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Abstract

Paleohydrological reconstructions based on sedimentological, geochemical, and isotopic records from a lake
transect in the central-southern Altiplano (18°-26°S) indicate abrupt moisture fluctuations during the last 500 years.
A change to modern conditions occurred in the late 19th century in all the records, from northern Chile (Lago
Chungara, 18°15’S) and the Atacama (Laguna Miscanti, 23°45’S) to the southern tip of the Altiplano (Laguna El
Peinado, NW Argentina, 26°30’S). A previous drier period shows different patterns of timing, duration, and intensity.
In Chungara, the arid period was shorter and occurred during the late 19th and early 20th centuries, while in
Miscanti, it occurred earlier and ended at the beginning of the 20th century. In El Peinado, conditions were wetter
during the 17-19th centuries and the arid period occurred prior to the 17th century. Other records from the region
show abrupt paleohydrological and paleoclimatic changes synchronous with the termination of the Little Ice Age.
Despite local differences and dating uncertainties, the Little Ice Age stands out as a significant though complex
climatic event in the Andean Altiplano. The discrepancies between the northern and southern Altiplano records
during the last few centuries may reflect contrasting responses to external forcing in two areas with different climatic
regimes.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction tailed analyses of the instrumental record and
high-resolution archives for the last few centuries.

Understanding the interannual to decadal cli- However, neither set of archives is available for
mate variations in South America requires de- large regions in the Andean Altiplano. Historical

archives (Prieto et al., 1998, 1999), dendrochrono-

logical reconstructions (Villalba, 1994; Villalba et
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ronmental changes in southern South America
during the last few centuries with potentially large
implications for water availability. Although the
timing and regional variability remains a matter
of debate, the presence of strong isotopic, dust-
content, and snow-accumulation signals during
the Little Ice Age (LIA; about AD 1500-1900)
in the ice cores from the tropical Andes (Huascar-
an, Quelccaya and Sajama) (Thompson et al.,
1986, 1998) indicates that events of centennial
scale have had a large impact on the Altiplano
climate.

The Andean Altiplano lakes contain centennial-
to millennial-scale records of effective moisture
fluctuations during the late glacial and the Holo-
cene (Valero-Garcés et al., 2000a). Some lake se-
quences may also provide higher-resolution re-
cords (decadal- to centennial-scale) for several
time windows of environmental and climatic
change. Here we present the paleohydrological
evolution of three high-altitude (ca. 4000 m asl
(above sea level)) Altiplano lakes located in a
transect including northern Chile (Lago Chun-
gara, 18°S), the Atacama Altiplano (Laguna Mis-
canti, 23°S) and the northwestern Argentinean
Puna (Laguna El Peinado, 26°S). Sedimentologi-
cal, geochemical, and isotopic analyses from sedi-
ment cores allow qualitative reconstructions of
past lake-level changes. Due to the known large
radiocarbon reservoir effects in the Altiplano
lakes, the chronologies for the last few centuries
are based on 2'°Pb and U/Th techniques. Our
results show large but extremely variable fluctua-
tions in the water budget of the Altiplano lakes
during the last few centuries. The discrepancies in
paleohydrological behavior are discussed in the
context of regional climatic variability of the Al-
tiplano.

2. The lakes
2.1. Lago Chungara

Lago Chungara (18°15'S, 69°10'W, 4520 m asl)
is located at the northeastern edge of the Lauca
Basin (Fig. 1). It lies in a tectonic basin, with a
maximum water depth of 40 m, a surface area of

21.5 km?, and a volume of about 385X 10° m?
(Valero-Garcés et al., 2000a). The main inflow is
the Chungara River (300500 1 s™!). There is no
surface outlet, and annual groundwater outflow
has been estimated as about 6X10° m?® yr—!.
The lake is polymictic, oligotrophic, contains 1.2
g 1! total dissolved salts, and the water chemistry
is of Na-Mg-HCO;-SO4 type and alkaline
(pH=9) (see references in Valero-Garcés et al.,
2000a). Two seismic units overlie the massive vol-
canic bedrock in the smaller, shallower eastern
sub-basin and also in the main, deeper, NW-SE
trending basin. An older seismic unit, with less
well-defined reflections, is found in the northwest-
ern basin and it is interpreted as an earlier stage
of basin infill with more alluvial influence. Sedi-
mentary sequences identified in a 2.6 m long
core from the eastern sub-basin show alternation
of lake sub-environments (Characeae-lacustrine
shelf, macrophyte-dominated littoral, and peat
bog) that reflect century- to millennial-scale oscil-
lations in lake level during the mid- and Late Ho-
locene (Valero-Garcés et al., 2000a). Modern sedi-
ments in the deeper areas are composed of black,
organic-rich, massive to faintly laminated mud.

2.2. Laguna Miscanti

Laguna Miscanti (23°45'S, 67°45'W, 4140 m
asl) is one of the largest (13.5 km? surface) and
deepest (up to 10 m) lakes in the Atacama Alti-
plano (Fig. 1). Laguna Miscanti is the least saline
lake in the Atacama Altiplano (5 g I”! total dis-
solved salts, 6400 uS cm™! electric conductivity)
with a Na—(K-Ca-Mg)-SO4—Cl brine and alka-
line conditions (pH =8.0-8.8) (Valero-Garcés et
al., 1996, 1999b; Grosjean et al., 2001). The
lake sits in an endorheic basin and the water bud-
get is mainly controlled by groundwater inflow
from the large catchment area in the Cordon Pun-
tas Negras (320 km?) and by evaporation. The
contribution of some springs is very small, and
the seepage downstream to Laguna Midiques
is limited. Modern sediments are variegated,
banded, charophyte-rich calcitic diatomaceous
mud. A seismic survey and a 2.92 m long sedi-
ment core (Valero-Garcés et al., 1996) provided
the first evidence for large paleohydrological
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Fig. 1. (A) The location of the southern and central Altiplano region and the major air masses and oceanic currents affecting the
area. (B) Location of the three lakes (Chungara, Miscanti and El Peinado) in the Andean Altiplano. (C) Annual rainfall in the

Chungara region. The arrows indicate strong El Nifio years.
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changes during the Late Holocene. A 7.95 m long
core provided a continuous lake record spanning
the last 22000 '“C yr (Grosjean et al., 2001).

