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ABSTRACT. The 22-23 April 2015 eruption of the Calbuco volcano (Southern Andes, Chile) led to extensive pyroclastic 
density currents (PDCs) interactions with vegetation. We seek to describe the PDCs which affected both Tepu and Frío 
rivers, northern Calbuco, from their timing and deposition to cooling and erosion, as well as their impacts on forests. Our 
investigation is based on field stratigraphy, forest disturbance assessment, and geothermometry from degassing pipes and 
charcoal. These PDCs reached at least ~540-603 °C, as estimated from fumaroles, and consisted of both concentrated 
and dilute PDCs during the first pulse (22 April) at Tepu and mainly during the second pulse (23 April) at Frío. Effects of 
PDCs on forest vegetation recorded in Tepu consisted of heating, abrasion, burial, and impact force. On the valley floor, 
trees were buried with up to 4 m of deposits from the concentrated PDCs, and all trees in this deposition zone died with 
no subsequent sprouting. Conversely, in the margins of the valley, defoliated fallen trees and standing shrubs indicate 
scorching due to the passage of dilute PDCs, and some of them were later sprouting. Estimated impact forces required 
to produce toppling range from 1.5 to 3.7 kPa, and PDC velocities reached up to 36 m s-1. Charring of the buried wood 
involved an emplacement temperature of 400-550 °C within PDC deposits. The rapid watershed formation may have 
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and abrasion. Posteruptive processes involving 
water (e.g., lahars) add complexity to the fresh 
landscapes initially created by PDCs and tephra fall 
(Vallance and Iverson, 2015). Therefore, many of 
the evidence of forest impact will be lost to erosion, 
wood decomposition, deposit cooling, etc. 

The frequent eruptions and extensive forests of 
the Southern Andes volcanoes provide excellent 
opportunities for the study of interactions among 
eruptive processes, hydrogeomorphic processes, and 
forest vegetation (e.g., Pierson et al., 2013; Swanson 
et al., 2013; Major et al., 2016; Swanson et al., 2016; 
Ulloa et al., 2016). In this respect, the 22-23 April 
2015 Calbuco volcano eruption (41°20’ S-72°37’ W,                                                                                     
Southern Andes) has been investigated in detail 
regarding its products and dynamics (e.g., Castruccio 
et al., 2016; Reckziegel et al., 2016; Romero et al., 
2016; Van Eaton et al., 2016; Arzilli et al., 2019; 
Morgado et al., 2019; Romero et al., 2021). However, 
less attention has been paid to the 2015 PDCs and the 

1. Introduction

Pyroclastic density currents (PDCs) are hazardous 
volcanic processes, threatening human populations 
around volcanoes due to their rapid propagation 
along the ground, large dynamic pressures, and 
high temperatures. PDCs are particle-laden, gravity 
currents transporting fresh lava fragments, hot gases, 
and non-juvenile lithic clasts of varying origin, 
size, and density (Branney and Kokelaar, 2002). 
Generation mechanisms include transient events, 
such as partial column collapse, dome collapse, 
dome explosions and lateral blasts, or long-term 
phenomena, such as continuous column collapse 
and boiling over events (Sulpizio et al., 2014). PDCs 
commonly leave deposits in valleys and gullies on 
the flanks of the volcano, altering landforms and 
disturbing ecological systems. Collectively, PDCs 
processes may be reflected in damage to vegetation 
by the mechanisms of heating, impact force, burial, 

facilitated infiltration, decreasing the temperature in the basal part within the deposits at the Tepu river. Runoff during 
the subsequent months triggered lahars and caused the rivers to incise the deposits and transport sediment downstream. 
This set of observations provides valuable insights into how the interaction between volcanic phenomena and margine 
forest on the valley floors informs eruptive processes, dynamics, and impacts. Our study is also relevant to interpret the 
thermal history and potential hazards of PDCs. 

Keywords: Calbuco volcano, Volcaniclastic deposits, Ecological disturbance, Dynamic pressure, Flow velocity, Geothermometry.

RESUMEN. Las corrientes de densidad piroclástica de la erupción del volcán Calbuco en abril de 2015: 
depositación, impactos sobre la vegetación leñosa y enfriamiento en el flanco norte del cono. La erupción del 
volcán Calbuco (Andes del Sur, Chile), entre el 22 y 23 de abril de 2015, provocó extensas interacciones entre las 
corrientes piroclásticas de densidad (CDP) con la vegetación. En este trabajo se describen las CDP que afectaron a los 
ríos Tepu y Frío, al norte del Calbuco, desde su cronología y depositación hasta su enfriamiento y erosión, así como 
su impacto en los bosques. Nuestra investigación se basa en la estratigrafía de campo, la evaluación de la perturbación 
forestal y la geotermometría a partir de pipas de desgasificación y carbón vegetal. Estas CDP alcanzaron al menos                                                                         
~540-603 °C, según las estimaciones de las fumarolas, y consistieron tanto en corrientes concentradas como diluidas 
durante el primer pulso (22 de abril) en el Tepu y principalmente durante el segundo pulso (23 de abril) en el Frío. Los 
efectos de las CDP en la vegetación forestal registrados en el Tepu consistieron en calentamiento, abrasión, enterramiento 
y fuerza de impacto. En el fondo del valle, los árboles quedaron enterrados incluso bajo 4 m de depósitos de CDP 
concentradas, y todos murieron sin brotar. Por el contrario, en los márgenes del valle, los árboles caídos defoliados 
y los arbustos en pie indican quemaduras debidas al paso de CDP diluidas, y algunos de ellos brotaron. Las fuerzas 
de impacto estimadas necesarias para derribar los árboles oscilan entre 1,5 y 3,7 kPa, y las velocidades de las CDP 
alcanzaron hasta 36 m s-1. La carbonización de la madera enterrada supuso una temperatura de emplazamiento de 
400-550 °C dentro de los depósitos de CDP. La rápida formación de drenajes puede haber facilitado la infiltración, 
disminuyendo la temperatura en la parte basal de los depósitos en el río Tepu. La escorrentía durante los meses 
posteriores desencadenó lahares secundarios y provocó que los ríos incidieran en los depósitos y transportaran 
sedimentos río abajo. Este conjunto de observaciones proporciona valiosos conocimientos sobre la interacción entre 
los fenómenos volcánicos y el bosque ribereño en los fondos de valle, la cual es importante para comprender los 
procesos, la dinámica y los impactos de la erupción. Nuestro estudio también es relevante para interpretar la historia 
térmica y los peligros potenciales de las CDP.

Palabras clave: Volcán Calbuco, Depósitos volcanoclásticos, Perturbación ecológica, Presión dinámica, Velocidad de f lujo, Geotermometría.
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subsequent hydrogeomorphic processes (e.g., Mella 
et al., 2015; Jones, 2016; Macorps, 2021; Zingaretti 
et al., 2023) and no reports are available on their 
interactions with forests to our best knowledge. 

Studying deposition, interaction with forest, 
cooling, and erosion of the 2015 Calbuco PDCs 
provides clues on PDC dynamic properties, direct 
impacts and reorganization of sediment and organic 
matter (e.g., Major et al., 2013, 2016). Moreover, 
large wood may increase the hazards posed by post-
eruption floods, the effect of surviving organic matter 
in soil and ecosystem responses to eruptions, and 
the contribution of wood to carbon dynamics (e.g., 
Swanson et al., 2021). In this paper, we examine the 
effects of the Calbuco eruption on near-by watersheds, 
showing the characteristics of the PDC and lahar 
deposits on the valley f loors of the Tepu and Frío 
rivers (a tributary to Blanco-Este River) in channels 
draining the northeast flank of Calbuco (Fig. 1A, B).  
Rainfall did not occur during the eruption nor for 
several weeks afterward. Therefore, this study is able 
to examine effects caused purely by PDCs without 
immediate alteration by lahars or fluvial erosion. 
We provide fresh descriptions of PDC stratigraphy, 
forest disturbance, timing of deposit cooling and 
erosion, and geothermometry from degassing pipes 
and charcoal. This evidence is used to constrain the 
timing, movement, deposition dynamics, impact 
mechanisms, cooling, and erosion of these PDCs 
and their deposits. This multidisciplinary approach 
provides valuable information on the dynamics and 
hazard of PDCs, as well as their role in modifying 
both the ecosystem and the landscape of active 
volcanoes. These elements also contribute to volcanic 
geoheritage and volcanic hazard management, as 
shown in the companion paper of Sánchez et al.
(in prep.)1. Our study also complements the volcano 
ecology research focused on tephra fall in Valdivian 
rainforess (e.g., Swanson et al., 2013, 2016; Hintz 
et al., 2021). 

