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Abstract—Determination of the mineralogical composition of six highly weathered soils of the Central
Plateau of Brazil showed that the sand content (predominantly quartz) was not related to the relative
amounts of gibbsite and kaolinite in the clay (<2 um) fractions. The latter is in agreement with kinetic
considerations of the involved mineral species, but in disagreement with thermodynamic considerations.
However, that dissolution of quartz has been operative in these soils is indicated by an excellent
relationship (r? = 0:96) between the amount of sand-size quartz and the reactive SiO, content of the

clay fractions.

INTRODUCTION

Quartz is commonly the predominant primary
mineral occurring in the sand size fraction of highly
weathered soils of humid tropical regions. Its persist-
ence in these soils is attributed to its extreme chemical
inertness. Accordingly, quartz presence is generally
thought to have little influence on, or relationship
to, the nature of the secondary minerals present in
highly weathered soils which are usually oxides of
iron and aluminum, and kaolinite. Nevertheless, it has
been suggested (Gardner, 1970; Curtis, 1970) that
quartz presence in soils may prevent the formation
and/or stability of gibbsite. The latter conclusion was
based on considerations of the solute activities of H*,
AP* and Si(OH), corresponding to the thermodyna-
mic stability of kaolinite, gibbsite and quartz as given
in Fig. 1. (The thermodynamic values used in the con-
struction of this diagram are those given by Kittrick
(1969) for well crystallized gibbsite and kaolinite.)
Essentially, the diagram shows that under weathering
conditions of acid pH and where Al is not limiting,
as is usually the case in environments and landscapes
conducive to the formation of highly weathered soils,
gibbsite will be stable relative to kaolinite only when
the activity of Si(OH), is extremely low (less than
pSi(OH),; = 4.8). The diagram also shows that soils,
in which gibbsite and kaolinite thermodynamically
co-exist, should have solute activities corresponding
to the intersection of the gibbsite and kaolinite stabi-
lity lines at pSi(OH), = 4.8 and pH-1/3pAl = 2.7. The
position of the stability line for quartz (pSi(OH), =
3.74; Siever, 1962) indicates that quartz presence
should cause Si(OH), activities greater than that asso-
ciated with gibbsite-kaolinite equilibrium. Hence, in
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the presence of quartz, gibbsite would. be unstable
relative to kaolinite. However, kinetic considerations
may assume the significant role in this situation. As
discussed by Kittrick (1969), the kinetics of quartz
dissolution and precipitation are extremely slow at
carth-surface temperatures and pressures and thus
quartz may have less influence on gibbsite-kaolinite
equilibrium than what might be expected from ther-
modynamic consideration.

Indeed, it is the extremely slow kinetics of quartz
dissolution that causes laboratory studies to be un-
suitable for investigation of this problem. Examin-
ation of actual occurrences of the involved mineral
species in appropriate soil environments may prove
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Fig. 1. Mineral stability diagram for gibbsite, kaolinite,
and quartz in aqueous system of 25°C and one atmosphere
as functions of pSi(OH), and pH-1/3pAl
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to be more advantageous. It was the purpose of this
research to examine the mineralogical composition of
some highly weathered soils from the Central Plateau
of Brazil to determine whether or not the sand con-
tent (predominantly quartz) had any relationship to
the nature of the clay mineral composition of the
soils.

MATERIALS AND METHODS

The six soils examined in this study were taken
from an area that is within the mid-portion of the
Brazilian Central Plateau (Fig. 2). The present day
climate of the area is characterized by a tropical sea-
sonal regime of rainy summers and dry winters with
a total annual rainfall of 2000 mm (FAO-UNESCO,
1971). The country rocks underlying the soils in the
area are Devonian sandstones and Precambrian
metamorphic rocks, including schists, phyllites and
quartzite. Thecollected samplesare representative of the
soils that are found on first and second erosional sur-
faces in this area in which the land forms are classic
examples of the result of muitiple geomorphic cycles
as discussed by Cline and Buol (1973). On these sur-
faces there are four general groups of soils that can
be distinguished on the basis of color (Dark Red vs
Red Yellow) and texture (loamy vs clayey). In the
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Fig. 2. Location of sampling area.
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Brazilian soil classification system, the soils would be
classified as Dark Red and Red Yellow Latosols. In
the U.S. Soil Taxonomy, the soils would be loamy
or clayey textural varieties of Ustox (order—Oxisol;
suborder—Ustic).

