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1  |  INTRODUC TION

Along the Central Western Andes of southern Peru and northern 
Chile, hundreds of giant paleo- landslides involving volumes up to sev-
eral cubic kilometres of rocks debris were recently inventoried and 
geomorphologically characterized (Figure 1; Delgado et al., 2022). 
The conditions of trigger of these slope failures, that could be re-
lated to past climate changes (e.g. Margirier et al., 2015) and/or 
strong seismo- tectonic forcings (e.g. Crosta et al., 2017), remain an 
uncertain and opened debate within the scientific community (e.g. 
Delgado et al., 2020, 2022; Moreiras & Sepúlveda, 2015). Indeed, 
the presence of such deep and giant slope instabilities, implying 
strong landscape perturbations, is paradoxical given that hyperarid 
conditions prevails in this region— the so- called Atacama Desert— 
since at least 10– 12 Ma (e.g. Dunai et al., 2005; Rech et al., 2019). On 

the other hand, those extremely dry condition, preserving the land-
scapes from erosion, offers an interesting opportunity to study the 
evolution of landslides on long time- scales (i.e. Quaternary) that are 
generally not available in temperate regions where the geological re-
cords of landslides in high mountains are usually erased by stronger 
fluvial and glacial erosion, and where landslide studies are mainly 
restricted to the Holocene (e.g. Pánek & Klimeš, 2016). However, 
the great majority of the large landslides identified along the Central 
Western Andes remains undated (Delgado et al., 2022), thus ham-
pering our ability to evaluate their frequency of occurrence and to 
decipher their possible relations with seismic or climatic destabiliz-
ing factors.

In order to contribute to current works to solve those questions, 
we provide a geomorphological and geochronological analysis of the 
Limaxina large landslide located at ca. 19.77° S– 69.18° W along the 
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Abstract
The western flank of the Central Andes offers a unique geomorphological record of 
large paleolandslides that are well preserved on long time- scales (i.e. ≥Pleistocene) 
due to the long- lasting aridity of this region. However, the lack of chronological con-
straints on those landslides limits our understanding of the respective role of tecton-
ics and climate on their triggering. Here, we report new 10Be surface exposure dating 
obtained on one of those giant slope- failures: the Limaxina landslide (northern Chile, 
19°S). Five tightly grouped exposure- ages (one outlier discarded) point to a single 
landslide failure at 80 ± 4 ka. This timing being consistent with others local records 
of a wet episode in the Atacama Desert, it suggests a primary role of climate- forcing 
on landslide activity in this region, calling to further slope failures dating in the arid 
Central western Andes to explore landscapes responses to Quaternary climate oscil-
lations and extreme events.
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2  |    ZERATHE et al.

Western Cordillera of northern Chile. We applied in- situ produced 
10Be exposure dating on boulders of the landslide debris. The com-
parison of the Limaxina landslide age with regional paleo- climate 
records indicates a dominant climatic triggering during a major Late 
Pleistocene wet event.

2  |  SET TINGS: TEC TONIC ,  CLIMATE AND 
GIANT L ANDSLIDES OF THE CENTR AL 
WESTERN ANDES

The study area locates along the western flank of the Central Andes 
of northern Chile at ca. 19– 20°S (Figure 1a). The region is divided 
into four main morphotectonic provinces: the Coastal Cordillera, 
the Longitudinal Basin, the Western Cordillera and the Altiplano 
(Figure 1b). The Andean orogen results from more than 50 Ma of 
plates convergence, involving the subduction of the Nazca plate 
below the South American plate, producing long- term crustal thick-
ening and volcanism, as well as strongly coupled tectonic and climate 
processes acting on the relief evolution (see the extensive review of 
Armijo et al., 2015). The entire region is tectonically active: mega- 
earthquakes of Mw >8 frequently occur (ca. every 200 years; e.g. 
Chlieh et al., 2011) along the subduction (e.g. Metois et al., 2016); 
uplift is ongoing in the Coastal and the Western Cordillera as docu-
mented by raised marine terraces (e.g. Binnie et al., 2016) and in-
cised/abandoned paleo fluvial surfaces (e.g. Evenstar et al., 2017, 
2020), respectively; numerous neotectonics crustal faults (Figure 1b) 
capable of Mw6- 7 earthquakes dissect the Coastal Cordillera (e.g. 
Cortés- Aranda et al., 2021; Maldonado et al., 2021); west- verging, 
buried, main thrusts located at the front of the Western Cordillera 
(Figure 1c,e,g; Armijo et al., 2015; Martínez et al., 2021) can have 
also a strong seismic potential (e.g. Herrera et al., 2021).