1.1. Calbuco volcano, its environment, and the 
2015 eruption 

Calbuco is an active stratovolcano (2,015 m a.s.l.)                                                                    
in the Southern Andes of Chile with at least 37 
eruptions between 8460 BCE and 2014 (Global 
Volcanism Program, 2013). At least five sub-Plinian 
and several small- to moderate-Vulcanian eruptions 
have occurred in the past 125 years, producing lava 

f lows, tephra fallout, PDCs and lahars down major 
river channels draining in all directions from the 
volcano, but especially those draining to the north 
(e.g., Stone, 19302; Klohn, 1963; Moreno et al., 
2006; Castruccio et al., 2010; Sellés and Moreno, 
2011; Romero et al., 2021). 

Calbuco lies in a temperate climate classified 
as Marine West Coast (Sarricolea et al., 2017) 
determined by the relatively low elevation of the 
Andes, the influence of westerly winds, high rainfall 
and oceanic conditions. The mean annual rainfall in 
Puerto Montt (32 km SW from Calbuco) is 1,756 mm                                                                                 
(Bown, 2004). From January to March, mean monthly 
rainfall is less than 100 mm, whereas from May to 
August it exceeds 200 mm (Valdés-Pineda et al., 
2014). In addition, the volcano is typically snow 
covered above 900 m a.s.l. during the winter (DGA, 
1995). Steep drainages from the volcano result from 
the proximity to base level at Llanquihue Lake                                                                                            
(70 m a.s.l.). Tepu River (~20 km2 total catchment 
area) has a mean slope of 18% along its 10.5 km 
length, while the mean slope of the Frío and Blanco-
Este rivers (~40 km2 catchment area) is 13% along 
14.9 km, leading them to have high capacity for 
erosion and sediment transport. Before the April 
2015 eruption, channel width ranged from 3 to 7 m                                                                          
in the Tepu study area and from 4 to 5 m in the Frío 
study area.

Before the 2015 eruption, vegetation above                        
500 m a.s.l. on the northeast flank was native, evergreen,                                                                                
broadleaf Valdivian rainforest, including Nothofagus 
dombeyi with individuals predating 1727 CE 
(Hernández, 2018). Secondary forest and non-forest 
vegetation occupied lower elevations, reflecting a 
history of logging, farming, and pasturing. The older 
trees survived many tephra falls and PDC events over 
the previous several centuries (Romero et al., 2021). 
Vegetation on the valley floors of Tepu and Frío 
rivers was generally small trees (<20 cm diameter 
at breast height, DBH, measured at 137 cm above 
the ground), including Eucryphia cordifolia and 
Caldcluvia paniculata, which eventually established 
after passage of PDCs and lahars associated with the 
1961 eruption (e.g., Klohn, 1963). However, large, 
old trees of species such as Laureliopsis philippianna 
and Caldcluvia paniculata occurred at low density on 
higher terraces along the valley floor above the zone of 
flow deposits and on the adjacent, steep valley walls. 

The 22-23 April 2015, eruption of Calbuco 
was an extension of this historic activity in both 

1 Sánchez, F.; Romero, J.E.; Pereira, P.; Schilling, M. (in prep.). Geosites assessment in the northern flank of Calbuco volcano (Southern Andes, Chile). 
2 Stone, J. 1930. Two active volcanoes of Chile. The Volcano Letter 284. Hawaiian Volcano Observatory: 284 p. Hawaii.
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magnitude and volcanic products (Mella et al., 2015; 
Castruccio et al., 2016; Jones, 2016; Romero et al., 
2016, 2021). The eruption initiated with short-lived 
(<3 h) geophysical precursors (Arzilli et al., 2019; 
Morgado et al., 2019) producing three different pulses 

with columns of 15, 17, and 5 km high on 22, 23, 
and 30 April 2015. The overall eruption was sub-
Plinian and erupted ~0.28-0.58 km3 of bulk tephra 
to the northeast of the cone, even to Argentina and 
around the globe (Bertin et al., 2015; Castruccio et al.,                                                                         

FIG. 1. A. Map of PDC and lahar deposits of the 2015 eruption of Calbuco volcano (after Mella et al., 2015). B. Location of stratigraphic 
stations. C-E. Correspond to photographs of the 1st (C and D) and 2nd (E) eruptive pulses on 22 and 23 April 2015, respectively, 
as seen from the NW (Credits: A. Becerra and G. Cifuentes). 
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2016; Reckziegel et al., 2016; Romero et al., 
2016, 2021). Small column collapses were directly 
observed occurring north from Calbuco during 
the first pulse (Fig. 1C; Castruccio et al., 2016) 
Simultaneously, several forest fires were triggered 
by the fallout of pyroclastic bombs on forest or 
by lightning strikes (Fig. 1D) generated by charge 
within the column and low-level co-PDC ash plumes                                                                                                
(Fig. 1E; Van Eaton et al., 2016). PDC deposits covered 
the upper reaches of the valley floors of several river 
valleys draining radially from the volcano (Fig. 1A). 
The bulk volume of PDCs has been estimated at 0.01-
0.07 km3, attaining run out distances of 7-8 km down 
the Blanco-Este and Frío Rivers (Mella et al., 2015; 
Castruccio et al., 2016; Van Eaton et al., 2016) and 
7.5 km down the Tepu River. Particularly at Blanco-
Este and Frío Rivers, the PDC volume was estimated 
to 5.2±1.3x106 m3 by Macorps (2021).  

2. Materials and methods

2.1. Precipitation records, runoff estimation and 
geomorphologic analysis

The 2001-2010 monthly precipitation records 
for the Ensenada, Puerto Montt and Puelo rainfall 
gauges (Water Resources Directorate, DGA; Web 
page: www.dga.cl) show an inverse correlation 
between elevation and precipitation. Although none 
of these gauges are located inside our study area, their 
geographic distribution makes them representative 
of the amount of precipitation that falls in the study 
sites. The Ensenada gauge (10 km northeast of the 
summit) was not active in 2015, so we use records 
from nearby sites that include the immediate pre- 
and post-eruption period. Observations of the pace 
of fluvial erosion were made by field visits, Google 
Earth and drone images, and reports and photographs 
from local residents. 

2.2. Analysis of the PDCs and lahars in valleys 
of Tepu and Frío rivers

We conducted six field campaigns in the Tepu and 
Frío valleys between May 2015 and December 2019 
(Fig. 1B). During visits in 2016-2018, we observed 
profiles in stream cuts in the new deposits, and very 
limited exposures of pre-eruption stream bed and 
banks and f loodplain areas where f luvial erosion had 
removed a large fraction of the 2015 deposits. Fifteen 

stratigraphic columns of PDC deposits were drawn 
and correlated following lithologic and stratigraphic 
relationships (Fig. 2). These observations substantially 
add to the published works of Mella et al. (2015) 
and Castruccio et al. (2016). Interpretation of dilute 
PDCs in these valleys was based on observations of 
scorched (standing dead trees) and toppled (fallen in 
a down-valley direction) vegetation on the hillsides 
along sections of Tepu River and several thin (few 
cm thick) ash deposits observed within and at the 
base of PDC deposit profiles exposed by f luvial 
erosion of the PDC valley fill.

2.3. Vegetation and observations of damage

We examined vegetation in the two valleys 
to determine effects of PDCs on vegetation (e.g., 
removal, tipping, charring) so that we could use 
that information to interpret properties of the PDC 
processes and deposits and selected consequences 
of PDC-vegetation interactions. We interpreted pre-
eruption vegetation on the valley f loors of the Tepu 
and Frío rivers from Google Earth images (9 March 
2012, 10 January 2014), eyewitness accounts, and 
inspection of remnants of vegetation exposed by 
fluvial erosion of the fresh PDC and lahar deposits. 
To characterize surviving and damaged vegetation, 
we installed plots (Plot A=T2, Plot B=T3, Plot C=T6 
in Fig. 1B) comprised of line transects 6 m wide and 
50 m long in Jan 2018 in three areas of the Tepu 
valley f loor where fluvial erosion had exposed the 
pre-eruption valley floor soil surface and remnant 
trees (Fig. 3). Plot D (1 km downstream of T7 in                                                                    
Fig. 1B), considered a control plot, it was downstream 
of the toe of the PDC deposits and did not experience 
disturbance to the valley floor vegetation during the 
2015 event.

No pre-eruption remnants of forest were exposed 
in the valley f loor of Frío, so we did not install 
similar plots there. In both sites, we sought evidence 
of impact force by PDCs and lahars that had been 
sufficient to remove trees rather than simply tip them 
over, such as pits where trees were uprooted, or entire 
trees with root systems embedded in PDC deposits.

The features of the dead forest stems (diameter, 
length, orientation [vertical, tipped, curved], and 
degree of charring) were characterized at each plot. 
We measured DBH for all standing trees with basal 
diameter greater than or equal to 5 cm and taller 
than breast height. For shorter tree stems meeting 



324 The April 2015 Calbuco eruption pyroclastic density currents: deposition, impacts on woody vegetation...

FIG. 2. Stratigraphy of PDC deposits in the Frío and Tepu valleys, including the location of stratigraphic sites. Correlation of profile 
descriptions in the Frío and Tepu study areas are presented.  
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this diameter criterion, we measured basal diameter                         
(at ground level) and adjusted those measurements 
by a factor of -20% to estimate their DBH to account 
for taper, based on the relationship between basal 
diameter and DBH from 26 trees for which we had 
both measures. In four cases, we cut disks of wood 
at approximately 50 cm intervals along the lengths 
of tree boles to examine evidence of heat damage 
in relation to the depth of burial by PDC deposits. 
To interpret occurrence and consequences of dilute 
PDCs, we observed patterns of defoliated, upright, 
and toppled large shrubs and trees on hillsides above 
the top of the valley f loor PDC deposits, noting size 
(diameter) and orientation of toppled trees/shrubs, 
charring, and sprouting of new foliage. 

