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Abstract

Lahars are among the most hazardous mass flow processes on earth and have caused
up to 23 000 casualties in single events in the recent past. The Cotopaxi volcano,
60 km southeast of Quito, has a well-documented history of massively destructive
lahars and is a hotspot for future lahars due to (i) its ~10 km? glacier cap, (ii) its
117-147-year return period of (Sub)-Plinian eruptions, and (iii) the densely populated
potential inundation zones (300 000 inhabitants). Previous mechanical lahar models
often do not (i) capture the steep initial lahar trajectory, (ii) reproduce multiple flow
paths including bifurcation and confluence, and (iii) generate appropriate key parame-
ters like flow speed and pressure at the base as a measure of erosion capacity. Here,
we back-calculate the well-documented 1877 lahar using the RAMMS debris flow
model with an implemented entrainment algorithm, covering the entire lahar path
from the volcano edifice to an extent of ~70 km from the source. To evaluate the
sensitivity and to constrain the model input range, we systematically explore input
parameter values, especially the Voellmy-Salm friction coefficients x and &. Objective
selection of the most likely parameter combinations enables a realistic and robust
lahar hazard representation. Detailed historic records for flow height, flow velocity,
peak discharge, travel time and inundation limits match best with a very low
Coulomb-type friction p (0.0025-0.005) and a high turbulent friction ¢
(1000-1400 m/s?). Finally, we apply the calibrated model to future eruption scenar-
ios (Volcanic Explosivity Index = 2-3, 3-4, >4) at Cotopaxi and accordingly scaled
lahars. For the first time, we anticipate a potential volume growth of 50-400% due
to lahar erosivity on steep volcano flanks. Here we develop a generic Voellmy-Salm
approach across different scales of high-magnitude lahars and show how it can be

used to anticipate future syneruptive lahars.
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1 | INTRODUCTION lahar) or during post-eruptive periods (i.e. secondary lahar). These

mass flows rank among the most disastrous volcanic natural hazards
The Indonesian term ‘lahar’ refers to a rapidly flowing mixture of sedi- (Auker et al., 2013). The destructive potential of lahars arises from
ment and water that originates from a volcano (Smith & Fritz, 1989), their sudden onset and outstanding flow characteristics (featured by
either directly related to eruptive activity (i.e. primary/syneruptive high sediment-carrying capacity), speeds exceeding tens of kilometres

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

680 | wileyonlinelibrary.com/journal/esp

Earth Surf. Process. Landforms. 2021;46:680-700.


https://orcid.org/0000-0002-0248-7292
https://orcid.org/0000-0002-4814-8691
https://orcid.org/0000-0003-0720-5378
https://orcid.org/0000-0002-2775-2742
mailto:theresa.frimberger@tum.de
https://doi.org/10.1002/esp.5056
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/esp
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fesp.5056&domain=pdf&date_stamp=2021-02-05

FRIMBERGER ET AL.

per hour, discharges up to about 50 000 m®/s, and runout distances
of tens to even hundreds of kilometres (Mothes et al., 2004; Thouret
et al., 2020). About 56 000 lahar-related fatalities have been docu-
mented since 1500 AD (Brown et al., 2017), including about 23 000
fatalities at Nevado del Ruiz in Colombia in 1985 (Pierson et al.,
1990). As population density and infrastructure development close to
active volcanoes is rapidly growing, an increasing number of people
are potentially exposed to volcanic hazards (Auker et al., 2013; Small &
Naumann, 2001). In the last few decades, efforts have been made to
reduce the risk to human life by implementing effective monitoring
and early-warning systems, and by assessing probable lahar inunda-
tion areas through modelling and reconstruction of the eruptive his-
tory. The active, glacier-capped Cotopaxi volcano is among the most
dangerous volcanoes worldwide, because it can produce very large
eruption-triggered lahars, which may inundate densely inhabited val-
leys close to the volcano. In this study, we aim to contribute to the
hazard assessment of syneruptive lahars by testing the applicability of
a Voellmy-based debris flow model including entrainment and ana-
lysing its capability to reproduce key characteristics of lahars.

1.1 | Characteristics of lahars

The flow behaviour of lahars is strongly influenced by sediment con-
centration, type of sediment and particle size distribution (Pierson
et al, 1987; Vallance & Iverson, 2015), and can range from hyper-
concentrated flows, which transport between 5-10 and 20-60 vol% of
solids and show bulk densities of 1300-1800 kg/m® (Beverage & Cul-
bertson, 1964; Pierson, 2005), to debris flows with solids concentration
exceeding 20-60 vol% and bulk densities varying between 1800 and
2300 kg/m? (Costa, 1984; Iverson, 1997; McArdell et al., 2007). Sev-
eral field studies have revealed reversible lahar phase transitions during
downstream propagation (Pierson & Scott, 1985; Scott, 1988) as lahars
incorporate (bulking) or deposit (debulking) sediment, and lose (infiltra-
tion) or entrain (dilution) water. Especially non-cohesive lahars (<3-5%
clay-sized particles) are prone to such phase transitions, typically evolv-
ing from proximal debris flows to hyperconcentrated flows or muddy
streamflows in distal reaches (Pierson & Scott, 1985).

Direct collection of quantitative data on lahar events is inherently
difficult, and especially rare for large-scale syneruptive flows. Under-
standing of the principal physical and rheological characteristics of
lahars benefits from observations of experimental studies (lverson
et al., 2010) and natural debris flows (McArdell et al., 2007; McCoy
et al., 2012). Key features include a pulsating progression (Doyle et al.,
2011; Iverson, 1997; McArdell et al., 2007), long-lived pore-fluid pres-
sure in excess of hydrostatic values contributing to long runout dis-
tances (lverson, 1997; Lube et al., 2009; McArdell et al., 2007), and
topographically controlled erosion and entrainment leading to a
several-fold increase of discharge and flow volume after initiation
(Berger et al., 2010; Berti et al., 1999; Manville, 2004; McCoy et al.,
2012; Pierson et al., 1990; Scott et al., 2005).