A specificity of the Central Western Andes is its hyperarid climate 
prevailing since at least the Miocene (Rech et al., 2019) and making 
the Atacama Desert one of the driest and oldest desert on Earth 
(Hartley et al., 2005) which enable exceptionally long landscape 
preservation due to slow, long- term erosion (Dunai et al., 2005). 
These dry conditions have been related to several factors, including 
the mid- latitude of this region under the influence of the subtrop-
ical high- pressure belt, the cold upwelling water of the Humboldt 
Current, cooling air and retaining moisture at the surface, and the 
rain shadow effect of the Andean relief blocking any moisture trans-
fer from the Amazonian humidity (Houston & Hartley, 2003). On 
the other hand, short (hours to few days) intense storms with strong 
run- off (e.g. Bozkurt et al., 2016) can occur in response to El Niño- La 
Niña oscillations (ENSO). Geomorphological evidences and paleocli-
matic proxies have also reported the occurrence of possibly more 
persistent humid conditions during previous Pleistocene interglacial 
periods as marked by paleolake shorelines (Ritter et al., 2018), allu-
vial fans and sediment aggradation (e.g. Ritter et al., 2019), paleo- 
wetlands formation (e.g. Roperch et al., 2017).

In this context, another particularity of the region is that giant 
paleo landslides are ubiquitous (Figure 1). Delgado et al. (2022) 

indicate that their formation was favoured by coupled conditioning 
factors including lithology and strong local relief generated by the 
incision of deep canyons through the Western Cordillera. In par-
ticular, spatial clustering was highlighted by the presence of doz-
ens of large landslides concentrated within few kilometres such as 
all- around the Limaxina landslide (Figures 1c and 2a). However, the 
timing of most of these landslides being largely unknown, discussion 
about the respective roles of climate or tectonic on their triggering 
remain speculative up to now and required additional data.

3  |  GEOMORPHOLOGY OF THE LIMA XINA 
L ARGE L ANDSLIDE

The Limaxina landslide locates in the upper part of the Quebrada 
Tarapaca (Figure 2a), where it eroded a paleo fluvial surface aban-
doned since the Late Miocene (Evenstar et al., 2017). The slope fail-
ure affected a Neogene volcanic series composed of andesite and 
ignimbrites interbedded with rhyolites that are overlying a thick 
Cretaceous sedimentary sequence of shales, sandstones and con-
glomerates (Figure 2a). This mechanical context, with hard rock 
overlying soft rock, may have been an important predisposing factor 
for the Limaxina landslide and the numerous other slope instabili-
ties in this area (Figure 2a). The Limaxina landslide covers an area of 
ca. 16 km2 and its failure left impressive geomorphological glimpses 
on the landscape (Figure 2). A headscarp of ~5 km long, 200– 
400 m high, bounds the paleo- landslide to the north (Figure 2b,c). 
Morphologies such as transversal and longitudinal ridges are ob-
served at the landslide surface suggesting compressive and shear 

