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Abstract

The chronology of multiple landslide deposits and related lake sediments in the eastern Argentine Cordillera suggests
that major mass movements cluster in two time periods during the Quaternary: between 35 000 and 25 000 14C yr BP
and after 5000 14C yr BP. The older cluster may correspond to the Minchin wet period (40 000 and 25 000 14C yr BP)
identified in tropical and subtropical South America, suggesting a causal relation between enhanced landslide activity
and climate change. The younger cluster predates the Titicaca wet period that began at about 3900 14C yr BP which also
affected other regions in the Andes and the Amazon Basin. No landslide and associated lake sediments are documented
during the Tauca wet period (between 16 000 and 8000 14C yr BP). However, the two clusters correspond to periods
where it assumed that the El Nin¬o/Southern Oscillation (ENSO) and tropical Atlantic sea surface temperature dipole
(TAD) were active. The analysis of the present-day precipitation patterns in NW Argentina indicates significant spatial
and temporal differences between the intra-Andean part of the study area and the Andean foreland. Whereas the TAD
seems to consistently increase rainfall, the intensity of precipitation during the El Nin¬o phase of the ENSO is reduced to
only 25% of the mean annual average in the intra-Andean basins, whereas the regions east of the Andes receive more
than 125%. Similar results, but with an opposite sign, characterize La Nin¬a events. The comparison of this pattern with
paleo-precipitation data as inferred from varved lake sediments suggests that increased interannual climate variability
and, therefore, increased fluctuations in rainfall and river discharge in narrow valleys may reduce landsliding
thresholds. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catastrophic landslide events associated with

the damming of drainage systems are most com-
monly triggered by earthquakes, extreme periods
of precipitation, and rapid snowmelt along moun-
tain fronts predisposed to failure [1]. A study of
landslide dams and the deposits of the resultant
lakes provides proxy data on the climatic bound-
ary conditions and trigger mechanisms of land-
slides, and thus o¡ers valuable insights into the
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risk and possible spatial distribution of future
mass movements in a region.

In semi-arid to arid NW Argentina, many large
landslide deposits with volumes in excess of 106

m3 cluster along mountain fronts a¡ected by re-
peated tectonic movements during the Quaternary
[2,3]. Several of these landslides are rock ava-
lanches (sturzstroms) in narrow valleys with steep
walls characterized by favorably oriented rock
anisotropies and/or young thrust faults, thus sug-
gesting a tectonic origin [3]. However, in this en-
vironment higher runo¡ in the course of climate
change would have resulted in enhanced scouring,
undercutting, and landsliding along the structur-
ally pre-conditioned mountain fronts and valley
walls. Two di¡erent climatic scenarios could sub-
stantially reduce thresholds for catastrophic mass
movements in such environments: long-term
changes toward increased humidity and shifts to-
ward enhanced intra- and interannual £uctuations
in rainfall. For example, higher frequency land-
sliding and lake development have been reported
in the arid White Rock Canyon, New Mexico, for
climates that were signi¢cantly wetter than today
[4,5]. In a di¡erent setting, greater precipitation
variability in the course of recurring El Nin¬o
events is viewed as the most likely cause for multi-
ple mass movements in the Quebrada Tacahuay,
Peru [6] and in the Atacama Desert, Northern
Chile [7]. Many other examples exist for these
separate landslide-conditioning mechanisms,
which underscore their importance for processes
modifying topography in mountainous regions.

In this paper we present new data from well
preserved erosional remnants of landslide deposits
and associated lacustrine sequences assessing the
role of climate as an important factor in landslide
generation in presently arid to semi-arid moun-
tains. The parallel study of other lacustrine envi-
ronments not associated with landslides in this
region gives additional evidence for the climatic
boundary conditions for mass movements during
this time. In particular, this study helps constrain-
ing the importance of increased humidity and en-
hanced precipitation variability with respect to
catastrophic mass movements in the Central An-
des as well as other mountain belts with compa-
rable climatic and topographic conditions.