We also noted the thickness of associated PDC 
deposits, distribution of heat damage on trees and soil 
buried by PDC deposits, and fallen tree tops where 
they broke at the top of the PDC deposits. In order 
to assess how the thickness of PDC deposits affected 
toppling of upper portions of partially buried trees, 
we tallied 11 to 21 partially buried trees at each of 
the seven sites where deposit thicknesses ranged 
from 0.4 to 5.5 m. We selected sites where fluvial 
erosion had exposed the full thickness of the deposit 
and the remains of upright trees were still present 
within a few meters of the edge of the bank, so we 
could confidently estimate the deposit thickness 
pertained to all trees in the sample. For each tree, 
we noted the diameter at the top of the deposit, the 

FIG. 3. Photographs of PDC and lahar deposits and associated tephra fall units in the Tepu (A-D) and Frío (E-H) valleys. A. Full 
sequence of pyroclastic units at section T1. B. Basal units overlying pre-eruptive soil at T5. C. Subrounded boulder-sized 
accidental lithics at T3. D. Standing tree buried by the PDC at T6. The upper part of the section corresponds to tephra fall and 
lahar deposits. E. Middle PDC section at the upper Frío river (F2) showing laterally discontinuous units, one of them exhibiting 
intensive bulking (PDC-6). F. Fine-grained and cross-stratified PDC beds intercalated by a coarser-grained PDC-8 unit at the 
upper Frío river (F1). G. Upper PDC section showing two lahar beds to the top (LHR1 and 2) at section F7. H. Composite 
stratigraphy of the uppermost PDCs at section F8 (Blanco river). Credits: J. Romero, with the exception of inset f (F. Sánchez, 
lines show cross stratification). PDC labels are correlated to these of figure 2.
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top fell, the direction of toppling, and evidence of 
burning or splintering at the break point.

2.4. Fumarole geochemistry and PDC emplacement 
temperature

To evaluate fumarole geochemistry, an active 
pipe in the front of the Blanco-Este PDC deposit was 
sampled on 11 May 2015, using a 1 m long titanium 
tube (Ø=2.5 cm) connected by quartz-glass dewar tubes 
to pre-evacuated 60 ml glass f lasks equipped with 
a Teflon stopcock. The pre-evacuated and weighed 
flask was filled with 20 ml of a 4 N NaOH and                                                                                             
0.15 M Cd(OH)2 suspension to (1) condense 
water vapor and dissolve CO2, SO2, HCl and HF,                             
(2) precipitate elemental sulfur and (3) combine 
H2S with Cd2+ to form insoluble CdS. The residual 
gases (N2, O2, CO, H2, He, Ar, Ne, CH4, and light 
hydrocarbons) were concentrated in the head-space. 
Subsequently, the temperature was measured directly in 
the fumarole, and in the stream discharged immediately 
in the front of the PDC deposit. The gas analysis was 
carried out in the Fluid Geochemistry Laboratory 
of the University of Florence, Italy, following the 
procedures of Vaselli et al. (2006). The eruption 
temperature was estimated by using H2/H2O and 
CO/CO2 pairs as geothermometers. 

In another assessment of emplacement temperature 
of deposits, eight representative samples of transported 
wood (charcoal) fragments that were entombed 
within PDC deposits in the Blanco-Este River valley 
downstream of the Frío River (site F8 in Fig. 1B) 
were analyzed to estimate charring temperatures. 
The use of charcoal reflectance data has proved to 
be an effective tool in determining the emplacement 
temperature of ancient PDC deposits (Scott and 
Glasspool, 2005; Scott et al., 2008; Hudspith et al., 
2010; Pensa et al., 2018, 2019; Trolese et al., 2018). 
Samples ranged from 5 to 20 cm in diameter and 
were randomly collected at different stratigraphic 
positions and at different distances from the volcano 
summit.

Small crushed samples of charcoal were embedded 
in epoxy resin and wet-polished for viewing with 
reflected light microscopy. Polished sample preparation 
involved the use of grinding papers (grain size of 250, 
500 and 1,000 µm), and alumina powders (grain size 
of 1, 0.3 and 0.01 µm). According to the standard 
procedure for coal petrography, samples were studied 
using a Zeiss Axioskop 40 microscope linked to a 

MPS 200 detection system (J&M Analytik AG). 
Reflectance (Ro%) was measured under immersion 
oil of refractive index 1.518, using a tungsten-halogen 
lamp filtered to 546 nm and an Epiplan-Neofluar 50x 
lens. The instrument was calibrated by using different 
mineral standards, including spinel (Ro%=0.426), 
sapphire (Ro%=0.595), yttrium-aluminum-garnet 
(Ro%=0.905) and gadolinium-gallium-garnet 
(Ro%=1.726). The number of Ro% measurements 
on each sample varied from 30 to 120.

Similar analyses for samples from the Tepu River 
valley were carried out by Ricci et al. (2022) and 
these results are discussed with our observations. 

3. Results

3.1. Volcaniclastic stratigraphy 

The 2015 eruption produced PDCs that flowed 
down many river valleys draining from the summit 
of the volcano (Figs. 1A and B). These PDCs 
inundated the Tepu valley, a 50-70 m wide sinuous 
fluvial channel, and the Blanco-Este Frío valley that 
was wide (150-300 m) and straight fluvioglacial 
valley, up to 50 m deep. These deposits cover an 
area of ~9.1 km2, and our field observations reveal 
an average thickness of ~5 m. If extrapolated, this 
thickness gives an estimated volume of ~0.046 km3. 

We studied PDC and lahar deposits at both 
Tepu and Frío valleys in fifteen sections, which are 
identified as T1 to T7 for the Tepu, and F1 to F8 for 
the Frío (Fig. 2). These individual units are composed 
of cauliflower-shaped bombs and lithics (Table 1), 
and are discriminated by their components, overall 
architecture and stratigraphic discontinuities (sharp 
or erosional contacts; Fig. 3). Only the uppermost 
PDCs found in the Frío valley could be correlated 
to the Tepu sequence (Fig. 2) using attributes of the 
deposits and their relation to tephra fall units, assuming 
that the A tephra fallout layer was deposited during 
the initial pulse and layers B to D were emplaced 
during the second pulse of the eruption (see Castruccio       
et al., 2016 for details). The maximum thickness of 
PDC deposits in the Tepu ranged up to 12-13 m, 
and the PDCs were composed of at least six flow 
units (Fig. 3A). It appears that the PDCs occurred 
during the onset of the eruption (first pulse) as tephra 
fallout unit A is overlain by these PDCs (Fig. 3B), 
which are covered by tephra units B to D (Sections 
T1 to T6 and F; Fig. 3C), being also observed at 
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TABLE 1. STRATIGRAPHY AND SEDIMENTOLOGY OF VOLCANIC AND VOLCANICLASTIC DEPOSITS 
ACCORDING TO THEIR RELATIVE CHRONOLOGY IN THE STUDY AREA. 

Unit Type General description Locality

A Tephra 
fallout

Reversely graded, medium-to-coarse gray lapilli fallout, with 74% low-density scoria, 23% 
high-density scoria, and 3% lithics. The largest juvenile particles are 2.4-2.7 cm diameter and 
lithics reach ~1 cm.

T1, T4, and 
T5

PDC-1 PDC A 0.16 m-thick unit composed of fine to medium massive ash containing medium-sized lapilli 
clasts and abundant lithics (>50%) with reverse grading (Fig. 3B). 

T1, T2, and 
T5

PDC-2 PDC Massive, matrix-supported unit of 1.3 m thickness (Fig. 3B), which contains caulif lower bombs 
of high density scoria (80%), low density scoria (15%) and lithics (5%). 

T5

PDC-3 PDC 1 m-thick unit composed of matrix-supported clasts of normally graded cauliflower bombs of 
high density scoria (70%), reversely graded low density scoria (20%) and ungraded lithics (10%). 

T5

PDC-4 PDC 0.4 m-thick of a clast-supported deposit containing caulif lower bombs of high density scoria 
(75%), low density scoria (15%) and few boulder-sized subrounded lithics (10%).

T1, T2, T3 
and T4

PDC-5 PDC Thick (>2 m) unit composed of two sections characterized by reversely graded, matrix supported 
deposits containing cauliflower bombs and scarce lithics (<10%). 