Statement of significance

The arid area of Central Andes holds, at the Earth scale, 
one of the highest concentrations of large preserved paleo- 
landslides. Their presence has been related to the strong 
relief produced along the tectonically growing Andes and 
their uncommonly high spatial density is likely due to the 
long- term preservation of landscapes in the extremely dry 
conditions of the Atacama Desert. However, unsolved 
ambiguity remains about the respective roles of climate 
or earthquake on their triggering. Here we document a 
temporal correlation between a large landslide dated at 
80 ± 4 ka along the Western Cordillera of northern Chile 
and a humid climate period identified in a recently pub-
lished paleoenvironmental records from the near Atacama 
core. Adding a compilation of previously dated landslides 
also shows synchronous triggering with other regional Late 
Pleistocene humid phases. This study suggests that past 
climate changes, owing to more humid conditions, were 
the primary factors controlling giant landslide occurrence 
along the arid western flank of the Central Andes.
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    |  3ZERATHE et al.

deformation, respectively (Figure 3a). On the other hand, the land-
slide surface morphology appears rather as a unique slided mass, 
over which we did not observe any major contact, nor evidence of 
superimposed debris deposits, favouring the interpretation of the 
occurrence of a single failure event. No sign of present- day activ-
ity of the landslide mass was observed during our fieldtrip. At some 
places, incisions of gullies through the landslide body highlight de-
bris thickness >30 m (Figure 3b). At surface, we noted boulder's ac-
cumulation of pluri- metric size (Figure 3). At the landslide toe, we 
observed the contact between the slided mass and the underlying 
substratum (Figure 3b,c). This contact is marked by a sharp and thin 
(only few centimetres thick) shearing surface that is accompanied 
by plastic deformations of the underlying shales (Figure 3d). This 
suggests a significant water content in the landslide debris and in 
the sedimentary substratum. Upstream to the landslide body, the 
valley of Tarapaca is filled by lacustrine deposits which indicates 
that the landslide temporarily dammed the valley (Figure 3e). A 

paleo- shoreline stands at 1750 m a.s.l. (Figure 3e). Compiling these 
observations, we evaluated a landslide deposit thickness varying be-
tween 30 and 100 m (Figure 2c) and a mean volume of debris of ca. 
1 km3.

4  |  10Be COSMOGENIC NUCLIDE DATING

Six boulders located in the middle of the Limaxina landslide body 
(Figure 2b) were sampled for 10Be surface exposure dating. We 
selected some the largest boulders (height >1 m), avoiding any 
significant trace of erosion, nor desquamation (Figure 4). The 
rhyolite lithology allowed the use of the classic 10Be- quartz pair. 
Sample preparation and 10Be chemical extraction were performed 
at the GTC Platform laboratory, ISTerre (Grenoble, France), fol-
lowing the routinely used 10Be extraction protocol of Corbett 
et al. (2016) (also see protocol details in Delgado et al., 2020). 

F I G U R E  1  (a) Study area location along the Central Western Andes. The numbered items correspond to previous studies cited here after. 
1: Marine record ODP 1239 (Rincón- Martínez et al., 2010); 2: Marine record TG7 (Calvo et al., 2001); 3: Chuquibamba landslide (Margirier 
et al., 2015); 4: Paleoclimate record of the Atacama Desert (Ritter et al. (2019); 5: Paleoclimate record of Altiplano lakes and Salars (Placzek 
et al., 2006, 2013). (b) ASTER DEM of the Central Western Andes of southern Peru and northern Chile showing the seismo- tectonic 
context and the distribution of the large paleo- landslides as inventoried by Delgado et al. (2022). Recent and historic mega- earthquakes 
of subduction are reported from Villegas- Lanza et al. (2016) and Metois et al. (2016), and crustal faults are from Armijo et al. (2015) and 
Maldonado et al. (2021). Some of the largest landslides are pointed: Aricota (Delgado et al., 2020); Caquilluco (Crosta et al., 2014); Lluta 
(Strasser & Schlunegger, 2005); Latagualla (Pinto et al., 2008), El Magnifico (Crosta et al., 2017) and Limaxina (this study). (c) Close- up on the 
Western cordillera at 19– 20° S where the Limaxina landslide locates 
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    |  5ZERATHE et al.

