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ABSTRACT

Lake sediments contain valuable informa-
tion about past volcanic and seismic events 
that have affected the lake catchment, and 
they provide unique records of the recur-
rence interval and magnitude of such events. 
This study uses a multilake and multiproxy 
analytical approach to obtain reliable and 
high-resolution records of past natural catas-
trophes from ~600-yr-old annually laminated 
(varved) lake sediment sequences extracted 
from two lakes, Villarrica and Calafquén, 
in the volcanically and seismically active 
Chilean  Lake District. Using a combination of 
micro–X-ray fl uorescence (µXRF) scanning, 
microfacies analysis, grain-size analysis, color 
analysis, and magnetic-susceptibility mea-
surements, we detect and characterize four 
different types of event deposits (lacustrine 
turbidites, tephra-fall layers , runoff crypto-
tephras, and lahar deposits) and produce a re-
vised eruption record for Villarrica Volcano, 
which is unprecedented in its continuity and 
temporal resolution. Glass geochemistry and 
mineralogy also reveal deposits of eruptions 
from the more remote Carrán–Los Venados 
volcanic complex, Quetrupillán Volcano, and 
the Huanquihue Group in the studied lake 

sediments. Time-series analysis shows 112 
eruptions with a volcanic explosivity index 
(VEI) ≥2 from Villarrica Volcano in the last 
~600 yr, of which at least 22 also produced 
lahars. This signifi cantly expands our knowl-
edge of the eruptive frequency of the volcano 
in this time window, compared to the previ-
ously known eruptive history from historical 
records. The last VEI ≥2 eruption of Villar-
rica Volcano occurred in 1991. Based on the 
last ~500 yr, for which we have a complete 
record from both lakes, we estimate the prob-
ability of the occurrence of future eruptions 
from Villarrica Volcano and statistically dem-
onstrate that the probability of a 22 yr repose 
period (anno 2013) without VEI ≥2 erup-
tions is ≤1.7%. This new perspective on the 
recurrence interval of eruptions and histori-
cal lahar  activity will help improve volcanic 
hazard assessments for this rapidly expand-
ing tourist region, and it highlights how lake 
records can be used to signifi cantly improve 
historical eruption records in areas that were 
previously uninhabited.

INTRODUCTION

The unforeseen eruption of Chaitén Volcano 
in 2008 (Carn et al., 2009; Lara, 2009; Watt 
et al., 2009) and the unanticipated magnitude 
of the 2010 Maule earthquake (Mw 8.8) (Ruegg 

et al., 2009) illustrate how little is still known 
about the recurrence intervals, modes, and 
magnitudes of such catastrophic natural events 
in Chile. To assess these parameters, reliable 
records of past catastrophes (e.g., earthquakes, 
volcanic eruptions, and fl oods) are of vital 
importance. Unfortunately, historical accounts 
of such events are limited in time and are often 
incomplete and unreliable, especially in remote 
regions. To make robust probability estimates 
of repose times and improve hazard assess-
ments, new and better-resolved time series of 
past earthquakes and eruption events and their 
impacts are needed.

An eruption record can be established by 
tephrostratigraphic studies in the area near the 
volcano. However, classic tephrostratigraphic 
studies, such as the ones presented for southern 
Patagonia by Stern (2008) or for the Hualaihue 
region by Watt et al. (2011), are, as a result of 
terrestrial preservation constraints, typically 
limited to relatively large-scale eruptions with 
regionally widespread tephra-fall deposits, 
ignimbrites, and/or voluminous lava flows. 
Establishing a well-dated record of relatively 
small-scale but locally signifi cant eruption 
events, which produce less substantial tephra 
deposits, remains a major challenge and is often 
biased toward the available historical record 
(e.g., Dzierma and Wehrmann, 2010). Between 
events, erosion and soil formation can alter 
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terrestrial  deposits, while lahars often reuse the 
same pathways during subsequent events, erod-
ing older deposits (Naranjo and Moreno, 2004). 
Therefore, a new type of data set is required, 
one that can improve both the temporal and spa-
tial resolution of the eruption record as well as 
incorporate smaller eruption events.

In comparison to subaerial environments, 
sediment deposition in lakes is relatively con-
stant and often continuous. In Lake Puyehue, 
located in the Chilean Lake District, hemi-
pelagic sediments (henceforth referred to as 
background sedimentation) are annually lami-
nated (varved) between volcanic events (Boës 
and Fagel, 2008), providing robust age control. 
Lake sediments also integrate the response of 
processes affecting (parts of) the catchment. 
For example, volcanic ash layers and lahar (i.e., 
mudfl ow composed of volcaniclastic material) 
deposits (henceforth referred to as event depos-
its) are often deposited in the catchment, but 
not always directly into the lake. These event 
deposits are usually washed into the lake during 
subsequent rainfall events; hence, the lake sedi-
ments have the potential to contain a record of 
all eruptions that affected the lake’s catchment. 
Records from several lakes in which the com-
bined catchments are infl uenced by the entire 
volcano potentially provide a complete eruption 
record for that particular volcano.

Event deposits recorded in lacustrine sedi-
ments can sometimes be subtle features, repre-
sented by only very fi ne laminae (100–200 µm 
thick), and traditional sedimentological tech-
niques are therefore often inadequate for their 
identifi cation and analysis. In contrast, µXRF 
scanning and geochemical mapping (Kylander 
et al., 2011, and references therein) have proven 
to be very useful in detecting and character-
izing very thin event deposits in impregnated 
sediment slabs of annually laminated sedi-
ments, thereby providing a powerful technique, 
especially when cross-validated by independent 
methodologies (Katsuta et al., 2007).

In this study, we applied µXRF scanning in 
combination with magnetic susceptibility (MS) 
and color, grain-size, and microfacies analysis 
to varve-counted sediment cores extracted from 
two lakes in the Chilean Lake District of south-
central Chile. We also used electron microprobe 
major-element data on selected tephra-fall layers 
to support interlake correlations. Our aims were 
to: (1) detect, characterize, and classify event 
deposits; (2) determine event deposit formation 
processes; (3) establish a new, high-resolution 
eruptive history for Villarrica Volcano; and 
(4) use statistical analysis to establish a new erup-
tion time series for Villarrica Volcano and provide 
estimates of the probability of future eruptions. 
From this point forward, all dates are AD.

REGIONAL SETTING

Site Description

Lake Villarrica (214 m above sea level [asl], 
21 × 9 km) and Lake Calafquén (204 m asl, 24 × 
2–6 km) are two large glacigenic lakes situated 
at the foot of the Chilean Andes between 39°S 
and 40°S (Fig. 1). Both lakes lie in glacially 
overdeepened valleys dammed at their western 
border by large frontal moraines of late Pleis-
tocene age. The present-day climate in this part 
of Chile is humid-temperate, and vegetation 
consists of predominantly evergreen deciduous 
(rain) forest. The tree line is located at 1500–
1700 m, but it can be lower on the (active) vol-
canoes, the upper slopes of which are mainly 
covered by lava fl ows. Valleys and other lower 
areas (especially toward the west) are used for 
agriculture and are predominantly covered by 
grassland (Fig. 1). The soils in the study area 
are Andosols that developed in volcanic ash. 
Amorphous clays (allophanes) are the prod-
uct of postdepositional weathering of this ash, 
which mainly consists of glass and plagioclase 
crystals (Bertrand and Fagel, 2008). Precipita-
tion mainly occurs during austral winter, driven 
by the southern Westerlies (Heusser, 2003) 
(in the town of “Villarrica”: ~1600 mm from 
April through September; Dirección General 
de Aguas, Chile, 2011, personal communica-
tion; see Fig. DR11), and is slightly reduced in 
El Niño years (Fig. DR1 [see footnote 1]). The 
perennially high amount of winter precipitation 
and overall dense vegetation cover suggest that 
the availability of easily erodible material in the 
sediment catchment (i.e., the part of the drain-
age basin that drains directly to the lake, with-
out other lakes functioning as sediment traps in 
between) is the controlling factor in sediment 
transport to the lakes.

