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The Relation Between Biological Activity of the
Rain Forest and Mineral Composition of Soils
Y. Lucas,* F. J. Luizáo, A. Chauvel, J. Rouiller, D. Nahon
In most soils of the humid tropics, kaolinitictopsoil horizons overlie more gibbsitic horizons.
This arrangement cannot be produced simply by leaching. Quantitative measurement of
the turnover of chemical elements in the litterfall in an Amazonian ecosystem indicates that
the forest cycles a significant amount of elements, particularly silicon. As a result, fluids
that percolate through topsoil horizons already contain dissolved silicon. This effect keeps
silicon from being leached down and may account for the stability of kaolinite in the soil
upper horizons. The soil mineral composition is thus maintained by biological activity.

Tropical acid soils are composed of residual
primary minerals, mainly quartz grains
(SO,), and newly generated secondary minerals, mainly kaolinite [Al,Si,O,(OH),] and
smaller quantities of gibbsite [Al(OH),], hematite (Fe203), and geothite (FeOOH). In
most of the well-drained, nonspodic acid
soils under tropical humid climates, kaolinite is the prevailing secondary mineral in the
topsoil horizons. The observed gibbsitic horizons appear to be situated beneath more
kaolinitic horizons as gibbsitic saprolite,
nodular or bauxitic horizons, or gibbsite accumulations in a kaolinitic matrix (1-3). From a
chemical standpoint, these soils are more
siliceous on the top horizons and more aluminous undemeath. This structure of the soil
protíle is observed for old soils, such as Amazonian bauxites, as well as for young soils.
Y. Lucas, Núcleo de Pesquisa da Geoquimica da
Litosfera and Institut Français de Recherche Scientifique pour le Développement en Coopération, Université de São Paulo, CP 9638, 01065 Sä0 Paulo, Brazil.
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This observed vertical succession is just
the opposite of that predicted by most
geochemical soil formation models (4-7).
These models take a low-Si and -AI rainwater input on topsoil into consideration.
As the water percolates, the solution-mineral reactions lead to a progressive increase
of the Si and Al concentration in the soil
solution. The models predict a vertical
succession of horizons, with more aluminous gibbsitic horizons in the topsoil above
the more siliceous kaolinitic horizons. The
discrepancy between the models and the
observed soil horizons has long been ignored for two reasons. There has been a lack
of field studies on humid tropical soil
geochemistry, and the top horizons of tropical soils have been frequently interpreted as
allochtonous, that is, the kaolinitic material
was deposited after the lower soil layers had
formed. Numerous studies in the last 20
years, however, have pointed out that such
allochtony is more restricted than had been
thought. Most of the tropical soils have
formed in situ (8, 9), with a possible input of
foreign material by dust deposition (10).
Various other explanations of the siliceous
topsoil production have already been proposed: uplift of deep material by termites or
ants (1 1 ) ; rapid percolation of the rainwater
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through the topsoil so that water-mineral
interaction does not reach equilibrium (12);
or decreased water activity in the topsoil
during dry seasons, displacing the kaolinitegibbsite equilibrium ( 1 3 ) . These hypotheses
rarely apply to humid tropical soils, however. Termite or ant activity is normally restricted to the upper horizons of soil where
the dry season is short. Water generally
percolates slowly through soils as capillary
water (14). During exceptionally dry periods, soil suction can reach 15 bars, which is
the usually accepted limit for plant wilting.
Under these conditions, maximum water
activity changes would be from 1 to 0.989,
which correspond to a quite small (+O.%%)
shift of the dissolved SiO, concentration at
the gibbsite-kaolinite equilibrium.
T o investigate the source of this permanent Si stock above more aluminous horizons, we studied the role of the rain forest
itself on the geochemical cycling of the
elements that act on the mineral-solution
reactions, paying special attention to Si.
The potential effect of plants on element
cycles in soils has long been apparent (15,
16), but only limited data are available for
Si or AI ( I 7, 18), especially in the tropics.
Here we evaluate the element tumover in
the forest annual litterfall and the total Si
content of the forest, as well as the potential influence of elemental cycling in the
forest on soil mineral composition.
Our study site was 80 km north of
Manaus, Brazil (02"34'S, 60"07'W). The
climate is equatorial; average annual rainfall is 2100 mm and the dry season lasts 3
months. The landscape is a plateau covered
by a typical Amazonian rain forest (19).
Soils (20) consist of a 3- to 8-m-thick
kaolinitic clay overlying a more gibbsitic
3-m-thick nodular horizon (Fig. 1). The
mean ratio of kaolinite to gibbsite decreases
from 14 in the upper clay to 3 in the
nodular horizon. These soils were formed by
a progressive desilicification of the sandyclay parent sediment. The progressive ver-