2. Regional geologic setting and climate

The Argentine northwest is at the southern end
of the central Andes tectonic domain. To the
north of this region, the Puna plateau has an
average elevation of 4000 m and is related to ma-
jor Neogene contraction [8]. To the east are the
meridionally trending western Sierras Pampeanas
and the Cordillera Oriental, which reach altitudes
between 3000 and 5500 m. The Cordillera Orien-
tal is a fold and thrust belt [9,10] composed of
Precambrian basement and overlying unmetamor-
phosed Cambrian to Tertiary sediments [11^13];
it is cut by deeply incised valleys. In contrast, the
Sierras Pampeanas are late Cenozoic Laramide-
type uplifts composed of late Proterozoic meta-
morphic basement rocks that contrast with highly
erodible Tertiary clastic sediments in the adjacent
intramontane basins [8,9,14]. The basins are fur-
ther characterized by alluvial fan deposits and
coarse gravel associated with multiple, gently in-
clined pediments that abut the steep mountain
fronts [15]. In addition, along tectonically active
mountain fronts and in areas where antecedent
rivers cross the uplifting ranges of the Cordillera
Oriental, there exist voluminous landslide deposits
often associated with lacustrine and terrace depos-
its [2,3].

Atmospheric circulation of NW Argentina is
mainly controlled by a seasonal low-pressure sys-
tem east of the Andes (Fig. 1). During the austral
summer, this low-pressure system attracts north-
easterly and easterly moisture-bearing winds in
the northern part of the region (e.g., Salta),
whereas the southeastern parts are dominated by
southerly and southwesterly winds (e.g., Tucu-
man) [16]. The low-pressure cell also attracts air
masses from the Paci¢c anticyclone creating a dry
and cold wind that gains intensity during the aus-
tral winter [16,17]. Precipitation within the study
area is highly seasonal. Enhanced precipitation at
the start of the summer rainy season is associated
with convection within the intertropical conver-
gence zone (ITCZ), while precipitation in winter
is more closely linked to equatorward-moving po-
lar frontal systems. Due to the orographic barriers
to the east, the intra-Andean basins and valleys
are arid and receive less than 200 mm yr31 pre-
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cipitation [18]. These longitudinal and transverse
geomorphological depressions develop their own
wind systems [16]. Predominating winds from the
mountains to the plains occur in the cool season
and in the reverse direction in summer.

Interannual variation in the intensity of the
summer rains appears to be controlled by the
sea surface temperatures (SST) of the tropical At-
lantic and Paci¢c Ocean. Of particular importance
are decadal variations of the interhemispheric SST
gradient across the Equator in the Atlantic, which
is also called the tropical Atlantic SST dipole
(TAD) [19,20]. When the cross-equatorial SST
gradient is reduced, i.e., minimum TAD ampli-
tude, the tropical North Atlantic is cool relative
to the South Atlantic, resulting in increased sur-
face pressure over the North Atlantic and a
southward shift of the ITCZ. This leads to weak-
ening of the SE trades and intensi¢cation of the
NE trades, and hence to stronger moisture trans-
port and precipitation in tropical and subtropical
South America with mean periodicities of 10^14
years [19,20]. In addition, the amount and distri-
bution of rainfall are in£uenced by the El Nin¬o/
Southern Oscillation (ENSO) [16,17,21]. The
ENSO teleconnection results in a complex spatial

pattern of rainfall anomalies in South America
(Fig. 1). Instrumental records show decreased pre-
cipitation over northeastern Brazil, the Amazon
Basin, and the Altiplano/Puna plateau at about
3500 m elevation during the El Nin¬o phase of
the ENSO. Increased rainfall occurs in northwest-
ern (Ecuador, northern Peru) and southwestern
(Chile) South America, and in southeastern Brazil
(Fig. 1) [18,22,23]. La Nin¬a events cause similar
spatial rainfall anomalies but with opposite sign
and lower amplitude than El Nin¬o events [22,23].
In NW Argentina, information on the ENSO in-
£uence on local rainfall is limited. However, in-
strumental records of the last decades show a
weak, but spatially and temporally highly variable
tendency toward less rain during El Nin¬o years
[18].