Lake Villarrica has a large sediment catch-
ment (2650 km2) consisting of the northern 
slopes of Villarrica, Quetrupillán, and Lanín 
Volcanoes and the southern slopes of Sollipulli 
Volcano (Fig. 1). The Trancura River is its main 
tributary. Lake Villarrica is a warm monomic-
tic lake, in which the thermocline has a depth 
of a few meters in spring, developing to ~20 m 
in summer and ~70 m in autumn due to partial 

mixing, followed by complete mixing in winter 
(Campos et al., 1983).

Lake Calafquén has a smaller sediment catch-
ment (554 km2) covering the southern slopes of 
Villarrica Volcano and the southwestern slopes 
of Quetrupillán Volcano (Fig. 1). The Llanca-
hue River is its main tributary. The thermal 
regime of Lake Calafquén appears to be simi-
lar to that of Lake Villarrica, at least in summer 
(Geller, 1992).

Geology and Eruptive History

Villarrica Volcano (39°25′12″S, 71°56′23″W, 
2847 m asl; Fig. 1) is a composite Pleistocene–
Holocene stratovolcano composed of a late 
Pleistocene caldera with an internal late Holo-
cene cone. Its products are of basaltic to ande-
sitic composition (e.g., Lara, 2004). There has 
been frequent recorded volcanic activity since 
the arrival of the Spanish colonists in 1551, and 
it is one of the most active volcanoes in South 
America. Its fi rst reported eruption, in 1558, 
destroyed the town of “Villarrica,” which was 
located at the present location of Pucón (Fig. 1). 
The town was rebuilt at its present location, but it 
was abandoned from 1602 to 1882, due to a war 
between the Spanish colonists and the Mapuche , 
the native inhabitants of southern Chile. As a 
result, there is a lack of historical reports for 
this period. From 1750 to 1882, the area was 
gradually repopulated by Spanish colonists, and 
reports of volcanic eruptions became more com-
mon and reliable (Petit-Breuilh, 2004). Records 
of twentieth-century eruptions are more or less 
complete and show that Villarrica, in its most 
recent history, produced lava fl ows, relatively 
small-scale pyroclastic falls, and, more impor-
tantly, lahars capable of destroying infrastruc-
ture. For example, in 1964, lahars generated dur-
ing an eruption destroyed the village of Coñaripe 
(Fig. 1; Petit-Breuilh, 2004; González-Ferrán, 
1994; Urrutia de Hazbún and Lanza Lazcano, 
1993; Naranjo and Moreno, 2004; Keller et al., 
2008; Castruccio et al., 2010). These lahars 
originate in the snow-covered upper slopes of 
the volcano and further develop (i.e., grow by 
further erosion) on nonvegetated slopes (Fig. 1). 
Most of their deposits are found on the lower, 
more gentle slopes (Castruccio et al., 2010). 
Many twentieth-century eruptions caused fatali-
ties, and rapidly expanding tourist activity in the 
region is increasing the risk of future fatalities, as 
well as destruction of property.

No historical eruptions of the nearby Sol-
lipulli or Lanín Volcanoes have been recorded, 
and, depending on the source, only one to four 
historical eruptions have been reported for Que-
trupillán Volcano, all in the nineteenth century 
(Fig. 1; Petit-Breuilh, 2004; Siebert et al., 2010).

1GSA Data Repository item 2014050, Detailed 
methodology; Fig. DR1: Meteorological data and 
El Niño; Fig. DR2: Seismic profi les Lake Villar-
rica; Fig. DR3: Seismic profi les Lake Calafquén; 
Fig. DR4: Thin-section and SEM images; Fig. DR5: 
Villarrica  varve age model; Fig. DR6: Calafquén 
varve age model; Table DR1: Sediment cores; Table 
DR2: Event ages; Table DR3: Tephra glass geochem-
istry, is available at http:// www .geosociety .org /pubs 
/ft2014 .htm or by request to editing@ geosociety .org.



600 yr eruptive history of Villarrica Volcano

 Geological Society of America Bulletin, March/April 2014 483

The Huanquihue Group is located southeast 
of the study area, and it has had one known his-
torical eruption (Achen Ñiyeu cinder cone), with 
an age of ~400 yr according to local accounts, 
or a calibrated maximum age of ~450 yr B.P. 
(200 ± 100 14C years B.P.; Siebert et al., 2010). 
More active and distant volcanoes (<100 km) 
are Llaima Volcano in the north, and the Mocho-
Choshuenco Volcano and Carrán–Los Venados 
and Puyehue–Cordón Caulle volcanic com-
plexes in the south (Fig. 1; Petit-Breuilh, 2004; 
Siebert et al., 2010).

Tectonic and Seismic History

Volcano-tectonic processes in this region are 
a consequence of the oblique subduction of the 
Nazca plate under the South American plate. 
The current convergence rate between these two 
plates is estimated between 66 mm/yr (Anger-
mann et al., 1999) and 78 mm/yr (DeMets 
et al., 1994). The plate boundary has produced 
numerous megathrust earthquakes. For example, 
the 1960 Great Chilean earthquake along the 
Valdivia segment (Metois et al., 2012) was to 

this date the largest earthquake ever recorded 
instrumentally (Mw 9.5) and had a rupture length 
of 1000 km (Cifuentes, 1989). Other major his-
torical earthquakes along the Valdivia segment 
occurred in 1575, 1737, and 1837. The effects 
of the 1575 earthquake were similar to those of 
the 1960 earthquake (Lomnitz, 1970, 2004; Cis-
ternas et al., 2005). On 27 February 2010, the 
Maule earthquake (Mw 8.8) ruptured ~500 km of 
the megathrust and closed a seismic gap on the 
Maule segment (Metois et al., 2012), just north 
of the Valdivia segment (Moreno et al., 2012).

Figure 1. (A) Geographic setting of the study area in south-central Chile. (B) The two studied lakes (black font) and their drainage basins 
and sediment catchments. Volcanoes within the lake catchments are indicated in white. Historically active (black triangles) and inactive 
(gray triangles) volcanoes in the region are indicated. Hatched areas indicate agricultural land; cross-hatched areas indicate zones with 
little or no vegetation and are found predominantly on the upper slopes of the volcanoes. Areas without additional indication are forested 
(based on Landsat7 Global Imagery). The main strand of the Liquiñe-Ofqui fault zone (LOFZ) is indicated with a transparent black dashed 
line (after Cembrano and Lara, 2009).
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Additionally, the Liquiñe-Ofqui fault zone is 
a 1000-km-long, dextral strike-slip lineament, 
which has been accommodating oblique sub-
duction since the middle Miocene. The fault 
zone separates the north-moving (6.5 mm/yr) 
Chiloé sliver (in the west) from the rest of the 
South American plate (in the east) (Cembrano 
et al., 2000; Wang et al., 2007; Melnick et al., 
2009). In the study area, the main strand of 
the fragmented Liquiñe-Ofqui fault zone runs 
~10–20 km to the east of Villarrica Volcano 
(Fig. 1; Rosenau et al., 2006; Cembrano and 
Lara, 2009).

METHODOLOGY

Bathymetry and Seismic Data Acquisition

Dense grids of seismic data were acquired 
using a 3.5 kHz subbottom profi ler (pinger) 
and a CENTIPEDE sparker from the Renard 
Centre of Marine Geology (Ghent University; 
Figs. DR2 and DR3 [see footnote 1]) and were 
interpreted using Seismic Micro-Technology’s 
(SMT) KingdomSuite (more details can be 
found in Moernaut et al., 2009).

Bathymetric maps were constructed by means 
of interpolation between seismic data (acous-
tic velocity derived by depth measurements at 
coring sites; Moernaut et al., 2009) and data 
points of bathymetric soundings of the Servicio 
Hidrográfi co y Oceanográfi co de la Armada de 
Chile (SHOA, 1987, 2008).

Sedimentology, Geochemistry, 
and Chronology

In this study, we present 22 gravity cores (10–
130 cm) from both studied lakes using a Swiss 
corer or a UWITEC gravity corer (Table DR1 
[see footnote 1]). Cores were taken during the 
austral summers of 2007–2008 (CAGC), 2008–
2009 (CB, CGC, and VILLSC), and 2010–2011 
(CALA and VI). Cores were shipped to Bel-
gium, opened, described, and photographed. 
Subsequently, the magnetic susceptibility (MS) 
was measured on all cores. The employed meth-
ods are briefl y described in this section. More 
detailed descriptions can be found as supple-
mentary material (see footnote 1).

