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Abstract—The reconstitution of continental palaco-environments during the recent past is Fenerally
based on the study of bio-markers such as pollen, ostracods and diatoms or on isotope markers &c,Bo,
2H). The use of these markers, however, is not always possible because of various practical 11m1tat1ons
e.g. time for acquisition, cost or absence in the collected material. On the other hand, one can assume that
climatic changes have induced variations in the mobilization of chemical elements because weathering
intensity, complexation by and nature of organic llgands, and, the kinetics of erosion are greatly
dependent, directly or indirectly through induced vegetation, on climatic factors. .

Results of this study are based on data from a 6-m deep drill hole, near the Salitre lateritic Ti-REE
deposit, southern Brazil. Pollen analysis of the sediments showed eight palacoclimatic zones based on the
changes in percentages of tree pollen during the last 30 ka. Regression and development of the forest
traces a succession of humid and drier conditions through variation of the length of the dry season.
Further, the nature of the forest indicated variations of the mean annual winter temperature, revealing
especially, a cold and humid climate between 9500 and 8000 a B.P.

‘ Chemical analysis of the sediments was performed for major and trace elements, including rare-earth

" . elements (REE). During the most recent forest period (3500-5500 a B.P.), the La/Yb ratio, expressing

' 'REE fractionation, exhibited a drastic decrease. This can be explamed by a greater complexationof heavy
REE relative to the light ones, or by more acid conditions. This is entirely compatible with the particular
coniferous forest (Araucaria forest) found at this time.

The results showed excellent correlation between the non-detrital SiO, content and the percentage of
arboreal pollen, which increases as forest becomes dominant. This can be interpreted as the result of
maximum leaching and transport of SiO, under a rainy climate and subsequent accumulation in the
sedimentation basin.

The La/Eu ratio appears well correlated with the percentage of arboreal pollen at least since +11,000a
B.P.; it increases as the forest expands and diminishes during forest regression phases. Although aclear
mechamsm explaining this observation cannot be proposed for the moment, one can concelve that it could
be related to variations of redox conditions.

All these observations are positive arguments for the use of geochemical markers as an aid for the
reconstructlon of climatic change

INTRODUCTION

THE RECONSTITUTION .of continental . palaeo-

environments during the recent past is generally

based on the study of bio-markers such as pollen,
ostracods and diatoms, or on isotope markers (*C,
180, 2H). These markers allow an evaluation of
changes of vegetation, modifications of salinity in
aquatic environments and, in some cases, variations
of palaco-temperature and palaeo-precipitation.
Usmg these markers, recent studies established the
evolution of vegetation during the last 30 ka in some
tropical areas of South America and Africa, and
outlined the main modification of continental water
balance through the oscillations of lacustnne levels
(OrstoM, 1987; Usp, 1991).

It can be assumed that these climatic variations

also controlled the leaching of chemical elements.
Such controls were shown on a global scale by TARDY
(1969), GBs (1970) and Gac (1979). who demon-
strated that climatic conditions (e.g. rainfall, evapo-
transpiration, temperature, length of dry season) are
dominant factors controlling the leaching of numer-
ous elements (Si, Al, Na, K, Ca, Mg, etc.) from soil
cover toward the catchment area. On a minor scale,
the nature of the vegetation induced locally by cli-
matic conditions controls, through evapotranspi-
ration, part of the soil water balance and thus inter-
venes also in leaching, i.e. in surficial transport by
suspension (erosion). Furthermore, the organic mat-
ter supplied to the soils by the vegetation may also
play a role in leaching through the complexing of
cations, especially those having a high ionic potential
like Fe, Al, Ti and REE, which are generally precipi-
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Fic. 1. Geomorphology and geology of the Salitre area, Brazil.

