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Abstract 

On December 16, 2017, a rockslide was triggered in the headwaters of the Burrito River (Chaitén district, 43.4° SL) 

which produced debris and mud flows that flooded Villa Santa Lucía, destroying half of the town’s urban area. These 

mass wasting events covered an area of 3 square-kilometers on Rute 7 and 1 square-kilometer on Rute 235, which 

resulted in twenty-one fatalities and one person still missing. The rockslide was produced by an intense rainfall which 

took place on the 15th and 16th of December, same year. The rainfall’s measured depth totaled 122.8 mm in only 24 

hours, with a high isotherm of 0° (2.700 m asl). This event was preceded by a two-week-long period of high 

temperatures (22°C daily maximum) previously registered. The main playing factors were the presence of deeply 

altered volcanic rocks (clay-iron oxides) of the Cordón Yelcho Pleistocene Volcanic Range (SERNAGEOMIN-

BRGM 1995) plus vertical fractures, open cracks and very steep slopes. The rockslide impacted a covered glacier and 

ice-cored moraine that resulted in a very high-speed blast, followed by large debris and mud flows that traveled a 

distance of 8 kilometers, deeply eroding the Burrito valley walls including its forest, soil and sediments (Duhart et al., 

2018). A 7.2 x 106
 m3

 total of sediments, water, ice and vegetal coverage were estimated and about 2 x 106
 m3

 were 

deposited on a 9 x 105
 m2

 fan area, covering the northern area of Santa Lucía village. An average velocity of 72 km/h 

was estimated for the higher part of the flow (Fernandez et al., 2018), although the initial blast was higher due to the 

trees that were uprooted and torn alongside the valley walls. As of today, the rockslide scar is still unstable with steep 

slopes, open cracks, a prominent hanging block and vertical fractures. A Laser Scan monitoring test was developed 

and is currently under assessment design. The implementation of permanent monitoring beneficial to the understanding 

of the rock’s failure origins in the generation zone may enhance the development of an alert system for landslide 

hazard risk reduction. 
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1. Introduction

This article is a report of the geology, velocity and volume estimations, of the Santa Lucía landslide, which occurred 

on 16 December 2017 that caused damage and fatalities in the homonymous village and the ‘7 way’. This landslide 

was generated in a periglacial environment with the conjugation of several conditioning factors and triggers. 
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1.1. Location 

The area is located in the Andean Main Range (43,413°S -72,367°W). The Santa Lucía village is a located in the 

north-south oriented tectonic valley (Fig. 1), that corresponds to the Liquiñe-Ofqui Fault Zone. The valley has 

experienced erosion by glaciers and later filled by glacial, volcanic, alluvial and fluvial sediments. The Cordón Yelcho 

Mountain has northwest-southeast orientation with height above 2400 m asl, has covered by glaciers and is 8 km from 

the village. 

1.2. Geology of the area 

The Villa Santa Lucía area is composed of metamorphic, granitic, volcanic and limited sedimentary rocks (Fig. 1). 

The oldest rocks of the area are Paleozoic micaceous schist and amphibolites (PzTrbm). The intrusive basement is 

composed of Miocene diorites (Md) and tonalites (Mt), and Cretaceous tonalites (Kt), granites (Kg) and monzogranites 

(Kmg) (Fig. 1). As well as Jurassic-Cretaceous volcano sedimentary rocks (JKvs), Oligocene-Miocene sedimentary 

rocks (OlMvs), Pleistocene-Holocene volcanic rocks (Q(P)v) and unconsolidated sedimentary deposits (Fig. 1).  

The landslide generation area corresponds to a Middle to Upper Pleistocene volcanic chain called ‘Complejo 

Volcánico del Cordón Yelcho’ (Moreno, 1995; in SERNAGEOMIN-BRGM, 1995) which is covered by glaciers and 

edified above 15 km-long metamorphic and granitic rocks with an N-S orientation and an average altitude of 2,100 m 

asl, its deep incisions forming radial valleys with virtually vertical walls. These rocks correspond mainly to lapilli and 

blocks tuffs, andesitic to dacitic, with fragments sub-rounded to angular, immersed in a matrix of fine ash with intense 

argillic alteration and the presence of iron oxides which are characterized by an orange-brown color. 

The volcanic layers are displayed sub horizontally and exhibit marked sub-vertical fracturing. They overlay to an 

intrusive tonalite of amphibole and biotite (which is cut by basaltic dikes of metric width with a preferential east-west 

orientation) and a sub-vertical trend. 