For each lake, one master core that contained 
event deposits that were not erosional (or only to 
a limited extent) was selected for more detailed 
analysis (i.e., VILLSC01 [Lake Villarrica], 
CAGC02bis [Lake Calafquén]). Color analysis, 
analysis of grain-size distribution, analysis of 
organic matter content, and scanning electron 
microscope (SEM) imaging were performed at 
Ghent University using standard procedures. On 
selected samples, bulk X-ray diffraction (XRD) 

was performed to determine the different sedi-
ment mineral components. On a selection of 
tephra layers, glass major-element geochemis-
try and mineral compositions were determined 
using electron microprobe analysis and SEM–
energy dispersive spectrometry (EDS) at the 
University of Oxford. The master cores also 
were impregnated for microscopic analyses. On 
the sediment blocks, micro–X-ray fl uorescence 
(µXRF) scanning and mapping were used to 
differentiate between Si-rich diatoms, Al-rich 
clays, fi ne detrital silts, and Fe-rich tephras. 
Furthermore, the thin sections and sediment 
blocks were used for microfacies analysis and 
lamination/varve counting. Finally, radionuclide 
dating was performed on the upper part of core 
CAGCO2bis at the Université de Bordeaux (for 
more detailed information, see supplementary 
material [see footnote 1]).

RESULTS AND DISCUSSION

Bathymetry and Core Location

The bathymetry of both studied lakes is 
characterized by a deep basin and a shallower 
area with platforms and subbasins. The deep 
basins occur in the eastern or northern parts of 
the lakes, have deltaic fans linked to the main 
infl ows, and are usually delimited by steep, non-
sediment-bearing slopes. The shallower areas, 
where most of the cores were taken, occur in the 
western or southwestern parts of the lakes, away 
from the main infl ows.

Lake Villarrica has a maximum depth of 
~165 m, in the central to northwestern part of the 
lake (Fig. 2). In the east and the south of the deep 
basin, gentle slopes (<0.5°) rise toward the coast-
lines and the deltas. Six cores were taken in the 
southern part of this main basin; in the east, it 
was not possible to retrieve cores due to the pres-
ence of coarse-grained sediments (i.e., coarse 
sand). Five more cores were located on the plat-
forms and subbasins in the southwestern part of 
the lake. Seismic-refl ection data show that there 
are no signs of erosion or other disturbances in 
the upper meters of the sedimentary infi ll at the 
core locations (Fig. DR2 [see footnote 1]). We 
only found evidence of an erosional channel 
east of VI13, linked to one of the largest lahar 
infl ows on the southern shores (Fig. DR2 [see 
footnote 1]).

The maximum depth of Lake Calafquén is 
~211 m and is located in the northern part of 
the lake (Fig. 3). The depth gradually decreases 
toward the east to a depth of ~170 m at the foot 
of the Llancahue River delta. Four cores were 
taken in these deepest areas of the lake. Large 
water depths and coarse sediments did not per-
mit coring in the northwestern and northeastern 

parts, respectively. In the northeast, offshore 
the Chaillupén River inlet, a fan-like structure 
with no seismic penetration was observed. As 
a result of unsuccessful coring attempts in this 
area, we attribute this lack of penetration to the 
presence of sandy sediments. Seven cores were 
taken in the southwestern part of the lake, which 
is characterized by an irregular bathymetry with 
several subbasins and platforms, interrupted by 
islands. CALA01 was taken in a channel with 
parallel and conformable refl ectors in the upper 
meters. All other cores were taken from loca-
tions without erosional features (Fig. DR3 [see 
footnote 1]).

Sedimentology and Geochemistry

In all cores, the predominantly biogenic (back-
ground) sediments consist of laminated brown 
to green, coarse to very coarse silts (Fig. 4; Fig. 
DR4 [see footnote 1]). The sediment is composed 
of a silt fraction rich in diatom frustules and a ter-
rigenous clay to silt fraction. After impregnation, 
couplets composed of diatom-enriched lami-
nae alternating with clay- and organic matter–
enriched laminae were observed in thin section 
(central column of Fig. DR4 [see footnote 1]).

The three main components of the sediment 
(i.e., diatom frustules, terrestrial clays, and vol-
canic ash) are characterized by high concentra-
tions of specifi c chemical elements (i.e., Si, Al, 
and Fe, respectively), which are refl ected in the 
µXRF elemental counts. Diatom frustules are 
composed of amorphous silica and are charac-
terized by high Si counts on the µXRF spectra 
and a low MS. In contrast, the clay fraction con-
sists mainly of amorphous allophane, which is 
enriched in Al (Bertrand and Fagel, 2008). A dis-
tinctive elemental component of mafi c vol canic 
ash, such as the ash from Villarrica Volcano, is 
Fe. Hence, ratios between these three elements 
were used to depict variations in occurrence of 
diatom frustules, terrestrial clays, and volcanic 
ash in the sediment (Fig. 4).

In both studied lakes, the laminated back-
ground sediments are frequently interrupted by 
volcanically derived event deposits, in which ter-
restrial components produced by onshore events 
occur in unusually high abundance. Al/Si and 
Fe/Si µXRF ratios proved particularly useful for 
separating these event deposits from background 
sediment in the studied lakes (Fig. 4).

The two lakes differ in their sediment char-
acter, requiring an adapted study method 
for each lake. In Lake Calafquén, which 
has a low catchment–to–lake-surface ratio, 
the background sediments consist predomi-
nantly of diatoms; hence, there is a strong 
contrast between the diatom-rich background 
sediment and the detrital event deposits. 
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Lake Villarrica generally receives higher 
amounts of detrital input. Small mineral grains 
and glass particles are present throughout the 
background sediment, resulting in higher mean 
MS values and Al/Si and Fe/Si ratios. This 
makes event deposits more diffi cult to identify 
by their µXRF signature alone; hence, other 
indicators (normal grading, homogeneity of 
color and grain size, and/or anomalous color) 
were also used to confi rm the presence of event 
deposits.

Varve Formation and Chronology

The couplets observed in the background 
sediment of both studied lakes are interpreted 
as varves, formed by processes similar to those 
that generate varve couplets observed in Lake 
Puyehue. Lake Puyehue is also a glacigenic 
lake, ~120 km south of Lake Calafquén (Fig. 
1A), with limnological characteristics similar 
to the lakes studied here (Campos et al., 1983, 
1989). In Lake Puyehue, annual biogenic varve 
couplets are composed of a lamina of organic-
rich clayey to silty terrestrial material deposited 
during increased winter runoff, and a lamina of 
diatom frustules deposited in the spring; the lat-
ter result from diatom blooms that are triggered 
by winter nutrient turnover (Arnaud et al., 2006; 
Boës and Fagel, 2008; Campos et al., 1989). 
Similar couplets were observed in this study and 
were therefore inferred to have been formed in 
the same way and deposited annually.

In both studied lakes, one master core was 
dated by varve counting (i.e., VILLSC01 in 
Villarrica and CAGC02bis in Calafquén; Figs. 
DR5 and DR6 [see footnote 1]). The calculated 
average sedimentation rates, after removal of 
event deposits, are 1.53 and 1.04 mm/yr, respec-
tively, and the basal varve ages are 1523 and 
1325, respectively. In both lakes, the sediment 
deposited after 1900 has a darker color than 
that deposited before 1900, a higher organic-
matter content, and a different diatom composi-
tion, which is refl ected in the grain-size mode 
(Fig. 4). We attribute these synchronous changes 
in sediment characteristics to rapid increases in 
population, deforestation, and changes in land 
use in the catchment since the start of the twen-
tieth century (Petit-Breuilh, 2004).