tated as oxy-hydroxides (ROBINSON et al., 1958; FLAIG
et al., 1975; DumMoN, 1976; REUTER and PERDUE,
1977; SCHNITZER, 1984; SHOTYK, 1984; ROBERT. et al.,
1987; TriCHET et al., 1987; PICKERING, 1989). Chelat-
ing organic acids, simple (oxalic acid, citric acid, etc.)
or polymerised (fulvic acids), are produced during
organic matter degradation in the soils and their
production depends on the type of vegetal landscape
(e.g. savanna, open forest, dense forest, etc.) and of
vegetal association (broad-leaved or coniferous
trees) (MARTIN, 1973; FLAIG ef al., 1975; KoNONOVA,
1975; Scuanirzer and KAHN, 1978; BERTHELIN ef al.,
1979; DABIN, 1980; ScaNTIZER, 1984). In this regard,
the REE are of particular interest because they have
a high sensitivity to complexing, progressively in-
" creasing from La to Lu (HuMpHRis, 1984; BROOKINS,
1989; Woop, 1990a,b). Moreover, the mobility of
some of them (Ce, Eu) may be affected by changes of
redox conditions related to modifications of the soil
moisture regime (STEINBERG and Courrols, 1976;
BonnNot-Courtors, 1981; MicHEL, 1984; BROOKINS,
1988, 1989; ForriN, 1989).
Thus, variations in the chemical exportation of
- elements toward the drainage systems have probably
accompanied Quaternary climatic changes and the
related vegetation modifications. For this reason,
one can assume that geochemical signals linked to
these variations could be found in contemporaneous
sediments. The aim of this work was to seek and
identify such signals in an appropriate site.

SITUATION OF THE SALITRE AREA

Several ultramafic-alkaline complexes occur in the west
of Minas Gerais State (Brazil) and in the Alto Paranaiba
area (ULsricH and GoMEz, 1981). One of these, the Salitre
complex, composed mainly of carbonatites and micaceous
pyroxenites, has a central, dolina-shaped, depression
(“Lagoa Campestre™) partially filled by sediments and occu-
pied by a lake (Fig. 1). A thick, loose latosolic cover
(hematite, goethite, gibbsite, kaolinite, quartz, anatase,
crandallite family phosphates) surrounds the depression,
overlying a thick saprolite (50-100 m). Due to the particular
mineralogy of the bedrock, where perovskite, calzirtite and
apatite are often essential minerals, these alterites have high
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contents in TiO, (up to 30%), REE (5% ZR,03), ZrO,
(1%) and szOs (1%)

The climate is tropical, characterized by a mean annual
temperature of +21°C and a rainfall of +1400 mm; the
length of the dry season reaches four months. The original
vegetation, nowadays largely modified by human activity
(coffee and ranch), consists of arboreal savanna (“cerrado™)
and patches of moist semideciduous forest.

SEDIMENTARY SEQUENCE AND RADIOCARBON
AGES

Lake sediments were sampled in the Lagoa Campestre
using a 3" (7.6 cm) vibro-corer at a distance of ~100 m from
the margin (Fig. 1). The hole reached bedrock at 6 m and
crossed (i) in the upper part, down to 3 m, a blackish to
brownish organo-mineral deposit rich in plant fibres (or-
ganic C content from 40 to 50%); (ii) in the lower part,
brownish concretionary clayey layers poorer in organic C
(10-15%). ‘

Radiocarbon ages were measured at some levels in the
upper horizon (Fig. 2). The dates indicate continuous sedi-
mentation from +17,000 a B.P. (164 cm) until +3000aB.P.
(18 cm). Below this level, there is a hiatus until an age of
nearly 29,000 a B.P. was found at 170 cm. The detailed work
presented hereafter only concerns the upper, well-dated
part of the core.

PALYNOLOGY

The results of the palynological study (LEDRU,
1991a,b,c), carried out following classical methods, are
shown in Fig. 2. The results are expressed in percentages of
each taxon, with the percentages calculated with respect to
the sum of the arboreal pollen (AP), the non-arboreal
pollen (NAP) and the undetermined pollen. Aquatic and
hygrophilic taxons are excluded from this sum, as are
spores. The palynological spectra were compared with
those obtained at the present time in various vegetal associ-
ations of southern Brazil whose distribution is mainly con-
trolled by climatic parameters (temperature, length of dry
season. . .). A rough evaluation of the palaeoclimatic con-
ditions was thus possible.

Eight palaeoclimatic zones were recognized during the
last 30 ka. Regression and development of the forest point
out a succession of humid and drier conditions through the
variation of the length of the dry season. Furthermore, the
nature of the forest indicates variations of the mean annual
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winter temperature, revealing especially a cold and humid
climate between +9500 and 8000 a B.P.

GEOCHEMISTRY

The geochemical sampling was performed within a 2-cm
interval above or below the palynological sampling and
multielement chemical analysis made.