2.3. Laguna El Peinado

El Peinado Lake (26°30’S, 68°05'W, 3820 m
asl) lies on a north-south elongated, topographi-
cally closed basin, north of El Peinado volcano
and at the southern end of the Salar de Antofalla
in Catamarca province (Argentina) (Fig. 1) (Va-
lero-Garcés et al., 1999a, 2000a). The lake’s main
axes are about 2.5X 1.5 km and the maximum
depth is unknown. Waters are saline (electric con-
ductivity 55500 pS/cm) and alkaline (pH=7.6),
and of Ca—Na-SO4—Cl-COj3 type. The lake basin
is endorheic and several thermal springs feed the
lake. A 2 m long core retrieved in the littoral zone
(water depth 2 m) is composed of laminated, car-
bonate tufa- and charophyte-rich calcitic dia-
tomaceous muds, tufa facies (in situ and re-
worked), and calcitic crusts.

3. Climate setting

Our sites in the Altiplano are located on a tran-
sect from the north (Chungard) dominated by
tropical summer moisture to the south (El Peina-
do) mostly affected by winter precipitation. Iso-
topic composition of rainfall (Aravena et al.,
1999) and the synoptic situation of precipitation
events in the Chilean Altiplano (Ruttlant and
Fuenzalida, 1991) indicate that for both summer
and winter precipitation, the moisture source is
the Amazon Basin. During the summer months
(DJFM), weak easterly flow prevails over the Al-
tiplano, as a consequence of the southward migra-
tion of the subtropical jet stream and the estab-
lishment of the Bolivian high. This narrow time
window defines the wet season in the Altiplano.
Average annual rainfall in the Chungara region is
about 350 mm yr~!, but the actual range is vari-
able (100-750 mm yr—') (Fig. 1). Potential evap-
oration has been estimated at over 4750 mm yr~!
(Valero-Garcés et al., 2000a).

Further south, the Atacama Altiplano is lo-
cated in an extremely dry region. This is the tran-

sitional zone from tropical summer precipitation
with Amazonian moisture sources (Chungard) to
extratropical winter rainfall with Pacific and
southern Atlantic moisture sources (Messerli et
al., 1993). The driest portion of this desert lies
in northern Chile and crosses the Andes diago-
nally south of the Tropic of Capricorn where
the winter cyclonic precipitation connected with
Invierno Chileno is blocked, and the tropical con-
vective summer precipitation of the Invierno Boli-
viano is restricted to the eastern slope of the An-
des and the high altitudes. In the Miscanti region,
annual rainfall is about 200-250 mm, mainly dur-
ing the austral summer (50-90%, ‘Invierno Bolivia-
no’) with tropical continental moisture sources
from the east side of the Andes. Potential evapo-
ration is about 2000 mm yr~!' (Grosjean, 1994).

The climate in the southern Altiplano (El Pei-
nado region) is mostly influenced by the subtrop-
ical high-pressure systems of the southeastern Pa-
cific and the southwestern Atlantic (Kull and
Grosjean, 1998). Grosjean et al. (1997) estimated
precipitation in Laguna del Negro Francisco
(27°28'S, 4125 m asl, 250 km to the west) to be
around 250 mm yr—!, mostly during the winter
months, and potential evaporation as higher
than 1500 mm yr~'. Winter snowfall is the dom-
inant source of moisture (Vuille and Ammann,
1996). They distinguished two synoptic mecha-
nisms for winter precipitation: cold fronts from
the Pacific, often associated with blocking epi-
sodes in the South Pacific, and isolated cells of
cold polar air that migrate far north and collide
with tropical moist air masses. Convective activity
over the Altiplano produces precipitation in the
high elevation areas during the summer, but the
contribution of this summer precipitation is un-
known due to the absence of weather stations at
high altitude.

At the present, three phenomena dominate cli-
mate variations on interannual to decadal time-
scales in the Altiplano region: The ENSO phe-
nomenon on interannual (3-6 yr) and ENSO-
like wvariations over the Pacific basin (Pacific
Decadal Oscillation, PDO) and North Atlantic
(North Atlantic Oscillation, NAO) on decadal
timescales (10-50 yr) (Dettinger et al., 2001). In
the Central Andes, there is a weak tendency for
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wet conditions during the cold ENSO phase and
dry conditions during the warm phase (El Nifio
years). The weakness of the ENSO-Altiplano
rainfall relationship could be partially explained
by the high spatial precipitation variability (Vuille
et al., 2000). El Nino years seem to be marked in
the Sajama and Quelccaya ice-core records by sig-
nificant decreases in snow accumulation (Thomp-
son et al., 1986; Vuille et al., 1998; Vuille, 1999).
This is consistent with data from the Chungara
region, where precipitation is reduced during
moderate to intense El Nino years (1965, 1972,
1983, 1992) (Fig. 1). However, there is no direct
relationship between the relative El Nifio strength
and the amount of rainfall reduction. Long re-
cords from high-altitude weather stations are
not available for Miscanti and El Peinado. At a
global scale, equatorward shifts in westerly winds
and storm tracks in both hemispheres produced
by the PDO yield wetter subtropics (EI Nifio-like
phases) and drier mid-latitudes and tropics.
Warming south of the equator in the eastern Pa-
cific extending poleward to the Chilean coast is
associated with the positive phase of the PDO,
showing a similar, but weaker pattern than the
ENSO (Dettinger et al., 2001).