1.2 | Lahar modelling approaches

Incorporating the wide range of flow behaviours and the dynamic pro-

cesses characteristic of lahars in runout analyses poses a challenging
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task, so that any theoretical model or practical simulation tool neces-
sarily draws on physical and rheological simplifications of varying
degrees. Different computer codes simulating lahars have been pro-
posed, including the widely used empirical model LAHARZ (lverson
et al., 1998), which predicts inundation limits (Delaite et al., 2005;
Huggel et al., 2008; Lee et al., 2015; Mufoz-Salinas et al., 2009;
Pistolesi et al., 2014; Schneider et al., 2008; Worni et al., 2011), the
cellular-automaton model LLUNPIY (Lupiano et al., 2020; Machado
et al,, 2015), and a variety of physically based numerical models that
apply different rheology assumptions. Among these, 1-D models are
today largely supplanted by multiscale continuum models with depth-
averaged equations for conservation of mass and momentum. Among
rheological laws, fluid dynamics-based models that propagate lahars
as Newtonian flows are frequently applied. Such models (e.g. the
dynamic flood-routing code Delft3D) can well reproduce dilute lake-
breakout lahars from Mount Ruapehu, NZ (Carrivick et al., 2008).
However, modelling lahars as Newtonian fluids neglects that lahars
differ substantially in energy dissipation compared to typical Newto-
nian flood flows. Fluid-dynamic models may therefore be extended by
the Manning's or Chézy's coefficient to approximate internal flow
resistance. The hydraulic simulation software FLO-2D (O’'Brien et al.,
1993), designed for floods, mudflows and debris flows, uses the
viscoplastic Bingham rheology model and encompasses flow resis-
tance terms for vyield, viscous, turbulent and dispersive stresses. Flo-
2D is one of the most widely used single-phase rheological models in
lahar hazard analysis (Caballero and Capra, 2014; Worni et al., 2011),
whereas other rheological approaches—such as the Voellmy model—
have only been rarely applied, though it has been formulated for (and
proven to be successful in) simulating various types of sediment-laden
flows. More sophisticated, 3-D models based on the Coulomb mixture
theory (lverson & Denlinger, 2001) describe a two-phase flow and the
interactions between the solid and fluid phase. A simplified depth-
averaged formulation of the mixture theory is incorporated in the sim-
ulation code Titian2D (Pitman & Le, 2005), and has been applied in a
few studies for sediment-laden lahars (Procter et al., 2010; Williams
et al,, 2008).

With increasing model complexity and physical accuracy, a grow-
ing number of input parameters need to be defined, requiring appro-
priate material sampling and testing (lverson & George, 2016).
Complex models are also computationally expensive, restricting run-
out modelling to a specific, small section of the flow path (Procter
et al, 2010). When modelling large-magnitude lahars over long dis-
tances, it is necessary to strike a balance between robustness and
physical plausibility: computationally tractable, robust models are criti-
cal for application to large-scale drainage systems, while also captur-
ing key flow features like stage heights, flow velocity, basal shear
pressure, travel times, confluence, bifurcation and run-ups. Therefore,
the numerical simulation software RAMMS for debris flow is chosen
in this study, as it provides a good combination of simplification and
physical plausibility and allows the tracing of sediment-laden lahars at

Cotopaxi along the entire trajectory in large catchments.

1.3 | Erosion in lahar models

Entrainment of eroded material into the flowing mass can have a

significant impact on flow propagation (lverson, 1997; McDougall &
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Hungr, 2005) and should therefore be considered in runout model-
ling and hazard assessment (Frank et al., 2015; Iverson & Ouyang,
2015). Although there is no common opinion on whether entrain-
ment of substrate material reduces or enhances flow mobility
(Iverson et al., 2011; Mangeney, 2011; Pudasaini & Fischer, 2016),
an increase in flow volume has been observed to positively corre-
late with peak discharge, potential inundation area, runout distance,
flow height and velocity (Rickenmann, 1999). The number of
numerical models capable of simulating entrainment of mass flows
is currently growing (lverson & Ouyang, 2015), and the perfor-
mance of the underlying theories is increasingly tested and vali-
dated against real mass flow events (Dietrich & Krautblatter, 2019;
Frank et al., 2017; Hungr & McDougall, 2009; Hussin et al., 2012).
The simulation of entrainment processes either requires the input
of user-specific growth rates or of process-based erosion rates as
a function of velocity (Fagents & Baloga, 2006) or shear stress
(Frank et al., 2015; Iverson, 2012). Although lahars develop a con-
siderable erosive force related to flow height, flow density and
shear stress, lahar models have only rarely addressed erosional pro-
cesses or volumetric changes (Carrivick, 2007; Carrivick et al.,
2010; Fagents & Baloga, 2006; Lupiano et al., 2020), largely due
to the shortcomings of the models used. These models are forced
to start the calculation already with the hypothetical total flow vol-
ume, either on the volcano edifice or in channelized topography
further downstream. This approach may not only lead to an over-
prediction of flow discharge and stage height, but also means that
the dynamic evolution of syneruptive lahars, characterized by initial
flow acceleration, rapid volumetric growth on the steep volcano
flanks, and further erosion and deposition during downstream prop-
agation, cannot be traced in the modelling process. Previous simu-
lations for lahars from Cotopaxi using 1-D or 2-D flood-routing
models (Aguilera et al., 2004; Barberi et al., 1992; Toapaxi et al.,
2019; Vera et al., 2019) demonstrate the fluid-mechanical compo-
nent applicable in the distant channels but not applicable to the
initial runoff on the steep volcano flanks. Simultaneously, Ordénez
et al. (2013) and Pistolesi et al. (2014) estimated inundation areas
with LAHARZ (Ordéfiez et al, 2013; Pistolesi et al., 2014) but
could not reproduce initial lahar formation because the model
neglects dynamic bulking processes on the volcano flank. Lupiano
et al. (2018) included glacier melting and erosion processes of syn-
eruptive lahars from Cotopaxi with the use of LLUNPIY, but there
the model is not calibrated and validated to an historic event using
reproducible constraints.