3. Methods assessing climate character

3.1. Present-day climate

For the spatial and temporal analysis of the
present-day climate we used monthly precipitation
data from 380 weather stations in the study area
collected between 1884 and 1991 by the Instituto
Nacional de Tecnolog|̈a Agropecuaria (INTA) en-
compassing Andean foreland regions between the
towns of Tucuman, Salta, and Jujuy as well as
intra-Andean valleys [18] (Fig. 2A). Annual data
from these records were calculated by adding up
monthly values between July and June of the fol-
lowing year. In order to evaluate the impact of
ENSO and TAD on regional precipitation pat-
terns, we computed the ratio between annual pre-
cipitation for extreme ENSO or TAD years and
the long-term average for each station. Since the
majority of the intra-Andean stations only pro-
vide rainfall measurements for the 1960s, the
data for 1966 were taken as representative for
an El Nin¬o year, 1965 for typical La Nin¬a con-
ditions, and 1963 as a minimum strength TAD
year. Comparisons with other extreme years dur-
ing other decades corroborate the observed spatial
patterns in rainfall distributions. The irregularly
spaced data were interpolated onto an one-by-
one degree regular grid applying the Matlab0

Fig. 1. Present-day air£ow patterns during the summer rainy
season and principal areas of rainfall anomalies during El
Nin¬o years in South America. Modi¢ed from [22,23].
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routine tspline using Green's functions for splines
in tension [24]. Contour maps were computed us-
ing the Matlab0 routine contourf contained in the
Mapping Toolbox provided by The Mathworks,
Inc.

3.2. Paleoclimate

In order to assess the paleoclimatic history of
the region, lake sediments from various basins
were studied (Fig. 2B). Sedimentary sequences
were collected from the La Poma paleo-lake
dammed by a basaltic lava £ow at the northern
end of the Valles Calchaquies, from the landslide-
dammed paleo-lakes in the vicinity of Alemania,
in the Santa Maria Basin, and the Quebrada del
Toro and sampled for AMS 14C dates (Fig. 2B).
AMS radiocarbon dates are reported as RCYBP
(radiocarbon years before present, `present' = 1950
AD) and are calculated using the Libby 14C half-

life of 5568 years. The 14C ages were converted to
calendar ages as published in Radiocarbon, Vol.
40, No. 3, 1998, using the cubic spline ¢t mathe-
matics as published by Talma and Vogel [25]. An
age estimate for Lago Brealito and the landslides
in the Quebrada del Tonco was given by Her-
manns et al. [26]. The Villa Vil paleo-lake was
radiocarbon-dated by Fauque et al. [27].

In the Santa Maria Basin (26.0³S 65.8³W), a
lake sediment section near the location El Paso
in the Quebrada de Cafayate was analyzed using
continuous sections of well-preserved varved sedi-
ments, 10^250 cm thick. The remaining parts of
the section are either not varved or contain varves
which are disturbed. About 350 cm above the
base of the section, a continuous succession of
245 varves was analyzed for cyclicities in colora-
tion, which are interpreted as a proxy for river
discharge and thus precipitation changes in the
proximal parts of the catchment area [28]. An

Fig. 2. Topographic map of the study area showing (A) distribution of rainfall stations [18] and (B) location of landslides and
lake basins. (1) La Poma; (2) Lago Brealito; (3) Villa Vil ; (4) Quebrada de Cafayate; (5) Alemania; (6) Quebrada del Tonco;
(7) Golgota and (8) Arcas in the Quebrada del Toro.
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exceptionally well-preserved section of 70 varves
contained in the 245-varve interval was used for
more detailed statistical analysis of the observed
cyclicities. High-quality photographs from this
section were scanned and subjected to standar-
dized color and illumination corrections. Subse-
quently, one pixel wide representative red color
intensity transects across these varves were ex-
tracted from the image. The resolution of these
data series was of the order of 10 intensity values
per varve. Color intensity measurements were
made using routines contained in the Matlab0

Image-Processing Toolbox. Welch power spec-
trum estimates of the red color intensity transects
in the laminated sectors were calculated using the
Matlab0 routine sptool.

4. Results

4.1. Present-day climate

Using the complete data set provided by Bian-
chi and Yan¬ez [18], we mapped spatial and tem-
poral precipitation changes in NW Argentina and
tried to link precipitation anomalies with global-
scale changes in SSTs. The spatial distribution of
mean annual precipitation shows the expected
maxima along the eastern £ank of the NW Ar-
gentine Andes. Rainfall in this region is mainly
orographic and therefore restricted to the eastern
slopes of the ranges near the towns of Tucuman,
Salta, and Jujuy (Fig. 3); due to the high rainfall
on the windward slopes, a tropical^subtropical
forest vegetation extends in a narrow strip along
these ranges [16]. West of these high ranges, the
intra-Andean regions receive less than 20% of the
precipitation east of the mountains and are char-
acterized by sparse xerophytic vegetation.