4. Methods

The sediment cores from Lago Chungara and
Laguna Miscanti were collected in November
1993 at 19 m and 9 m water depth, respectively,
and sampled in the field at 1 cm intervals. El
Peinado sediment cores were retrieved from the
littoral zone (depth =2 m) in November 1996. De-
tailed sedimentological, geochemical and isotopic
analyses for El Peinado have already been pub-
lished elsewhere (Valero-Garcés et al., 1999a,
2000a). The sediment composition and mineral-
ogy of the Miscanti cores were described by Va-
lero-Garcés et al. (1996), and the results are sum-
marized here. The stable isotope record for
ostracods and bulk carbonates from Laguna Mis-
canti was published by Schwalb et al. (1999). In
the Chungara core, organic matter and carbon-
ate contents were measured by weight loss-on-
ignition, and mineralogy was determined using

X-ray diffraction and petrographic microscopy.
Bulk sediment samples (0.5 g) from Chungara
were digested with a heated mixture of HCI and
HNO; acids (3:1 ratio), filtered, and analyzed for
main element composition by spectrometry of
atomic emission using an inductively coupled
plasma (Perkin Elmer Optima 3200 DV). A se-
quential extraction procedure was used to differ-
entiate five fractions: exchangeable metals, metals
bound to carbonates, metals bound to Fe-Mn
oxides, metals bound to sulfides and to organic
matter, and the residual. Oxygen and carbon iso-
tope analyses were performed on bulk sediment
from Chungarda and Miscanti. Calcite was the
only carbonate in the two cores. The §'3C values
of organic matter were also measured in Chun-
gara samples. Analytical precision was better
than 0.1 %o . Qualitative lake-level histories were
reconstructed based on sedimentary facies analy-
ses, combined with geochemical and isotopic data.
Sedimentary facies indicative of subaerial expo-
sure conditions were present in El Peinado. Sedi-
ments with calcite laminae and presence of gyp-
sum suggested increased salinity and likely lower
lake levels at some intervals in the Chungara core.
The presence of gypsum marked lower lake levels
in the Miscanti sediment sequence. Geochemical
and isotopic trends are also interpreted with cau-
tion as a reflection of salinity and water-balance
fluctuations. The chronology of the cores is con-
strained by 2!°Pb analyses performed at the St.
Croix Watershed Research Station (Minnesota,
USA). Pure calcite samples from El Peinado
core were selected for U/Th dating and analyzed
at the Minnesota Isotope Lab (University of Min-
nesota, USA) (Valero-Garcés et al., 2000a).

5. Results
5.1. Chronology

Accurate '*C dating of lacustrine sediments
from the Altiplano has been complicated by the
scarcity of terrestrial organic macrorests, and the
large radiocarbon reservoir effects detected in the
lake waters (Grosjean et al., 1995, 2001; Geyh et
al., 1998, Valero-Garcés et al., 2000a,b). In Chun-
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Fig. 2. Total >'°Pb activity profiles and depth—age relationships for the three lakes. Two U/Th dates are also available for El Pei-

nado Lake.

gara and Miscanti, the reservoir effects are also
strongly dependent on water depth and lake level
changes (Geyh et al., 1998). The reservoir effect
for modern sediments in Chungara is about 3000—
4000 yr (Valero-Garcés et al., 2000a). In Miscanti
reservoir corrections for the littoral fractions
(Ruppia seeds) are between 2200 and 2500 yr,
and for benthic fractions (Characeae) ca. 4000
yr (Grosjean et al., 2001). El Peinado shows
even larger reservoir effects (> 12000 yr) due to
the influx of large quantities of “C-free CO, in-

troduced from thermal and volcanic CO, (Valero-
Garcés et al., 1999a). Therefore, it is not possible
to construct a robust, accurate #C-based chronol-
ogy in these Altiplano lakes. Thus, our chronol-
ogy for the three cores is based on 2!°Pb dating
with some U/Th dates where suitable samples
were found (El Peinado). The *'°Pb content in
the cores declines to variable depths below which
supported (background) values are reached (Fig.
2), but a significant problem in establishing a de-
tailed chronology stems from the very low 2!°Pb
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activities at the top of the cores. Total 2!°Pb ac-
tivity for top sediments decreases from north to
south: 5.41 pCi g~! in Chungar4, 2.30 in Miscan-
ti, and 0.57 in El Peinado. The values of sup-
ported 2'°Pb activity are very low: 0.18 pCi~! in
Chungard, 0.21 in Miscanti and El Peinado. The
calculated fluxes of unsupported 2!°Pb to these
core sites are extremely low (from 0.20 pCi
cm™2 yr~! in Chungara to 0.08 pCi cm™2 yr~!
in Miscanti and El Peinado) and this likely a re-
flects low atmospheric concentrations of >!°Pb in
the southern hemisphere and low rainfall on the
Altiplano resulting in a very low atmospheric
20ph flux. Taking all of this into consideration,
we favor the cf:cs (constant flux:constant sedi-
mentation) model because it provides more robust
estimates of the sedimentation rates and the chro-
nological framework. Given the uncertainties in
the data, this conservative approach is more ap-
propriate, because we are not interpreting each
inflection in the 2!°Pb profile; instead, we fit a
regression line through the data to obtain an aver-
age sedimentation rate. On the other hand, the
different sedimentary facies present in Miscanti
and El Peinado have different accumulation rates,
and the 2!°Pb chronology lacks the adequate res-
olution to detect such changes.