T1

PDC-6 PDC At Tepu River, it consists of varying amounts of boulder-sized, lithic fragments (generally up to 
10-60% by volume), which were probably incorporated by bulking during passage of the PDCs 
down the valley (Fig. 3C, D). At the Frío River, this unit displays a lateral transformation containing 
angular, block-sized, accidental lithics which account >60% of the fragments (Fig. 3E).

T1 and F1

B Tephra 
fallout

Ungraded, coarse lapilli fallout with a few bombs, containing ~60% low-density scoria, 37% high-
density scoria and 3% lithics. The largest juvenile particles are 3.4-3.7 cm and lithics reach ~1 cm.

Most of 
sections

PDC-7 PDC Dune-bedded, cross-stratified and matrix-supported non-welded pyroclastic units (Fig. 3F) 
containing 50% low-density scoria, 46% high-density scoria and 4% lithic fragments, all of them 
of fine-to-medium lapilli size.

F1

C Tephra 
fallout

Reversely graded, medium brown lapilli fallout, with ~61% low-density scoria, 37% high-density 
scoria and 2% lithics. The largest juvenile particles are 1.8-2.3 cm diameter and lithics reach 1.1 cm.

Most of 
sections

PDC-8 PDC Contains reversely graded caulif lower bombs and lithic blocks supported by a fine-to-medium 
ash matrix with degassing pipes and carbonized material (Fig. 3H). 

F6, F7 and 
F8

PDC-9 PDC Massive, coarse-grained unit containing abundant caulif lower bombs up to 60 cm in diameter, 
and few metric-sized lithics (Fig. 3G and H). 

F1, F6, F7 
and F8

PDC-10 PDC Massive, reversely graded, coarse-grained unit containing cauliflower bombs and scarce lithic 
fragments.

F6, F7 and 
F8

PDC-11 PDC Consists of a massive, fine-depleted, clast-supported channelized lithic breccia unit, containing 
sub-angular metric blocks (Fig. 3G).

F7

PDC-12 PDC Unit composed of a lowermost section containing lithic-rich, f ine lapilli fragments, grading 
upwards to a massive, coarse-grained deposit with metric caulif lower bombs and lithic fragments 
within a fine-to-medium ash matrix (Fig. 3G, H). 

F6 , F7 and 
F8

PDC-13 PDC Consists of a fine-to-medium ash matrix supporting lapilli-sized fragments and lithics up to block 
size with reverse grading (Fig. 3G). The upper half shows lamination. 

F7

D Tephra 
fallout

Ungraded, medium lapilli fallout, containing ~71% high-density scoria, 25% low-density scoria 
and 4% lithics, with 3% of hydrothermally altered lithics. The largest juvenile particles are 1.9-   
2.2 cm diameter and lithics reach 1.2 cm. 

Most of 
sections

LHR1 Lahar Clast-supported, coarse grained and reversely-graded diamict with oligomictic to polymictic 
components, generally eroding unit D (Fig. 3D, G, and Supplementary Fig. 1).   

T6, T7 and 
F7

LHR2 Lahar Matrix supported, well stratified diamict containing oligomictic to polymictic clasts medium-to-
coarse sized with reverse grading (Supplementary Fig. 1A, B).  

T7 and F7

LHR3 Lahar Coarse grained, matrix-to-clast supported massive diamict with metric sized angular polymictic 
boulders. 

River bed 
at T1 and 
F6. 

Scoria is described accordingly to Arzilli et al. (2019).
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the uppermost Frío PDCs (Fig. 3E). The Frío PDCs 
consist of four to seven flow units with maximum 
deposit thickness of 10 m, but the middle and lower 
sections overlie the tephra fallout layers A-C, and 
they have layer D on top (F3 to F8; Fig. 3F, H), thus 
suggesting their emplacement during the second 
pulse of the eruption. 

The Tepu PDCs (T1 to T7; Fig. 2) consist of 
up to six massive f low units (Fig. 3A) that directly 
overlie the vent-opening tephra fallout (A; Fig. 3B) 
and contain unsorted, matrix-supported, sub-rounded 
to cauliflower-shaped dense scoria bombs of black, 
brown or reddish scoria up to 70 cm diameter and minor 
denser blocks of non-juvenile rocks (i.e., accidental 
lithics; Fig. 3C), which were probably ingested from the 
former river channel. Despite at stratigraphic column 
T5 (Fig. 2) not all the PDC units are observed, the 
good preservation of the pre-eruptive ground and the 
initial tephra fall deposit allows a careful description 
of the lowermost stratigraphy of the sequence (e.g., 
Table 1). The basal PDC unit (0.16 m thickness) is 
composed of fine to medium massive ash containing 
lapilli clasts with reverse grading (Fig. 3B). This is 
overlain by a massive, matrix supported PDC unit 
of about 1.3 m thickness (Fig. 3B), which contains 
clasts of high density scoria (80%), low density scoria 
(15%) and lithics (5%). Above, another PDC unit of 
1 m thickness consists of matrix-supported clasts of 
normally graded high density scoria (70%), reverse 
graded low density scoria (20%) and lithics (10%), 
covered by at least 0.4 m of a clast-supported PDC 
deposit containing high density scoria (75%), low 
density scoria (15%) and lithics (10%). Two units are 
enriched in boulder-sized lithic fragments: PDC-4 and 
PDC-6. However, the lithics are dominantly subangular 
in PDC-6 and up to 10-60% by volume, which were 
probably incorporated by bulking during passage of 
the PDCs down the valley (Fig. 3C, D). The PDC 
deposits are covered by tephra fallout deposits (layers 
B to D; Fig. 3C), which were subsequently eroded 
by lahar deposits (Fig. 3D). The largest accidental 
lithic blocks occur toward the top of the PDCs at the 
upper Frío valley (Fig. 3E), however they are laterally 
discontinuous. The occurrence of multiple PDCs in 
the Tepu is indicated by discontinuities in the deposit 
stratigraphy. Contacts with the coarser-textured, 
massive PDC deposits are sharp and erosional in 
some cases (Fig. 3E).

After the eruption, both Tepu and Frío were 
affected by lahars, forming thin (<1 m-thick) matrix- to 

clast-supported and reversely-graded oligomictic to 
polymictic diamicts; these lahars flowed downvalley 
on top of the fall unit D, or through newly formed 
incisions within the 2015 PDC deposits (Fig. 4).       
At least three laharic deposits have been identified in 
these two valleys, and they contrast between granular 
flows (LHR1 and LHR3) and hyperconcentrated 
flows (LHR2), as interpreted from their internal 
sedimentary structures (Table 1).

3.2. Fumarole extension and deposit erosion

Fumarole activity, an indication of presence of 
water and deposit cooling, varied over time after the 
eruption. Fumaroles were weak, but present even as 
early as 23 April in both the Frío and Tepu valleys 
as observed in the Google Earth images, but rapidly 
increased between 27 April and 4 May (Fig. 5A to D).                   
Initially, the Frío valley floor was flat-topped, covered 
with primary PDC and tephra fall deposits, fumaroles 
were very limited, and streamflow occurred only 
along the eastern margin of the valley (Fig. 5E). 
During field visits to the Frío valley on 6 May and     
4 June 2015, abundant fumarole activity was observed 
across the surface of the PDC deposits in the form 
of steam plumes and pools of hot mud, forming                                                                                 
1-2 m diameter patches of precipitate around degassing 
pipes (Fig. 5F). By 11 May, the outlet temperature of 
the fumarolic discharges was 241 ºC. Gas composition 
was characterized by predominance of water vapor 
(98.7 mol %) and the dry gas concentration reached 
up to 1.3 mol %. Dry gases were dominated by 
CO2 (907,030 µmol/mol), H2 (65,000 µmol/mol),                           
N2 (16,000 µmol/mol), hydrogen sulfide (8,600 µmol/
mol) and methane (2,400 µmol/mol), whereas acid 
species, such as SO2, HCl and HF, were absent. Those 
species have a very high solubility (Giggenbach, 
1996), and, considering the interaction of the PDC 
with the stream, a complete solubilization on contact 
with water is expected. Fumarole activity was very 
rare and feeble when we visited the Frío and Tepu 
sites on 28 Jan 2016, 8 months after the eruption                          
(Fig. 5G), however light-gray patches of precipitates on 
the PDC deposit surfaces were widespread (Fig. 5H). 

The precipitation record (Fig. 6) gives an indication 
of the probable amount and timing of water available 
to erode the new deposits and support fumaroles. 
The eruption occurred at the transition from the dry 
to the wet season, and ~300 mm of rain fell in the 
four weeks before the eruption. 
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Significant precipitation events did not begin for 
several weeks after the eruption, when a sequence of 
four precipitation events >20 mm occurred between 
15 May and 15 June. Using the relationship between 
the elevation and the rainfall calculated for the study 
area, we estimate that in the rainiest 10-day period 
~50 mm fell at the Frío study site (mean elevation 
500 m a.s.l.) and >80 mm fell at the Tepu study area 
(mean elevation 315 m a.s.l.). By 5 May, the volcano 
was already covered in snow above 1,600 m a.s.l.