The outcrops exhibit streaks that represent an intense glacial polish. Glacial activity is also exhibited by the presence 

of subglacial rivers, subglacial lakes, ‘U’-shaped valleys and debris-covered glaciers that exhibit thick and fine 

sediments, containing ice cores on their frontal part.  

The main structural component region-wise is the Liquiñe-Ofqui Fault Zone (ZFLO) with an N-S orientation and a 

strike slip fault (Cembrano et al., 1996), whose primary trace corresponds to the Villa Santa Lucía valley. 

2. Santa Lucía landslide

The landslide area amounts to a total length of 12 km of distance from the generation area up to the confluence of

the Burrito and Frio rivers. Six indicative segments were recognized (Fig. 2). 

2.1. Characterization of the triggering event 

The landslide was triggered by the presence of warm rainfall during a two-weeks-long period in which the maximum 

daily temperatures exceeded 22°C, even reaching maximum temperatures above 27°C for two days which 

considerably aggravated the snowmelt (Rivera, 2017). During the 24 hours prior to the landslide event, rainfall reached 

a depth of 122.8 mm (www.dgastel.mop.cl, Table 1), with a maximum intensity of 10.6 mm/hr at 16:00 on 15.12.18. 

The rainfall event took place with a high isotherm of 0°C, above 2,700 m asl (Rivera, 2017), hence on 15.12.18 and 

16.12.18 in Santa Lucía village, and on the Cordón Yelcho and its associated glaciers only liquid precipitations 

received. 

2.2. Generation area 

The generation area (number 1, Fig. 2) corresponds to the headwaters of the Burritos River, whose height ranges 

from 1,000 m to 1,400 m asl and whose main escarpment possesses a length of 900 meters long and 520 meters wide, 

covering an estimated area of 44 hectares. The northern wall’s highest average slopes range between 77° and 81°. A 

rockslide originated from this area, which incorporated blocks of ice, snow, water, vegetation cover and variable grain 

http://www.dgastel.mop.cl/
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size sediments thus originating the debris flow that was channeled down the valley. Two lakes were generated as a 

result, with both of their frontal sections dammed by debris and ice blocks. 

2.3. Channeled debris flow, Burritos river headwaters 

The channelized debris flow followed a 2 km long course (number 2, Fig. 2) descended from  elevation of 1,000m 

to 600m asl, had an aproximated affectation width ranging from 200 to 400m wide and covered an approximate surface 

area of 54 hectares. From the Digital Surface Model (DSM) (SAF, 2017) and field observations, a wave height of 20m 

was estimated during the course of this path due the flow’s incorporation of a large number of uprooted trees and 

vegetation cover, thus dramatically increasing its total mass, volume and energy.  

Fig. 1. Geological regional map (SERNAGEOMIN-BRGM, 1995) of Villa Santa Lucía and its surroundings. The area affected by the 16.12.17 

landslide is marked in red.  
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2.4. Unchannelized debris flow 

It corresponds to the piedmont (number 3, Fig. 2), where there is a noticeable decrease in the slope to 10°, causing 

the flow to lose its confinement and start spreading sideways, covering an approximate area of 274 hectares in the 

process. It descended from 600 to 380m asl, reaching a width of 1.4 km for 2.3 kilometer-long route in a west-east 

direction and going over ‘7 way’ at the 2 km mark, with a wave height of 40-50 m tall caused by the debris flow’s 

energy, evidenced by the razed vegetation. 

2.5. Channeled debris flow, Burritos river’s northern-southern canyon 

In this segment (number 4, Fig. 2), the debris flow entered to the canyon 20 m deep, of the Burritos river from 380 

to 250 m asl, throughout a distance of 2 km. The affected area measures up to approximately 16 hectares. According 

to of the DSM (SAF, 2017), it is estimated that the flow’s wave would have reached a visual estimated height of 30 m 

tall. 