If we assume a stable background activity of
0.21 pCi g in Miscanti, the calculated mean
sediment accumulation rate is 0.036+0.006 g
cm 2 yr~! (2.8 mm yr~!). This average sedimen-
tation rate is valid for unit 1D. Sedimentation
rates in previous units are likely to be different
because of the change in sedimentary facies. If
we assume a stable background activity of 0.21
pCi ¢! in El Peinado, the calculated mean sedi-
ment accumulation rate is 0.25+0.06 g cm ™2 yr~!
(4.2 mm yr~!). The U/Th dates are coherent with
the 21°Pb chronology and give a mean sedimenta-
tion rate of 4.3 mm yr~! for the whole sequence.
In Chungard, with a stable background activity of
0.18 pCi g~ !, the average sedimentation rate is
0.033 g cm™2 yr (2.4 mm yr~!). Although this
average sedimentation rate is only valid for the
upper three units defined in the Chungara core,
we use this value to estimate, with caution, some
older ages because of the presence of similar sedi-
mentary facies in the older units.

5.2. Lago Chungara

5.2.1. Sedimentology, geochemistry and stable
isotopes

A short core (55 cm long) retrieved at 19 m
water depth in the western sub-basin is composed
of black, organic-rich (up to 25 wt% organic mat-
ter) laminated mud with relatively low carbonate
content (6-8 wt% CaCO3). Quartz and plagioclase
grains, clay minerals and volcanic rock fragments
comprise most of the silicate fraction. Diatoms
and ostracods are also present. Fragments of cal-
cified charophytes are common and they likely
provide most of the fine-grained calcite in the
sediments. However, small (up to 100 um) euhe-
dral calcite crystals are also present. Most of the
organic matter is composed of macrophyte frag-
ments at several stages of decomposition. Seven
sedimentary units have been distinguished based
on sediment composition (Fig. 3A). Units 1, 3, 5
and 7 show low carbonate and relatively high
(20%) organic matter content. Discrete mm-thick
white laminae occur at two intervals (unit 2: 11—
14 cm and unit 4: 20-26 cm), and are mainly
composed of calcite (up to 50%), and contain eu-
hedral calcite crystals up to 100 um long. Re-
worked gypsum crystals also occur at these levels.

Sequential chemical analyses of samples taken
at five intervals (0-10, 14-24, 24-34, 34-46 and
46-56.5 cm) show large compositional differences
(Fig. 4A). The high Ca and Sr values between 14
and 24 cm correlate with the higher calcite con-
tent of units 2, 3 and 4. The main sources for
aluminum, potassium, manganese, and iron are
minerals from the silicate (clay) oxide fraction,
thus their content may serve as a proxy for detri-
tal input into the lake. All those elements show
decreasing values from the base to the top; Al
and Fe show the lowest values in the carbonate-
rich interval (units 2-4). In addition, manganese
and, to a lesser extent, iron appear to be closely
associated with organic matter, probably as or-
ganic complexes. Both show higher values in the
lower units. Phosphorus is also closely associated
with organic matter, oxides and silicates, and
peak values in the lower units. Sodium is clearly
related to the carbonate—oxide fraction, although
the mineral source has not been identified. In the
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Fig. 4. The Lago Chungara record. (A) Sequential geochemistry of selected elements. (B) Chemical and isotope composition of

the upper 10 cm.

soluble fraction there is an increase in Na content
in the upper units, particularly in the carbonate-
rich units, suggesting more chemically concen-
trated waters. The homogeneous mud from the
upper 10 cm contains 7-8% carbonate and 21-
25% organic matter contents and was sampled
at less than 1 cm intervals (Fig. 4B). Most ele-
ments show higher values at the base (10-9 cm),

relatively lower and increasing values upwards,
and higher values within the top 3 cm.

The 8" Ouie curve shows a large range (+0.97
to —13.06 %0 ) and it can be correlated with sedi-
mentary units (Fig. 3A). Particularly, units 2, 3
and 4 show the highest §'8Oyiie values in the
core and lowest variability (—4.18 to —1.83 %o ).
The onset of unit 1 is characterized by a large
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negative shift of 8 %o ; this upper unit is charac-
terized by low values with large positive excur-
sions up to +0.97 %o . The 8"Ceypite curve shows
very low and fluctuating values in the lower units
7 and 6, a very large range and an upcore-decreas-
ing trend in unit 5, and the highest values in units
2, 3 and 4, with a sharp negative excursion within
unit 3. Decreasing values in the lower part and
more constant values in the upper part character-
ize unit 1. The highest 8'3Corganic mater values oc-
cur in unit 4 — correlating with the highest
83 Ceacite and 880 yiie — followed by intermedi-
ate values in unit 3 and decreasing values in unit
2. The upper calcite-rich unit 2 shows a different
pattern than the lower calcite-rich unit 4: decreas-
ing 613Corgamic matter and hlgh 813Ccallcite- FinaIIYa
increasing 8'*Corganic matter values in unit 1 corre-
spond with decreasing 8"*Ceacite.

5.2.2. Paleohydrological interpretation

The sedimentological, chemical and stable iso-
tope composition of the sediments indicates large
changes in the water balance of the lake, partic-
ularly during the deposition of units 2, 3 and 4.
Increased precipitation of authigenic calcite sug-
gests either a period of higher salinity or higher
biological productivity conducive to carbonate
formation, or both. Higher sodium content in
the soluble fraction of the sediments indicates
higher salinities during these periods. On the oth-
er hand, the abundance of Chara remains points
to more developed charophyte meadows and
more extensive littoral sub-environments in the
lake. The upcore increase in Mn associated with
oxides and carbonates could be a reflection of
more efficient precipitation of oxides as a conse-
quence of less frequent seasonal anoxic periods in
the lake (Dean, 1993). Several mechanisms may
contribute to 8O enrichment during deposition
of units 2, 3 and 4, mainly changes affecting the
water balance in the lake (inputs and outputs) and
in the moisture (sources, seasonality). The oxygen
isotopic compositions of the waters in high-alti-
tude saline lakes in the Altiplano are mainly con-
trolled by the composition of the input waters
(rainfall and groundwater) and by large evapora-
tion effects. Complex interactions between numer-
ous processes control the isotopic composition of

precipitation in the Altiplano (Rozanski and Ara-
guas-Araguas, 1995; Aravena et al., 1999). The
8'30 values from Sajama ice cores become more
depleted as annual precipitation increases (Hardy
et al., 1998). On the Altiplano, the maximum of
precipitation during the austral summer (Novem-
ber—March) is characterized by depleted §'80 val-
ues that can reach —20%o. (Fritz et al., 1981;
Aravena et al., 1999). The contribution of ground-
waters and thermal springs may also be signifi-
cant, but has not been quantified.