Photographic records of the Frío River document 
that significant f luvial erosion occurred between          
6 May and 4 June (Fig. 5E), coincident with the larger 
precipitation events (Fig. 6), and erosion continued 
during 2016 and 2017 (Fig. 7A). By January 2018, 
the Frío River channel bed comprised large, sub-
rounded boulders of a variety of rock types, which, 
along with the presence of an exposed water-supply 

pipe (Fig. 7B), suggested that erosion had reached 
the pre-eruption streambed. Evidence of the pre-
eruption stream banks in the form of remnants of 
soil and root systems was extremely rare.

Fluvial erosion of the lower Tepu PDC deposits 
had proceeded to a depth of several meters by 27 
May, but had not reached the pre-eruption channel 
or valley f loor surface. By January 2016 channel 
incision in the lower Tepu had proceeded to the pre-
eruption streambed and stream banks in some areas 
(Fig. 7C), but by January 2019, extensive lateral 
and deep downward erosion of PDC deposits was 
observed exposing more of the channel in its pre-
eruption position (Fig. 7B). The pre-eruption channel 
was identified by (a) the large, sub-rounded boulders 
of various rock types in the exhumed streambed and 
banks, (b) the roots of killed streamside trees marking 
the location of the stream banks, and (c) the remains 

FIG. 4. 2015 lahar deposits in both Frío (A-B) and Tepu (C-D) rivers, lying on top of PDCs and in gullies generated by the erosion 
into these PDC units.
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FIG. 5. Fumarole activity and progress of f luvial erosion of the 2015 PDC and lahar deposits in the Frío and Tepu river valleys. Google 
EarthTM satellite images of both rivers on 23 April 2015 are shown in A and B. C. Aerial view of PDC deposits and their 
associated fumaroles in the Frío river (Diego Spatafore). D. Fumaroles in the Tepu valley by 27 April 2015 (Bárbara Corrales). 
E. Fumarole activity and f luvial erosion in the Frío valley during April-June 2015 (D. Morgavi and C. Valenzuela). F. Detail 
of degassing pipes in the surface of the PDC deposit in the Frío valley. The diameter is about 1 m. G. Steaming ground in 
reworked tephra fall deposits covering PDC deposits of the upper Frío valley. H. Fumarolic patches in the upper Frío River.
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of the pre-eruption forest f loor and shallow rooting 
zone on the exposed f loodplain surface adjacent to 
the stream bank. Sediment released by erosion of 
the new PDC, lahar, and tephra fall deposits in both 
Frío and Tepu was delivered to the Blanco-Este River 
(Fig. 7D), and the outlet of Tepu, the latter forming 
a 3-m thick delta into Llanquihue Lake (Fig. 7E).

3.3. Conditions of forests affected by PDCs

The trees and shrubs in the upper Frío River at 
the time of the eruption appear to have been smaller 
and less dense than in the Tepu. In Google Earth 
imagery of 9 March 2012 and 10 January 2014 
the Frío valley f loor appears to have had a deeply 
incised channel with shrubby vegetation bordered 
by a broad terrace with very limited vegetation. Tall 
shrubs and small trees were more abundant on the 
Tepu valley f loor, as evident in the same Google 
Earth imagery, by our observations of remnants of 
vegetation exposed by fluvial erosion, and confirmed 

by local residents. For example, in the three plots 
A-C of remnant vegetation in the Tepu valley the 
number of stems ranged from 51 to 83 in the 300 m2                   
plots and only 5 out of the 199 stems exceeded                                        
16 cm DBH (Table 2). Mean DBH was 6 to 8 cm, 
and basal area ranged from 0.26 to 0.46 m2/300 m2. 
Plot D, located downstream of the PDC deposits and 
f luvial disturbance, had substantially higher stem 
density and mean basal area, but the mean DBH and 
the frequency of trees with DBH >16 cm are similar 
to the plots in the PDC-affected zone. 

In the Frío River valley, partially buried, dead 
trees occurred only along the margins of the deposits 
in the study reach (within 30 m of the valley wall) 
(e.g., Fig. 8A). In the Tepu valley, the larger (DBH 
>16 cm), partially buried trees remained standing 
at some locations along the margins of the valley 
floor (Fig. 8B) and also at the distal end of the PDC 
deposits (lower 500 m), where upright, emergent 
boles of trees were buried by up to 4 m of PDC 
deposits (Fig. 8C). All trees that were partially 

FIG. 6. Records of cumulative A and daily B precipitation at three gauging stations: Ensenada 10 km northeast of Calbuco (41°13’39.60” S;                                                          
72°34’4.53” W, 62 m a.s.l.), Puerto Montt 32 km southwest of Calbuco (671,522 E, 5,407,833 N, 90 m a.s.l.) and Puelo 45 km 
southeast of Calbuco (41°27’45.97” S; 72°56’46.17” W, 5 m a.s.l.). Mean annual rainfall at these stations is 2,473, 2,046 and 
2,956 mm, respectively. Source: Servicio Hidrométrico Nacional. https://dga.mop.gob.cl/Paginas/hidrolineasatel.aspx.
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buried by PDC deposits, even only a few 10s of cm 
of deposits, were killed in both study sites. 

We searched for evidence that the PDC had 
sufficient impact force to uproot and transport trees 
down the valley. In the Tepu valley sample plots 
where PDC deposits had been removed by fluvial 
erosion, we observed many tipped trees (Fig. 8C), but 
no cases of pits in the pre-eruption soil where root 
systems may have been pulled out. In a few cases, 
we observed large (up to 30-cm diameter and 5+ m 
long), thoroughly-charred tree stems incorporated 
within PDC deposits, but they lacked attached root 
systems. We also did not observe deposits of transported 
large pieces of wood at the front of the PDC deposits. 
Collectively, these observations constitute a lack of 
evidence that the PDCs uprooted trees and push them 
down the valley to a significant extent. 

Some of the upper parts of partially buried trees 
broke off at the top of the PDC deposits, and in some 

cases charring of splintered ends had occurred over 
20-30 cm of the length of the tree stem in the zone 
of breakage (Fig. 8D). However, others toppled tree 
tops lacked evidence of charring. In most, but not 
all cases, the tops fell in the down-valley direction. 
In the Tepu valley, the fallen tree tops are located 
on either the f luvially-eroded surface or on top of 
the PDC deposits capped with ~30 cm of tephra fall 
deposits (Fig. 8C, D). The fallen tree tops retain their 
branch systems, which are not charred (Fig. 8D).                                                                             
In some cases, pieces of scoria up to 40 cm in 
diameter are perched among the branches, and the 
bark is removed from upstream-facing surfaces of 
limbs (Supplementary Fig. 1). We have observed no 
evidence of sprouting of trees with PDC deposits at 
their base, but herbs, shrubs, lichens, and moss have 
colonized to varying extent on the surfaces affected 
by volcanic and f luvial processes years after the 
eruption (Fig. 8E). 

FIG. 7. Evolution of the fluvial incision in the Frío (A) and Tepu (B-C) river valleys and sediment delivery at the Blanco-Este River 
and Llanquihue Lake (D-E) some years after the eruption. (Photos a to d by J. Romero and photo e by C. LeRoy).  
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Along study sections of the Tepu, localized 
patches of defoliated shrubs and trees were standing 
or fallen in a down-valley direction at locations up to 
50 m above the top of the PDC deposits on the valley 
f loor (Fig. 8F). These patches were most evident in 
the first several hundred meters downstream of the 
20-m high waterfall in Tepu, and they were highest 
on the outside of bends in the orientation of the valley                                                                                   
(Fig. 8G). Some trees and shrubs in these patches were 
sprouting a few years after the eruption. Discontinuous 
lenses of fine-textured, matrix-supported, cross-
laminated and lapilli-bearing tephra layers (Fig. 8H) 
were found at various locations at the top, within, 
and below the concentrated PDC deposits on the 
valley f loor. These observations appear consistent 
with deposition by dilute PDCs.

3.4. Charring patterns in trees

The tendency of the upper portions of the tree to 
have fallen varied with PDC deposit thickness and 
tree diameter. Trees that remained standing above 
the PDC deposits surface were relatively large 
(mean DBH 18 cm, Fig. 9A). At the site with 0.4 m            
of deposit (Fig. 9A), all trees remained standing 
with upright tops. At sites with 4.5 and 5.5 m of 
PDC deposits, all trees had fallen tops and most 
had evidence of burning at the breaking point at the 
top of the deposit. At sites of intermediate deposit 
thickness (2 to 3.5 m), tree responses were mixed, 
but smaller diameter trees were more likely to have 
fallen tops and evidence of burning in the zone of 
breakage. Smaller trees were tipped down-valley 

TABLE 2. PROPERTIES OF WOODY VEGETATION (BASAL DIAMETER >5 CM) IN THREE PLOTS (A-C) (50-M 
LONG AND 6-M WIDE ORIENTED PARALLEL TO THE VALLEY AXIS) IN THE ZONE OF PDC DEPOSITS 
IN THE TEPU AND ONE PLOT (D) LOCATED 1 KM DOWNSTREAM OF THE PDC DEPOSIT ZONE IN 
AN AREA UNAFFECTED BY PDCS OR FLUVIAL DISTURBANCE IN 2015.   