Core CAGC02bis was also dated by radio-
nuclide analysis (210Pb and 137Cs; Fig. 4). In 
the upper 5 cm, samples were taken at 0.5 cm 
intervals between event deposits, whereas below 
this depth, samples were taken at 1.0 cm inter-
vals. At 4.0–4.5 cm corrected depth (i.e., depth 
without event deposits), a clear 137Cs peak can be 
observed, which gradually decreases in the over-
lying samples. The base of the 137Cs peak can be 
linked to fallout of the 137Cs that had accumulated 

in the atmosphere by the early 1960s (Arnaud 
et al., 2006; von Gunten et al., 2009), and it con-
fi rms the varve age at this depth. This correlation 
is strengthened by the 210Pbxs specifi c activity and 
age-depth profi le, which has a derived sedimen-
tation rate of 0.95 mm/yr throughout the past 
100 yr. The age-depth model based on the radio-
nuclide activities confi rms the annual character 
of the couplets and hence their usefulness in 
dating the rest of the core. The maximum offset 
between both age-depth models is fi ve calendar 
years near the event deposits, which is likely due 
to imperfect removal of the event deposits, and 
only two years in intervals without event depos-
its. The varve counting is therefore considered to 
be a suffi ciently reliable dating method.

Event Deposit Classifi cation and Formation

Based on color, grain-size characteristics, 
MS, µXRF signature, and microscopic texture, 
we divided event deposits in both lakes into two 
main types: lacustrine turbidites and volcanic 
eruption–induced event deposits. Volcanic erup-
tion–induced event deposits were further subdi-
vided into three groups: tephra fall, Fe-rich clay 
to fi ne silt laminae, and detrital fi ning-upward 
event deposits (interpreted as lahar deposits). 
The event deposits were also correlated between 
the sediment cores of each lake (Figs. 2 and 3), 
allowing us to describe the deposits not only 
based on occurrence in one core, but also to 
describe their spatial distribution and variations 
(e.g., thickness, grain size), and to detect pos-
sible erosion.

Lacustrine Turbidites
Lacustrine turbidites have a thickness rang-

ing from a few millimeters to several centime-
ters. They are normally graded, with the largest 
changes in grain size occurring at the base and at 
the top (Fig. 4). The basal component is at most 
a few millimeters thick and consists of fi ne to 
coarse sand. The top component is at maximum 
a few millimeters thick and consists of a lamina 
of broken diatoms (low Al/Si ratio), covered by 
fi ne silts and clays (high Al/Si and Fe/Si ratios). 
The middle (and main) part of the turbidite is 
homogeneous in grain size and sometimes 
darker than the background sediment. The com-
position of this part is similar to the background 
sediment (i.e., a mixture of [broken] diatoms, 
clays, organic matter, and mineral/glass parti-
cles), which is also refl ected in grain size (mode: 
20–30 µm) and µXRF elemental counts (0.011 < 
Al/Si < 0.062; 0.29 < Fe/Si < 1.50; Fig. 4; Fig. 
DR4 [see footnote 1]). The similarity in com-
position suggests that these event deposits are 
distal turbidites created by sublacustrine slope 
failures. By intercore correlation, it was pos-

sible to verify that the base is rarely erosional, 
or that erosion is limited to some millimeters. 
Only lacustrine turbidite LT-1 in core CALA01, 
located in a channel, eroded ~10 cm of under-
lying sediment (Fig. 3). Similar turbiditic event 
deposits have been found in other Andean and 
Alpine lakes, where they have been used as 
paleoseismic indicators (Chapron et al., 2006; 
Bertrand et al., 2008a; Beck, 2009).

Volcanic Eruption–Induced Event Deposits
Tephra-fall layers. The tephra-fall layers 

typically consist of dark, coarse-grained (fi ne 
to coarse sand, i.e., medium/coarse ash) glass 
shards and mineral grains (mainly plagioclase, 
clinopyroxene, olivine, and Ti-magnetite) in a 
matrix of background sediment (Fig. DR4 [see 
footnote 1]). Deposits are usually not thicker 
than 5 mm and are characterized by higher-than-
background Al/Si and especially Fe/Si ratios 
(Al/Si > 0.062, Fe/Si > 1.50; Fig. 4). The strong 
scatter is attributed to coarse ash grains infl u-
encing the average composition and background 
sediment acting as a matrix. The thickness of 
the deposits at different locations in one lake is 
independent of the water depth, suggesting they 
resulted from direct tephra fallout on the lake 
surface. Event deposits with similar character-
istics have been attributed to tephra fallout in 
nearby lakes Puyehue (40°40′S, 72°28″W) and 
Icalma (38°48′S, 71°17″W) (Bertrand et al., 
2008a, 2008b).

Fe-rich clay to fine silt laminae. The Fe-rich 
clay to fi ne silt laminae have a yellowish appear-
ance in thin section (Fig. DR4 [see footnote 1]) 
and are present as single thin lamina or thicker 
zones with yellowish clays crossing varve 
boundaries. They are characterized by very high 
Fe/Si ratios (Fe/Si > 2.50), corresponding to a 
mafi c composition, but MS values do not exceed 
the background values (Fig. 4). Occasionally, 
these laminae occur immediately above tephra-
fall deposits, and, based on varve chronology, 
young Fe-rich clay to fi ne silt laminae can be 
unambiguously linked to historical eruptions 
of Villarrica Volcano (e.g., 1980 and 1984; see 
later herein). Hence, we interpret these laminae 
as a product of a volcanic eruption, representing 
fl uvially transported very fi ne ash, or crypto-
tephra, which was originally deposited in the 
catchment area by an eruption. This implies that 
an eruption does not necessarily have to cause 
tephra fall on the lake surface to be represented 
in the sedimentary record. Since precipitation is 
signifi cantly higher during the winter months, 
remobilization and initial redeposition of the 
cryptotephra can be delayed by several months 
to a year. Once the cryptotephra reaches the 
lake, transport across the lake basin can occur 
by over- or interfl ows, depending on lake strati-
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fi cation, in a similar way as the fi nest particles 
of the lahar deposits (see further).

Detrital fining-upward event deposits (lahar 
deposits). The detrital fi ning-upward event 
deposits are brown layers or laminae with a 
light beige or light-gray top component. Both 
the basal and the top components show high MS 
values. The basal component is normally graded 
(coarse or fi ne sand to medium silt) and charac-
terized by very high Fe/Si ratios (Fe/Si > 2.50). 
Thin-section analysis shows that it is exclusively 
composed of crystals and volcanic glass, without 
any diatom frustules (Fig. DR4 [see footnote 1]). 
Occasional parallel- or cross-laminated sedi-
ment structures occur, consisting of alternations 
between coarser and fi ner sands (i.e., coarse ash; 
Fig. 3). The grain size of the top component 
ranges from clay to fi ne silt (mode: 3–20 µm; i.e., 
fi ne ash) and is characterized by very high Al/Si 
ratios and high Fe/Si ratios (0.13 < Al/Si < 0.20, 
Fe/Si > 2.00; Fig. 4). Tops with a more grayish 
color (Figs. 2 and 3) have the highest Fe/Si ratios. 
Thin-section analysis shows that these top com-
ponents consist of brownish amorphous detritus, 
with diatom frustules virtually absent. The exclu-
sively mineral and glass composition of the detri-
tal fi ning-upward event deposits is indicative of a 
volcanic origin. However, both the depth-depen-
dent thickness of the deposits and the occasional 
cross-lami nation argue against an interpretation 
of tephra-fall deposits.

The detrital fi ning-upward event deposits 
are thickest and coarsest in cores in the deep-
est parts and closest to historical lahar infl ows 
into lakes Villarrica and Calafquén (Urrutia de 
Hazbún and Lanza Lazcano, 1993; González-
Ferrán, 1994; Petit-Breuilh, 2004; Naranjo and 
Moreno, 2004; Keller et al., 2008; Figs. 2 and 3). 
The brown coarse basal parts are well developed 
in the deepest parts and close to historical lahar 
infl ows, while the light-colored top components 
drape the entire lake fl oor but are thinner and 
less obvious in shallower areas (Figs. 2 and 
3). The formation of these deposits—once the 
lahar reaches the lakeshore—can be explained 
by an underfl ow with suspension cloud com-
bined with an inter- or overfl ow (Sturm and 
Matter, 1978; Fig. 5). An underfl ow—transport-
ing medium silts to boulders—will result in a 
deposit mainly in the proximal (including the 
boulders on a deltaic fan) and deep parts. During 
this transport, a portion of the silt particles will 
go into suspension and form a suspension cloud 
above the underfl ow. Particles transported in 
this suspension cloud will also be deposited fur-
ther away from the lahar infl ow and at shallower 
depths. The fi nest fraction will be transported 
by an overfl ow—when the lake is not strati-
fi ed in winter—or by an interfl ow developing at 
the thermocline. These over- or interfl ows will 

spread the fi ne sediments over the entire lake, 
however still in higher amounts in the proximal 
and deep areas (Fig. 5). Deposits with a light-
gray top (and higher Fe/Al values), in contrast 
to light beige, are considered to contain a higher 
amount of fresh ash compared to reworked ter-
restrial clays and soils.