Although evaporation is the main mechanism
responsible for 180 enrichment of the lake waters
in most saline lakes in the Altiplano, the
8"8Oarbonate record cannot be interpreted exclu-
sively as an evaporation or salinity indicator
(Kelts and Talbot, 1990; Talbot, 1990; Valero-
Garcés et al., 2000a). In the absence of major
changes in water sources, increasing 8'30 values
are interpreted as decreases in the precipitation—
evaporation balance, a warmer mean air temper-
ature, colder lake-water temperatures, or a com-
bination of all the above (Talbot, 1990). Large
negative 880 shifts in unit 6 (ca. 44 cm), at the
top of unit 5 (ca. 30 cm depth), and at the base of
unit 1 (Fig. 3) most likely represent an increased
input of isotopically depleted waters. Both miner-
alogical (increased precipitation of calcite and
presence of gypsum) and chemical (increased Na
content) evidence support the interpretation of the
isotope enrichment of units 2, 3 and 4 as a result
of less positive water balance in the lake during
lower lake levels. The sharp positive 8'8Oyite €X-
cursions in unit 1 (Fig. 4B) could correspond to
drier periods during the last decades, although the
range is unexpectedly large.

Peaks in calcite production (units 4 and 2,
Fig. 3) are associated with periods of increased
biological productivity and '®0-enriched waters.
Changes in the 8'*C of authigenic carbonate and
organic matter reflect variations in the dissolved
inorganic carbon (DIC) pool, controlled by input
and biological processes, mainly respiration and
photosynthesis (Talbot and Kelts, 1990). Fluctua-
tions in groundwater input and composition,
changes in the limnological and biological param-
eters of the lake, and in early diagenetic processes
are important to the isotopic-carbon budget of
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lakes (Kelts, 1988). The dissolved-carbon species
in lakes come from: (i) groundwater and runoff
that incorporates dissolved carbon through the
dissolution of carbonates from soils and rocks,
the decomposition and respiration of plants; (ii)
equilibration of atmospheric CO, with the lake
waters; (iii) oxidation of lacustrine and terrestrial
organic matter in the sediments; and (iv) methane
oxidation and CO, reduction in the sediments.
Higher 8" Cgyire values in carbonate-rich units
2 and 4 could reflect the interplay of increased
lake productivity and evaporation. Increased
photosynthesis results in DIC enrichments and
consequently relatively '*C-enriched carbonates
(Aravena et al., 1992; Meyers, 1994). Longer res-
idence time and greater evaporation also result
in 3C enrichment (Talbot, 1990; Talbot and
Kelts, 1990). The large positive excursion in
83 Corganic matter i unit 4 could represent a change
in the main organic producers in the lake associ-
ated with a phase of increased productivity. Gen-
eral agreement between the 8'3Corganic mater and
83Cearite trends in units 2, 3 and 4 suggests
that the Lago Chungara carbon budget in these
upper units could reflect fluctuations in lacustrine
productivity. The negative covariance between
83 Corganic matter and 83 Ceyieite values in the other
units — particularly the lower part of unit 1 and
unit 5 — indicates that other processes, such as
changes in biota, early diagenetic conditions and
fluctuations in anoxia and meromixis, could exert
a major role in the carbon budget. The very neg-
ative 83 Ceaeite values of the lower units (5-7) in-
dicate that >C-enrichment processes took place.
Among them, increased plant respiration, changes
in the redox conditions at the bottom of the
lake with recycling of organic matter, and sul-
fate-reduction processes could lead to the precip-
itation of calcite with low 8C values (Kelts,
1988).

The absence of significant correlation between
oxygen and carbon isotope values in carbonate
samples suggests dominant hydrologically open
conditions (Talbot, 1990; Li and Ku, 1996) (Fig.
5). However, sharp transitions of similar sign oc-
cur at the base and top of the carbonate-rich in-
terval (units 2, 3 and 4), suggesting a more hydro-
logically closed behavior when both carbon and
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Fig. 5. Oxygen—carbon isotope cross-plot of authigenic car-
bonate compositions for the three lakes.

oxygen are affected by increased residence time
and evaporation.

5.3. Laguna Miscanti

5.3.1. Sedimentology and stable isotopes
Sediments of unit 1 (Valero-Garcés et al. 1996;
Grosjean et al., 2001) in the Miscanti lacustrine
sequence are composed of banded (> 1 cm thick),
variegated, charophyte and organic matter — rich
calcitic (high magnesium calcite, HMC) diatoma-
ceous mud (Fig. 6A). Five units are defined in the
core according to sedimentary facies and stable
isotope compositions (Fig. 6A,B). Unit E encom-
passes gray, banded, organic-rich calcitic dia-
tomaceous mud with a cm-thick black, laminated,
organic-rich interval at the top. Subunit D is
characterized by the lowest organic matter con-
tent (<10%) and the presence of gypsum. Sub-
unit C is composed of gray calcitic diatomaceous
mud with increasing organic matter content (10—
20%), relatively high carbonate content (around
30%), and some intervals with calcite laminae.
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Subunits A and B are composed of finely lami-
nated, variegated, charophyte-rich calcitic dia-
tomaceous mud and characterized by the presence
of abundant plant remains, particularly in the top
of unit A. Fig. 6A,B shows the stable isotope
composition of calcite in the core and the corre-
lation with sedimentary units.