The 10Be/9Be measurements were performed at the French na-
tional accelerator ASTER, located at CEREGE in Aix- en- Provence 
(Arnold et al., 2013). The 10Be/9Be ratios were calibrated against 
the internal standard STD- 11, using an assigned 10Be/9Be ratio of 
(1.191 ± 0.013) × 10−11 (Braucher et al., 2015). Uncertainties in the 
10Be concentrations (reported as 1σ) are calculated according to 
the standard error propagation method using the quadratic sum 
of the relative errors and include a conservative 0.5% external un-
certainty in the machine (Arnold et al., 2010), a 1.09% uncertainty 
in the certified standard ratio, a 1σ uncertainty associated with 
the mean of the standard ratio measurements over measurement 
cycles, a 1σ statistical error in the counted events, and the uncer-
tainty associated with the chemical and analytical correction of 

the blank. Exposure ages were computed using the CREP online 
calculator (Martin et al., 2017), applying the World- wide mean, and 
time- dependent, 10Be spallation production rate of 4.06 ± 0.23 
at.gr−1.year−1 (Borchers et al., 2016) scaled to the geographic and 
altitudinal location of each boulder and parametrized using the 
LSD scaling scheme (Lifton et al., 2014), the Lifton VDM 2016 geo-
magnetic database, and the ERA40 atmosphere model (see refer-
ences in Martin et al., 2017). A mean denudation rate of 0.2 mm.
ka−1 was applied, as constrained by Placzek et al. (2010) at ~24° S 
for boulders of the Atacama desert. Using a zero- denudation leads 
to a difference <2% in the final result. Raw data formatted for the 
CREp template are provided in Material S3 to allow for recalcula-
tion using alternative parametrization.

F I G U R E  2  (a) Geological map around the Limaxina landslide (simplified from Morandé et al., 2015). The paleo fluvial surface (Late 
Miocene age) is reported from Evenstar et al. (2017). (b) Geomorphological map (Google earth view) of the Limaxina landslide showing 
the main gravitational features and the location of boulders sampled for 10Be dating. The red arrows show the movement direction. (c) 
Interpreted cross- section of the landslide (see location on b) 

F I G U R E  3  Panoramic and close- up 
views of the main gravitational features 
associated to the Limaxina landslide (see 
location of each photo on Figure 2a). (a) 
Panoramic view toward the west from 
the middle of the landslide body showing 
how landslide debris overlapped the 
substratum characterized by intercalating 
shales and sandstone. The red arrows 
show the movement direction. (b) Fluvial 
re- incision through the landslide body 
showing a 30 m thick accumulation of 
debris and crushed material. (c) and (d) 
shearing contact (red arrows) between the 
substratum and the landslide body. Striaes 
confirming the displacement direction 
toward downstream are observed along 
the contact. (d) Zoom on substratum, 
below the failure surface, affected by 
plastic deformations (pointed by the 
black arrows) suggesting the presence of 
water in the medium. (e) Panoramic view 
looking downward from the lacustrine 
deposit. A paleo- lake shoreline stands at 
~1750 m a.s.l. 
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6  |    ZERATHE et al.

We obtained five exposure ages that are ranged from 73.8 ± 5.2 
to 86.0 ± 5.3 ka (LS1, LS2, LS4, LS5 and LS6) and one exposure age 
of 272.0 ± 16.1 ka (LS3) (Table 1). A graphical analysis of the age dis-
tribution through a probability density plot, as well as a chi- squared 
test (Figure 5), both show that the five ages ranged between from 
~74 to ~86 ka are tightly grouped, overlaping within their uncertain-
ties and pointing to weighted- mean age of 80 ± 4 (Figure 5). As the 
sample LS3 is significantly older (Figure 5), it may be considered as 
an outlier. It might be related to an older previous slope failure on 
the Limaxina site, or, more likely, to an inherited component of 10Be. 
In such arid setting, the production and accumulation of cosmogenic 
nuclide can be significant even at great depth (i.e. up to ~20 m depth; 
e.g. Braucher et al., 2013; Delgado et al., 2020; Hilger et al., 2019) 
because surface denudation rates are very low. In summary, we 

retain a weighted- mean age of 80 ± 4 ka (1σ weighted standard de-
viation) for the Limaxina landslide failure, pointing to a single and 
major slope failure event, which is consistent with the geomorpho-
logical observations.