The pattern of rainfall distribution does not
show signi¢cant spatial changes over the observed
time period of instrumental records. However, the
intensity of precipitation within a given area £uc-
tuates by more than a factor of two. Potential
sources for this variability are the ENSO and
TAD precipitation teleconnections. Rainfall dur-
ing an El Nin¬o event is anomalously low in the
intra-Andean part of the study area, whereas rain-

fall amounts are signi¢cantly higher in the An-
dean foreland (Fig. 4A). During El Nin¬o years,
most stations in the intramontane Santa Maria
Basin receive less than 50% rainfall as compared
to the mean annual value. Similar lower values
are observed in the Quebrada del Toro and the
area close to Alemania within the Eastern Cordil-
lera. Lago Brealito receives only 25% of the nor-
mal rainfall during El Nin¬o years. In contrast,
several regions east of the Andes receive more
than 125% of the normal value. Similar results,
but with an opposite sign, characterize La Nin¬a
events (Fig. 4b). Whereas mountainous regions
receive higher precipitation, the foreland experi-
ences reduced rainfall. However, the amplitude
of these spatial anomalies is smaller than the cor-
responding anomalies during an El Nin¬o event.
The major part of the study area shows only a

Fig. 3. Mean annual precipitation showing topography-con-
trolled maxima along the eastern slopes of the Andes in the
vicinity of Tucuman, Salta, and Jujuy. Due to the orographic
rainshadow e¡ects, the intra-Andean regions farther west re-
ceive less than 20% of the precipitation east of the moun-
tains. Rainfall data from [18].
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Fig. 4. Rainfall anomalies during (A) El Nin¬o years, (B) La Nin¬a years, and (C) minimum-TAD years expressed as percentage of
annual rainfall as compared to mean annual precipitation. Rainfall data from [18].
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weak La Nin¬a response, i.e., values are in the
order of the mean annual precipitation. Only the
northwestern mountain regions receive higher
amounts of rainfall during La Nin¬a events. The
TAD seems to consistently increase rainfall in
NW Argentina (Fig. 4C). Especially in the moun-
tain regions, rainfall is locally signi¢cantly higher
by a factor of two. A few areas east of the Andes
receive slightly lower rainfall. Compared to the
ENSO patterns, the TAD pattern seems to be
relatively little in£uenced by the barrier of the
easternmost Andean ranges.

Recent precipitation measurements from Salta
as a representative station for the study area cor-
roborate the observed controls on local rainfall
variations (Fig. 5). Annual rainfall measurements
in Salta consistently show low precipitation dur-
ing El Nin¬o years. However, the expected increase
in rainfall during La Nin¬a years is rather weak. In
contrast, minimum TAD years generally correlate
with increased rainfall amounts. The power spec-
trum estimate of monthly precipitation values in
Salta shows signi¢cant peaks at 14.3 years, sug-
gesting a signi¢cant TAD in£uence, and cyclicities
of 3.6 and 2.3 years within the ENSO frequency
band.

4.2. Paleoclimate

In the Santa Maria Basin (26.0³S 65.8³W),
partly laminated and bu¡-colored lake sediments
up to 40 m thick unconformably overlie multiple
landslide deposits. The landslide debris once
formed a complete drainage barrier resulting in
a lake that occupied the valley up to the 1700 m
contour and covered an area of about 630 km2

[28]. The damming event is dated at 28 990 þ 150
14C yr BP (Table 1). The internal structure of the
laminae and the cyclic recurrence of paired dia-
tomite and clastic layers suggest that these lami-
nations are varves [28] (Fig. 6). The power spec-
trum estimate of a red color intensity transect
over 70 varves reveals signi¢cant peaks at 13.1,
3.2, 2.2, and around 1.0 yr, whereas the full re-
cord of 245 varves shows peaks at 16.6, 5.5, 3.5,
2.3 and 1.0 yr. This suggests a strong in£uence of
both the ENSO and the TAD besides the seasonal
precipitation changes (Fig. 7). Comparable varved
sections in the higher parts of the pro¢le show
similar, but less regular cyclicities.