5.3.2. Paleohydrological interpretation
Valero-Garces et al. (1996) inferred higher than
modern salinities during deposition of unit 1A
from higher Mg content in the HMC and higher
Sr/Ca ratios. Unit E (1B) is characterized by the
highest organic content in the core, suggesting
high organic productivity, higher lake level and

lower salinity. Low organic content and presence
of evaporites indicate an abrupt transition in unit
D from brackish to saline conditions with greatly
reduced macrophyte production. Higher carbon-
ate and organic content in unit C are indicative of
progressively less saline waters. Modern, fresher
conditions began with the deposition of unit B.
The dominance of macrophytes and charophytes
above the base of unit B points to an abrupt
transition to more dilute waters and higher lake
levels during the deposition of unit A.

The presence of evaporites in units D and C
supports the interpretation of these units as hav-
ing been deposited in highly evaporative waters
during low lake-level and more saline conditions.
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Higher 8"3C and 8'%0 values also suggest evapo-
rative enrichment. The organic matter content
and the 8"Cgeite curves do not show coherent
patterns. In the lower units E and D, they have
a negative correlation, while in the upper units
there is no clear pattern. However, the correspon-
dence between high §'Ceyciee values in unit C and
the intervals with calcite laminae suggests higher
organic productivity during the deposition of unit
C.

5.4. Laguna de El Peinado

5.4.1. Sedimentology, geochemistry, and stable
isotopes

The El Peinado core sediments consist of indu-
rated calcite crusts (unit III), overlain by banded
to laminated mud (unit II), and topped by tufa
facies (unit I) (Fig. 7A) (Valero-Garcés et al.,
1999a, 2000a). The sediments are carbonate-rich
(up to 85 wt% calcite), and low magnesium calcite
is the only carbonate phase present. Unit III is
composed of indurated calcite crusts (facies 3a
and 3b) with some intercalated banded mud (fa-
cies 2). Iron content is higher in this basal unit.
Unit II groups laminated, muddy facies in six
sequences (average thickness 10 cm). These lami-
nated facies have a higher organic matter content
than the crust facies, generally lower carbonate
content, and peak values of salinity indicators
such as boron. Unit I is composed of reworked
and in situ tufa deposits.

Similar to the Miscanti samples, calcites from
El Peinado are strongly enriched in 80 (range
5-9%o ; Figs. 5 and 7A). The correlation between
oxygen and carbon isotopes and sedimentary fa-
cies is complex (Fig. 7B; see Valero-Garcés et al.,
2000a for details). The 83C e record shows
extremely '’C-enriched values (up to 13%o).
High 8'*C values for carbonates in the Andean
Altiplano have been found in other saline lakes
(Grosjean, 1994; Grosjean et al., 1995; Schwalb
et al., 1999) and fluvial travertine deposits (Ara-
vena and Suzuki, 1990), although only in one site
(Laguna Seca; Schwalb et al., 1999) were the val-
ues comparable to El Peinado. Schwalb et al.
(1999) and Valero-Garcés et al. (1999a) discuss
the mechanisms that can generate *C enrichment

in lake waters over values in equilibrium with at-
mospheric CO,. They conclude that the influence
of geothermal and volcanic CO, and degassing
during groundwater discharge can explain the
enriched 83C values for primary calcite. The
83Cucite values are lower and with a smaller
range in units III and I, and generally higher
and with a larger range in unit II. The highest
8"3Cearite values correspond to facies 2c, charac-
terized by higher organic matter content and
abundant macrophyte remains, suggesting periods
of increased organic productivity in the lake
(Kelts and Talbot, 1990).

The 8" Corganic matter curve shows a clearer rela-
tion with sedimentary facies: lower values in the
calcitic crust facies from unit III (< —14%. PDB
(PeeDee Belemnite)) and higher 83 Corganic matter
values in the littoral and travertine facies of sub-
units IIIc and IIla, IT and I. This correlation with
sedimentary facies indicates that changes in the
biological assemblages are likely the main factor
controlling the isotopic composition of the organ-
ic matter. The modern emerged aquatic vegetation
around El Peinado Lake has lower 8'*Coyganic matter
values (—26.6 %0 PDB) than the submerged vege-
tation (—8.4 to —11 %o, PDB).

5.4.2. Paleohydrological interpretation

The crusts of unit III represent shoreline depos-
its cemented with low magnesium calcite during
periods of low lake levels and sub-aerial exposure.
Muddy facies were deposited during higher lake
levels (units ITIc and IITa). Sedimentological and
geochemical evidence suggests deposition in the
littoral-sub-littoral realm of a shallow saline
lake for unit II. The fining-upward, energy-de-
creasing sequences identified in unit II can be re-
lated to fluctuations in lake level of a few meters
from littoral to sub-littoral conditions, and
changes in, for example, wave intensity. Unit I
represents deposition in littoral sub-environments,
slightly shallower than those of unit II.

The El Peinado sedimentary sequence records
the evolution from a low lake-level stage with
sub-aerial exposure (unit III) to higher lake-level
environment (unit II), and a subsequent smaller
lake-level decrease during deposition of unit I.
Minor lake-level fluctuations are reflected by fa-
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cies alternation. The change in dominant biota
from emerged macrophytic plants during periods
of sub-aerial exposure to submerged macrophytes
would explain the sharp 8"*Corganic matter POSitive
shifts in units Illc and IIla, and the higher values
of the upper two units.

6. Discussion

The geochemical, sedimentological and isotopic
analyses of three lacustrine sequences in a north—
south Altiplano transect provide continuous re-
cords of limnological changes that can be related
to lake-level fluctuations during the last few cen-
turies. The reconstructed hydrological variability
cannot be directly translated into climate variabil-
ity due to the lack of calibration with modern
climatic data and the need for replication with
other lakes from the same hydroclimatic areas.
However, they show coherence with other region-
al climatic paleorecords.