5  |  DISCUSSION: TRIGGERING 
CONDITIONS OF THE LIMA XINA 
L ANDSLIDE

Due to the long- term convergence between the Nazca and South 
American plates, the Central Andes is a geodynamically particularly 
active region. In this context, a seismo- tectonic forcing has been often 
a preferred interpretation to explain the triggering of paleolandslides 

F I G U R E  4  Pictures of the sampled 
boulders. See location on Figure 2a and 
related data in Table 1 

 13653121, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ter.12641 by C

ochrane France, W
iley O

nline L
ibrary on [13/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  7ZERATHE et al.

(e.g. Crosta et al., 2014, 2015; Mather et al., 2014; McPhillips 
et al., 2014; Pinto et al., 2008; Strasser & Schlunegger, 2005). On 
the eastern Precordillera, Junquera- Torrado et al. (2021) tried to 
link paleo- landslides to their potential seismic source along crustal 
faults. Similarly, a seismic triggering can be a possible option for the 
Limaxina landslide because it stands just along a major blind thrust 
fault bounding the Western Cordillera (Figure 1c; Armijo et al., 2015). 
However, the paleo- seismicity of this fault system is largely unknown 
and such link would remain thus speculative. Along the coastal cor-
dillera of northern Chile, Crosta et al. (2017) proposed a seismic ori-
gin, linked to the mega- earthquakes of subduction, for the triggering 
of the El Magnifico rock- avalanche paleo cluster. However, after the 
recent mega- earthquake of Iquique (Mw8.2, 2014) only small rock- 
falls were observed. This strong earthquake did not trigger, nor re- 
activated, any large slope failure (Candia et al., 2017). Post- seismic 
observations after each of the recent and historical strong subduc-
tion earthquakes that affected southern Peru and northern Chile 
point out the absence of large landslide triggering (>10 km2; e.g. 
Keefer & Moseley, 2004; Lacroix et al., 2013). These observations 
do not support the idea that the subduction seismicity would play, in 
the presently hyperarid conditions of the Central Western Andes, a 
primary role in large landslides triggering (see detailed discussion in 
Delgado et al., 2022).

On the other hand, the timing of the Limaxina landslide (80 ± 4 ka; 
Figure 5) shows some interesting correlations with terrestrial and 
marine paleoclimate records documented in the nearby Central 
Andes (Figure 6). The analysis of a sediment core from a clay pan of 
the Central Atacama Desert (200 km south of Limaxina), indicates TA
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F I G U R E  5  Probability density plot of exposure ages 
obtained from boulders of the Limaxina landslide (plot built 
using the DensityPlotter software from P. Vermeesch, London 
geochronology Centre). Thin black curves are individual gaussian 
of the exposure ages while the thick blue curve is the summed 
probability density function of the population. Dashed curve 
corresponds to the exposure age of sample LS3 that is considered 
as an outlier (see text for explanation) 
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that some wetter episodes have briefly interrupted the long- term 
hyperarid climate of the Pleistocene (Ritter et al., 2019). In particular, 
Ritter et al. (2019) document at ca. 80 ka a main peak of magnetic 
susceptibility (Figure 6c), indicating a transition from fine- grained 
sedimentation toward coarser grain- sizes supply. Ritter et al. (2019) 
related this to a significant climate change, leading to increased pre-
cipitations and fluvial activity. Ritter et al. (2019) further reported 
a synchronicity between these wetter events and the surface tem-
perature of the Eastern Pacific (Figure 6e), thus resembling modern 
El Niño- like conditions, during which strong storms occur nowadays 
along the Western Andes (e.g. Bozkurt et al., 2016). Finally, the com-
parison with the altiplano precipitation reconstruction from Placzek 
et al. (2013), and its related paleolake phases, indicates also possible 
synchronicity with the Limaxina landslide age, correlating with the 
last lake high- stand of the Copaisa phase (Figure 6d). However, asyn-
chronous climate phases between the Altiplano and the Western 
Andes are also subjected to discussions (e.g. Placzek et al., 2013; 
Ritter et al., 2019) and the uncertainties attached to our dating does 
not allow to differentiate between both (Figure 6). Such a persistent 
wet phase might have favoured high water level in the Limaxina 
slope, increasing the water content of the basal shales level and re-
ducing its shear strength. Likely, it may also have increased the river 
discharges (here the Tarapaca Quebrada), favouring bedrock and 

