthic Ferrals&?
L7 A 0-5 5YRS5/4  5YRA4/3 (1)2m-cGR; (5)2fGR (+)iLC (#EH  (++++)vi-f CHCV
A 5-20 5YRS5/6  5YR 4/4 (0)2cSBK; (3)2f-mGR; (4)2{3GR (++++)mLC (+-)fCH (++++)fCHCV
AB 20 - 55/60 5YR5/6  5YR4/6 (2)2-3vcSBK; (3)2BR; (4)2-3viGR (++++)VCLC; (++)mLC (+-)fCH (++++)i CHCV
Bw, 55/60 - 96/110  S5YR6/8  5YR5/8 (3)2-3mMSBK; (2)26K; (4)3f-viGR (+++)M-fLC; (++)m-cLC (+-)fCH (+++¥)f-f CHCV
Bw, 96/110 - 200+  5YR5/6  5YR5/9 (2)2-1m-fSBK; ()R (+)viD ho (++++)Vi-f CHCV
Red LatosdP - Rhodic Acrusto®’ — Rodhic Ferrals6i
L8 A 0-10 5YR4/6  5YR3/3 (2)2f-mSBK; (3)3fSBK; (48R no (+-)fCH (++)vi-f CHCV
A 10-20 5YR4/6 5YR 3,5/4 (3)2f-mSBK; (4)2fGR no +)fCH (++)Vi-f CHCV
AB 20 - 30 5YR4/6  2.5YR 3/6 (3)2f-mSBK; (4)2f-VfG no nho (+)vi-f CHCV
BA 30 - 50 25YR4/6 2.5YR3/4 (3)3f-mSBK; (2)2I8BK; (4)3fGR (++++)mD (+-)fCH (+)vf-f CHCV
Bw, 50 - 95 25YR4/8 2.5YR 4/6 (2)3-2-mSBK; (2)2mGRE)3fGR (++)f-viD no (+)vi-f CHCV
Bw, 95 - 200+ 2.5YR4/8 2.5YR 3/6 (2)2-1m-fSBK; (5)8f5R (+-)vfD no (+)vi-f CHCV
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Cont...Table 2 - Field morphological descriptionglod Latosols studied

Matrix Biological macrovoids
Latosol  Horizon Depth Munsell Color Compound Staset DIRV channels and cavities
related to
channels termite or ant
cm dry wet roots activity
Red Latosdt - Rhodic Acrusto® — Rodhic Ferrals&i
L9 A 0 - 15/20 5YR4/6  2.5YR3/4 (0)2c-mSBK; (3)2iSBK; (4)2fGR no (+-)fCH no
AB 15/20 - 35/40 5YR4/6  2.5YR3/6 (3)3c-mSBK; 3B SK; (4)3fGR (+++)mD (+-)fCH no
BA 35/40 - 60/70 2.5YR4/6 2.5YR3/4 (2)3cSBK;23f-mSBK; (4)2fGR no (++)fCH no
Bw, 60/70 - 100/110 2.5YR4/8 2.5YR 3/6 (1)2-1c-mSBK)2-3fGR (+)f-vfD (++)fCH no
Bw, 100/110-180 2.5YR4/6 2.5YR 3/6 (0)2cSBK, (3)BKS (5)3f-vfGR no no no
Bws 180 - 210+ 25YR4/8 2.5YR4/6 (2)2-1m-fSBK; (5)8GR no no no
Red Latosdt - Rhodic Acrusto® — Rodhic Ferrals&i
L10 A 0-15 75YR4/6 2.5YR 25/4 (0)2cSBK; (4)3m-fSBK; (4)2fGR (++)fD (+-)fCH no
AB 15-40 5YR4/6  2.5YR3/4 (3)3cSBK; (3)3fSBKE)R-3fGR (++++)D (+)fCH no
BA 40-70 25YR4/6 2.5YR3/4 (3)2-3cSBK; (3)3feB(4)2-3fGR (+)f-viD; (++)f-mLC (+-)fCH no
Bw, 70 - 100 5YR5/6 2.5YR3/6 (3)2mSBK; (4)3f-vfGR WID; (+-)viLC no no
Bw, 100 - 140 2.5YR 4/6 10R 4/8 (0)2-1c-mSBK and (2)#28R and (5)3f-vViGR no no no
Bw; 140 - 170+ 2.5YR 4/8 10R 4/6 (1)1c-mSBK; (5)3f-RG no no no

Structure description: (frequency — grade — sigge).