In the Quebrada del Toro (24.7³S 65.8³W), ero-
sional remains of lacustrine sediments are related
to two successive landslide-damming events [2,28].
AMS 14C dates on scarce freshwater snails
sampled from the upper portions of the deposits
of both paleo-lakes provide an age of 30 050 þ 190
14C yr BP for the lower lake at 1950 m, and
26 080 þ 130 14C yr BP for the upper lake at
2220 m, de¢ning a maximum age for the two
landslide events (Table 1). The lake sediments in

Fig. 5. Present-day rainfall variation in Salta. (A) 40-year re-
cord of normalized and detrended total annual (July to June
+x) precipitation showing in£uence of El Nin¬o and La Nin¬a
years and minimum-TAD phases on local rainfall. (B) Power
spectrum estimate of monthly precipitation data showing a
strong in£uence of the TAD, ENSO, and the seasonal cycle
on local rainfall. Station #2034 from data published by Bian-
chi and Yan¬ez [18].
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the Quebrada del Toro are not varved, nor were
diatom-bearing strata identi¢ed. At the northern
end of the Valles Calchaquies close to the village
of La Poma (24.7³S 66.2³W), an undated basaltic
lava £ow dammed the Rio Calchaqui, resulting in
a lake. Organic material sampled in the lowermost
layers of the lake basin in¢ll which overlies the
lava £ow has an age of 32 780 þ 280 14C yr BP
(Table 1). Tephrochronology, radiocarbon dating,

and geomorphological analyses suggest that the
older of two landslides near Villa Vil (27.0³S
66.8³W), and a large landslide in the Quebrada
del Tonco (25.7³S 66.0³W) may also have oc-
curred at that time [26].

Lacustrine sediments associated with a rockfall
at Alemania (25.7³S 65.7³W) previously studied
by Wayne [29] and Hermanns et al. [26] are of
Holocene age. The lower horizons (47 cm above
the base) of the approximately 15 m thick £uvio-
lacustrine basin in¢ll upstream from the natural
dam was dated at 4910 þ 40 14C yr BP (Table 1).
At 720 cm above the base, bivalve shells yield an
age of 5140 þ 40 14C yr BP and at 880 cm charcoal
is dated 4840 þ 40 14C yr BP, both sampled from
¢ne-grained lake sediments. At about 250 cm be-
low the top of the ¢ll, a sample from a continuous
layer of charcoal was dated at 4080 þ 40 14C yr
BP. The Alemania rockfall must therefore have
occurred at around 5000 14C yr BP assuming a
short time delay between the damming event and
subsequent basin in¢ll. It can thus be inferred that
this basin existed for 1400^800 calendar years.

The landslide-dammed lake at Brealito (25.3³S
66.4³W) is interpreted to be of Holocene age
based on the pristine morphology of the landslide
deposits, breakaway scarps, intact sliding surfa-
ces, and cosmogenic nuclide dating documenting
an age below the limit of the method (6 27 000 yr
BP) [26]. To this age group may also belong a

Table 1
Accelerator mass spectrometry 14C dates and 1c errorsa

Lab number Material Measured 14C age N13C N13C-adjusted age Calibrated age
(14C yr BP) (x) (14C yr BP) (cal yr BP)

Santa Maria Basin
Beta-116782 Bivalve shells 28 690 þ 150 36.7 28 990 þ 150 ^
Quebrada del Toro
Beta-105340 Snail shells 29 790 þ 190 39.0 30 050 þ 190 ^
Beta-105341 Snail shells 25 820 þ 130 39.1 26 080 þ 130 ^
La Poma
Beta-129763 Organic sediment 32 750 þ 280 323.0 32 780 þ 280 ^
Alemania
Beta-129764 Charcoal 4 910 þ 40 325.2 4 910 þ 40 5 655^5 600
Beta-129762 Bivalve shells 4 900 þ 40 310.0 5 140 þ 40 5 925^5 895
Beta-132273 Charcoal 4 820 þ 40 323.8 4 840 þ 40 5 605^5 585
Beta-129760 Charcoal 3 840 þ 40 310.7 4 080 þ 40 4 785^4 780 and 4 595^4 520
aMeasurements were made by Beta Analytic Inc., Miami, FL. Dates are reported as RCYBP (radiocarbon years before present,
`present' = 1950 AD). Conversion of 14C years into calendar years as published in Radiocarbon, Vol. 40, No. 3, 1998.

Fig. 6. Photograph of varved lake sediments from the Que-
brada de Cafayate in the Santa Maria Basin with cyclic oc-
currence of intense dark-red coloration re£ecting enhanced
precipitation and sediment input during ENSO- and TAD-
type periodicities (350 cm above the base of the El Paso sec-
tion).
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giant granitic rockfall deposit 14 km northwest of
Brealito, as well as rock avalanche deposits near
Villa Vil (27.0³S 66.8³W), which are older than
3630 14C yr BP based on tephrochronology [26].