Table 1. Rainfall on the triggering event 

15-12-2017 16-12-2017 

Hour Accumulation 

per hour 

(mm) 

Cumulative 

precipitation 

(mm) 

Hour Accumulation 

per hour 

(mm) 

Cumulative 

precipitation 

(mm) 

8:00 

9:00 

10:00 

11:00 

12:00 

13:00 

14:00 

15:00 

16:00 

17:00 

18:00 

19:00 

20:00 

21:00 

22:00 

23:00 

0:00 

0,8 

1 

4,6 

5,6 

6,8 

5,2 

8,4 

7,4 

10,6 

5,4 

8,2 

5,4 

6,8 

6,4 

7 

7 

4,8 

0,8 

1,8 

6,4 

12 

18,8 

24 

32,4 

39,8 

50,4 

55,8 

64 

69,4 

76,2 

82,6 

89,6 

96,6 

101,4 

1:00 

2:00 

3:00 

4:00 

5:00 

6:00 

7:00 

8:00 

3,4 

4,4 

3,8 

4,4 

3,2 

1,4 

0,8 

0 

104,8 

109,2 

113 

117,4 

120,6 

122 

122,8 

122,8 

Total   122,8 

2.6. Channeled debris flow, Burritos river’s northern-southern canyon 

It corresponds to the area where most of the debris flow’s sediments were deposited in, thus resulting in the main 

affectation (number 5, Fig. 2) which covered about 50% of the total urban area of Villa Santa Lucía. The resulting 

deposit begins right at the apex of the fan, location where the flow loses its confinement and expands in a radius of 

600 to 1,000 m to the southeast and southwest directions. The deposit is primarily composed of tree trunks and 

fragments of volcanic and intrusive rocks in a matrix of fine sand, silts and clays, thus forming a large, muddy mass 

of slow drainage that covered most of the low gradient topography to a thickness ranging from 1 to 7 m. 
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2.7. Deposit and flood in the lower course of the Burritos river 

On the lower course of the Burritos river (number 6, Fig. 2) palisades that dammed the course were formed and 

resulted in the flooding of all the surrounding area. Meanwhile, fences (wired fences) held back, trapped branches and 

tree trunks that in turn caused water deviation, and more floods of the lowland areas.  

2.8. Volume estimation involved in the generation area 

The estimated volumes (of rock and ice) for the generation area were calculated by comparing the digital elevation 

models built prior to the event (INTERMAP, 2015; SRTM 30, 2000) with the digital elevation model (DSM) built by 

SAF on 19.12.2017 (Fig. 3). The estimated volume of the landslide was of 7,200,000 m3, out of which 2,200,000 m3 

were deposited on the upper part of the river basin and the remaining 5,000,000 m3 were deposited on Santa Lucía 

village. 

The area covered by the fan deposit at Villa Santa Lucia was estimated to be 900,100 m2 as reported by the 

orthophotomosaic’s interpretation (SAF, 2017). An average thickness of 2 m from excavations to search for missing 

persons, was taken into account, thus obtaining an estimated volume of 1,800,200 m3. Additionally, by using the digital 

elevation models DSM-SAF (2017) plus NEXTMAP World 10® DSM of INTERMAP (2015) for the fan deposit area 

in Villa Santa Lucía a volume of 2,130,192 m3 was further estimated. As a result, a total volume of 2,000,000 m3 is 

estimated for the fan deposit in Villa Santa Lucía. 

Fig. 2. Near infrared image (SAF, 2017). Red tones highlight the vegetation while gray tones delimit the affected area. Numbers indicate the 

segments described in this article. Circles indicate the curves used for velocity estimations. 
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2.9. Velocity estimation 

By using the 'on inclination in curve' formula (Johnson, 1970), an average speed of the flow was estimated 72 km/hour 

for the Burritos River’s confined channel (number 4, Fig. 2) (in a N-S direction). 

𝑉 = √(𝑔 ∗ 𝑅 ∗ 𝑐𝑜𝑠 ∝ ∗  
∆ℎ

∆𝑥
 ) (1) 

 𝑉  = median velocity (m/s)

 𝑔  = gravitational acceleration (m/s2)

 𝑅  = radius of curvature (m)

 α  = channel slope (°)

 
Δℎ

Δ𝑥
= cross-flow slope 

The formula of Johnson (1970) was applied in 3 different curves (Fig. 2, Table 2) with the variables of the equation 

extracted from the surface model and the orthophotomosaic (SAF, 2017). 

Fig. 3. DSM Profile. The red line corresponds to DSM SAF (2017), the orange line corresponds to NEXTMAP (2015) and the blue line 

corresponds to SRTM (2000). 

Table 2. Variables and results of the equation (1) 

Curve C1 C2 C3 

R 460 210 225 

∝  2.121 1.626 10 

∆𝑥 145 55 57.4 

∆ℎ 12 11 11 

∆ℎ

∆𝑥 0,082 0,2 0,191 

𝑐𝑜𝑠 ∝ 0,999 0,999 0,984 

V2 372,820 411,434 416,141 

V (m/s) 19,308 20,283 20,399 Average 

V (Km/hr.) 69,510 73,021 73,438 71,990 
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3. Conditioning factors and triggers

Photographs taken prior to the event (as of April 2017), field observations and analysis of satellite and GoogleEarth 

images, all allow the interpretation of the geomorphological and geological conditions were combined with the major 

trigger (intense rainfall with a high isotherm of 0°C) for generate the rockslide and debris and mud flows. The 

following are the factors that contributed to the debris flow event. 