14 | Aims of this study

This study aims to systematically assess the hazards of massive
syneruptive lahars at Cotopaxi volcano in the densely inhabited
northern and southern drainage system, by back-analysing the
destructive 1877 lahar event, objectively constraining best-fitting
model inputs and employing these for potential future lahars.
Therefore, we (i) test the applicability of a Voellmy-Salm model for
massive syneruptive lahars, (ii) develop a generic model simulating
the lahar from the initiation on steep volcano flanks to the distal

reaches, and (i) include erosivity and entrainment on the steep

slopes of a volcano edifice and along the trajectory in the generic

model.
2 | STUDYSITE
21 | Geological setting and volcanic history

Cotopaxi is a large stratovolcano located in the Ecuadorian Andes of
South America, ~60 km southeast of Quito, Ecuador’s capital
(Figure 1). The volcanic edifice stands on the metamorphic belt
corresponding to the Cordillera Real, but is also partially interbedded
with volcanic formations from the neighbouring Chalupas Caldera
(Hall & Mothes, 2008). The glacier cap of the Cotopaxi extends from
its summit (5897 m a.s.l) down all the flanks, reaching ~4900 m
a.s.l. on the eastern flank and ~5300 m a.s.l. on the western flank.
Similar to other tropical glaciers of South America, Cotopaxi's glacier
cap has been retreating rapidly for several decades (Caceres, 2017;
Vuille et al., 2018).

The geological evolution of Cotopaxi started with an ancient com-
plex named Cotopaxi | between 560 and 420 ka BP, followed by a
long period of quiescence (Hall & Mothes, 2008). The volcano
resumed its activity around 13 ka BP with the formation of the cur-
rent edifice Cotopaxi ll, which is characterized by andesitic and rhyo-
litic eruptions. Around 4.5 ka BP, the last rhyolitic eruption took place
and produced the partial collapse of the northern volcano flank, with
subsequent formation of a debris avalanche and a gigantic cohesive
lahar (Mothes et al., 1998).

The last 2100 years at Cotopaxi |l have witnessed repetitive
andesitic eruptions characterized by the deposition of lava flows,
regional tephra layers and large-scale syneruptive lahars (Pistolesi
et al., 2011, 2013). Average recurrence periods between 117 and
147 years may be estimated for Cotopaxi eruptions (Barberi et al.,
1995), though it has been shown that the occurrence of eruptions dis-
plays significant clustering (Pistolesi et al., 2011).

Primary lahars formed during explosive eruptions undoubtedly
represent the most hazardous phenomena at the Cotopaxi (Mothes
et al,, 2016; Pistolesi et al., 2013; Sierra et al., 2019). These flows
are formed during explosive eruptions, when pyroclastic density
currents move on top of the volcano glacier and melt it, instanta-
neously producing large volumes of water quickly mixing with vol-
canic rocks (Pistolesi et al., 2013). These flows transit through the
three main drainage systems descending from the volcano
(Figure 1): Rio Pita to the north, Rio Cutuchi to the south, and Rio
Tambo to the east. All three drainages are characterized by alterna-
tions of deep, steep-gradient canyons that channel the flows, with
wide, flat areas where significant deposition occurs (Mothes et al.,
2004). Rio Pita and Rio Cutuchi transit the densely inhabited zones
of Quito and Latacunga, respectively (Mothes et al., 2016), while
Rio Tambo reaches the sparsely populated Amazonian basin (Sierra
et al,, 2019).

The most recent volcanic activity at Cotopaxi was recorded in
April 2015 and identified by the monitoring system (Hidalgo et al.,
2018). The anomalous records increased steadily until mid-August,
when hydromagmatic activity started, producing significant ash
venting from the summit crater (Bernard et al., 2016; Gaunt et al,,

2016). This activity decreased progressively, waning in December
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(a) Location of Cotopaxi volcano in Ecuador’s Inter-Andean Valley and the surrounding major cities or settlements located along

the drainages. The orange line delineates the proximal high-hazard zone around the volcano, the dotted area represents the inundation area of
the 1877 lahar and other 18th-century lahars in the northern and southern drainage system (Mothes et al., 2016); lahars in the eastern drainage
are not considered in this study. (b) View of the north flank of glacier-clad Cotopaxi volcano. (c) Longitudinal profiles of two major lahar channels,
the Rio Pita (northern drainage) and Rio Cutuchi (southern drainage) [Colour figure can be viewed at wileyonlinelibrary.com]

2015 (Hidalgo et al., 2018), and did not produce syneruptive
lahars.

2.2 | The 1877 lahar disaster

The last syneruptive lahar from Cotopaxi occurred on 26 June 1877.
According to reports by Sodiro (1877) and Wolf (1878), Cotopaxi had
been in eruption since early 1877, but in June its activity increased
significantly. That day, the volcano produced a sustained explosive
phase with widespread pyroclastic density currents descending all the
edifice’s flanks. Estimations by these authors suggest that the explo-
sive eruption lasted at least 15 min, and that it took around 1 h for
the lahar front to arrive in Latacunga (south) and the Chillos Valley
(close to Quito to the north).

In the Pita drainage, the 1877 lahar experienced a significant run-
over, diverting ~20% of its volume into the Rio Santa Clara (Mothes
et al., 2004), which transits densely populated areas in the Chillos Val-
ley. The pirating effect occurred in the site called ‘La Caldera’, where
the Rio Pita is deeply incised and experiences a sharp bend, while the
headwaters of the Rio Santa Clara are placed just above. Calculations
by Mothes et al. (2004), assuming that the pirating effect was pro-

duced by overflowing resulting from super-elevation in a forced

vertex, suggest that the discharge rate was >40 000 m®/s, but they
also suggest that the flow could have been partially dammed by the
very narrow canyon immediately downstream.

The lahar deposit from 1877 can still be distinguished in the land-
scape of the proximal north and north-eastern lower flanks of Coto-
paxi: it contains a specific type of scoriaceous volcanic bomb with a
unique feature of fracturing and disaggregating easily when hit lightly
with a hammer (Mothes et al., 2004), which was not repeated in volca-
nic bombs from 18th-century lahar deposits. This enables detailed
mapping of the deposits, especially in the proximal zones (<20 km
from the source), as well as measurement of precise cross-sections
from which physical parameters like height, velocity and discharge
rate may be obtained (Aguilera et al., 2004; Mothes et al., 2004). Total
lahar volumes are estimated to be about 60-75 x 10° m® in the north-
ern drainage and about 80-100 x 10° m? in the southern drainage,
respectively (Mothes et al., 2004).