5. Discussion and conclusion

Our chronology of large landslides in narrow
valleys and accompanying lacustrine phases in
NW Argentina suggests that these events were
concentrated in two time periods during late Qua-
ternary time (Fig. 8). The earlier cluster is dated
between 35 000 and 25 000 14C yr BP, while the
younger cluster is dated after 5000 14C yr BP,
assuming that the lacustrine depositional systems
were initiated immediately after the landslide
event. The late Pleistocene cluster includes a series
of landslides that occurred in the Quebrada del
Toro, as well as multiple landslides at the outlet
of the Santa Maria Basin. In addition, multiple
landslides near Villa Vil and the Quebrada del
Tonco, as well as a paleo-lake near La Poma,
may also have occurred during this time period.
In addition to these late Pleistocene landsliding
events and lacustrine sedimentation, a suite of
similar Holocene sedimentary systems at Brealito,
Alemania, and Villa Vil occur in the same region.

The timing of landslide activity, the paleocli-
matic information contained in the lacustrine sec-
tions behind the landslide barriers, and paleocli-

mate data from neighboring regions indicate that
climate change may have had an important in£u-
ence on conditioning already weakened bedrock
for failure along predisposed mountain fronts
(Fig. 8). In fact, the older landslide cluster corre-
sponds to the Minchin wet period between 40 000
and 25 000 14C yr BP reported for other places in
tropical and subtropical South America during
interstadial 3 [30^34]. In the Central Andes, lake
levels were generally high during this interval and
glacier extension was at its maximum. Although
the paleoclimatic database for this period is still
scarce for arid NW Argentina, we hypothesize
that e¡ective precipitation in this region must
also have been higher during that time. Support
for this inference comes from a lake balance mod-
el of a landslide-dammed lake that occurred at
about 28 990 þ 150 14C yr BP in the Santa Maria
Basin [35]. Under the present climatic conditions,
a hypothetical barrier in the Santa Maria Basin
similar to the landslide would create a lake level
that would stabilize well below the paleo-lake lev-
el, which can be reconstructed from the highest
Pleistocene lake sediment outcrops. An increase
in precipitation by 10^15% in the catchment
would cause a water body similar to the recon-
structed paleo-lake [35]. In addition, a regional
snowline study for modern and Pleistocene glaci-
ations in the southern arid Central Andes suggests
high amounts of e¡ective precipitation during the
formation of cirque and valley glaciers [36].

Fig. 7. Power spectrum estimate of a red color intensity transect across (A) 70 and (B) 245 varves. Dominant frequency bands
suggest a strong in£uence of the TAD, ENSO, and the seasonal cycle on local rainfall.
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The younger cluster of landslides and dammed
lakes may correspond to the Titicaca wet period
(after 3900 14C yr BP), unless the well-dated Ale-
mania landslide-dammed lake occurred slightly
before this interval also reported from other An-
dean regions and the Amazon basin [32,37^39].
These two temporal landslide clusters are sepa-
rated by a gap between around 25 000 and 5000
14C yr BP. It is interesting to note that although a
large number of landslides and lakes were studied
in NW Argentina, no landslides and accompany-
ing lake sedimentation seem to occur during the
Tauca wet period between 16 000 and 8000 14C yr
BP [40,41]. Assuming that this period also a¡ected
NW Argentina, the relation between prevailing
humid periods and increased landsliding activity
is ambiguous. Thus, an alternative cause for more
frequent mass movements in NW Argentina
should be considered (Fig. 8). Instead of longer-
lasting wet periods and resulting slope destabiliza-

tion, increased intra- and interannual £uctuations
in precipitation should be assessed as a possible
trigger mechanism for landslides and other mass
movements. Grosjean et al. [7], for example, re-
port more than 30 debris £ow events triggered by
heavy rainfall in the Atacama Desert (Northern
Chile) between 6200 and 3100 14C yr BP, i.e.,
during the generally arid mid-Holocene period.
These authors suggest that this record documents
extreme, short-lived precipitation climate events,
potentially linked to ENSO. In addition, Keefer
et al. [6] identify paleo-El Nin¬o events after 5300
14C yr BP as the most likely cause for multiple
landslide events in the Quebrada Tacahuay of
Peru.