After drying at 60°C, the samples were crushed and
sieved (200 xm). The loss on ignition (LOT) was determined
by weighing after heating to 1000°C. The chemical compo-
sition was determined after melting with LiBO, and dilution
in 2N HNOQ;. The content of SiO,, ALO;, Fe, O3, TiO,,
MnO, P,0s, REE and other trace elements were analysed
using ICP-AES, while Na,0, K,O, MgO and CaO were
analysed using AAS. Carbon and N were determined with a
CHN elemental analyser.

In conjunction with the chemical analysis, grain-size
analysis and mineralogical investigations (optical, XRD and
electron microprobe) were carried out.

In Fig. 3, showing the chemical composition of the sedi-
ments, the high LOlI indicates a high organic matter content
throughout the record as confirmed by a C content ranging
from 40 to 50% . On the other hand, Si and Al are the main
components of the mineral fraction which consists of a

mixture of quartz, opal, gibbsite, kaolinite, anatase, phos-’

phates of the crandallite group, and scarce heavy minerals
(ilmenite, calzirtite, zircon, baddeleyite, barite). :

Table 1 presents the contents of REE and Y contents,
which are very high and increase with depth, light REE
always predominating over the heavy REE. The high con-
tents and the predominance of LREE evidently reflect an
inheritance from the carbonatitic parent material. No sig-
nificant correlation was found between the REE and the
major elements.
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F16. 3. Chemical composition of the sediments (LOI = loss
on ignition).

GEOCHEMICAL MARKERS

. Three chemical parameters (La/Yb, SiO, and La/
Eu) were of particular interest as geochemical indi-
cators of vegetation modifications and climatic
changes. ‘ ‘

During the most recent forest period (9500-5500 a
B.P.), the La/Yb ratio, expressing REE fraction-
ation, shows a drastic decrease (Fig. 4). Because
REE are easily complexed, more so for HREE than
for LREE, either by inorganic ligands (HumMPHRIS,
1984; Brooxins, 1989; Woob, 1990a,b) or by organic
ligands (TURNER et al., 1981; BRUQUE et al., 1982; .
CanTreLL and BYRNE, 1987), this variation might be
the result of a greater production of chelating agents
in soils during this period. This is in good agreement
with the particular coniferous forest (Araucaria
forest) which only developed at this time and was not
present during the older forest episode. Indeed, it is
well established that, under coniferous cover, the
degradation of soil organic matter produces greater
amounts of fulvic acid, which has a high chelating
capacity (Konowova, 1975; ScanNTzEr and KaHN,
1978; DUCHAUFOUR, 1979).