The 1877 lahar was influenced by the morphology of the trans-
ited channels (Mothes et al., 2004). In the northern and southern
drainages, the flows initially transit the deep canyons of the volcanic
edifice with assumed erosive behaviour. A first zone of deposition
occurs in flat regions at the foot of the volcano. Afterwards, zones of
erosion and/or increase alternate with flat

energy regions.

Granulometric characteristics of the 1877 deposits vary between
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those of debris flows and hyperconcentrated flows, with proximal

samples (<40 km from source) displaying granular debris flow distribu-
tions, while distal ones (up to 70 km from source) show rather hyper-
concentrated characteristics (Mothes et al., 2004; Pistolesi et al.,
2013). Deposits from the 1877 lahar are granulometrically similar to
other deposits from Cotopaxi eruptions in the 18th century and lack
significant amounts of very fine-grained, clay-sized particles (Mothes

et al., 2004), as is characteristic of non-cohesive flows.

3 | METHODS

3.1 | RAMMS model

We apply the physically based dynamic model RAMMS, which is
widely used in runout modelling of different types of mass move-
ments including snow avalanches, rock avalanches, debris flows and
GLOFS (Frey et al., 2018; Hussin et al., 2012; Schneider et al., 2010).
The RAMMS debris flow model is formulated as a single-phase system
that propagates the solid-fluid mixture as an incompressible bulk flow
with mean constant density (Bartelt et al., 2017; Christen et al., 2010).
It requires careful calibration of the two governing frictional parame-
ters of the Voellmy-Salm rheology and delivers information on key
parameters for hazard assessment, such as runout distance, height
and velocity of the flow, impact pressure, erosion and deposition. The
core of the program is a second-order numerical solution scheme to
solve the depth-averaged equations of motion in 3-D terrain (x,y,z) at
time t (Christen et al., 2010). The mass balance is given by

Q(x,y,t) =diH +dx(HUy) +d, (HU,) (1)

where Q(x,y,t) denotes the mass production source term, H(x,y,t) the
flow height and U(x,y,t) the depth-averaged velocity. The depth-

averaged momentum balance in the x and y directions is given by

2

H
de(HU,) + 4 (Huf +gzka/p7> +3y (HUcUy) = Sgx— S« 2)

and

H2
dt(HUy) +9y (HU)% +3zka/P2> +x(HUxUy) = Sgy —Spy (3)

respectively, where g =(gy, g,, 3,) describes the gravitational vector,
ka/p is the earth pressure coefficient (normally set to 1), S, and S¢
denote the slope parallel gravitational acceleration and frictional
deceleration, respectively.

The frictional resistance S is described using a Voellmy-Salm
approach (Salm, 1993; Voellmy, 1955), which incorporates a dry Cou-
lomb friction u proportional to the normal stress and a velocity-
squared drag or viscous-turbulent friction & (similar to Chézy friction)
(Bartelt et al., 1999; Christen et al., 2010; Fischer et al., 2012):

2
Sr=uN+ pgTU with N=pH [gcos((p) +xU2 (4)

where p is the density of the mass, ¢ the slope angle of the surface,

and « the terrain curvature in the flow direction. The Coulomb friction

u accounts for the resistance of the solid phase, is independent of
velocity, and governs flow behaviour when moving slowly, while the
turbulent friction & accounts for the fluid phase, scales with flow
velocity, and dominates at higher velocities in acceleration zones
(Bartelt et al., 2017; Christen et al., 2010).

An implemented entrainment module in RAMMS predicts the
depth of erosion in terms of net decrease in elevation of the channel
bed (Frank et al., 2017). It simulates the increase in flow volume due
to entrainment (Frank et al., 2017), but sediment entrainment is not
coupled to topographic changes in the underlying digital elevation
model (DEM) or changes in flow behaviour. Field observations at the
exceptionally active lligraben catchment in Switzerland on erosion
depths (Schiirch et al., 2011) and erosion rates (Berger et al., 2011) of
naturally occurring debris flows served as the basis for the develop-
ment of the entrainment algorithm (Frank et al., 2015). The potential
erosion depth e, per grid cell is described as a function of the com-

puted shear stress acting on the channel bed, given by
7= pgHsing (5)

and is related to a critical shear stress 7. and a proportionality factor %

controlling the rate of vertical erosion, given by

forr <z,

0

= 6

em %(T—TC) fort>1, ()
dr

Based on average erosion rates recorded at the lligraben (Berger
et al.,, 2011), a specific erosion rate % is used (Frank et al., 2015):

%= —0.025 for ei<em (7)

Sediment entrainment starts once the critical shear stress r. is
exceeded, and ends when the actual erosion depth e; reaches the
maximal potential erosion depth e,,. Specified variations of the ero-
sion parameters are described in the model calibration section below,
and further details of the RAMMS model and the implemented
entrainment model are available in Christen et al. (2010) and Frank
et al. (2015, 2017).

3.2 | Model setup

We aim to set up the RAMMS lahar model in a generic way by starting
the flow on the volcano flank close to the crater, enabling sediment
bulking along the path and propagating the lahar until distal reaches.
The setup is designed for the purpose of back-calculating the 1877
lahar event and can be applied to forward modelling of potential
future lahars.

3.21 |
domain

Model premises: DEM and limits of model

Lahars from Cotopaxi usually do not show coherent deposit limits but
may travel up to 325 km, as reported for the 1877 lahar (Mothes
et al, 2004), distally in a watery phase. Therefore, the modelling

region is restricted by the largest urban centres around the volcano:
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to the north, the model region extends until approximately 70 km
downstream of the volcano, covering the urban agglomeration of
Valle de Los Chillos; to the south, it ends south of the city of Salcedo
about 65 km downstream of Cotopaxi (see Figure 2). Given the large
extent, a spatial resolution of 10 m is considered sufficient for captur-
ing key flow patterns. All numerical simulations conducted in this
study are based on a 10 m DEM, which we resampled from an original
4 m-resolution DEM developed by the SIGTIERRAS project in 2010
(Ministerio de Agricultura, Ganaderia, Acuacultura y Pesca). No
detailed information is available on valley morphology before the
1877 lahar passage. However, we can assume that the present-day
topography of the partly deeply incised major channels does not differ
significantly, because historical and stratigraphic evidence suggests
that they confined all known historic lahars since the 18th century
(Hall & Mothes, 2008).