Frequency: (0) rarely: <1% of volume; (1) veryldittl to 5% of volume; (2) little: 5 to 15 % of wwhe; (3) common: 15 to 40% of volume; frequent {)to 80% of volume;
dominant (5): > 80% of volume. Grade: 1 — weak;Rederate; 3 — strong. Size of granular structufre: very-fine (< 1-mm); f = fine (1 to 2-mm); mmedium (2 to 5-mm);
¢ = coarse (5 to 10-mm); vc = very-coarse (> 10-mBige of subangular blocky: vf — very-fine (< 5-jprh= fine (5 to 10-mm); m = medium (10 to 20-mne)= coarse
(20 to 50-mm); vc = very-coarse (> 50-mm). Type: &Branular; SBK = subangular blocky.

DIRV (Dense Irregular sub-Rounded Volumes) desiaipt(frequency/grade — size — type). Frequencgigrg++++) = very strong; (+++) = strong; (++) = davate; (+) =
weak; (+-) = very weak; no = not observed. Siz®IRV described as subangular blocky structure. Tipe dispersed DIRV; LC = locally concentrated MR

Biological Activity description: (frequency/gradesize — type). Frequency/grade and size of biodgictivity described as DIRV. Type: CH = chann€él¥, = cavities.

Soil Type: (1) Brazilian Soil Taxonomy (Embrapa9®y, (2) Soil Taxonomy (Soil Survey Staff, 200®) World Reference Base (IUSS Working Group WRE)&0
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Table 3

Physical and chemical characteristics of the diagadorizons (Bw) of the Latosols (L) studied

(L) Hor. <2um 2-50um50-2000um Db Dp pH, pHe OC ca&'+Mg> K' Na" A H"'+AP CEC SiQ AlLO; FeO; TiO,

(0kdg) (gkg)  (gkg) (gcmd) (gcent) (9kg) (cmokkg’) (cmokkg®) (cmokkg”) (cmotkg®) (cmotkg”) (cmotkg®) (gkg") (gkg’) (gkg’) (gkd)
L1 Bw; 520 40 440 1.21 2.73 5.34 6.16 0.34 0.25 0.01 0.00 0.00 1.74 2.00 112 528 318 42
L2 Bw, 610 140 250 0.90 2.76 5.30 6.20 0.61 0.16 0.00 0 0.0 0.00 10.44 10.60 187 565 225 23
L3 Bw; 750 90 160 0.88 2.72 5.20 5.80 0.02 0.17 0.00 0.00 0.00 1.58 1.75 239 564 163 33
L4  Bw 300 10 690 1.18 2.64 5.24 5.73 0.34 0.24 0.01 0.00 0.00 1.48 1.73 123 651 213 13
L5 Bw 550 150 300 1.03 2.76 4.80 4.00 0.62 0.23 0.04 0 0.0 0.29 2.92 3.19 339 442 206 13
L6 Bw; 780 90 130 0.83 2.65 4.80 5.50 0.02 0.18 0.01 0.00 0.00 9.80 9.99 250 502 227 21
L7 Bw, 700 140 160 0.96 2.76 4.80 4.90 0.59 0.21 0.01 0 0.0 0.01 2.84 3.06 327 465 188 21
L8 Bw; 760 70 170 0.98 2.88 4.90 4.20 0.61 0.20 0.01 0.00 0.18 8.84 9.05 331 448 203 18
L9 Bw; 750 80 170 1.06 2.80 5.00 4.00 0.01 0.23 0.02 0.00 0.32 2.86 3.11 341 440 200 18
L10 Bw; 750 70 180 0.88 2.76 5.20 4.30 0.02 0.91 0.02 0.00 0.09 4.66 5.59 226 514 239 22

Db = bulk density, Dp = particle density, OC = Organichon, CEC = Cation exchange capacity.
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Table 4
Micromorphological analyses of the diagnostic hamz (Bw) of the Latosols (L) studied (descriptiata@ding to Bullock et al., 1985 and
Stoops, 2003).