Asshown in Fig. 5, there is an excellent correlation
between the SiO, content and the percentage of
arboreal pollen: SiO, increases as the forest domi-
nates. Because no correlation was found between
Si0, and Al,Os, this increase is not related to the
inflow of kaolinite. The grain-size analysis indicated
that the =20 um fraction of the sediment, containing
the detrital quartz, was always low (<5%); on the
other hand, mineralogical analysis revealed abun-
dant amorphous SiO, (opal) in the silt fraction. One
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Table 1. REE and Y contents in studied core; all values in ppm
Depth (cm) La Ce Nd Sm Eu Gd Dy Er Yb TLu 2REE Y
17-18 17.6 35.0 12.5 2.2 0.5 1.4 09 06 031 0.04 75.5 4.5
20-21 18.7 37.6 12.4 2.3 0.5 1.6 09 07 032 0.06 79.6 4.6
23-24 20.4 28.0 13.0 2.1 0.5 1.6 09 06 032 0.07 82.6 4.9
26-27 16.4 29.8 10.6 1.7 0.4 1.4 0.7 05 025 0.06 65.8 3.9
29-30 16.2 30.6 11.0 2.0 0.5 1.6 09 06 029 0.05 67.7 4.0
32-33 21.7 38.5 14.3 2.3 0.6 1.5 1.1 08 040 <0.02 86.9 57
35-36 18.5 35.0 12.9 2.1 0.5 1.6 09 09 030 <0.02 77.6 5.0
38-39 31.6 56.8 20.0 3.6 0.8 2.6 1.6 1.0 045 0.08 125.5 7.1
41-42 40.3 69.0 24.7 4.3 1.0 3.0 1.9 1.0 052 0.07 154.4 8.6
4445 52.1 86.2 30.4 52 1.2 390 23 12 0.3 0.11 1934  10.0
4748 36.2 62.4 20.6 3.4 0.8 2.5 1.6 09 040 0.10 135.9 7.1
50-51 68.4 1145 379 6.3 1.5 4.3 26 15 070 0.10 2512 134
53-54 79.0 129.6 453 7.5 1.9 5.7 33 16 08 0.16 289.5 14.6
56-57 87.8 1455 5127 85 2.0 6.2 36 17 092 0.17 3239 164
59-60 89.2 1534 53.1 8.5 2.0 6.0 34 16 0.8 014 3346 16.4
62-63 69.9 1244 43.0 7.1 1.7 52 28 14 072 0.12 269.1 12.8
65-66 862  148.9 52.8 8.3 20 56 32 17 0.8 0.10 3262  16.7
68-69 945 163.6 62.0 97 24 17 36 .19 080 . 010 362.7 164
71-72 116.7  196.3 717 125 31 84 44 19 104 0.18 4393 172
74.75 109.7 1917 742 119 2.8 7.6 41 20 100 0.10 4230 17.9
77-78 176.0 3074 119.2 18.6 47 123 .64 29 150 0.20 6753 264
80-81 195.9 3532 1387 219 53. 153 76 = 31 175 0.29 7707  27.8
83-85 1453 2532 98.5 15.6 39 103 55 25 120 0.20 559.0 22.8
87-89 84.1  156.7 59.8 9.7 24 65 32 15 075 0.14 336.6 11.9
© 93-95 2714 4693 1927 31.1 77 197 104 41 233 0.41 1046.3  37.2
99-101 2505 4456 1821 292 72 186 . 98 38 220 0.36 984.4 351
105-107 3164  600.9 2476 382 93 240 127 50 270 0.30 1304.6  47.6
111-113 2742 4828 1955 319 78 197 108 42 233 0.40 1067.5  38.1
147-150 479.4 9209 3723 604 148 39.0 197 7.8 4.39 0.75 1989.9  70.4
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can thus assume that the SiO, peaks concordant with
forest development are mainly related to soluble
inputs rather than to clastic ones. This is in agreement
with both the lowering of the erosion rate under
forest cover and with a probable greater soluble SiO,
exportation induced by the weathering conditions
prevailing in such an environment. Indeed, high SiO,
levels are generally found in ground waters under
tropical rainforest (GriMaLpI, 1988); they could be
related to the higher fulvic acid content of tropical
forest soils (MArTIN, 1973; DaBmN, 1980) whose
hydrolytic action with silicates is well known (ROBERT
et al., 1987).

After £11,000 a B.P., the La/Eu ratio (Fig. 6) is
well correlated with the percentage of arboreal pol-
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len; it increases as the forest expands and decreases
during forest regression phases. A similar correlation
is obtained for the Ce/Eu ratio but not for the ratio of
other analysed REE. A clear explanation for this
pattern of variation cannot be advanced at the mo-
ment, but it could be related to changes in the redox
conditions. According to Brookins (1988), Eu is the
only REE which can exist under the reduced state
(Eu?"), but only at very.low Eh. Another possibility
might be a metabolic fractionation for Ce, as
reported by ROBINSON et al. (1958).

CONCLUSIONS

The comparison of geochemical and mineralogical
data with the palynological record in the sediments of
a lake in southern Brazil allowed the recognition of
three geochemical signals (La/Yb, 'Si0,, La/Eu)
possibly related to changes of vegetation and climate.

The REE fractionation, expressed by the La/Yb

ratio, seems to be influenced by the amount and.

quality of complexing products present in the weath-
ering zone. In the Salitre area, the level of the REE is
high, due to the particular mineralogy of the bed-

rock. However, the mechanisms involved in the REE ‘

fractionation are probably of general significance and

this parameter should thus be tested elsewhere.
Despite the ubiquity of H,SiO, in soil solutions, its

easy reaction with Al will lead to the immobilization

_of SiOyin most cases. In the present study, it is likely
' that the SiO; signal is usable because, in the neigh-

bouring latosilic cover, Al,O; is essentially trapped

in Al-goethite of in gibbsitic ferruginous microaggre-

gates and is thus poorly reactive.
No simple explanation for the behaviour of the La/
Eu ratio is available at the moment
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