Volland et al. (2007) previously suggested 
that lahars might have a major impact on the 
sedimentary infi ll of Lake Calafquén, but they 
concluded that the characteristics of lahar depos-
its on seismic profi les would be very similar 
to those of fl oods. Except for the deltaic fans 
close to the lahar infl ows, which are probably 
mostly built up by lahars, the lahar deposits are 
too thin to be detected by seismic profi ling. The 
fl ood deposits encountered in Lake Puyehue by 
Chapron et al. (2007)—and linked to landslide 
dams caused by the 1960 earthquake—are quite 
similar to the lahar deposits we fi nd this study 
(i.e., brown color, fi ning upward with beige fi ne-
silt cap). However, the former are located only 
2.5 km from the main river inlet, and they lack 
the coarse-grained base of the lahar deposits at 
more distal locations in Lakes Calafquén and 
Villarrica. This coarser nature of the latter is due 
to the potential of lahars to carry much coarser 
material into the lake (boulders of several cubic 
meters; Vallance, 2000; Naranjo and Moreno, 

2004; Castruccio et al., 2010). Moreover, the 
perennially high amount of winter precipitation 
and low interannual rainfall variability (Fig. DR1 
[see footnote 1]) show that exceptional fl ood-
ing events have not occurred in the past 50 yr. 
Hence, fl ood deposits such as the ones in Lake 
Puyehue in 1960 are only expected to occur 
when other natural events (e.g., earthquakes, vol-
canic eruptions) provide easily erodible material 
in the catchment. Also, historical lahar infl ows 
are not necessarily located in the same areas as 
the main river infl ows (Figs. 1, 2, and 3). For 
our detrital fi ning-upward event deposits, a lahar 
origin is considered most likely because fl ood 
deposits would all be coarser and thicker toward 
the Trancura or Llancahue River deltas in Lakes 
Villarrica and Calafquén, respectively. Finally, 
the chronological link of these deposits with his-
torical lahars—and not with precipitation—(e.g., 
1964 and 1971; see later herein; Figs. 6 and 7) 
confi rms our interpretation as a lahar deposit.

Event Deposit Chronology

The origin and formation process of each 
type of event deposit are strongly supported by 
the tight correlation with recent seismic and vol-
canic events. The combined sedimentary records 
of the lakes contain a robust and virtually com-

Figure 5. Schematic illustration of the formation of lahar deposits in lacustrine environ-
ments (after Sturm and Matter, 1978). When the lahar enters the lake, the coarsest grains 
(coarse silts and coarser) will be transported by an underfl ow and be deposited on deltaic 
fans and in (proximal) deep basins. Silt particles will go into suspension and form a suspen-
sion cloud that can transport particles further away and to shallower depths. The fi nest 
fraction gets transported over the entire lake by an overfl ow—when the lake is not stratifi ed 
in winter—or by an interfl ow developing at the thermocline. Depending on the time of year, 
the thermocline can occur at a depth a few meters (spring) to ~70 m (autumn).
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plete event deposit chronostratigraphy of major 
earthquakes, volcanic eruptions with a volcanic 
explosivity index (VEI) ≥ 2 (i.e., explosive erup-
tions; Newhall and Self, 1982), and eruption-
induced lahars for the last ~500 yr. Both lakes 
contain the four types of event deposits. In this 
section, we present a new event deposit chronol-
ogy for each of these four depositional types.

Lacustrine Turbidites
The four strongest earthquakes that ruptured 

the Valdivia segment in historical times occurred 
in 1575, 1737, 1837, and 1960, and all are rep-

resented by lacustrine turbidites in the lakes’ 
sedimentary sequences (LT-4, LT-3, LT-2, and 
LT-1, respectively). Additionally, a fi fth lacus-
trine turbidite (LT-0) occurs at the top of some 
cores taken in the 2010–2011 fi eld season (Figs. 
2 and 3). This lacustrine turbidite was not found 
in cores taken at the same locations during pre-
vious fi eld seasons. Therefore, we attribute LT-0 
to the 2010 Maule earthquake. This observation 
is consistent with a seismic origin of the lacus-
trine turbidites observed in the studied lakes.

The youngest buried lacustrine turbidite LT-1 
has a varve age of 1960 in both lakes and occurs 

just below the below the 137Cs peak (Figs. DR5 
and DR6; Table DR2 [see footnote 1]). Hence, 
this turbidite is attributed to the Great Chilean 
earthquake of 22 May 1960. The European 
macroseismic intensity of the 1960 earthquake 
in the study area has been estimated at VII to 
VIII (Lazo, 2008), which is equal to or higher 
than the minimum intensity necessary to induce 
subaquatic landslides and lacustrine turbidites 
in alpine lakes (Monecke et al., 2004; Strasser 
et al., 2011). Most cores contain another lacus-
trine turbidite (LT-4), which has a varve age of 
1583 in Lake Villarrica and 1579 in Lake Calaf-

Figure 6. Picture, grain-size distribution, magnetic susceptibility (MS), micro–X-ray fl uorescence (µXRF) ratios, and age model (varve counting) 
of core VILLSC01. Event deposits (EDs) are projected on the age axis and, when possible, correlated with strong historical earthquakes in the 
region (stars) and eruptions at Villarrica Volcano, Quetrupillán Volcano (diamonds), the Carrán–Los Venados volcanic complex (triangles), and 
the Huanquihue Group (cross). Rainfall data from Villarrica since 1961 are also added for comparison (see Fig. DR1 for a more detailed graph 
of the rainfall data [see text footnote 1]). LT—lacustrine turbidite; VT—analyzed tephra-fall deposit; VEI—volcanic explosivity index.
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quén (Figs. 6 and 7; Figs. DR5 and DR6; Table 
DR2 [see footnote 1]). We attribute LT-4 to the 
1575 earthquake, which had similar effects as 
the 1960 earthquake (Lomnitz, 1970, 2004; Cis-
ternas et al., 2005). Between these two lacus-
trine turbidites, two more turbidites occur in 
some cores of each lake (i.e., LT-3 and LT-2). 
With varve ages of 1739 and 1830 in Villarrica, 
and 1732 and 1839 in Calafquén (Figs. 6 and 7; 

Figs. DR5 and DR6; Table DR2 [see footnote 
1]), we attribute these to the major subduction 
earthquakes that occurred in 1737 and 1837, 
respectively, along the Valdivia segment (Lom-
nitz, 2004).

In addition to these fi ve main lacustrine tur-
bidites that occur in both lakes, some local turbi-
dites are also present that are inferred to be the 
product of small subaquatic landslides (Figs. 

2 and 3). These were probably generated by 
small, local earthquakes or by large, more dis-
tant earthquakes.

Volcanic Eruption–Induced Event Deposits
Apart from one lahar pathway on the west-

ern slope of Villarrica Volcano, the catchment 
areas of Lakes Villarrica and Calafquén cover 
all the slopes of the volcano (Fig. 1). This near-

Figure 7. Picture, grain-size distribution, magnetic susceptibility (MS), micro–X-ray fl uorescence (µXRF) ratios, and age model (varve 
counting) of core CAGC02bis. Event deposits (EDs) are projected on the age axis and, when possible, correlated with strong historical 
earthquakes in the region (stars) and eruptions of Villarrica Volcano, Quetrupillán Volcano (diamonds), the Carrán–Los Venados volcanic 
complex (triangles), Mocho-Choshuenco Volcano (circle), and the Huanquihue Group (cross). Rainfall data from Villarrica since 1961 are 
also added for comparison (see Fig. DR1 for a more detailed graph of the rainfall data [see text footnote 1]). LT—lacustrine turbidite; 
CT—analyzed tephra-fall deposit; VEI—volcanic explosivity index.
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complete coverage of the volcano ensures that 
all events that altered the volcano’s surface to a 
certain degree are likely to be detected somehow 
in at least one of the lakes.