Property Plot A Plot B Plot C Plot D

total stems 83 51 65 139

basal area (m2/300 m2) 0.26 0.40 0.46 1.23

DBH (cm)
max 12 46 36 33
min 4 4 4 4
mean 6 8 8 10
stdev 2 6 5 4

height of tip (cm)
max 110 180 160 n/a
mean 24 71 54 n/a
min 0 18 0 n/a

length of stem (cm)
max 210 600 200 n/a
mean 69 226 72 n/a
min 7 70 9 n/a

DBH if upright (cm)
max - - 36 33
mean - - 18 10
min - - 10 4

All stem diameters are reported as DBH (diameter at breast height, 137 cm), based on conversion described in the text. No data are 
shown for DBH of upright stems at Plots A and B because no upright stem extending above the top of the PDC deposits existed.                   
No data are shown for height and length of tipped and truncated stems in Plot D, because no stems of those types existed there. 
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at their base (Fig. 8C), and the tips were charred, 
frequently bent, and broken off, commonly at a 
diameter of 4-6 cm. The tips of these bent and 
broken stems were close to the pre-eruption ground 
surface (24 to 71 cm), and the mean length of these 
stems was up to three times greater than the mean 
height of the tips. 

A 15-cm DBH sectioned tree near location T5 that 
remained standing, despite partial burial with 2.4 m 
of PDC and tephra fall deposits, displays increasing 
charring and radial fracturing upward from the           

pre-eruption ground surface to the top of the deposits 
(Fig. 9B). At the top of the deposit, the top of the tree 
broke off and fell onto the primary deposits. The base 
of the broken tree top is charred, but a section of the 
tree top 20 cm above the break point shows very 
limited charring, and sections at 50 and 100 cm above 
the break point do not appear charred or discolored 
(Fig. 9B). In contrast, wood fragments (commonly 
<10 cm in diameter and <40 cm long) that were 
transported and contained in the PDC deposits are 
fully converted to charcoal (Fig. 9C).  

FIG. 8.  Vegetation affected by PDCs. A. Dead trees along the margin of the Frio river, in the front of a PDC deposit; down-valley 
direction is toward the viewer (Nov 2016). B. Standing dead trees to the west side of Tepu valley, partially buried in the front of 
a PDC deposit (Dec 2019). C. Tepu Plot B area, small stems tipped down-valley and truncated ~1 m above the former ground 
surface (located at the feet of the person). The PDC deposit was eroded and stems are exposed next to the current river bed. 
D. Toppled trees above the surface of the PDC deposit in Plot B area at Tepu River. Most of the tree tops fell down the valley 
direction and charcoal is observed at their bases. E. New vegetation in the lower Tepu valley between 2017 and 2019. View 
looking upstream. F. Aerial view of toppled, dead and sprouting trees near a waterfall in the Tepu River (Pablo Saummann). 
G. Hillside with vegetation toppled by dilute PDCs in the upper part of the Tepu study section. View is looking upstream. Note 
sprouting on toppled trees during Jan. 2017. H. Dilute PDC between two concentrated PDC units at the Tepu site showing 
their internal architecture (white lines), including cross stratification and lenses of coarser particles.
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Rooted tree stems buried in PDC deposits exhibit 
heat effects, which vary with height above the pre-
eruption ground surface. This is evident in cross 
sections cut from two small, tipped over, rooted trees 
that did not extend above the 4 to 5-m thick PDC 
deposits that buried them (Fig. 9D). Sections from 
close to the ground had minor discoloration and a 
pungent odor, while those from further above the 
ground surface were significantly charred (Fig. 9D). 
Completely charred transported wood fragments occur 
adjacent to the sectioned, upright tree, where cross-
sections display little or no charring in their wood at 
the same height above the pre-eruption ground surface. 
Charring patterns on the exterior surfaces of trees also 
exhibit increasing char up the stem within the deposit. 
Relatively large, standing trees in Plot C, for example, 
have greater char on the upper two thirds of the buried 
part of the stems than in their lower third (Fig. 9B). 
Charring was generally superficial blackening and 
not severe enough to remove wood. 

Evidence of heating of soils below PDC deposits 
is extremely limited. Charring and discoloration of 
organic matter extends to a maximum of only a few 
cm into the pre-eruption floodplain soil at Plots A-C. 
At the site of the sectioned site (T5; Fig. 9B, E), a 
16-cm-thick tephra unit rests on the pre-eruption 
soil surface and beneath the PDC deposits. Foliage 
of Eucryphia cordifolia and Nothofagus dombeyii
within the tephra unit are not charred, nor is the 
underlying pre-eruption soil.  

Abrasion of bark affected the up-valley side of 
some of the standing trees in some areas of the Tepu 
valley. Both passage of PDCs and bed load transport 
during fluvial erosion may have caused the abrasion. 
In some cases these processes could be distinguished; 
for example, where a tree in a zone of fluvial erosion 
was abraded, but a nearby tree still partially buried 
in PDC deposits was not.  

3.5. Eruption and emplacement temperature 
determinations

According to the gas geothermometry based on 
the H2/H2O and CO/CO2 pairs geothermometers 
(Supplementary Table 1), we calculated a temperature 
range between 540 and 603 ºC, assuming that 
equilibrium was attained under magmatic conditions 
controlled by the SO2/H2S gas buffer. 

All samples from the vicinity of the Frío 
study area (point F8, Fig. 1B) display measurable 

Ro% values, indicating that they were exposed to 
temperatures greater than 200 °C (Scott and Jones, 
1991), as below this temperature the Ro% cannot be 
measured. However, accurate taxonomic identification 
of charred specimens was not attempted for this 
study, but the large vessels in the cellular structure 
suggest the presence of several angiosperm species 
(Fig. 10A, B; Hudspith et al., 2010). Results from 
the reflected light microscopy analysis revealed 
the occurrence of fully charred materials, with a 
mean Ro% that ranges from 1.51±0.07 to 2.88±0.08                                                                                       
(Fig. 10C, D). Despite this relatively great extent in 
Ro% values, the Ro% distribution within each sample 
was distinctively unimodal with a low standard 
deviation (Fig. 10C,  D), suggesting that the charring 
process persisted long enough to reach a stable point 
and equilibrate with the deposit temperature in that 
specific location. According to the experimental 
studies concerning the formation of charcoal (e.g., 
Ascough et al., 2010; Scott and Glasspool, 2005, 
2007), our Ro% data translate into emplacement 
temperatures that vary from ~400 to ~550 °C. 

4. Discussion and conclusions

4.1. Mechanism and dynamics of PDCs

The estimated volume of PDCs lies among the 
previous approximations (0.01-0.07 km3 in Mella 
et al., 2015; Castruccio et al., 2016; Van Eaton 
et al., 2016). Two mechanisms could explain the 
different pyroclastic units observed within the PDC 
sequence: the first corresponds to partial column 
collapse, which transported tephra down steep, 
headwater valleys, forming PDC units 1, 7, and 13. 
A second mechanism may include the syn-eruptive 
remobilization of proximal fall deposits, emplaced 
primarily as ballistic bombs (e.g., Risica et al., 2022) 
that formed bomb-rich units (e.g., PDC units 2-10, 
and 12). The Tepu PDCs are bracketed by the B, C 
and D tephra fall deposits, so they were emplaced 
within a period of 1.5 hours, during the first eruption 
pulse (Castruccio et al., 2016), while at Frío these 
f lows seem to have occurred during both the first 
and second pulses. Taking into account a pre-eruptive 
magma storage temperature of 900-950 °C (Arzilli 
et al., 2019; Morgado et al., 2019), and the fast 
kinetics of H2 and CO (Giggenbach, 1987), the range 
of temperatures calculated here would represent the 
original temperatures of these PDCs. 
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The ground-hugging phase of these PDCs displays 
sedimentologic characteristics in agreement with 
concentrated f lows (e.g., moderate grain fabrics; 
Branney and Kookelar, 2002). In some cases, large 
(i.e., up to 1.5 m) lithic blocks are incorporated at 
Tepu, but they are more common in the Frío PDCs, 
forming lithic breccias indicative of intense flow 
bulking or abrupt changes in the eruptive style due 
to lava dome collapse, plug failure, conduit erosion, 
or the opening of new vents (e.g., Cioni et al., 2004; 
Caricchi et al., 2014; Major et al., 2013; Furukawa    
et al., 2014; Romero et al., 2017; Yasuda and Suzuki-
Kamata, 2018). The identification of multiple units 
leading to a stepwise aggradation of the deposits 
(see Sulpizio et al., 2014) can be interpreted as the 
occurrence of a succession of PDC pulses, also 
producing lobate fronts in terminal deposits due to 
pulse stoppage. This is in agreement with the model 
of small-scale PDCs of Sulpizio (2007). These 
granular, concentrated flows were also accompanied 

by a dilute phase indicated by units composed of 
fine-textured, matrix-supported, cross-laminated 
and lapilli-bearing tephra layers (e.g., PDC-7 or 
thin lenses between PDC-1 and PDC-2); units that 
are diagnostic of traction-dominated regimes (e.g., 
Branney and Kookelar, 2002) during stepwise 
aggradation (Sulpizio et al., 2014). Passage of the 
PDCs over the 20-m high waterfall at the head of 
the Tepu study area may have contributed to extreme 
turbulence, possibly accentuating the thickness of 
the dilute, ash-cloud surge component of the PDCs 
for hundreds of meters down the valley. Patterns of 
toppled vegetation on the valley wall suggest that 
these ash cloud surges super-elevated and reached 
as high as 62 m above the valley f loor as they went 
around bends in the valley topography. This type of 
PDC behavior has been observed in other volcanic 
eruptions and has caused scorched zones of dead 
foliage in the flanks of gullies (e.g., Romero et al., 
2017). Both the concentrated and diluted PDCs 

