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Introduction

In the southern tropical Andes, between 15°S and 23°S, the water level changes, as
evidenced in the lacustrine basins of the Altiplano during the Holocene, were previously
interpreted as the result of the modifications of the summer monsoon rains. If thisis true, the
Holocene paleoclimates must be characterized, both during the dry and the wet periods by :
(1) more abundant precipitation in the northern than in the southern Altiplano, as to day (2)
essentially summer precipitation and (3) intense convective rains (if the vertical structure of
the tropical troposphere has not drastically changed). Some of the available paleodata are in
disagreement with first point. During the early Holocene, the water levels were higher than to
day in the Altiplano of northern Chile (Geyh et al., 1999) and southern Bolivia (Sylvestre et
al., 1999),but lower in the northern Bolivian Altiplano (Cross et al., 2000; Mourguiart et al.,
1998) ; these data suggest wetter conditions in the south than in the north. During the mid
Holocene, the northern Chile data from river deposits indicate a wetter climate than to day
(Betancourt et al., 2000), while the lacustrine records show drier conditions in the same area.
Similar drier conditions are also observed in the entire Bolivian Altiplano. The only available
data concerning the second point were obtained from paleoecological studies suggesting that
precipitation occurred mainly in the summer in northern Chile (Betancourt et al., 2000).
Concerning point 3, theintensity of individual rainsis still unknown for the past, because the
lacustrine records do not give any information about this aspect of the climate. For this
reason, we have focused our research on river deposits in non glacial valleys. These deposits,
in addition to registering the water level variations in the river floor, also register the intensity
of floods (controlled by the intensity of individual rains) and the seasonal variations of the
water flow (directly controlled by the distribution of precipitation during the year) (Servant
and Fontes, 1984).
Location of study sites
Our study sites are located between 4300m and 3400m in elevation in non-glacial valleys
(Figure 1). This type of valley is characterized by a longitudinal profile with a steep gradient
and a small watershed. Therivers are fed by local precipitation. Presently, they are submitted
to strong floods during the wet season, the bottom of the valleysis intensively eroded, the fine
particles are drained off downstream. The bottom of the valleys dry up during the other
periods of the year, except site X which is fed by groundwater discharge.
Material and Methods
Lithology
In all the sites studied, exposure of fluvial deposits was observed along the entire longitudinal
profile. Under these conditions, field observations allow separating the metre- or hectometer-
scale sedimentological structures (due to the small_ scale spatial complexity of the river
flows) from the structures which appear on a larger scale e.g. the complete longitudinal
profile, which reflects the river’s regime). Four groups of facies were distinguished :
Group 1 is composed of peats, spread along the entire longitudinal profile, both in the bottom
and at the edge of the valleys. They reflect the permanence of humid environments. A



possible discharge from the groundwater reservoirs to maintain humid conditions even during
the dry season can be rejected because groundwater reservoirs are too small and too sensitive
to the short-term variations in precipitation(except site X). Thus we assume that the peats
indicate that the precipitation was well distributed throughout the year.

Group 2 is predominantly made up of stratified clays, silts, fine sands, and swampy
paleosoils. The stratigraphical units which are characterized by these facies, are widespread.
This type of deposits is interpreted as the result of a river regime without marked floods,
under climatic conditions drier than those inducing group 1. It isinterpreted as a consequence
of the weak intensity of individual rains on the watershed.

Group 3: Coarse detritic elements are mixed with clays, silts and sands. This type of depositis
found at the foot of the slopes ; peats or silts are sometimes interbedded. This coarse material
(colluvia deposits) is weakly reworked by run-off on the slopes.

Group 4: Coarse elements are the only constituent of this group. Unconformities are
frequently observed below the coarse material. This type of deposit reflect strong floods and
strong individual rains on the watershed. The modern equivalent of this group is observed in
al the Bolivian Andes, both in the arid regions of the south and in the wetter regions of the
north.