In this section, we attribute the three types 
of volcanic eruption–induced event deposits to 
historically known eruptions using age-depth 
models with lacustrine turbidites as correlation 
tie points. From the twentieth century onwards, 
historical reports are more or less complete 
and reliable, and we were able to calibrate the 
sedimentary record by comparing historical 
reports to the record of volcanic event deposits 
in Lakes Villarrica and Calafquén. For each of 
the 17 VEI ≥2 eruptions of Villarrica Volcano 
described in twentieth century historical records, 
as well as for one VEI 1 eruption (1915–1918), 
an event deposit was identifi ed in Lake Calaf-
quén and/or Lake Villarrica, under the form 
of tephra-fall, Fe-rich clay to fi ne silt laminae, 
and/or lahar deposits. The robust correlation for 
the  twentieth-century record allows the recon-
struction of a volcanic eruptive event stratigra-
phy for Villarrica Volcano for the last ~600 yr 
(Table DR2 [see footnote 1]). Volcanic eruption–
induced event deposits were correlated between 
Lakes Villarrica and Calafquén and matched 
to historical eruptions, resulting in a calibrated 
varve age or calendar age. Where no historical 
match exists, a calendar age was calculated for 
the event deposit from the varve age by linear 
interpolation between calendar ages of the previ-
ous and next event deposit linked to a historical 
earthquake or eruption. Interlake correlation of 
some of the event deposits revealed local offsets 
(of the order of a few years) in the varve-based 
age model, especially in Lake Villarrica. These 
offsets are due to parts in the core in which 
varves are unclear because of higher amounts of 
terrestrial input, masking the diatom bloom bed.

Tephra fallout layers and Fe-rich clay to 
fine silt laminae. Several thin Fe-rich clay 
to fi ne silt laminae occur in the twentieth-century 
sediments from Lakes Calafquén and Villar rica. 
Only one of these laminae (i.e., 1955 in Lake 
Villarrica) could not be linked to a historically 
described eruption of Villarrica Volcano. The 
two youngest Fe-rich clay to fi ne silt laminae 
occur in varve years 1982 and 1984 and are cor-
related to the two VEI 2 eruptions of 1980 and 
1984, respectively (Figs. 4 and 7). Above these 
events, the Fe/Si ratio of the background sedi-
ment gradually decreases (Fig. 4). This is inter-
preted as the result of fi ne ash deposited in the 
catchment area, gradually getting washed into 
rivers and the lakes for months to years after the 
eruption.

Numerous Fe-rich clay to fi ne silt laminae 
observed in Lake Calafquén at varve years 
1904, 1907, 1910, 1918, 1924, and 1929 can 

be correlated to historical Villarrica eruptions in 
1904, 1906, 1909, 1915–1918, 1922, and 1927, 
respectively (Fig. 7; Table DR2 [see footnote 
1]). All have a VEI of 2, with the exception of 
the VEI 1 1915–1918 eruption. Lake Villar-
rica contains Fe-rich clay to fi ne silt laminae 
in varve years 1908, 1935, 1955, and 1994, 
the latter three of which can be correlated to 
the eruptions of 1933, 1955–1956, and 1991, 
respectively (Fig. 6; Table DR2 [see footnote 
1]). In the entire studied time period, 73 Fe-rich 
clay to fi ne silt laminae were detected in Lakes 
Calafquén and/or Villarrica, and, because of the 
strong correlation with historical eruptions in 
the twentieth-century record, we also attribute 
older Fe-rich clay to fi ne silt laminae to VEI ≥ 2 
eruptions of Villarrica Volcano.

Since 1400, 10 Villarrica eruptions have 
directly deposited tephra fall in Lakes Villarrica 
and/or Calafquén (Table DR2 [see footnote 1]). 
This number is much lower than the 73 Fe-rich 
clay to fi ne silt laminae in our records. This can 
be explained by the predominant westerly wind 
directions in this region (Kalnay et al., 1996), 
blowing ash clouds toward the east, away from 
the lakes.

The glass major-element geochemistry of the 
tephra-fall deposits attributed to Villarrica Vol-
cano (i.e., CT-2, CT-3, CT-5, and CT-8; Figs. 3 
and 7) reveals a mafi c-intermediate composition 
with intermediate K2O content, which corre-
sponds well with previously published whole-
rock data of deposits from Villarrica Volcano 
(Hickey-Vargas et al., 1989; Costantini et al., 
2011; Lohmar et al., 2012; Fig. 8; Table DR3 
[see footnote 1]). CT-6 also follows this trend; 
however, a signifi cant amount of Cr in the Ti-
magnetites differentiates this tephra from the 
other tephras and might indicate a different 
subduction-proximal source, such as Mocho-
Choshuenco Volcano. The phenocryst assem-
blage of the Villarrica tephras is characterized 
by plagioclase, olivine, Ti-magnetite, and clino-
pyroxene (clinoenstatite/pigeonite), in decreas-
ing order of abundance.

Not all tephra-fall layers can be attributed to 
Villarrica Volcano. Tephra-fall deposits CT-9 
and VT-2 have distinct felsic glass geochemistry 
(Fig. 8; Table DR3 [see footnote 1]) with signif-
icantly higher K2O contents than the Villarrica 
tephra-fall deposits and similar to the whole-
rock data for dacitic rocks from the historically 
active Quetrupillán Volcano (Hickey-Vargas 
et al., 1989; Fig. 8). Moreover, these tephra-fall 
deposits are covered by a lahar deposit in both 
Lakes Calafquén and Villarrica, confi rming the 
link with Quetrupillán Volcano, which is part of 
both of the lakes’ catchments.

Tephra CT-1 occurs in varve year 1956 
(Fig. 7). The mineralogy of this tephra shows 

signs of contamination by a granite-like base-
ment (occurrence of free quartz, biotite, zircon, 
clinopyroxene [augite] and titanite). This is not 
found in the tephra-fall deposits linked to Villar-
rica, so we infer that these free xenocrysts are not 
part of the background sediment but were indeed 
erupted and deposited together with the juvenile 
mafi c-intermediate tephra. The high number of 
microlites in the glass complicates geochemical 
characterization, but the geochemical signature 
does correspond to that of very recent (i.e., with 
only some grassy soil developed) coarse ash-
fall deposits in the proximity of the  Carrán–Los 
Venados volcanic complex. Because of the geo-
chemical and age correspondence, we attribute  
this slightly higher-K2O tephra-fall (Fig. 8) 
deposit to the 1955 VEI 4 eruption of the Carrán–
Los Venados volcanic complex (Petit-Breuilh, 
2004; Siebert et al., 2010). During this eruption, 
southerly winds caused fi ne ash fall as far north 
as Santiago (Stern et al., 2007). A single Fe-rich 
clay to fi ne silt lamina in the more remote Lake 
Villarrica in varve year 1955 (Fig. 6) was linked 
to the same eruption.

The lack of microlite-free glass in tephra CT-4 
inhibited characterization of glass geochemis-
try. Just like CT-1, there are signs for granitic 

Figure 8. K2O/SiO2 (wt%) diagram of glass 
shards in the analyzed tephra-fall deposits in 
lakes Villarrica (black; location: Figs. 2 and 
6) and Calafquén (dark gray; location: Figs. 
3 and 7), and the inferred source volcanoes. 
Source volcanoes (dotted ovals): C-LV—
Carrán–Los Venados (very recent coarse 
ash deposits); H—Huanquihue Group (sco-
ria-fall deposits of the ~400-yr-old eruption 
of the Achen Ñiyeu cone); Q—Quetrupillán; 
V—Villarrica. K-divisions are taken from 
Gill (1981).
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contamination, in this case, by the occurrence 
of free quartz, biotite, alkali feldspar, augite, 
and titanite. Based on mineralogy and the high 
amount of microlites, this tephra-fall deposit 
is also tentatively attributed to the Carrán–Los 
Venados volcanic complex.