Latosol Microstructure Voids Groundmass Micromass
Fabric elements
Distribution Orientation c/f —Related Color b-fabric
patterns patterns  Distribution
L1 » highly separated and well developed pedality amd@ar microstructure (50%) » compound packing voids random unreferred double-spaced- red to dark undifferentiated
» moderately separated and well developed pedaidygaanular microstructure (35%) » complex packing voids porphyric red
» weakly separated and weakly developed pedalitynaassive microstructure (15%) » regular and star-shaped vughs and planes 2.5YR 4/8 to
voids 10R 3/5
L2 » highly separated and well developed granular reteuature (70%) » compound packing voids random unreferred open-porphyric red undifferentiated
» weakly separated and weakly developed pedalitynaessive microstructure (30%) » regular and star-shaped vughs and planes 2.5YR 4/8
voids
L3 » highly separated and well developed pedality amd@ar microstructure (95%) » compound packing voids and complex random unreferred open-porphyric brownish undifferentiated
» weakly separated and weakly developed pedalitynaassive microstructure (5%) packing voids yellow
10YR 6/6
L4 » highly to moderate separated and well developeédlfig and granular microstructure and »simple to compound packing voids random unreferrecthitonic to yellow undifferentiated
pellicular grain microstructure (100%) (coarse-monic) 10YR 7/8
L5 » highly to moderate separated and well developéealfg and microstructure (60%) » compound packing voids random unreferred open to dark red undifferentiated
» moderately separated and well developed pedaidygaanular microstructure (20%) » complex packing voids double-spaced- 2.5YR 3/6
» weakly separated and weakly developed pedalitynaessive microstructure (20%) » channels and planes voids porphyric
L6 » highly separated and well developed pedality amd@ar microstructure (95%) » simple to compound packing voids random unreferrepen-porphyric  dark red undifferentiated
» weakly separated and weakly developed pedalitynaassive microstructure (5%) 10R 3/6
L7 » highly separated and well developed pedality aadgar microstructure (65%) » compound packing voids random unreferred open-porphyric red undifferentiated
» moderately separated and well developed pedaidygaanular microstructure (20%) » complex packing voids 2.5YR4/8
» weakly separated and weakly developed pedalitynaessive microstructure (15%) » regular and star-shaped vughs and planes
voids
L8 » highly separated and well developed pedality amd@ar microstructure (60%) » compound packing voids random unreferred open-porphyriddark red to  undifferentiated
» moderately separated and well developed pedaidygaanular microstructure (30%) » complex packing voids red 10R3/6
» weakly separated and weakly developed pedalitynaassive microstructure (10%) » regular and star-shaped vughs and planes to 4/8
voids
L9 » highly separated and well developed pedality amdar microstructure (55%) » compound packing voids random unreferred open-porphyric red undifferentiated
» moderately separated and well developed pedaidygaanular microstructure (30%) » complex packing voids 2.5YRA4/8
» weakly separated and weakly developed pedalitynaamkive microstructure (15%) » regular and star-shaped vughs and planes
voids
L10 » highly separated and well developed pedality aadgar microstructure (75%) » compound packing voids random unreferred open-porphyric red undifferentiated

» moderately separated and well developed pedaldygaanular microstructure (20%)
» weakly separated and weakly developed pedalitynaaskive microstructure (5%)

» complex packing voids

2.5YR4/8

c/f: course/fine material in the groundmass
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Table 5
Mineralogy of the diagnostic horizons (Bw) of thatasols (L)
studied

(L) Hor. Kt Gb Ki Rkykt+ab Hm Gt Kr RemvHm+ct

(g kg") (g kg (g kg") (g kg*)
L1 Bw, 196 539 04 0.3 205 60 0.3 0.7
L2 Bw, 320 496 0.6 0.4 142 42 0.4 0.5
L3 Bw, 412 442 0.7 0.5 0 146 0.6 0.0
L4 Bw; 197 625 0.3 0.2 0 178 0.3 0.0
L5 Bw; 619 201 1.3 0.8 139 41 1.0 0.8
L6 Bw, 442 365 0.8 0.5 137 56 0.7 0.5
L7 Bw, 591 241 1.2 0.7 75 93 0.9 0.4

L8 Bw, 605 218 1.2 0.7 137 40 1.0 0.7
L9 Bw, 645 183 1.4 0.8 133 39 1.0 0.7
L10 Bw, 399 405 0.7 0.5 196 0 0.6 1.0

Kt: Kaolinite, Gb: Gibbsite, Hm: Hematite, Gt: Goethite, Ki =
1.7 (SiQ/AIL0s), Kr = [1.7 x (SIQ/(AlI,O; + 0.6375 X Fg5)],
Rwkirar = Kaolinite/(Kaolinite +  Gibbsite), Rymwimiat =
Hematite/(Hematite + Goethite).
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Table 6

Volume of voids resulting from the assemblage oé th
microaggregates (inter-aggregates voids) for thenBrizons
of the Latosols (L) studied

Volume of inter-microaggregates voidg/{*")

Latosol (cmig?h)
L1 0.305
L2 0.556
L3 0.547
L4 0.375
L5 0.453
L6 0.585
L7 0.472
L8 0.439
L9 0.359
L10 0.540
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