Diatoms

The fine river deposits have preserved an abundant diatom flora. Diatom assemblages were
studied in Rio Baja (north of Salar de Uyuni); time resolution is less than 100 years. Species
with different ecological affinities are mixed in the samples. The partition of the sequence of
the diatom assemblages into severa clusters was used for the demarcation of diatom zones
which allow to evidence the general ecological trend. Ecological interpretations are based on
a modern reference obtained from observations made on a large range of modern
environments(Miskane, 1997; Servant-Vildary and Roux, 1990). We estimated the relative
water level and salinity variations over time.

Datings

Radiocarbon dates were performed on bulk organic matter or on plant debris. According to
the local context, we estimate that the ages are free of significant reservoir effect.

Results

Figure 2 shows an example of the Holocene stratigraphy in a non glacial valey (Oko
Kuro) and Figure 3 the stratigraphical correlations between selected sites. We determined
three main paleohydrological phasesin the all studied sites.

Phase 3, dated ~10 000 yr BP to ~7500 yr BP (all ages are expressed in radiocarbon
dates), corresponds to a river regime without marked floods. Above 4300 m in elevation,
humid conditions were permanent as suggested by well-developed peats at all the sites,
precipitation was well distributed throughout the year. Below 4300 m the peats are rare,
suggesting that precipitation was lower.

Phase 2, ~7500 yr BP to ~1500 yr BP, is characterized in the southern Bolivian Andes
by a continuous fine sedimentation indicating the absence of strong floods throughout the
interval; rare lenticular peats may be interbedded in the upper part. In the northern Bolivian
Andes, these accumulations were interrupted by several short erosion phases and coarse
material, interpreted as the result of stormy rains on the watershed. Peat layers are frequently
intercalated, mainly at the end of the phase; this alternation evidenced a strong instability of
the river regime on a secular time scale.

Phase 1, after 1500 yr BP, is characterized by a completely different river regime from
the regime of the two previous phases. The valleys were submitted to intense erosion. The
water flows with strong floods were similar to what they are to day. Stormy precipitation
predominated on the watershed.



The diatom assemblages clarifed the paleohydrological variations during phases 2 and
3. At Rio Baja, they confirmed that between ~10100 yr BP and 2300 yr BP, the silty units
were deposited in a shallow aquatic environment colonized by a continuous vegetation cover.
They also evidenced a general trend in the water level changes (Figure 4) : (1) between ~10
100 yr BP and ~7600 yr BP the water level progressively rose, (2) between ~7600 yr BP and
~5400 yr BP, the bottom of the valley was still covered by humid meadows, but the water
level was lower, (3) between ~5400 yr BP and ~4800 yr BP, the water level increased.
Subsequently, after ~4800 yr BP, it was affected by significant short-term variations.

The mixed saline and freshwater species in al the samples probably reflect an inter
annual variability of the climate combined with the spatial complexity of the habitats in this
type of environment. However, the freshwater species are dominant in most of the samples.
Effects of evaporation are weak because the water time residence was probably too short,
except for afew episodes (around 7400 yr BP, 5500 yr BP, and 4000 yr BP) (Figure).
Discussion
As evidenced by the variations in the water level in Lake Titicaca, it is now admitted that the
early Holocene was drier than to day, the mid Holocene even drier, and the late Holocene
episodically dry. Dryness was also expected in the non glacial valleys but all the data obtained
from the river deposits attest that, on the contrary, the rivers never completely dried up.
Confirmation is given by the diatoms which are continuously present between ~10,000 yr BP
and ~2400 yr BP (Rio Baja) or ~1500yr BP (other sites). We explain this permanent humidity
by the onset of peculiar climatic conditions. The precipitation was always of the non stormy
type, suggesting a weak atmospheric convection, except for some short episodes in the
northern Bolivian Andes. Precipitation was well distributed throughout the year, particularly
during the periods when peats accumulated.