3.2.2 | Model premises: Erosion and entrainment

We are aware of the high uncertainties involved with modelling lahar

erosivity, as no quantitative information exists about the erosion
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abundant loose, pyroclastic sediment or glacial deposits exposed by
recent glacier retreat are present, and (3) areas with limited erodibil-
ity characterized by regolith-covered bedrock, or deep bedrock-
flanked channels.

For each class, we specify the RAMMS entrainment parameters
that control the degree of sediment entrainment into the flow
(Table 1) from a set of given values (Bartelt et al., 2017; Frank et al.,
2015, 2017). In areas with ‘limited erodibility’, the maximum erosion
depth is constrained to 0.5 m modulated by assumed regolith thick-
ness, whereas areas with ‘average’ and ‘high erodibility’ are consid-

ered supply-unlimited.

3.2.3 | Estimation of initial volume and input
hydrograph

Estimations of the volume and peak discharge of mass flows are criti-
cal baseline information for modelling. For back-calculating the 1877
lahar, we reproduce the average of total volumes reported by Mothes
et al. (2004) (i.e. ~68 x 10° m® for the northern and ~90 x 10° m® for
the southern drainage, respectively). The desired flow volumes are
achieved by a stepwise approximation balancing the sum of input and
eroded volumes. We iteratively test input volumes between 25 x 10°
and 58 x 10° m® and analyse the resulting dynamic volumetric growth
of the lahar. Within this model series, the friction parameters are kept
constant at x4 = 0.01 and £ = 1800 m/s? (taken from the core of the
sensitivity matrix), but we expect that especially changing ¢ may affect
modelled erosion volumes, as reported by Frank et al. (2015). In com-
parison to the total volumes of the simulated flows, this may only
have a minor effect.

For a rough approximation of the release hydrograph, we use an
idealized three-point discharge hydrograph. The shape parameters

draw upon the following empirical relation and observations:

1. Peak discharge. Mizuyama et al. (1992) proposed an empirical for-
mula to estimate the peak discharge Q,, of granular debris flows as
a function of volume V, given by

Q,=0.135V°78 (8)

Pierson (1998) tested the applicability of this correlation for
large-magnitude lahars and found that it serves as an adequate
approximation for near-source peak discharges. The formula is applied
to the tested initial lahar volumes ranging from 25 x 10° to 58 x 10°

m?.

2. Time of peak discharge. Well-studied lahars at the glacier-capped
volcanoes of Mount St. Helens and Nevado del Ruiz showed a

TABLE 1 Model parametrization for the three different erosion classes

Erosion class Erosion rate [m/s]
(1) Average erodibility 0.025 0.1
(2) High erodibility 0.05 0.2

(3) Limited erodibility 0.013 0.05

Potential erosion depth [kPa=1]

relatively instantaneous release of flow (Pierson, 1995; Pierson &
Scott, 1985; Pierson et al., 1990). The time of peak discharge is
therefore set to 120 s after initiation.

3. Duration. We can conservatively consider eyewitness accounts of
pyroclastic flow duration as a proxy for the duration of lahar
release. Wolf (1878) reported that pyroclastic flows lasted for
15-20 min and caused immediate melting of snow and ice all over
the crater. Application of the above-described volume-discharge
correlation by Mizuyama et al. (1992) to a triangular-shaped hydro-
graph yields release durations of about 12 min, which is largely in

accordance with eyewitness observations.

One broad release hydrograph is placed at the upstream bound-
ary of each of the two river systems, near the present location of the
glacier snouts. This enables the injected flow to drain completely into
one system, and all major channels of the respective drainage system

are affected simultaneously.

3.3 | Model calibration and sensitivity analysis

We back-calculate the well-documented 1877 lahar event in the
northern drainage system of Cotopaxi in order to evaluate the perfor-
mance of the model and to derive plausible model parameter values
for future lahar scenarios. All available information on the reference
event is based on eyewitness reports by Sodiro (1877) and Wolf
(1878), official hazard maps provided by IG-EPN of Ecuador (Mothes
et al., 2016), and sedimentological field investigations by Mothes et al.
(2004). In total, 14 calibration criteria are selected (Figure 3),
encompassing different types of rheological parameters and a repre-
sentative spatial distribution along the lahar path. We differentiate
between two categories for calibration criteria on the basis of data

reliability:

e ‘Primary criteria’ include those which any realistic lahar model
back-calculating the 1877 lahar must have: (i) the lahar flowed over
the northern channel wall at La Caldera (corresponding to flow
height > 42 m given by the used DEM), (i) in consequence it inun-
dated the town of Sangolqui, and (jii) also reached Tumbaco further
downstream in a reasonable time.

e ‘Additional criteria’ comprise less reliable rheological data, such as
eyewitness observations on arrival times at locations downstream,
and estimates on flow velocity, peak discharge, stage heights and
inundation limits derived from field investigations more than
100 years after the event. The official hazard map of IG-EPN
(Mothes et al., 2016) delimits potential lahar inundation areas for
lahars triggered by moderate to strong eruptions, based on field
mapping of deposits of the 1877 lahar and other 18th-century
lahars.

Yield stress [kPa] Maximum erosion depth [m]
10 -

0.5 -

1.5 0.5
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The calibration criteria act as simulation constraints and are used
to determine best-fit input parameter combinations. Because input
parameters may cause a significant change in the model's behaviour,
we systematically analyse the sensitivity of the two Voellmy-Salm
friction coefficients y and ¢, the flow density, and the initial velocity
to model outcomes for runout distance, peak discharge, travel time,
flow velocity and flow height (represented by the calibration criteria).