O

Composition(percent)
25 50
75 100

a
12

14
16
18

-

Kaolinite Gibbsite Others
0
-

C

1

Fig. 1. Mineralogical composition of the soils.
(A) Upper clay horizon, (B)nodular horizon,
and (C) saprolite.
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tical variation of shape, size, crystallography, and crystal chemistry of the kaolinites
attests to the in situ geochemical differentiation of the whole profile (3, Z l ) , and
gibbsite is currently formed underneath the
thick kaolinitic upper horizon (22).
W e sampled litterfall in conical traps for
2 years (23), on a weekly basis during the
rainy season and sometimes on a bimonthly

q o u t p u t (1 1)

Fig. 2. Silicon cycling in the equatorial rain
forest. Numbers in parentheses are in kilograms per hectare per year.

basis during the dry season. Samples were
sorted into leaves, reproductive parts (flowers, fruits, and seeds), fine woody material,
and residue. Animal material and scarceadhering mineral material were discarded.
After sorting, samples were dried, weighed,
finely ground, and stored. A bulk sample for
the entire 2-year litterfall was used for
chemical analysis (24). No correction was
made for possible mass or element losses
during the time the litter was in the trap.
The mean litterfall weight for the 2 years
of collection was 8.4 tons ha-' year-'. The
elements Ca and Si dominated the litterfall
element concentrations, 4.4 and 4.0 per
mil, respectively, followed by K, Mg, Al,
Na, Fe, P, Mn, and Ti, in decreasing order
of relative concentration (Table 1). The
element Si was mainly concentrated in the
leaves, whereas Ca was more evenly distributed among the different components. The
elements AI, Fe, and Ti were mainly concentrated in the residue, which may represent soil material brought up to the trees by
termites. The annual Ca and Si tumover in
the litterfall was 36 and 33 kg ha-' year-',
respectively, and the annual turnover of
other elements was less (Table 2). The
possible recycling by termites of soil material through the residue fraction is ~ 0 . 8kg
ha-' year-' for Si. The SiO,/Al,O, ratio of
the annual litterfall was >lo, whereas in
the first meter of soil it was less than 1.3
(bulk soil) or 1.1 (kaolinite plus gibbsite).
We estimated the total Si content of the
forest by using existing data on floristic

Table 1. Composition of the average annual litterfall.Values in per mil for all elements, in kilograms
per hectare for the dry weight. Composition of total fine litterfallwas calculated from composition of
each fraction related to its dry weight.
Component
Source
Leaves
Reproductive
parts
Wood
Residue
Total fine
litterfall

Si
5.5

0.40
0.98
1.0

4.0

AI

Fe

Mn

Mg

Ca

Na

K

Ti

P

weight
DV

0.35
0.10

0.03
0.21

0.10
0.05

1.6
1.3

3.9
2.5

0.73
0.20

1.6
5.3

0.01
0.01

0.11
0.34

5.64
0.40

0.37
1.6
0.46

0.06
1.0
0.14

0.09
0.10
0.09

1.1
1.5
1.5

6.0
5.5
4.4

0.26
0.23
0.57

1.4
2.2
1.8

0.05
0.13
0.03

0.08
0.36
0.14

1.55
0.81
8.40

Table 2. Anpual turnover due to the litterfall. Values in kilograms per hectare per year.
Component
Source
Si