At present, the climate at the high altitudes of the Bolivian Andes is controlled by the
alternation of two main atmospheric fluxes (Vuille, 1999): the NE monsoon flux, which
generates convective precipitation (December-April) and the southern westerlies during the
dry season (May-November). However, occasional precipitation occur during this dry season
(mainly in July and August) in relation with short-term modifications in the structure of the
westerlies.

The past peculiar climate, between ~10 000 and ~1 500 yr BP (non stormy
precipitation, more or less well distributed throughout the year) can be explained by the
combination of two atmospheric processes. (1) the monsoon was substantially strongly
weakened and the Andes were potentially submitted to a dry climate ; (2) the westerlies were
present al year long over the Bolivian Andes. Short-term modifications in the structure of
these westerlies entailed episodic precipitation. During the early Holocene, the greater
frequency of these precipitation associated with nebulosity obliterated the effect of the
dryness due to the greatly reduced monsoon precipitation : the wetlands were well developed
in the non glacia valleys; after a dry phase, lake Titicaca rose without reaching its present
level (Ybert, 1992), the lake level was sightly higher than to day in the Uyuni-Coipasa basin
(Sylvestre et al., 1999), the water level increased in Rio Baja, and the lacustrine highstand
occurred in the Altiplano of northern Chile (Geyh et al., 1999). During the middle Holocene,
the dryness related to reduced monsoon rains was no longer attenuated because of the lower
frequency of this type of precipitation: lacustrine levels dropped in all the basins, peatlands
disappeared in the southern Bolivian Andes, and the water level was low in Rio Baja. Some
short wetter periods episodically occurred in the lake Titicaca watershed. During the late
Holocene, a climate without stormy rains remained so until 1500 yr BP in the southern
Bolivian Andes. Diatoms indicate short-term variations in the water flow in the Rio Baja. In
the Lake Titicaca area, intensification of secular hydrologic variability is evidenced by rapid
aternation of peats and silts in the river deposits. Moreover, episodes of stormy rains



interrupted the deposition of the fine deposits in this area. They suggest an influence of the

convective monsoon rains. Strong changes in the P-E balance occurred in the basin of Lake

Titicaca as shown by large fluctuations in the water levels (Abbott et al., 1997). After 1500 yr

BP, the summer monsoon system controlled the climate of the Bolivian Andes.

If this scenario is true, we can expect changes in the climate of the lowlands located
east to the Andes in relation with the modifications of the atmospheric circulation in the
middle and upper troposphere. To day, the climate of these regions is controlled both by the
seasonal shift of the ITCZ and by frequent anticyclonic advections of southern polar air
masses in the low troposphere. These advections entail strong drops in temperature and
precipitation at the contact point between the warm tropical and the cold polar air masses.
This type of polar advections is known in several other sub tropical regions in both
hemispheres (Schultz et al., 1997; Leroux, 1996). According to Leroux, the anticyclonic cold
air masses in the low tropical troposphere are associated with cyclonic waves in the westerlies
in the mid troposphere. These two processes, respectively in the low and mid troposphere, are
at the origin of the precipitation that occurs during the dry season at the sub tropical latitudes
both in the highlands and the lowlands. In central Brazil, palynological data suggest that a
drier climate than to day’s predominated during the early Holocene period (Salgado-
Labouriau, 1997) suggesting a weak influence of the ITCZ. But the dryness was locally
attenuated by cold front precipitation; polar air mass advections were intense during this
period, as suggested by low temperatures (Ledru et al., 1998). In the south eastern Amazonia,
the wet climate evidenced during the early Holocene (Absy et al., 1991) was explained by
precipitation related to the ITCZ (Martin et al., 1997). But another hypothesis may be
proposed: this area could have been situated at the northern limit of the southern polar
advections, giving way to precipitation. During the mid Holocene, the climate became drier in
this area suggesting a weaker influence of the cold-front precipitation.

To be confirmed, this tentative scenario needs a detailed study of present atmospheric
circulations in winter at the southern tropical latitudes of South America. In addition, a
mesoscale climatic simulation is necessary.
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