For purposes of characterization of the soils, the
exchangeable cations Na, K, Ca and Mg were dis-
placed by N NH,OAc extraction and determined
with an atomic absorption spectrophotometer; ex-
changeable aluminum was extracted by N KCl and
measured colorimetrically by the aluminon procedure
of McLean (1965); pH was determined in H,O and
N KCl at a 1:2 soil:solution ratio; and organic car-
bon by the Modified Walkley-Black method (Grewel-
ing and Peech, 1965). For textural analyses, as well
as for isolation of particle size fractions for mineralo-
gical analyses, samples of the soils were treated with
sodium hypochlorite {NaOCl) of pH 9.5 (Anderson,
1963) for the destruction of organic matter and then
separated into sand, silt, and clay fractions by wet
sieving, centrifugation, and decantation (Jackson,
1969).

For X-ray diffraction (XRD) analyses, K- and Mg-
saturated samples of the clay fractions were parallel-
orientated onto glass slides and X-rayed with CuKe
radiation (35 kV, 15 mA) on a Norelco diffractometer
fitted with a focusing monochromator and scintilla-
tion detector. Additional XRD patterns were obtained
on the Mg-saturated samples following solvation with
ethylene glycol and on the K-saturated samples after
heating at 350 and 550°C. Random powder XRD pat-
terns were determined on Mg-saturated samples of
the sand and silt fractions.

Differential thermal analysis (DTA) was carried out
on Ca-saturated clay samples diluted with ignited
Al,O;. The analyses were obtained with an R, L.
Stone DTA apparatus at a heating rate of 10°C/min
with ignited Al,O; as the thermally inert reference
material.

The free iron and aluminum oxide content of the
soil clay fractions was determined by citrate-bicar-
bonate-dithionite (CBD) extraction (Jackson, 1969).
Gibbsite and kaolinite contents were estimated by
comparison of the DTA endothermic peak areas with
those of reference gibbsite and kaolinite specimens.
Mica was estimated from the K,O content as given
by HF-H,SO, digestion (1%, K,O = 10% mica). The
TiO, content was determined on the same digest by
the colorimetric Tiron procedure as described by Dol-
cater et al. (1970). Amorphous or non-crystalline alu-
minosilicates were measured by the boiling 0.5N
NaOH procedure of Hashimoto and Jackson (1960).
The latter was carried out on CBD-treated samples
as preliminary studies indicated that prior removal
of free iron oxides increased by up to 20%, the
amount of extractable non-crystalline SiO, and
ALO;. The more reactive or accessible non-crystal-
line aluminosilicates were extracted from the clay frac-
tions by the dilute acid procedure (0.5M CaCl,,
pH L.5) of Tweneboah er al. (1967).
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Table 1. Chemical and physical properties of soils