VT-1 and CT-7 have a distinct, rather mafi c, 
glass geochemistry (Fig. 8; Table DR3 [see foot-
note 1]), which corresponds very well to the geo-
chemical signature of scoria-fall deposits from 
the ~400-yr-old eruption of Achen Ñiyeu of the 
Huanquihue Group. The varve years of these 
deposits are 1594 in Lake Villarrica and 1598 
in Lake Calafquén. After correction of the varve 
years—aided by the correlation of LT-4 to the 
1575 earthquake—the tephra-fall deposit was 
assigned to the year 1591. Because of the dis-
tinct age similarity and the distinct geochemical 
signature, we attribute these tephra-fall deposits 
to this most recent eruption of the Huanquihue 
Group. The interlake correlation of several of 
these tephra-fall deposits and the limited offsets 
in varve age between these deposits support the 
varve-based age models for both lakes.

Detrital fining-upward event deposits (lahar 
deposits). All nine historically documented 
lahar events at Villarrica Volcano in the twen-
tieth century are represented by detrital fi ning-
upward event deposits in Lakes Calafquén 
and/or Villarrica. The fi ve youngest lahar events, 
in 1948, 1949, 1963, 1964, and 1971, were 
reported to have reached both Lakes Calafquén 
and Villarrica (Fig. 9; Table DR2 [see footnote 
1]). All of these events are indeed represented 
by lahar deposits in both lakes (Figs. 6 and 7). 
For the four oldest twentieth-century events, in 
1904, 1908, 1909, and 1920, lahars were only 
reported in the Lake Villarrica catchment, and 
only the 1908 lahars reached the lakeshore 
(Fig. 9; Table DR2 [see footnote 1]). Indeed, 
these lahars are only represented in Lake Villar-
rica (Fig. 6). Lakes Calafquén and Villarrica 
each contain one thin (<1 mm) lahar deposit 
that does not correspond to reported lahars, but 
which can be linked to the historical eruptions 
of 1938 and 1991, respectively (Figs. 6 and 7; 
Table DR2 [see footnote 1]). They are possibly 
the imprint of small lahars in the catchment.

The variations in thickness and maximum 
grain size of each lahar deposit in the differ-
ent sediment cores correlate well with both the 
lake water depth and the distance to the location 
where the lahars entered the lake according to 
the historical records. Furthermore, the extent of 
the reported lahars correlates well with the char-
acteristics of the lahar deposits in both lakes. 
When lahars were reported in channels draining 
toward a certain lake, but without reaching the 
lakeshore, the lahar deposit consists of a clay 
to silt lamina without a coarser silt base, never 

exceeding a total thickness of 1 cm. Cores in the 
shallowest parts of the lakes only show a faint 
clay/silt lamina or no visible deposit. Lahars that 
were reported to have entered the lake are almost 
always represented by deposits that are locally 
thicker than 1 cm and that have coarse silt to 
sand bases. Major lahars (e.g., 1948 and 1971) 
are always represented by thick deposits in the 
deepest parts of the lake, locally thicker than 
5 cm. Close to the shore, where core retrieval 
was not possible, lahar deposits are probably 
much thicker. The thick and coarse deposits 
of the 1964 lahars in the eastern part of Lake 
Calafquén correlate well with the large reported 
lahars that destroyed the village of Coñaripe at 
the eastern tip of the lake (Figs. 1 and 9). In shal-
lower coring locations, the reported extent of the 
lahars correlates with the thickness and type of 
the deposit. That is, lahars not reaching the lake-
shore, small lahars entering the lake, and large 
lahars entering the lake are represented by no, 
faint, or clear silt to clay laminae, respectively 
(Fig. 9).

Almost half of the volcanic events related 
to Villarrica Volcano produced a lahar deposit 
in Lakes Villarrica and/or Calafquén, but Lake 
Villar rica contains more lahar deposits than 
Lake Calafquén. This discrepancy can be 
explained by the larger number of lahar path-
ways in Lake Villarrica’s catchment. Most lahar 
deposits in Lake Villarrica are smaller or com-
parable in size to the 1908 lahars, which reached 
the lakeshore. Only the 1822 and 1893 lahars 
seem to have been of a size similar to that of 
the large 1948 or 1971 lahars (Figs. 4 and 7). 
In Lake Calafquén, several similar-sized lahar 
deposits occur, e.g., 1617 and 1688 lahars. In 
1822, just like in 1948–1949 or 1963–1964, two 
lahar events occurred in a short period of time 
and are interpreted to belong to the same erup-
tive event (Figs. 3 and 7). Since 1400, at least 
22 events have occurred during which lahars 
reached the shores of Lakes Villarrica and/or 
Calafquén, on average almost four potentially 
destructive lahar events per 100 yr. The cluster 
of lahar deposits between 1470 and 1530 and 
the lack of such deposits in the previous ~300 yr 
(determined by extrapolation in other cores; 
Figs. 3 and 10) are in strong contrast with the 
constant activity of the volcano. The formation 
of lahars during an eruption depends on many 
factors: (1) the type of eruption, (2) the mor-
phology of the upper part of the volcano, (3) the 
availability of erodible material on the lower 
slopes of the volcano, (4) the availability and 
state of the snow cover, and (5) the amount of 
vegetation on the slopes (Vallance, 2000). The 
last two variables are climate related and are 
important in lahar formation and, hence, might 
be important for this clustering. Based on the 

historical data, however, we believe that all lahar 
deposits are linked to an eruption of Villarrica 
Volcano. Rather than rainfall or gradual spring 
snowmelt, which occur yearly, it is the sudden 
snowmelt (just before and) during an eruption 
that is the determining factor for lahar forma-
tion in this region. Hence, climatic changes can 
enhance or reduce the chance for a lahar to form 
during an eruption, but they do not produce the 
lahar on their own.

Eruptive Record of Villarrica Volcano

Due to the nearly total coverage of Villarrica 
Volcano by the combined catchments of Lakes 
Villarrica and Calafquén, we have obtained a 
complete VEI ≥ 2 eruptive record for this vol-
cano. The correlation between the number of 
reported eruptions and our eruption record is 
closely linked with the development of the town 
of Villarrica. Essentially, the number of reported 
eruptions is higher during periods of increased 
population in the region. Before 1860, the num-
ber of historically reported eruptions is much 
smaller than the number of actual volcanic event 
deposits. During the past 150 yr, the reports 
gradually became more detailed, and the assign-
ment of an accurate VEI has improved. The 
number of reported small, nonexplosive erup-
tions (VEI 1) was higher in the last century and 
has signifi cantly increased since the start of the 
Villarrica Volcano Visual Observation Project 
(POVI; http:// www .povi .cl) in 1996 (Fig. 10).

Overall, our record consists of 112 event 
deposits, of which 47 could be matched with 
historically known eruptions. Half of the his-
torically known eruptions were large enough to 
be detected in both lakes, while three quarters 
of the newly described eruptions were smaller 
and found only in one of the lakes (Table DR2 
[see footnote 1]). Between 1523 and 2011, the 
period for which data for both Lakes Calaf-
quén and Villarrica are available, our eruption 
record contains 88 event deposits, with on aver-
age one VEI ≥ 2 eruption every 5.32 yr (or 3.95 
eruptions/21 yr; Figs. 10 and 11B). The period 
between 1870 and 1910 is marked by increased 
volcanic activity (Figs. 10 and 11A). During 
this period, a VEI ≥ 2 eruption occurred once 
every 2.68 yr.

Probability of a Future Eruption

The new VEI ≥ 2 eruption time series of 
Villarrica Volcano—with 88 eruptions since 
1523—was statistically examined to provide a 
probability estimate for the occurrence of future 
eruptions. Dzierma and Wehrmann (2010) 
applied statistical techniques on the time series 
of historical records of Villarrica and Llaima 



Van Daele et al.

494 Geological Society of America Bulletin, March/April 2014

eruptions. However, Figure 10 highlights the 
comparative incompleteness of the pre-1860 
historical records used by Dzierma and Wehr-
mann (2010). Here we repeat the same statistical 
analyses based on the new (and more complete, 
i.e., 45 additional VEI ≥ 2 eruptions), combined 
Villarrica-Calafquén lacustrine eruption record 
from 1523 to 1991, the year of the last VEI 2 
eruption (Fig. 10). Since we do not know the 
exact VEI for each eruption, we treat every 

detected eruption equally during this analysis, 
i.e., an eruption that only deposited an Fe-rich 
clay to fi ne silt lamina is given the same weight 
as an eruption that left a lahar deposit, tephra-
fall layer, and Fe-rich clay to fi ne silt laminae. 
We also refer to Dzierma and Wehrmann (2010) 
for more detailed information on the analysis 
technique.