1. From 1985 up to 2017, the Yelcho Glacier (Rivera, 2017) receded approximatively 1 km, according to the

records. 

2. Satellite images from GoogleEarth back in 2006 show the presence of a remnant glacier and a lateral moraine,

both which are linked to a debris-covered glacier coming from the escarpment on the northwest and north directions 

of the Burritos River headwaters. The escarpment reveals orange and brown coloring representative of the action of 

argillic hydrothermal alterations (clays) on volcanic rocks of the ‘Complejo Volcánico del Cordón Yelcho’ which, 

consequently, contribute to the weakening of the rock mass. In addition, field observations also determined an intense 

sub-vertical fracturing of the volcanic rocks and the presence of abundant basaltic dikes. 

3. The photographs from April 2017 and those taken after the events show an abundant presence of fractures, which

are at least 1 m wide on the upper part of the north scar of the Burritos River headwaters. Furthermore, on the lower 

part of the generation area (corresponding to the basal outline of the escarpment) 350 m of the glacier covered by 

debris appears to have retreated. There is also evidence indicative of an incipient glacial lake, which would be partially 

clogged by debris and cryo-glacial morphologies (cavities in the ice) on the lateral moraine. 

 The conditions described above indicates the presence of water available (the glacial lake previously described) and 

an unstable retreating glacier (that would be melting) right beneath an active rockslide zone. The scarp of the active 

rockslide had steep slopes (approximately 80°), an intense fracturing, argillic alteration and open fractures in the 

volcanic rocks. Intense rains associated to a high isotherm of 0°C on 16 December 2017 triggered the rockslide and 

debris flow that would impact this covered glacier at the north-northwest orientation of the escarpment. The rockslide, 

in addition to water and sediments (debris) from the glacial lake, also forced the glacier down the Burritos River 

(Figure 4). This explains the formation of a debris flow with enough water to overtopped and eroded the banks of the 

Burritos River, stripping vegetation and entraining debris to create a cohesive flow (made of debris flow and mud) 

that included vegetation, soil, tree trunks, ice and detritus. This debris flow mobilized 8 km and eventually was 

deposited on the area of lower slope of the Burritos River valley, then was channeled down into the canyon where it 

would open as a fan, impacting Villa Santa Lucía. A less cohesive flow (debris flow) made of rocks and ice deposited 

on the intermediate zone of the mud flow as a result of the gravitational transport of the initial rockslide at the north-

northwest escarpment.  

4. Conclusions

The event that took place on 16.12.17 corresponds to a rockslide and debris-mud flow that impacted and partially 

covered the town of Villa Santa Lucia. This event was triggered by an hydrometeorological incident characterized by 

abnormally high and prolonged temperatures (registered beforehand) followed by intense rainfall with a high isotherm 

of 0°C on the day of the event. All the conditioning factors (including steep slopes, rock mass weakness, a retreating 

glacier, the presence of material ready to be dragged away) plus all the triggering factors (including intense rain and 

high isotherm of 0°C) culminated in an event of significant magnitude. 

It was estimated through digital elevation models that the initial rockfall volume in its generation area was of 

7,200,000 m3, out of which approximately 2,200,000 m3 worth of sediments were deposited on the upper part of the 

basin and the remaining 5,000,000 m3 mobilized towards Villa Santa Lucía. Regarding this last one, about 2,000,000 

m3 constitute the fan deposit that hit Villa Santa Lucía and covered an area of 900,100 m2. By using the 'on inclination 

in curve' formula (Johnson, 1970), it was estimated that the average flow velocity for the Burritos River canyon was 

72 km/hour. 

As of today, the rockslide generation area is still active increasing the possibility of similar events happening again. 

These events could be triggered again by an intense precipitation with a high isotherm of 0°C either by subduction 

earthquakes or by crustal earthquakes linked to the Liquiñe-Ofqui Fault Zone’s activity. 
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Fig. 4. Profile and sketch showing the current condition of the generation area. Picture was taken on 18.12.17, showing an unstable remnant 

blockstable; the current deposit of the landslide made of debris and ice blocks; the glacier, the dammed lake and the Burrito river headwaters. 
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