The Lago Chungard record shows a main peri-
od of lower lake levels and increased water salin-
ities between AD 1880 and 1950 with a higher
lake-level fluctuation in the early 20th century
(AD 1905-1935). In Miscanti, the arid period
ended at the beginning of the 20th century, and
its duration is unknown. Farther south, in El Pei-
nado, the main arid period occurred significantly
earlier (prior to AD 1680) and the 18th and 19th
centuries were more humid than at the northern
sites. The transition to more arid conditions at the
end of the 19th century in Chungara and Miscanti
coincides with a small decrease in water levels in
the El Peinado sequence. Our 500-yr time-series
from the three sites lack the resolution to decipher
decadal variability, but the time intervals repre-
sented by the different sedimentary units can be
correlated with other high-resolution regional re-
cords (Fig. 8). At the Quelccaya ice cap, a distinct
wet period occurred from AD 1500 to 1720 and a
marked dry period is interpreted at AD 1720-
1860 (Thompson et al., 1986). The transition
from the LIA to the 20th century occurred over
a 2-3-year period centered on AD 1880 and it is
one of the most abrupt changes detected in the
Quelccaya ice cores. The 19th-century arid period
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detected in Chungara correlates with the arid pe-
riod interpreted from the second half of the LIA
in the Quelccaya record. The 20th-century arid
period is roughly coeval with the greatest drought
in southern Peru (1933-1945) that also produced
a large drop (almost 5 m) in Lake Titicaca water
level (Roche et al., 1992). The short arid periods
inferred from the sharp positive oxygen isotope
excursions could be related to droughts of decadal
recurrence and intense El Nifio years during the
second half of this century.

In the Miscanti core, the arid period (units D
and C) ended at about AD 1920, although the
8'0 shift to more negative values shows that
the change to more humid conditions occurred
earlier and could be coeval with the termination
of the LIA. The sharp changes in sediment com-
position and isotope values between units C and
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B indicate an abrupt and rapid change to higher
effective moisture. Variations in organic matter
and carbonate content and isotope values during
the 20th century suggest minor lake-level fluctua-
tions within a general trend to moister conditions.

The lake-level evolution recorded in El Peinado
core reflects a large paleohydrological change at
the end of the 17th century (transition between
units II and III). Prior to the late 17th century,
lake level oscillated at the coring site, and sub-
aerial exposure was reached frequently. After
AD 1680, mean lake level was higher. This period
of higher lake levels in El Peinado corresponds
with the LIA as defined in the Quelccaya ice
core (Thompson et al., 1986). However, the in-
tense arid periods identified in Quelccaya (AD
1750-1860), Chungara (AD 1880-1950), and Mis-
canti (prior to AD 1920) do not occur in El Pei-
nado. Six sedimentary sequences reflect changes in
lake water volume at a decadal scale during the
period AD 1680-1900 (Unit IT), but none of them
stands out as a candidate for an intense arid peri-
od. In El Peinado, the termination of the LIA
may correspond to the beginning of the last sedi-
mentary sequence in unit II (ca. 30 cm depth) that
indicates the onset of a decreasing lake level
trend. According to the U/Th date, lake level
started to decrease after 1860 and continued until
the mid-20th century. The transition to more arid
conditions at the end of the 19th century in Chun-
gara and Miscanti coincides with a small decrease
in water levels in the El Peinado sequence. A
small increase in lake level seemed to have oc-
curred during the late 20th century.

Comparison with other paleorecords in the
southern latitudes of South America suggests
that the increase in effective moisture indicated
by the abrupt transition between units I1I and II
(ca. AD 1650) in El Peinado is of regional signifi-
cance. Historical sources (Prieto, 1994; Prieto et
al., 1998) document a dry period in northwestern
Argentina since the arrival of the Spaniards
(1580) until 1641, and a marked humid period
between AD 1663 and 1710. Dendrochronological
and glaciological records in Central Chile (30°-
45°S) show precipitation above the long-term
mean from AD 1450 to 1550 and from 1840 to
1900, and extended droughts from AD 1570 to

1650 and from 1770 to 1820 (Villalba, 1994). A
review of glacier fluctuations (Luckman and Vil-
lalba, 2001) during the last 500 years in the South-
ern Andes suggests initial glacial advances in ca.
the 13th—14th century, little evidence for extended
glaciers during the 14th—16th century and advance
during the 17th-20th century. Although there are
no obvious glacier fluctuation—precipitation rela-
tionships, glacier advances in the early 17th and
mid-20th century seem to be related to a combi-
nation of higher precipitation and lower temper-
atures. The northernmost tree-ring chronology on
the western slopes of the Andes (32°S) covers the
interval AD 956-1996, and it shows that the
1820-1910 interval was the longest wet period in
this region of the Central Andes during the past 8§
centuries. The inferred decreasing moisture avail-
ability during the mid-20th century is coherent
with the interpreted lower lake levels at the top
of unit I and unit I in El Peinado. Interestingly,
deposition of relatively deeper sedimentary facies
in El Peinado during the last few decades is co-
herent with the tree-ring evidence for increased
precipitation during the last 3 decades in north-
western Argentina (Villalba et al., 1998). Rainfall
records from central Chile (La Serena, 30°S) also
show marked wet years at the end of the 19th
century, followed by a decreasing trend to the
present. The glaciers of the Rio del Plomo (Men-
doza, Argentina) show a similar pattern; they
reached their maximum LIA extent at the begin-
ning of the 20th century and have retreated since
then. Marine records from Bahia Mejillones
(23°S), off the coast of Chile, also show large
changes associated with the 16th—19th century pe-
riod (Ortlieb et al., 2000). A marked increase in
paleoproductivity, increased upwelling, and colder
waters during a 200-yr period centered around
400 cal yr BP have been interpreted as a reflection
of environmental changes during the LIA.