FIG. 10. Reflectance photomicrographs of polished blocks under oil of charcoal samples CA-T-05-A (A) and CA-T-16-A (B), showing 
the presence of large vessels in the anatomical structure. Frequency histograms (expressed in %) showing the distribution of 
Ro% values for samples CA-T-05-A (C) and CA-T-16-A (D) Mean Ro% values and relative standard deviations are shown 
in the inset of each sample.
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have been also recognized by Macorps (2021) in 
the Calbuco 2015 deposits. 

To estimate the velocity during the emplacement 
of the PDCs, we used a steady video from a 
survillance camera at Osorno volcano (https://youtu.
be/53a_4RQC_f0), which shows the beginning of 
the eruption and the PDCs sourced from ~800 m 
above the crater, descending down the Tepu valley. 
Due to Calbuco’s north flank morphology, which 
corresponds to a horseshoe scar infilled by a young 
post-collapse composite edifice (Sellés and Moreno, 
2011), the PDCs were initially unconfined until 
encountering the valleys downstream, becaming 
channelized flows. We observe that the first PDC 
(18:06:36 local time) travelled about 3,620 m in 98 s, 
thus its average velocity was ~37 m s-1 (133 km h-1). 
Also,  using the super-elevated PDC (h=62 m) in the 
Tepu (site distant 5,136 m dowstream from the crater, 
488 m a.s.l. elevation), with a flow height loss (h) of 
2,326 m, we can estimate the flow friction loss and 
velocity (Eqn. 1 and 2; Naranjo and Francis, 1987):  

 
    (1) 

(2)   (2)
 

We obtain for the first PDC a f low friction 
loss of 0.84 and velocity of 35 m s-1 (126 km h-1), 
roughly equal to what is retrieved from the video 
footage. Comparatively, Macorps (2021) estimated 
velocities of 5.2 to 10.5 m s-1 for the Blanco-Este 
and Frío PDCs, respectively, and 3-7 m s-1 for the 
Blanco Sur River. According to Lube et al. (2011), 
higher channel sinuosity has potential for f low 
acceleration in outer bends, producing flow avulsion, 
mainly as overflow. On the other hand, Molle et al. 
(2012) studied the 8 January 2010 PDCs of Sufrière 
Hills volcano, and observed flow front deceleration 
due to high degrees of valley sinuosity. The higher 
sinuosity of the Tepu river valley could also explain 
the production of dilute PDC facies in the outer rims 
of the valley as consequence of overflow, although 
the estimated flow velocities are higher in the Tepu 
compared to the Blanco-Este and Frío. We suggest 
the valley slope (higher in the Tepu), combined 
with the channel width (narrower in the Tepu) were 
the main factors to control this behaviour, despite 
channel sinuosity.    

4.2. Alluvial processes following the eruption 

Our observations support the interpretation that 
the lahars described in this study occurred after the 
eruption, and thus represent lahars triggered by mild 
precipitation events rather than lahars triggered by 
direct melting of snow and glaciers from the summit 
of the volcano, which were not studied in this paper 
and their outcrops are not included in the stratigraphic 
sections containing the PDC deposits. In this sense, 
the precipitation events in the four weeks leading 
up to the eruption wetted the landscape somewhat, 
but low precipitation in the first few weeks after 
the eruption (~300 mm) delayed erosion of the new 
deposits (Fig. 6). No single, major precipitation 
event in the post-eruption record appears to have 
abruptly triggered channel incision, and various lines 
of evidence document f luvial erosion of the 2015 
deposits proceeding progressively over months and 
further erosion occurring over subsequent years. For 
example, 1,500 mm of precipitation fell between 
23 April and 1 August 2015, supporting fumaroles 
and erosion. By January 2018, sections of the Tepu 
and Frío channels had reoccupied their pre-eruption 
channels and streambanks, which are armored by 
large boulders, so the pace of sediment mobilization 
and geomorphic change was greatly reduced. 

4.3. PDC effects on vegetation

Interactions of volcanic processes and vegetation 
are rather well-known for many volcanic processes 
(e.g., Crisafulli et al., 2015; Swanson and Crisafulli, 
2018), but little is known on the effect of PDCs. In the 
Tepu study area, PDCs left abundant evidence of many 
types of interactions with forest vegetation, so we are 
able to examine these from various perspectives. Few 
trees existed in the Frío valley before the eruption, 
probably because of disturbance during the 1961 
eruption, and very few trees buried by PDC deposits 
have been exposed by erosion. Our charcoal data 
representing emplacement temperatures of 400-550 °C 
is consistent with recent data by Schito et al. (2022) 
at the Frío River, with temperatures from 408 to                                                                                   
566 °C measured in charcoal of  Fitzroya Cupressoides 
at 4-5 km from the vent. Therefore, our analysis of 
PDC-forest interactions is restricted to the Tepu area 
where PDCs encountered extensive young forest on 
the wide valley floor, which probably regenerated 
after the 1961 eruption (Zingaretti et al., 2023). 
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Along the Tepu valley, ground-hugging PDCs 
tipped over smaller stems and left some larger trees 
standing in more protected areas at the margins and at 
the distal end of the deposits where f lows were thin, 
reflecting both lateral and down-valley gradients in 
disturbance intensity. Trees smaller than ~10 cm DBH 
were bent over, but remained rooted and the tips of the 
remaining part of their stems were charred and with 
tops removed in most cases. Greater thickness of PDC 
deposits resulted in a greater tendency to have their 
tops fallen and a greater tendency for burning wood at 
the top of the deposit. Apparently, combustion could 
occur at the point where the tree stem emerged from 
the deposits (Fig. 8D), where the deposits were thick 
enough to supply the necessary heat and oxygen was 
available in the ambient air. The buried wood could 
be charred, but it did not ignite, because of limited 
oxygen supply within the deposits. The preferential 
fall of tree tops in the down-valley direction suggests 
that the PDCs may have had sufficient force to tip 
the trees slightly, predisposing them to fall in that 
direction (e.g., Figs. 8D and 11). The timing of fall 
of the tree tops relative to fluvial erosion of the PDC 
deposits is however uncertain.  

Patterns of heat damage to detrital wood pieces 
and rooted trees provide evidence concerning 
emplacement and cooling of PDC deposits. Rooted 
trees exhibit increased heat damage to wood (e.g., 
discoloration, intensity of charring, radial fracturing 
of the stem) from the pre-eruption ground surface 
upward over a meter into the deposit. This gradient 
appears in cross-sections of tree stems (Fig. 9B) and 
exterior patterns of charring on upright trees. We 
did not document any heterogeneous thermal effect 
related to flow direction (e.g., leeward vs windward). 
The results obtained by Ricci et al. (2022) are in 
well agreement with our observations, indicating 
that the charcoal at the bottom of the deposit was 
produced by temperatures of 405 °C, whereas the 
top was exposed to up to 520 °C. This pattern can be 
explained by greater water availability near the pre-
eruption soil or rapid water delivery to the base of the 
deposit soon after the formation of small watersheds, 
creating a water table in the base of the deposits (Fig. 
11). However, these hypotheses need to be properly 
addressed with both laboratory and experimental data 
to provide a convincing explanation. Detrital wood 
throughout the PDC deposits appears to be completely 

FIG. 11. Cartoon summarizing the PDC-forest interaction at the Tepu River bed (not to scale). We propose that the thermal gradients 
observed are explained by the early formation of a water table at the bottom of the deposit.  
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converted to charcoal (Fig. 9C). The small size of                                             
transported pieces may have facilitated their rapid 
desiccation and conversion to charcoal, possibly 
explaining the close juxtaposition of fully charred 
detrital wood fragment with the larger diameter 
upright tree stems that experienced less heat damage                                        
(Fig. 9D). Heating damage to the partially buried trees 
continued after PDC emplacement, including during 
the period of fumarole activity. The variability in the 
charring patterns observed is relevant for physical 
interpretations of volcaniclastic deposits and should 
be taken into account in future studies.