AI

Fe

Mn

Mg

Ca

K

Na

Ti

P

~

Leaves
Reproductive
parts

30.8
0.16

2.0
0.04

0.19
0.08

0.55
0.02

Wood

1.5
0.81
33.3

0.57
1.3
3.9

0.10
0.83

0.08

1.2

0.79

Residue
Total fine
litterfall

0.14

9.2
22.0
0.52 . 0.99
1.8
1.2
12.7

9.3
4.4
36.7

4.1
0.08

8.9
2.1

0.04
0.00

0.61
0.14

0.40
0.19
4.8

2.2
1.8
15.0

0.07
0.11
0.22

0.13
0.29
1.2

4-
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composition, average phytomass of the aerial parts (trunks, branches, and leaves) (25),
and Si content in trunks and litterfall fractions. The 235 tree species listed in the
forest represent a trunk volume of 287 m3
ha-' (19). Wood density and Si content
data were available for 39 species (26),
which represent a trunk volume of 120 m3
ha-'; the average trunk density is 0.75 ton
mW3,and the average Si content is 3.34 per
mil. The trunk Si content of these 39
species is 301 kg ha-', which may be
considered a minimum value for Si content
of the forest. If we extrapolate to the whole
forest, using the average Si content calculated from the 39 species and the average
leaf and branch Si content measured in the
litterfall, the value is 834 kg ha-' (Table
3). This Si content could be considered a
reasonable estimate for the above-ground
parts of the forest.
This value is low compared with the Si
stock in soil kaolinites, which is >3000
tons ha-' for the top 3 m of soil in our study
site. The absolute value of the forest Si
stock tells us nothing about the Si turnover
by root uptake and input from litterfall,
stemflow, and throughfall. The Si turnover
in the fine litterfall that we measured was
33 kg ha-' year-'. The turnover due to the
coarse woody litterfall (trees and branches)
is 8 kg ha-' year-', if the annual renewal
rate of the aerial parts is 1% (27). Negating
the Si from stemflow and throughfall,
which are important sources of topsoil input
for nutrients (28), we obtain 41 kg ha-'
year-' as the minimum total Si turnover by
the rain forest.
This value has to be compared to the
amount of Si that is annually leached out of
the soils. This content can be calculated
from the mean Si concentration in stream
waters that drain the studied area, 2.1 mg
liter-' (29), and from the amount of water
that annually percolates through the soils,
500 mm. The latter value is equal to the
annual rainfall minus the evapotranspiration. The surface runoff and the litter
washed out of the system by the streams are
negligiBne

out of the system (1 1 kg ha-' year-'). If we
neglect input from forest renewal, stemflow, throughfall, and aerial dust, the annual average concentration of Si and Al in
the solution that leaches the litterfall is
5.65 and 0.65 pmol liter-l, respectively.
In consideration of solubility diagrams (3I),
we find that such a water is supersaturated
with Si with respect to kaolinite for a pH of
5.1 or greater.
Thus, geochemical modeling of soil formation and weathering in equatorial areas
must be considered (Fig. 2). Topsoil inputs
of elements, especially Si and Al, are significant. They are .added mainly in fine
litterfall, larger litterfall (tree and branch
felling), throughfall, and stemflow. The last
two fractions may include an appieciable
amount of atmospheric dust transported
from great distances (32). In the top meter
of the soil, microbiological activity leads to
a dissolution of soil minerals, which increases Si and AI concentrations (33). As
the solution percolates through the soil, the
Al and Si concentrations are mainly controlled by root uptake and mineral-solution
interactions. Kaolinite is stable in the upper
part of the soil, and gibbsite precipitates in
depth. These interactions should be included in models of soil water and stream-water
chemistry.
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Record Low Global Ozone in 1992
J. F. Gleason, P. K. Bhartia, J. R. Herman, R. McPeters,
P. Newman, R. S. Stolarski, L. Flynn, G. Labow, D. Larko,
C.Seftor, C.Wellerneyer, W. D. Komhyr, A. J. Miller, W. Planet
The 1992 global average total ozone, measured by the Total Ozone Mapping Spectrometer
(TOMS) on the Nimbus-7 satellite, was 2 to 3 percent lower than any earlier year observed
by TOMS (1979 to 1991). Ozone amounts were low in a wide range of latitudes in both
the Northern and Southern hemispheres, and the largest decreases were in the regions
from 10"s to 20"s and 10"N to 60"N. Global ozone in 1992 is at least 1.5 percent lower
than would be predicted by a statistical model that includes a linear trend and accounts
for solar cycle variation and the quasi-biennial oscillation. These results are confirmed by
comparisons with data from other ozone monitoring instruments: the SBUV/2 instrument
on the NOM-11 satellite, the TOMS instrument on the Russian Meteor-3 satellite, the
World Standard Dobson Instrument 83, and a collection of 22 ground-based Dobson
instruments.

T h e Nimbus-7 TOMS (Total Ozone Mapping Spectrometer) has observed the
amount and distribution of atmospheric
total column ozone since November 1978.
From 1979 to 1991, the amount of total
column ozone has decreased over most of
globe (f-3). Small (3 to 5%) losses at
mid-latitudes, larger (6 to 8%) losses at
high latitudes, and no losses near the equator were reported (2, 3 ) . The most dramatic
ozone decease has been observed each year
in the springtime Antarctic ozone hole
region (4) and the 1992 ozone amounts
there were about 50% of the 1979 amounts.
For latitudes between 65"s and 65"N,
the average area-weighted ozone loss rate
SCIENCE
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for all seasons (1979 to 1991), after correction for solar cycle and quasi-biennial oscillation (QBO) effects has been estimated to
be 2.7 zk 1.4% per decade (1-3). Analysis
of the 13-year ozone data shows that most
of the ozone depletion has occurred at midand high latitudes (2,3). In this report we
examine the decrease in the global daily
average ozone amount from 1992 into
1993. We show that the observed decrease
is consistent with measurements from other
satellite and ground-based instruments.
The TOMS data show that the 1992
daily global average (65"s to 65"N) total
ozone amount is significantly lower than in
any of the earlier 13 years. The daily global
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