The time-series from the three sites lack the res-
olution to decipher decadal variability; however,
the time intervals represented by the different
sedimentary units can be correlated with other
high-resolution regional records (Fig. 8). The
lake record suggests that changes in lake hydrol-
ogy were time-transgressive and opposite in sign
from the northern to the southernmost site. A
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change in lake hydrology at the end of the LIA
ca. 1850 is coherent with other records from the
Andes showing a regional pattern of climate
change. Several mechanisms have been suggested
to explain the paleohydrological variability and
the rainfall fluctuations in the subtropical regions
of the Altiplano at a decadal to century scale.
High lake levels are interpreted in terms of
strengthening of summer precipitation when the
Intertropical Convergence Zone occupies a south-
ernmost location; low lake levels are associated
with increased winter precipitation and reduced
summer rainfall (Argollo and Mourguiart, 2000).
Both the Quelccaya ice cap cores and the Titicaca
lake-level record demonstrate a general correla-
tion between less effective moisture periods in
the Altiplano and El Nifio events (Thompson
and Mosley-Thompson, 1987; Garreaud et al.,
this volume). Historical records provide evidence
for more than 50 strong El Nifio events during the
last 500 years (Quinn, 1993), and some periods
when strong El Niflo events occurred: 1539-
1578, 1600-1624, 1701-1728, 1792-1802, 1812—
1832, 1897-1919, 1925-1932, and 1976-1987. Ort-
lieb (2000) re-evaluated the historical data and
showed that many events reconstructed by Quinn
(1993) may not have occurred and that the inten-
sity of a number of events was probably lower
than previously interpreted. The revised data do
not provide a clear picture of former ENSO oc-
currences, particularly prior to ca. 1817, and show
no conclusive evidence for more frequent and
stronger El Nifio events during the LIA. There
is no obvious indication that global warming
has had a significant effect on the ENSO activity
(Enfield and Mestas-Nuifiez, 2001). This may be
related to the intrinsic problems of the historic
data, but is also a reflection of spatial-temporal
variability on the regional impacts of the ENSO
system within South America. The strong corre-
lation between wetter winters in Central Chile and
northern Peru during El Nifio is well established
for the instrumental period, but the documentary
record does not show such a correlation prior to
1817. Tree-ring chronologies show a stronger de-
cadal mode of Pacific sea-surface temperature os-
cillations for the period 1600-1850 and a domi-
nant interannual mode afterwards (Villalba et al.,

2001). Both lines of evidence suggest a strong
modification of the atmospheric circulation pat-
tern that affected the teleconnections during the
LIA. According to our chronologies for the three
studied lakes, there is no clear indication that
stronger ENSO events only occurred during the
arid periods reconstructed from the lake records
(Fig. 8).

In the southern Altiplano (EI Peinado site),
where winter snow is the dominant moisture
source, arid periods could be linked to other ex-
tratropical mechanisms. The differences in paleo-
hydrological evolution during the Late Holocene
between Laguna Miscanti and Laguna del Negro
Francisco have been explained by Grosjean et al.
(1997) to reflect different moisture sources: trop-
ical and Amazonian to the north, and a mixture
of Pacific from the westerlies and south Atlantic
to the south. Changes in the intensity of the west-
erlies is considered as the main cause for rainfall
variability in the high Andes at 27°S. Changes in
other mechanisms, such as convective summer
storms and outburst of frontal winter precipita-
tion, may also play a significant role (Grosjean
et al., 1997). The track of South American anti-
cyclones associated with cold surges can reach as
far north as 20°S on the eastern side of the Andes
(Marengo and Rogers, 2001). Although there is
little relation between the occurrence of El Niflo
and polar-air outbreaks, cold fronts penetrate fur-
ther north and lead to higher precipitation in cen-
tral Chile when the South Pacific subtropical high
is weaker and/or displaced northward (Aceituno,
1988). Schwalb et al. (1999) suggested that
changes in cold fronts and ‘cut-off’ intensity and
frequency could explain differences in the amount
of precipitation between 23° and 27°S during the
Holocene.

Garreaud et al. (2003) show that at the north-
ern latitudes (Chungara and Miscanti), the rain-
fall variability responds to zonal wind anomalies
that modulate summer-moisture transport from
the eastern cordillera to the western Altiplano,
with greater transport and more summer rainy
days during La Nifia events. Farther south, at
El Peinado latitude, moisture responds to varia-
tions in the intensity and position of the South
Pacific jet, with an increase in winter rainy days
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during El Nifo events. The same general pattern
of opposition in modern regional climate between
the summer rainy areas to the north and the win-
ter rainy ones to the south seems to hold for de-
cadal-scale variability.

7. Conclusions

The paleohydrological reconstructions from a
lake transect in the Altiplano show abrupt fluctu-
ations during the last centuries. A significant pa-
leohydrological change occurred in the three lakes
at the end of the 19th century, coeval to the ter-
mination of the LIA. However, the inferred
changes in water balance were of different sign.
In Chungara and El Peinado a drier period began,
while in Miscanti, conditions seem to have be-
come more humid. An intense drought period is
present in all the records but they show different
patterns in northern Chile (Chungara), Atacama
(Miscanti) and the southern tip of the Altiplano
(El Peinado). In Chungara, the arid period was
shorter and occurred during AD 1880-1950, and
it was punctuated by a more humid period be-
tween AD 1905 and 1935. In Miscanti, the arid
period terminated at the end of the 19th century,
but it had lasted longer. In El Peinado, conditions
were wetter during the 17th—19th centuries and
the arid period occurred prior to the 17th century.
Other high-resolution records from the region (ice
caps, historical documents, dendrochronological
and lake records) show abrupt paleohydrological
and paleoclimatic changes synchronous to the on-
set and termination of the LIA. Although there
exist local differences and dating uncertainties, the
LIA stands out as a significant though complex
climatic event in the Andean Altiplano. The dis-
crepancies between the northern and southern Al-
tiplano records during the LIA may reflect dis-
tinct responses to external forcing in two areas
with different climatic regimes.
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