slope toe carving which can caused the initiation of the deformation 
process until the slope failure occurred (excess of topography sensu 
Blöthe et al., 2015).

Recalculating the 36Cl exposure ages of the El Magnifico rock- 
avalanche cluster, using up- to- date production rate and param-
etrization of the CREp calculator describe here above (see also 
Data S1 and S2), indicates a mean age of the multiple slope fail-
ures at 76 ± 10 ka which is also compatible with the previously 
mentioned climatic event, although the large uncertainty require 
caution (Figure 6b). Finally, compiling the ages of the others pa-
leolandslides that have been dated along the Western Andes 
(Figure 6b), a similar scheme is revealed where paleolandslide 
chronics seem to correspond to wet periods. As such, even if the 
co- effect of seismicity on landslide triggering is probable during 
the time of a wet event, our findings would rather suggest a pri-
mary control of climate forcing upon seismicity. In other words, 
we propose that the seismicity of the Western Andes, although 
being very intense and permanent, is unlikely to trigger large 
landslide in the absence of a coeval climate forcing. This scenario 
would need to be further explored by dating more landslide cases. 
Nevertheless, if confirmed, it would suggest that the Central 
Western Andes could be considered as an end member case study, 
where it might be possible to deconvolute the effect of tectonic 

F I G U R E  6  Correlation between 
landslides chronics, terrestrial and 
marine paleoenvironmental records 
during the late Pleistocene (see location 
of references on Figure 1a,b, modified 
and adapted from Ritter et al., 2019). (a) 
Timing the Limaxina landslide (in blue, this 
study). (b) Previously dated landslides (in 
grey) including the Aricota landslide (17° S) 
from Delgado et al. (2020), El Magnifico 
landslide (19° S) recalculated from Crosta 
et al. (2017), the Chuquibamba landslide 
(15° S) from Margirier et al. (2015). (c) 
Paleoclimate record of the hyperarid 
core of the Atacama Desert (21° S) 
from Ritter et al. (2019). (d) Altiplano 
paleo- precipitations (19° S) from 
Placzek et al. (2013) and related paleo- 
lake phases from Placzek et al. (2006). 
(e) Sea surface temperature (SST) 
reconstruction from East Pacific at 17°S 
TG7 (Calvo et al., 2001), and equatorial 
Pacific ODP 1239 (Rincón- Martínez et 
al., 2010) 
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and climate on landslide triggering as the region is extremely dry 
most of the time. At the same time, dating the landslide activities 
in this region would be a valuable proxy of past climate oscillations 
and extreme precipitations.

6  |  CONCLUSION

The Limaxina paleolandslide is a large slope failure (v ~ 1 km3) 
that developed at ca. 19° S and ~ 3 000 m a.s.l. along the hyperarid 
Western Cordillera of northern Chile. Using 10Be surface exposure 
dating, we constrained its age at 80 ± 4 ka. This timing is compatible 
with wet events recorded both in the Central Atacama Desert and 
the Altiplano lakes. The compilation of other paleo- landslide ages 
shows similar correspondences with the occurrence of wet periods 
in the Atacama Desert during the Late Pleistocene. Our results fa-
vour the view that past climate changes, rather seismicity, where the 
dominant forcing factor of large landslides in this hyperarid region. 
It calls for further dating efforts in this region hosting one the most 
exceptional worldwide relics of Quaternary landslides.
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