Our analysis of modern climate data shows that
the main sources for interannual precipitation
variability in NW Argentina are the TAD and
the ENSO. The spatially concentrated multiple
landslide deposits in the study area coincide

Fig. 8. Correlation of landslide and lacustrine events in NW Argentina with tropical and subtropical South American wet epi-
sodes; data from [26] and this work. Black horizontal bars denote landslide events. Lacustrine phases are indicated by gray rec-
tangles. Radiocarbon age at Villa Vil from [27]; compilation of paleo-ENSO history based on [26,42]; chronology of humid peri-
ods in tropical and subtropical South America based on [30^34,37^41].
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with the boundary between two ENSO-related
rainfall anomalies with opposite sign whereas
the TAD in£uence does not show important spa-
tial variations. The di¡erence in the climatic over-
print by the ENSO in£uence may re£ect the ef-
fects of the NE trade winds in the northern and
northwestern mountain regions, and of the SE
trade winds in the southern and southeastern low-
lands separated by the ITCZ. This is suggested by
the predominant wind direction in the Salta and
Tucuman regions, respectively. The NE trades
and moisture transport tend to be reduced during
El Nin¬o years, whereas the SE trades result in
enhanced precipitation (Fig. 1). The boundary be-
tween these wind systems and rainfall anomalies
could react in a sensitive way to large-scale
changes in the climatic boundary conditions.

The history and causes for the recurrence and
intensity of ENSO are still not well understood.
Evidence for the long-term history of ENSO
comes from marine sediments o¡shore Peru. Ac-
cording to productivity and coastal upwelling re-
cords for the last 400 000 years on decadal and
centennial time scales, the ENSO system probably
operated during Pleistocene interglacial stages 1,
(late) 5 and 7 and the warm interstadial 3, where-
as it was largely reduced or absent during the
glacial maxima [42]. For the Holocene, the
ENSO history is more detailed. Various geoarche-
ological and paleoclimatic data point to a more
weakened, perhaps entirely absent ENSO between
12 000 and 5000 14C yr BP [43^47]. The greater
precipitation variability and overall greater mois-
ture at low latitudes during the last 5000^3000 14C
years suggest that ENSO events became far more
common during the late Holocene than previ-
ously. In contrast, paleoclimate studies on TAD
history are very limited. However, from the sedi-
ments of an Ecuadorian lake, Rodbell et al. [48]
report clastic sedimentation events spaced 10^20
years during the last 6500 14C yr BP, which may
document minimum-TAD events.

The rainfall variability in NW Argentina during
the time of enhanced landsliding and lake devel-
opment can be assessed with ultra-high resolution
analysis of the laminated deposits sampled in the
Santa Maria Basin [28]. The 10^20 year cycle re-
£ected in the lake sediments suggests a strong

in£uence of the TAD, which also accounts for a
cyclic intensi¢cation of the rainy season in this
region today. Whereas the present and past link
between local rainfall anomalies and the TAD
seems to be identical, we observe a signi¢cant
change in the relation between precipitation and
ENSO. Modern precipitation in this part of the
Andes seems to be in£uenced by ENSO with a
tendency toward less rain during El Nin¬o years.
La Nin¬a events result in slightly increased rainfall
in the northern parts of the study area. Contrary
to the present ENSO manifestations with only
slightly increased precipitation during La Nin¬a
events, the Pleistocene sedimentary record in the
Santa Maria Basin reveals strong e¡ects of higher
precipitation and river discharge with ENSO-type
periodicities. The discrepancy between present
and past ENSO signals may be explained by sig-
ni¢cant shifts and intensity changes of ENSO-re-
lated spatial rainfall anomalies. Therefore, in such
a setting, shifting rainfall anomalies could have
caused intensi¢ed summer rains during La Nin¬a
years. Alternatively, in an extreme case, the
ENSO in£uence could have been reversed, result-
ing in increased precipitation during El Nin¬o
years.