Some tree tops are now located on surfaces eroded 
by fluvial action (Supplementary Fig. 1), and these 
tops have not experienced significant transport or 
removal of limbs, suggesting they may have fallen 
after the erosion. This possibility is confirmed by the 
presence of sub-rounded cobbles of scoria lodged in 
the tree limbs, which appear to have been emplaced 
during bedload transport in the period of erosion 
of the PDC deposits (Supplementary Fig. 1). The 
phenomenon of fallen tops on fluvially eroded PDC 
deposits was also observed in the Blanco-Chaitén 
River valley after the 2008 eruption of Chaitén 
volcano (Fig. 16 in Swanson et al., 2013). 

Dilute PDCs produced defoliated, standing, and 
fallen trees and shrubs on the valley wall pointing in 
the down-valley direction (Fig. 8F and G). We infer 
this damage to foliage was the result of scorching, 
as observed in the case of other sites of dilute PDC 
movement into forests, such as on the north flank of 
Chaitén in its 2008 eruption (Swanson et al., 2013). 

To elucidate the forces involved in the toppling 
the trees, here we attempt to determine the dynamic 
pressures involved. First, we solve the particle volume 
concentration in the f low (Cavg; Eqn. 3):

  (3) 

where E is the volumetric void ratio (nominal value 
of 0.7), hc is the depth of the flow in m (in this case, 
50 m), t0 is the thickess of the deposit at its distal 
limit (here considered 10 cm) and tf is the deposit 
thickness at a specific site. In this case, we chose 
the site where tree toppling is observed and the 
flow deposit is 40 cm depth. Consequently, Cavg is 
3.03x10-3. Then, the average flow density (ρavg) is 
obtained from Clarke and Voight (2000) (Eqn. 4): 

  (4)

where ρs is the average density of solid particles 
and ρgas is the gas density. While the Tepu PDCs 
average 75% high-density scoria, 17% low-density 
scoria and 8% lithics, the Río Blanco-Este and Frío 
contain 44% high-density scoria, 45% low-density 
scoria and 11% lithics on average. Using the clast 
densities reported by Romero et al. (2016) for these 
components, we estimate  for the Tepu and Frío in 
1,557 kg m-3 and 1,318 kg m-3, respectively. (It is 
relevant to mention that only the dilute and turbulent 
parts can be modeled by these fluid dynamics, while 
the ground-hugging concentrated PDC is governed 
by granular f low laws; e.g., Bursik et al., 2005.)

Then, ρavg is 5.0-5.7 kg m-3. Using a mean velocity 
of 36 m s-1, the dynamic pressures (Pdyn) are estimated 
using Eqn. 5:

 (5)

which range from 3.2 to 3.7 kPa. Another way to 
obtain the dynamic pressure is based on the scorched 
trees’ dimensions (Eqn. 6): 

 (6)

For the Calbuco case, the scorched trees have 
conical shape with 0.4 m basal diameter (DBH) and 
a mean length of 13 m (lt) , thus a volume of 1.3 m3. 
Considering a density of 650 kg m-3 (see Major et al.,                    
2013), their average weights were nearly 845 kg.         
Then, the force required to uproot these trees is 
100-200 times their weight, thus implying a moment 
(M) of 8.5-17 x 104 Nm. With an aerodynamic drag 
coefficient Cd assumed to be 1.1 (Guinn et al., 2022), 
we estimate the minimum Pdyn necessary to topple 
these trees was roughly 1.5-3.0 kPa. This range of   
Pdyn  is slightly lower compared to that obtained from 
the flow density and velocity; consequently, the latter 
can be considered a maximum value. Comparatively, 
the Chaitén 2008 PDCs had f low densities of                                                                               
2-3 kg m-3 and dynamic pressures from 2 to 4 kPa 
(Major et al., 2013). In part, this consistency is 
explained by a similar tree asamblage in Calbuco 
to that observed in Chaitén (e.g., Hintz et al., 2021). 
On the other hand, dynamic pressures observed in 
blowndown trees at Mount St. Helens (USA), Merapi 
(Indonesia) and Maungataketake (New Zealand) 
volcanoes range from 10 to 40 kPa (Clarke and 
Voight, 2000; Jenkins et al., 2013; Brand et al., 
2014; Guinn et al., 2022), however these mostly 
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correspond to blast events. In contrast, Macorps 
(2021) estimated dynamic pressures of 18.6 to                                                 
74.5 kPa for the Calbuco PDCs.  

4.4. Extent of vegetation disturbance

Past studies on the effects of volcanic processes 
on biota have highlighted the value of considering the 
consequences of ecological disturbance mechanisms 
(e.g., heating, impact force, abrasion, burial) rather 
than focusing only on the type of geophysical 
process (e.g., PDC, tephra fall, lahar) (Swanson 
et al., 2013; Crisafulli et al., 2015; Swanson and 
Crisafulli, 2018). Each disturbance type involves one 
or more mechanisms that are sensed by plants and 
animals. The PDCs at Calbuco involved the principle 
mechanisms of impact force, abrasion, burial, and 
heat due to their sedimentology and fluid mechanics. 
Of this suite of disturbance mechanisms, heat and 
impact force appear to have been the dominant and 
immediate causes of biota mortality in the Tepu study 
site, which is at the lower end of the PDC run out 
path where impact force was decreasing (Fig. 11). 

The combination of heat, impact force, and 
possibly f low velocity, was sufficient to bend over 
small trees, but some larger diameter trees remained 
standing. Impact force of the PDCs in the study area 
was insufficient to uproot trees, as indicated by lack 
of root pits where trees had been plucked from the 
soil, paucity of trees with attached root systems within 
the PDC deposits, and absence of an accumulation 
of transported whole trees at the toe of the deposit. 
Despite these observations of low-impact force of 
the PDCs at the lower end of their run out paths, we 
expect the impact force to have been much greater 
higher in the valley, i.e., in the middle and upper 
sections of the flows, as indicated by the presence 
of lithic breccias and high-density metric bombs in 
these deposits (e.g., Janda et al., 1981; Glicken, 1998). 
In consequence, the estimates obtained by Macorps 
(2021) can be more realistic of such conditions. 
Heating from partial burial of stems within PDC 
deposits appears to have killed all affected trees 
immediately, even where the deposits were only 
20 cm thick, which seems consistent with the hot 
deposit temperatures indicated in this investigation. 

Abrasion by PDCs imposed some damage to 
upright and tipped stems on their upstream sides, 
as indicated by asymmetrical removal of bark and 
wood, but in some sites subsequent bedload transport 

of cobbles during fluvial erosion appears to have 
caused more abrasion than the low-density, gas-
charged PDCs, as indicated by the bark present on 
upright trees still partially buried in PDC deposits. 
These lower-temperature impacts contradict recent 
findings in Herculaneum during the 79 CE eruption 
of Vesuvius, where dilute PDCs left a lethal thermal 
overprint on the residents (Pensa et al., 2023). Despite 
the differences leading to heterogeneous impacts 
produced by the Calbuco 2015 PDCs compared to 
those in Vesuvius require an in-deep investigation, 
one possible explanation is related to ash-cloud 
decoupling. In this respect, the passage of the ground 
hugging PDCs over the 20-m high waterfall may have 
facilitated instantaneous air entrainment -increasing 
turbulence- and hence facilitating rapid cooling of 
the dilute PDCs.

5. Conclusions

The 22 and 23 April 2015 eruption of Calbuco 
volcano produced pyroclastic density currents 
(PDCs) which affected the valleys of Tepu and 
Frío rivers in the north flank of the volcano. These 
PDCs travelled as far as 7-8 km from the crater. The 
Tepu PDCs were the first to occur, mainly during 
the first pulse on the 22 April 2015, while most of 
the Frío PDCs occurred on 23 April 2015 during 
the second pulse. All the PDC deposits develop 
small-scale features, such as stepwise aggradation 
and the existence of multiple beds, and show 
evidence of both concentrated flows and diluted 
accompanying phases.    

Here we recognized different mechanisms 
of vegetation disturbance related to PDCs, such 
as heating, abrasion, burial, and impact force. 
Concentrated PDCs had a much more profound 
impact on vegetation (e.g., toppling, charring, 
killing all stems that had deposits at their base) than 
dilute PDCs, which bent over small trees and shrubs 
and scorched foliage, but advection of heat to tree 
stems was so brief and deposits on the ground so 
thin that sprouting was possible for some species. 

Further erosion and river incision affecting 
the 2015 PDC deposits, months-to-years after the 
eruption, imprints additional geomorphic changes 
that involve the transport of sediment to the lower 
depositional areas in the Blanco-Este River and 
Llanquihue Lake, thus suggesting long-term impacts 
related to volcanic eruptions.  
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This study highlights the importance of visiting 
field sites within days of an eruption and revisiting 
frequently as key events unfold, especially f luvial 
erosion which reveals fresh exposures of the new 
deposits and their interactions with vegetation 
while at the same time removes parts of that record.              
A thorough, interdisciplinary approach brings the 
benefit of information provided by the record of 
damage to vegetation due to volcanic processes and 
their contribution to hazards. 
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