Given the location of the release hydrographs at least 1000 m
downslope of the crater, the lahar most likely has already started to
evolve due to melting of glacier ice and mixing with freshly ejected
volcanic products upon ‘arriving’ at the location of the release hydro-
graph. It seems likely that the initial flow has already accelerated to a
certain velocity, which is approximated by exploring the initial velocity
between 10 and 20 m/s in steps of 5 m/s. The density of the mod-
elled flow is varied in 200 kg/m? increments from 1400 to 2200 kg/
m®, representing known densities of hyperconcentrated flows and
debris flows. According to calibrated Voellmy friction coefficients for
debris flows and GLOFs in previous studies (Frey et al., 2018;
McDougall, 2006; Revellino et al., 2004; Schneider et al., 2014;
Schraml et al., 2015), the parameter space may span a wide range
from 0.01 to 0.2 for u values and from 200 to 1500 m/s? for £ values,
with a tendency for lower u and higher ¢ for large-magnitude flows.
Here, we vary the u coefficient from 0.0025 to 0.05, with steps of
0.0025 between 0.0025 and 0.01, and steps of 0.005 between 0.01

I WILEY L

and 0.05. The ¢ value is varied between 600 and 3000 m/s? in incre-
ments of 400 m/s>.

3.4 | Evaluation of model performance

In order to objectively evaluate the quality of model predictions with
RAMMS, we separately compare model outcomes (m;) to target values
(t;) for calibration measures (i) of flow velocity, flow height, travel time
and peak discharge. The performance of a simulation (¢) using a given

set of input parameters (y) is quantified as percentage deviation, with

mi(y) —t;

ity) =" 100 ©)

Normalizing the differences between modelled and targeted values
facilitates an easy comparison between the different rheological mea-
sures of the calibration criteria.

Similarity between simulated and mapped lahar impact area
(cf. Figure 3) is expressed as percentage overlap, dividing the number
of grid cells correctly modelled as inundated (true positives) by the
total number of modelled cells (true positives + false negatives). It
does not seem meaningful to include false positives in this case,
because the mapped lahar impact area encompasses inundation limits

Location Calibration | Target Reference
measure value
< g | Primary Criteria
; -8 La Caldera | Height >42m Height from DEM;
Srate U & (overflow to | Sodiro (1877), Wolf
San Rafael =7 Sta. Clara) | (1878)
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FIGURE 3 Summary of all 14 calibration constraints used for back-calculating the 1877 lahar event, categorized into 3 ‘primary’ and
11 ‘additional’ calibration criteria. Locations of the calibration constraints along the northern runout path are shown on the map on the left; the
inundation limits are derived from Mothes et al. (2016) [Colour figure can be viewed at wileyonlinelibrary.com]
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of the 1877 lahar but also of several other historic lahars. The calcula-
tion is applied to the shared extent of both layers (i.e. neglecting the
proximal zone around the volcano) and considers simulated impact
areas inundated by more than 0.05 m. To harmonize model outcomes,
the results are further depicted as model deviation (100 - percentage
overlap).

For each set of input parameters (y), the values of the constraint-
wise performance analyses are then summed to give a single simula-

tion performance value (¢otal), With

R CRe]

n

¢totaI(Y) = (10)
This number highlights minimum model deviations within the analysed
input parameter space and thereby allows us to select the most repre-

sentative parameter combinations for the back-calculated event.

3.5 | Simulation of potential future lahars

Based on investigations about the eruptive history of Cotopaxi (Hall &
Mothes, 2008; Mothes et al., 1998, 2004), Andrade et al. (2005) pro-
posed four potential future eruption scenarios (Figure 9a), which can
be linked to the size of the eruption expressed as Volcanic Explosivity
Index (VEI) (Newhall & Self, 1982): the weakest expected eruption
(VEI 1-2) is characterized by Strombolian activity, small to moderate
tephra emissions and ejection of ballistic projectiles, whereas during
eruptions of VEI 2-3, VEI 3-4 and VEI > 4 with Vulcanian-, sub-
Plinian- and Plinian activity, respectively, the eruption is most likely
accompanied by pyroclastic flows. Because pyroclastic flows are nec-
essary agents to melt significant amounts of snow and ice required for
the generation of syneruptive lahars, the hypothetical lahar Scenario
1 is here excluded from runout modelling. For comparison, during the
last eruption at Cotopaxi in 2015, classified as VEI 1-2 (Mothes et al.,
2017), no syneruptive lahar but instead several small-scale secondary
lahars occurred inside the proximal zone. An increase in VEI likely cor-
responds to larger volumes and dispersal of emitted tephra, and
increasing energy and spatial impact of pyroclastic flows (Andrade
et al., 2005). A VEI 3-4 scenario, equivalent to the 1877 eruption,
may be characterized by a ‘boiling-over’ activity producing scoria
flows, whereas during highly explosive VEI > 4 Plinian eruptions, a col-
lapse of the eruption column can affect the entire summit glacier
(Pistolesi et al., 2013). Previous studies have therefore concluded that
a larger degree of volcano-glacier interactions with increasing VEI
results in more voluminous and destructive potential lahars (Mothes
et al., 2004; Ordériez et al., 2013; Pistolesi et al., 2013).

A common, but simplified approach to estimate lahar volumes at
Cotopaxi (Barberi et al., 1992; Mothes et al., 2004; Ordéfiez et al.,
2013;Toapaxi et al., 2019 ; Vera et al., 2019) relies on three controls:
the two dynamic controls include (i) variable thicknesses of ice and
snow melted uniformly from the glacier surface during an eruption as
a proxy for the degree of volcano-glacier interactions, and (ii) the size
of the summit glacier. A third, static control for estimation of total
lahar volume is (iii) the assumption of a threefold volume growth of
the lahar due to incorporation of solids. Scaling of melted ice thick-
ness between the scenarios has been realized with a factor of approxi-

mately 2, assuming a uniform melting of respectively 2, 4-5 and

8-10 m for an eruption of VEI 2-3, VEI 3-4 and VEI > 4. Regarding
the extent of Cotopaxi's glaciers, Caceres (2017) reported that the
surface area has diminished on average by about 52% between the
years 1977 and 2016. With the calculation of lahar volumes being
based on the melting thickness and the glacier extent, a glacier retreat
of about 50% would directly translate into a 50% reduction in initial
volumes of potential future lahars compared to the situation during
the 1877 eruption (Toapaxi et al., 2019; Vera et al., 2019).

We adapt some of these simplified assumptions to the quantifica-
tion of future lahar scenarios in this study by using the following

approach:

1. The calibrated lahar model of the 1877 eruption with estimated
release discharge and input volume (defining the input hydrograph)
provides the basis for scenario modelling. The modelled event was
equivalent to a VEI 3-4 eruption.