Exchangeable Particle size distribution (%)
Depth pH Carbon Bases Al Sand Sitt Clay
Profile and Sample No. cm. ) H,0 KT (m~equiv. 100g~!1) (2-0.05mm) (2-50um) (<2um)
Dark Red Latosol
P2 0-20 5.2 4.3 .19 0.26 0.59 21 10 69
3 40-60 5.4 4.5 1.47 0.09 0.34 20 15 65
4 100-120 6.0 4.9 0.83 0.06 0.06 26 17 57
Dark Red Latosol
ts 0~20 4.9 4.2 0.60 0.14 0.4k 81 3 16
6 40~60 5.0 4.3 0.43 0.1 0.34 78 3 19
7 100-120 5.4 4.6 0.29 0.08 0.17 76 3 21
Dark Red Latosol
8 0~20 5.4 4.6 1.50 0.55 0.17 65 6 29
9 40~60 5.3 4.9 0.92 0.15 0.04 63 14 23
10 100~120 6.1 5.6 0.63 0.1l - 63 16 2}
Red Yellow Latosol
ol 0-20 49 4.3 1.94 0.14 0.55 12 20 68
12 40-60 5.1 4.4 1.15 0.09 0.10 18 22 60
13 100-120 5.3 4.7 0.87 0.06 - 17 15 68
Red Yellow Latosol
'L 0-20 4.9 4.4 .35 0.26 0.23 12 32 56
15 40-60 5.6 4.7 1.89 0.10 0.04 23 3 46
16 100-120 6.3 5.5 1.18 0.08 - 3 21 48
Red Yellow Latosl
vi 17 0-20 5.0 4.2 1.24 0.t2 0.41 60 g 31
18 40-60 4.9 4.3 0.74 0.07 0.07 5h 12 34
19 100-120 5.6 5.0 0.37 0.05 - 55 16 29

RESULTS AND DISCUSSION
Soil chemical and physical properties

The low amounts of exchangeable bases and rela-
tively large amounts of exchangeable aluminum un-
derscore the highly weathered nature of these soils
(Table 1). A large proportion of the exchange capacity
of these soils probably is associated with the organic
matter as the exchangeable bases and exchangeable
Al decreased markedly with depth as did the organic
carbon content, The textural variation among the
soils was considerable and this is probably a reflec-
tion of the relative amount of quartz present in the
parent materials rather than differences in duration
or intensity of weathering processes. Random powder
XRD results confirmed that the sand and the silt frac-
tions consisted predominantly of quartz with smaller
amounts of TiO, minerals (rutile and anatase). In
some of the silt fractions, small amounts of gibbsite
and kaolinite were detected which were probably clay
sized materials aggregated into silt size particles.

Mineralogical analyses

XRD results (Fig. 3) showed that kaolinite (7.2,
3.57A) and gibbsite (4.85, 437A) are predominant
constituents of the soil clay fractions along with the
iron oxides goethite (4.18, 2.69 A) and hematite (2.69,
2.51A). Small reflections at 14 and 10A were
observed for some of the clay fractions and probably
correspond to an intergradient chlorite-like clay
mineral and mica, respectively. The presence of these
clay minerals became more definite (Fig. 4) when
XRD analyses were repeated on the clay fractions fol-
lowing the removal of iron oxides by CBD treatment
and of amorphous materials and gibbsite by the boil-
ing 0.5N NaOH treatment of Hashimoto and Jack-
son (1960). For the particular soil clay shown in Fig.
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4, the 14 A reflection of the treated sample collapsed
partially to 10A upon K-saturation and heating
550°C, which would imply the presence of vermiculite
with some Al-hydroxy interlayers. However, the
apparent vermiculite cg;ftent may be a treatment arti-
fact as it has been shown (Dudas and Harward, 1970)
that Al-hydroxy interlayers can be partially mobilized
by a boiling 0.5 N NaOH treatment. XRD reflections
for TiO, minerals-rutile (3.51 A) and anatase (3.26 A)
also became more apparent after the dissolution treat-
ments.
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Fig. 3. X-ray diffraction patterns of the clay fractions of
surface horizons (0-20 cm).
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Fig. 4. X-ray diffraction patterns of Dark Red Latosol
(111, 0-20 cm) clay fraction before and after CBD and
0.5 N NaOH treatment.

The quantitative estimates of the mineralogical
composition of the clay fractions (Table 2) confirmed
the XRD results. Appreciable quantities of mica
were present in the clay fractions of soils V and VI,
especially when it is considered that these highly
weathered soils usually contain only traces of 2:1
layer silicates. The greater amounts of micaceous
materials in soils V and VI are hardly attributable
to a lesser degree of weathering as profile V which
had the highest mica content also had the highest
gibbsite content. Thus it seems likely that the parent
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materials of soils V and VI had an higher initial con-
tent of dioctahedral mica of which at least a portion
has persisted during soil development. Significant
quantities of clay mica have also been reported in
some Oxisols of South Africa (LeRoux, 1973). Its per-
sistence was attributed to a peripheral chloritization
(replacement of interlayer potassium by Al-hydroxy
polymers) with a resultant stabilization of the residual
mica cores. Presumably the same process has been
operative in these Brazilian soils.