The more intense summer rains documented
here most likely enhanced the intensity of erosion
in the surrounding catchment areas. The de-
scribed rock avalanche deposits occur in narrow
valleys and are £anked by tectonically active
mountain fronts with high relief. Higher runo¡
in the course of climate change would have re-
sulted in enhanced scouring, undercutting, and
landsliding along the structurally pre-conditioned
mountain fronts and valley walls. Similar rela-
tions between increased climate-related scouring
and enhanced landsliding activity were demon-
strated along the Rio Grande in New Mexico
[5]. In addition to scouring, greater humidity
and more pronounced seasonality may have in-
creased pore water pressures and lowered critical
thresholds in rocks susceptible to failure. Under
such circumstances, small earthquakes with lower
levels of ground motion could have triggered
large rock avalanches in these environments [3].
Therefore, climate could have played an impor-
tant role in conditioning mountain fronts for fail-
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ure that ultimately collapsed due to seismic activ-
ity.

In conclusion, we suggest that despite the struc-
tural, seismic, and lithologic parameters that con-
trol spatial clustering of rock avalanches in NW
Argentina, a higher frequency of such events in
the past may have been caused by di¡erent cli-
matic setting. Although more paleoclimate data
are needed, we infer that climatic shifts toward
increased interannual variability can substantially
reduce thresholds for catastrophic mass move-
ments in the arid to semi-arid Central Andes
and other regions with comparable climatic and
topographic conditions. Future behavior of
ENSO is still subject to discussion; di¡erent mod-
eling results and paleoclimate data are contradic-
tory in terms of intensity and variability of ENSO
in scenarios with higher global temperatures [49].
In NW Argentina, however, increases in the in-
tensity and the spatial distribution of ENSO-re-
lated precipitation anomalies would dramatically
increase the risk of rock avalanching and other
types of mass movements.

Acknowledgements

This work is part of the Collaborative Research
Center 267 `Deformation Processes in the Andes'
supported by the German Research Foundation.
The success of this project was made possible
through the support of many Argentine friends
and colleagues, namely J.A. Sal¢ty and R. Gon-
zales. We thank Vera Markgraf and Kerry Kelts
for helpful comments on earlier versions of the
manuscript. We also thank B. Bookhagen, A.
Mueller, and A. Richter for fruitful discussions.
The AMS radiocarbon dates were performed by
Beta Analytic Inc., Miami, FL. We thank Ron
Hat¢eld at Beta for discussions on the AMS 14C
data.[EB]

References

[1] J.E. Costa, R.L. Schuster, The formation and failure of
natural dams, GSA Bull. 100 (1988) 1054^1968.

[2] M.R. Strecker, R. Marrett, Kinematic evolution of fault

ramps and its role in development of landslides and lakes
in the northwestern Argentine Andes, Geology 27 (1999)
307^310.

[3] R.L. Hermanns, M.R. Strecker, Structural and lithologi-
cal controls on large Quaternary rock avalanches (sturz-
stroms) in arid northwestern Argentina, GSA Bull. 111
(1999) 934^948.

[4] D.P. Dethier, S.L. Reneau, Lacustrine chronology links
late Pleistocene climate change and mass movement in
northern New Mexico, Geology 24 (1996) 539^542.

[5] S.L. Reneau, D.P. Dethier, Late Pleistocene landslide-
dammed lakes along the Rio Grande, White Rock Can-
yon, New Mexico, GSA Bull. 108 (1996) 1492^1507.

[6] D.K. Keefer, S.D. deFrance, M.E. Moseley, J.B. Richard-
son III, D.R. Satterlee, A. Day-Lewis, Early maritime
economy and El Nin¬o events at Quebrada Tacahuay,
Peru, Science 281 (1998) 1833^1835.

[7] M. Grosjean, L. Nün¬ez, I. Cartajena, B. Messerli, Mid-
Holocene climate and culture change in the Atacama Des-
ert, Northern Chile, Quat. Res. 48 (1997) 239^246.

[8] T.E. Jordan, B.L. Isacks, R.W. Allmendinger, J.A. Brew-
er, V.A. Ramos, C.J. Ando, Andean tectonics related to
geometry of subducted Nazca plate, GSA Bull. 94 (1983)
341^361.

[9] R. Mon, The structure of the eastern border of the Andes
in northwestern Argentina, Geol. Rundsch. 65 (1976)
211^222.

[10] M.E. Grier, J.A. Sal¢ty, R.W. Allmendinger, Andean re-
activation of the Cretaceous Salta rift, northwestern Ar-
gentina, J. South Am. Earth Sci. 4 (1991) 351^372.

[11] F.C. Reyes, J.A. Sal¢ty, Consideraciones sobre la estrati-
graf|̈a del Cretacico (Subgrupo Pirgua) del noroeste Ar-
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