2. Due to a 50% reduction in glacier surface area, a future VEI 3-4
eruption is expected to produce lahars with release discharges half
those of the 1877 lahar (assuming that the total glacier areas in
1877 and 1977 were of the same extent). This clearly represents a
simplified assumption; the degree to which glacier retreat affects
future lahar magnitudes may also need a closer look at eruption
dynamics and triggering mechanisms (Pistolesi et al., 2013, 2014),
as discussed later.

3. A scaling factor of 2 is used to express the increasing degree of
volcano-glacier interactions with increasing VEI. Proceeding from a
VEI 3-4 scenario, we halve the release discharges for future VEI
2-3 events, and double them for future VEI > 4 scenarios. The
according input volumes are estimated using the discharge-
volume relation of Mizuyama et al. (1992) (Equation 8).

4. The initial lahar can dynamically change its volume due to entrain-
ment and deposition of material. Erosion of the flow is controlled
by the erodibility of the substrate.

4 | RESULTS
4.1 | Estimation of input volume, entrained volume
and input hydrograph for the 1877 lahar

Analysis of model input volumes for back-calculating the 1877 lahar
was started in the northern and southern drainage with an initial vol-
ume guess of 25 x 10° m®, but as the modelled total flow volumes
were too low, input volumes were raised to 34 x 10° m® and succes-
sively increased by increments of 3 x 10° m®. Targeted total flow vol-
umes (~68 x 10° m® in the northern and ~90 x 10° m® in the
southern drainage) are well approximated with an input volume of
46 x 10° m® in the northern and 49 x 10° m® in the southern drain-
age, respectively (Figure 4). By applying these values in the volume-
discharge equation given by Mizuyama et al. (1992) (Equation 8), we
obtain peak discharges of 128 000 m/s® in the northern and
134 500 m/s® in the southern drainage. In this way, all shape parame-
ters defining the three-point release hydrograph are estimated.

Given the entrainment settings (Figure 2 and Table 1), a flow with
an initial volume of 46 x 10° m® erodes and entrains about 23 x 10°
m3 along its runout to the north, whereas in the southern drainage, an

initial flow of 49 x 10° m® grows by 40 x 10° m® due to entrainment.
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This corresponds to a volume growth of 50 and 80% in the northern volume growth with increasing input volume. This trend is more pro-
and southern drainage system, respectively. At both river systems, we nounced in the southern drainage, where erosion and entrainment
can observe that the amount of eroded material varies with initial vol- results in a volume growth ranging from 135% for an initial volume of

ume, revealing a general trend towards smaller erosion-attributed 25 x 10° m® to 70% for an initial volume of 58 x 10° m®.
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4.2 | Model calibration and sensitivity analysis
Within a series of pilot runs, we found that flow density and initial
velocity only slightly affect flow propagation. Modifications of flow
density result in model outcomes for arrival times (Sangolqui), flow
heights (La Caldera) and peak discharges (Proano) differing by 5, 2 and
15%, respectively. A change in initial flow velocity leads to arrival
times (Sangolqui), flow heights (La Caldera) and peak discharges
(Proano) differing by 1, 0.4 and 4%, respectively. Based on these
observations, we kept the flow density at a constant value of
2000 kg/m?® and started all simulations with a velocity of 10 m/s. The
sensitivity analysis was thus limited to the governing friction parame-
ters u and & of the Voellmy-Salm rheology.

First, we analysed whether model outcomes meet the required
‘primary calibration criteria’. In simulations using u > 0.02, the lahar
does not experience the observed overflow at La Caldera to the Sta.
Clara headwaters, and when using y > 0.015, the lahar does not reach
Tumbaco within a reasonable calculation time of 4 h. Consequently,
we could largely constrain the parameter space for the sensitivity
analysis to u coefficients ranging between 0.0025 and 0.02 and ¢
coefficients between 600 and 3000 m/s?, resulting in a total of 42 dif-
ferent u/¢é combinations. Even though model runs with 4 = 0.02 do

not meet the requirements of all ‘primary model constraints’, this
value is still included to get a broader understanding of model
behaviour.

Second, we used the ‘additional calibration criteria’ in order to
analyse model sensitivity and find best-fit parameter combinations.
The results of the 42 model runs for each criterion are summarized in
Figures 6, 7 and 8, and presented in four different ways, showing
(a) the sensitivity of the model outcome as a function of i and ¢, (b) a
statistical analysis grouping frequency of model outcomes, (c) a visual
matrix of model outcomes, and (d) a visual matrix representing the
performance of a simulation (¢) in terms of model deviation from tar-
get value. We refer to Figure 3 for localization of the subsequent cali-
bration constraints along the northern drainage. The model results for
velocity show that this measure is sensitive to both the x and ¢ coeffi-
cients, but the sensitivity to the friction coefficient y is increased at
the downstream locations Proano and Hacienda San Rafael. Overall,
the simulations gave velocities that compare favourably to all three
target velocities. Model outcomes for flow height demonstrate that
this calibration measure is highly sensitive to variations of x and
largely insensitive to variations of £. However, all model results at the
two distal locations Hacienda Valencia and San Rafael (Megamaxi)

clearly overestimate the targeted values, which may be attributed to
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FIGURE 7 Model outcomes for calibration criteria for flow height and travel time. The target value of each criterion is given in brackets.