As has been noted in previous studies on highly
weathered soils (LeRoux, 1973; Weaver, 1973) amor-
phous materials extracted by boiling 0.5 N NaOH
constituted an appreciable portion of the clay frac-
tions. The calculated SiO,/Al,O5 molar ratios (Table
3), after allocation of gibbsite Al,O;, ranged
widely—0.80 to 6.0, but were generally within the
range of 1.5 to 2.3 given by Jackson (1969) for sili-
ceous amorphous materials characteristically found in
highly weathered soils. The ratios, much in excess of
the latter range, are most likely a consequence of the
increased probability of experimental error when this
procedure is applied to soil clay fractions containing
large amounts of gibbsite.

The amounts of Si, Al, and Fe (Table 3) removed
by the dilute acid extraction of Tweneboah et al.
(1967) were extremely low and overall constituted not
more than one per cent of the clay fractions. A com-
parison of the Si0,/Al,Oj ratios of the reactive com-
ponents with those of the alkali-extractable amor-
phous materials (Table 3) shows that the reactive
components differ from the latter by being relatively
enriched in Al,O;. The complicated nature of non-
crystalline materials that can be present in soils pre-
cludes precise analytical distinction, but these reactive
components (Table 3) probably represent some frac-
tion of the more accessible non-crystalline materials.
It is possible that these reactive components are ana-
logous to the permutite-like materials described by
Jackson (p. 525, 1969).

Table 2. Mineralogical composition (%) of clay size fractions (<2 um)

Profile and Depth CBD
Sample No. {cm) Fes03 Aly03 Gibb Kaol Mica Amorp Ti0, Total
Dark Red Latosol
2 0-20 8.0 2.3 27 36 1.6 20 2.1 97
3 40-60 8.6 1.8 26 L' nd nd nd
4 100-120 8.1 2.1 27 44 0.2 22 2.1 106
It 5 0~20 17.9 2.2 9 40 0.8 23 5.7 99
[ 40~60 16.8 2.4 9 34 nd nd nd
7 100-120 16.9 2.4 10 40 1.0 24 5.0 99
i 8 0-20 10.0 4.1 58 5 3.2 13 1.7 95
9 40-60 1.3 k.5 60 5 nd nd nd
10 100-120 1.2 4.3 60 5 1.9 9 1.6 93
Red Yellow Latosol
o 0-20 5.6 2.9 24 39 1.2 29 1.9 104
12 40-60 5.9 2.7 27 4o nd nd nd
13 100-120 5.3 1.9 25 i 1.4 25 2.1 102
V14 0-20 9.8 4.5 50 5 9.7 13 1.3 93
15 40-60 10.2 5.2 50 5 nd nd nd
16 100-120 10.5 3.6 51 5 7.9 10 1.5 89
vi17 0-20 8.9 3.4 27 34 4.8 16 1.5 96
18 40-60 8.6 3.3 33 n nd nd nd
19 100-120 9.4 3.7 33 30 4.2 12 1.6 94
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Table 3. Composition of amorphous materials extracted by boiling 0.5 N NaOH and reac-
tive amorphous materials extracted by 0.5M CaCl,, pH 1.5