We fi rst tested if the eruptions in the time 
series occur independently from one another, 

by calculating the correlation coeffi cient of 
all successive repose times. The resulting cor-
relation coeffi cient R = 0.073 is even lower 
than the R = 0.16 of Dzierma and Wehrmann 
(2010) and is therefore consistent with the 
hypothesis of no correlation, meaning that 
memory effects between successive eruptions 
are lacking, and the time series can be mod-
eled as a Poisson process (three distributions 
will be modeled).

Figure 9. Historical lahar pathways compared with the thickness and maximum grain size of the linked lahar 
deposits.
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To test whether the repose time series is sta-
tionary, with one distribution explaining the 
entire examined time interval, a moving-average 
test was implemented. The average of each fi ve 
successive repose times was calculated. The 
5-point repose time averages for the past 500 yr 
fall within the 95% confi dence interval, but 
approximate both upper and lower boundaries 
closely (Fig. 11D). The repose time series can 
be regarded as stationary (i.e., a stable eruption 
regime through time), although the occurrence 
of clusters cannot be ruled out. Both results 
are in contrast with the results of Dzierma and 
Wehr mann (2010), who could not confi rm sta-
tionarity for the early eruption record. They 
attributed this result to a change in eruption fre-
quency or incompleteness of the early eruption 
record. Based on our new data, we can reject 
the fi rst option and confi rm the latter. Moreover, 
some large repose times in their early record 
widened the confi dence interval, leading to the 
fl awed conclusion of stationarity in the most 
recent period. A critical review of the complete-
ness of historical records by, for example, com-
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parison with the local or regional history—as 
we did in Figure 10—is highly recommended 
for other study areas as well.

Three types of distributions were fi tted to the 
cumulative number of repose times: a Weibull 
(favoring stationarity, i.e., continuous rising of 
the probability of an eruption in a certain year 
after the last eruption), a log-logistic (favoring 
some clustering, i.e., initial fast rising prob-
ability, followed by a decrease), and an expo-
nential (intermediate, i.e., a constant identical 
probability) distribution (Figs. 11B and 11C). 
The histogram of the repose times is best fi tted 
with a Weibull distribution (based on highest 
R2 and best Kolmogorov-Smirnov test results; 
Fig. 11C), which is visible in Figure 11B for the 
short repose times (<10 yr). However, for lon-
ger repose times (>10 yr), the log-logistic and 
exponential distributions provide more reliable 
estimates (Figs. 11B and 11C).

At the time of writing, the last VEI ≥ 2 erup-
tion happened 22 yr ago in 1991, an uncom-
monly long repose in the past 600 yr. The 
probability of a 22 yr period without VEI ≥ 2 
eruptions is ≤1.7%: The Weibull model reached 
a 99.9% (= 100% – 0.1%) probability, and the 
log-logistic and exponential models resulted in 
probabilities of 98.3% (= 100% – 1.7%) and 
99.2% (= 100% – 0.8%), respectively (Fig. 12). 
In the Weibull model, the probability of a new 
VEI ≥ 2 eruption in a certain year or period—
given that no VEI ≥ 2 eruption has occurred in 

the meantime—is at this moment continuously 
rising; for the exponential model, this probabil-
ity stays equal; and for the log-logistic model, 
the probability of a new eruption decreases with 
time (Figs. 12B and 12C). The better model for 
longer repose times of the latter two distribu-
tions suggests that there might be some cluster-
ing for VEI ≥ 2 eruptions. This raises the ques-
tion as to whether the high number of reported 
VEI 1 eruptions and continuous degassing from 
an active lava lake during the last two decades 
(Witter et al., 2004) are only due to more con-
tinuous observations (we do not have informa-
tion on the existence of a lava lake and thus an 
open conduit system before this period) or if 
they also refl ect real changes in eruptive mode. 
In the latter case, this activity may decrease the 
probability of a VEI ≥ 2 eruption, favoring the 
log-logistic and exponential models. Another 
explanation for the high probabilities is an over-
estimation of the amount of eruptions based on 
the event deposits due to deposits that are a result 
of fl oods or eruptions of more distant volcanoes. 
However, based on the available historical (1 out 
of 18 deposits could not be linked to an eruption 
in the twentieth century) and meteorological (no 
years with extremely enhanced rainfall) data, 
such contribution is expected to be minor.

To summarize, our new lacustrine-based 
eruption time series suggests that a VEI ≥ 2 
eruption from Villarrica in the near future is 
likely. This study is an addition to previous stud-

ies on volcanic hazards in the Villarrica region 
such as the volcanic hazard map by Moreno 
(2000) and the overview presented by Lara 
(2004). We provide time series that can be used 
to better assess the hazards in different areas of 
the volcano already depicted by Moreno (2000). 
In particular, improved hazard assessments for 
lahars on the many historical lahar pathways 
should be a priority because of their fl at mor-
phology and proximity to beaches, which are 
usually preferred for building (tourist) accom-
modation. We note, however, that lahars occur 
on a more irregular basis, especially in the Lake 
Calafquén catchment, and a possible climatic 
control on lahar formation must—in contrast to 
eruptions in general—be further examined to be 
able to provide probability estimates for lahar 
occurrence.

CONCLUSIONS

(1) Using high-resolution multiproxy analy-
ses of sediment cores in Lakes Villarrica and 
Calafquén, we have constructed a new, more 
detailed, 600-yr-long eruption record for Villar-
rica Volcano.

(2) A combination of µXRF scanning com-
bined with standard sedimentological tech-
niques allowed the systematic detection of very 
thin event deposits in an objective and effi -
cient manner down to a thickness of 100 µm. 
We detected and classifi ed four types of event 
deposits and divided them into two groups, 
lacustrine turbidites and volcanic eruption–
induced event deposits:

(i) Lacustrine turbidites are homogeneous 
deposits that fi ne upward and have a com-
position similar to that of the background 
sediment. They can all be attributed to known 
megathrust earthquakes.

(ii) Volcanic eruption–induced event 
deposits were subdivided into three subtypes: 
(a) tephra-fall layers, characterized by drap-
ing coarse ash with very high Fe/Si and high 
Al/Si ratios; (b) Fe-rich clay to fi ne silt lami-
nae, characterized by clays and fi ne silts with 
a high Fe/Si ratio, which record fl uvial ero-
sion and transport of cryptotephra into the 
lake; and (c) lahar deposits, which are fi n-
ing-upward event deposits with coarse basal 
deposits close to the infl ow (high Fe/Si) and 
a fi ne silt to clay with the same composition 
as the detrital component of the background 
sediment (high Al/Si and Fe/Si).
(3) Our lacustrine data set significantly 

improves the eruption record of Villarrica Vol-
cano, with a total 88 VEI ≥ 2 eruptions identi-
fi ed between 1523 and 1991 (~500 yr). Between 
ca. 1350 and 1523, 24 more VEI ≥ 2 eruptions 
were identifi ed, but that part of the record is 

Figure 12. Probability of at least one volcanic explosivity index (VEI) ≥ 2 eruption occurring 
in the given time after (A) the last eruption and (B) a 22 yr repose. (C) Probability of a new 
eruption in a certain year after the last eruption.
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incomplete, since it is only based on Lake 
Calafquén. Villarrica Volcano has experienced 
nearly constant eruptive activity during the past 
500 yr, with an average and median since 1523 
of one eruption (VEI ≥ 2) every 5.32 and 4.5 yr, 
respectively. The last VEI ≥ 2 eruption occurred 
in 1991. The probability of a 22 yr repose period 
(anno 2013) is ≤1.7%. Based on the past 600 yr, 
we conclude that there is a high probability of a 
VEI ≥ 2 eruption in the near future. However, 
the possibility of cluster occurrence and, hence, 
a temporarily decreasing activity, cannot be 
excluded.

(4) Probability estimates should be used to 
improve existing hazard assessments for the 
Villar rica Volcano region.

(5) Geochemical and mineralogical analysis 
allowed us to link some of the tephra-fall depos-
its to the Carrán–Los Venados volcanic com-
plex, Quetrupillán Volcano, and the Huanquihue 
Group volcanoes.
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