0.5 N NaGH

- 0.5 M caCly, pH 1.5

Profile and Depth S10, Al,03" Fey03 5§10, §i0, Al,03 Fey03 810,
sample no. (em) e mmm () = mm——ee e Al 503 ——— = (mg / g} Al,03
Dark Red Latosal
I 2 0-20 8.1 8.6 1.6 1.6 0.42 2.88 0.88 0.25
3 40-60 nd nd nd nd 0.38 3.02 0.48 0.21
4 100-120 11.8 6.0 2.0 3.3 0.51 3.02 0.37 0.28
I 5 0-20 11.9 8.7 0.8 2.3 1.51 3.40 1.54 0.76
6 40~60 nd nd nd nd 1.42 3.32 1.26 0.73
7 100-120 11.6 8.8 0.9 2.2 1.33 3.18 0.92 0.71
III 8 0-20 3.5 5.4 2.9 1.1 0.90 4.76 1.31 0.32
9 40-60 nd nd nd nd 0.96 4.46 0.97 0.37
10 100-120 4.0 1.2 2.6 5.7 1.11 4.70 0.75 0.40
Red Yellow Latosel
v 11 0-20 12.9 9.4 3.5 2.3 0.30 3.33 0.80 0.15
12 40-60 ud nd nd nd 0.34 3.33 0.46 0.17
13 100-120 11.3 8.8 2.2 2.2 0.39 3.56 0.34 0.18
vV 14 0-20 2.1 4.5 5.1 0.8 0.30 5.15 1.26 0.10
15 40-60 nd nd nd nd 0.34 4.60 0.92 0.12
16 100-120 2.4 2.8 4.0 1.5 0.49 4.60 0.75 0.18
vI 17 0-20 7.3 5.1 1.8 2.5 0.95 4.45 1.20 0.36
18 40-60 nd nd nd nd 0.95 4.24 0.80 0.38
19 100120 7.0 2.0 2.2 5.9 1.05 4.45 0.57 0.40

*
Corrected for dissolution of gibbsite.

Relationship of quartz content to clay mineralogy

The quartz content of the soils was found to have
an interesting relationship to the nature of the clay
fractions. This was not immediately obvious and it
was not necessarily the relationship initially expected.
Regression analysis showed that there was little if any
relationship (r* = 0.02) between the sand content
(predominantly quartz) and the gibbsite-gibbsite
+ kaolinite ratios of the clay fractions. Obviously,
quartz presence has little influence on gibbsite stabi-
lity in these soils. However, a high degree of correla-
tion (r? = 0.96) was found to exist between the sand
content and the amount of reactive SiO, present in
the clay fractions (Fig. 5). This relation is probably
a consequence of an extremely slow dissolution of
a small amount of quartz over long periods of time.
At least a portion of the Si(OH), so produced could
have been adsorbed by the aluminous surfaces present

80— /. .
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(2-0.05mm)
a0
3 r=0.98
0 %
] 1 ] ]
0.4 0.8 1.2 1.6

Reactive §i05 (mg/g) - Clay

Fig. 5. Relationship of sand (2-0.05 mm) content to reac-
tive SiO, content of the clay fractions.

in the clay fractions. It may be more than just coinci-
dence that the reactive SiO, content of the clay frac-
tions, 0.30 to 1.51 mg SiO,/g (Table 3), is very close
to the value of 0.2 to 1.2 mg SiO,/g found by Hing-
ston and Raupach (1967) for the adsorption of
Si(OH), by gibbsite in the pH range of 4.6 to 6.0.

Because quartz also occurred in the silt fractions
and the generally accepted idea of increased solubility
with decreasing particle size, it was thought that the
silt content might also be related to the reactive SiO,
content of the clay fraction. The silt fraction, however,
seemed to be less related (+* = 0.59). Apparently, in
the present situation, the generally greater mass of
quartz in the sand fraction is the determining factor.

Overall, the results tend to confirm the previous
suggestions by Kittrick (1969), Brydon and McKea-
gue (1971) and Lodding (1972) that the slow kinetics
of dissolution—precipitation prevent quartz from
assuming a dominant role in mineral equilibria in
soils. On the other hand, the results show that quartz
dissolution has been operative in these soils. Even
though the dissolution has apparently been of insuffi-
cient magnitude to maintain activities of Si(OH), in
the soil solution over any extended period of time
other than to influence the composition of the reac-
tive surfaces of the clay fractions, the fact that it has
occurred, would indicate that quartz is not entirely
an inert component in these soils.
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