(a) Sensitivity of the model outcome as a function of p and &; (b) statistical analysis grouping frequency of model outcomes; (c) a visual, colour-
coded matrix of model outcomes indicating increasing values of the considered measure from blue to yellow; (d) a visual matrix representing the
performance of a simulation (¢) in terms of model deviation from target value. The calibration constraints of one measure type are displayed in
order of their distance to the volcano [Colour figure can be viewed at wileyonlinelibrary.com]

large uncertainties in the target value itself. At San Rafael (Megamaxi),
deviations are on the order of 25%, whereas at Hacienda Valencia,
simulated flow heights exceed target values by 130-170%. As indi-
cated in the frequency distribution (Figure 7, column b), the majority
of model runs (60%) predict maximum flow heights at Hacienda
Valencia between 35 and 37 m compared to the targeted value of
15 m. Using travel times as calibration constraints, we can observe a
high sensitivity of this measure to x, and a minor influence of & The
results further show that simulated travel times largely coincide with
historical eyewitness reports. Simulation results for peak discharge
measures react sensitively to variations in g, but are largely insensitive
to variations in £&. We particularly note that the simulation of the over-
flow into the headwaters of the Rio Sta. Clara is a crucial constraint
for the evaluation of model performance. We observe that all model
runs reproduced a spillover at ‘La Caldera’, although approximately
90% of them underpredict the targeted maximum discharge. Interest-
ingly, we can particularly well observe in animations of our model that
flow bifurcation at La Caldera may not be a result of a real run-up of
the flow front against the nearly vertical northern channel wall. The
lahar is capable of passing the sharp curve at La Caldera, but as the
downstream Pita canyon significantly narrows, the flow gets slowed

down, leading to progressive upstream filling of the canyon until

exceeding the height of the northern channel wall after about 90 s.
The model results depicting simulated impact areas (maximum flow
height > 0.05 m) correspond well with the mapped impact areas, with
an overall good similarity among the model runs ranging between
79 and 86%.

As expected, the best-fitting /& combinations for each calibra-
tion measure with least deviations from target values are clustered at
slightly different locations within the visual matrix (Figures 6, 7 and 8,
column d). Without introducing subjective weighting for specific cali-
bration criteria or types of calibration measures, we equally consid-
ered all criteria for deriving a final value of total model performance
(Equation 10). Our analysis shows that model runs using u = 0.005/¢ =
1400 m/s? and u = 0.0025/¢ = 1000 m/s? produced the most repre-
sentative overall simulations of the 1877 lahar, revealed by a perfor-
mance value quantified as total model deviation of 23% for both
combinations (Figure 8, red box). Importantly, the results demonstrate
that the best-fit parameters fall into a broad zone of low deviation
values.

The simulations of flow height, velocity and lahar erosion of a
model run with x4 = 0.005 and & = 1400 m/s? are illustrated in
Figure 5, and model performance for this best-fit parameter combina-

tion can be summarized from Figures 6, 7 and 8 as follows. (i) The
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impact area is well reproduced (model deviation of 16%) and traces
the main flow paths, indicating that the model captures key features
such as bifurcation and confluence of the flow. In the northern low-
gradient area between the El Salto and Rio Pita streams, lateral
spreading of the lahar is overestimated, which contributes to the
observed model deviations. (i) Flow velocities are very well
reproduced with deviations of respectively 14, —1 and 3% at
Jatabamba, Proano and Hacienda San Rafael. (iii) While simulated flow
heights at Hacienda San Rafael and San Rafael (Megamaxi) show devi-
ations from target values of 25 and 21%, flow heights at Hacienda
Valencia are overestimated by 138%, possibly due to difficulties in
delimiting flow limits in distal reaches. (iv) Travel times to Sangolqui
and Tumbaco lie very well within the range of reported arrival times,
deviating by 0 and 10%, respectively. (v) The peak discharge at Proano
is slightly overestimated by the model, with a value of 10%. The over-
flow into the Sta. Clara River at La Caldera is reproduced with a devia-

tion of —20%.

4.3 | Simulation of potential future lahars
We applied the calibrated lahar model with previously derived best-
fitting input parameters (¢ = 0.005 and ¢ = 1400 m/s?) and estimates

of initial volume and discharge of the 1877 lahar to potential future

lahars during three different eruption scenarios at Cotopaxi. Our
approach to assess future lahar volumes considering the effect of gla-
cier retreat yielded the following hydrograph estimates (Figure 9): for
Scenarios 2, 3 and 4 in the northern drainage, we calculate peak dis-
charges of respectively 32 000, 64 000 and 128 000 m®/s and
corresponding input volumes of 7.8, 18.9 and 46 x 10° m>. In the
southern drainage, we derive for Scenarios 2, 3 and 4 peak discharges
of respectively 33 600, 67 300 and 134 500 m%/s and corresponding
input volumes of 8.3, 20.2 and 49 x 10° m°.

The results of the scenario simulations are summarized in Table 2
and Figure 10; more detailed simulation results of flow heights, flow
speed and erosion are provided in the online supporting information.
We observed that simulated lahars in the northern drainage reach
total flow volumes of ~20 x 10° m® in Scenario 2, ~35 x 10° m® in
Scenario 3, and ~70 x 10° m® in Scenario 4, which corresponds to a
volume growth due to entrainment of 150, 80 and 50%, respectively.
Potential lahars in all three eruption scenarios transit through the
densely inhabited urban agglomeration of Valle de Los Chillos (includ-
ing the town of San Rafael) via the Rio Pita, are then channelized in
the Rio San Pedro and reach out to the city of Tumbaco and locations
further downstream (outside the modelling region). Simulated travel
times to San Rafael range between 84 min (Scenario 2) and 60 min
(Scenario 4). An overflow at La Caldera and entering the Sta. Clara

River occurs, to a minor degree, in Scenario 3, but only in Scenario
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FIGURE 9 (a) Potential future eruption scenarios at Cotopaxi (Andrade et al., 2005), with corresponding input hydrographs for lahar

modelling in the northern (b) and southern (c) drainage system

TABLE 2 Simulation results for potential future lahars in the northern and southern drainage of Cotopaxi (u = 0.005/¢ = 1400 m/s?) triggered
by explosive eruptions with magnitudes of VEI 2-3, VEI 3-4 and VEI > 4. Comparison of simulated eroded volumes to input volumes yields a
scenario- and drainage-specific volume growth. Simulated travel times are presented for selected settlements along the lahar runout paths

Scenario 2 VEI 2-3

Northern drainage

Input flow volume [x 10° m?] 7.8

Eroded volume [x 10° m°] 11.6

Total flow volume [x 10° m®]/Volume growth 19.4/150%
Travel time to Sangolqui [min] -

Travel time to San Rafael (Rio Pita) [min] 84
Southern drainage

Input flow volume [x 10° m?] 8.3

Eroded volume [x 10° m3] 33.1

Total flow volume [x 10° m®]/Volume growth 41.4/400%
Travel time to Chasqui (Rio Cutuchi) [min] 18

Travel time to Mulalé (Rio Saquimala) [min] 18

Travel time to Lasso (Rio Cutuchi) [min] 32

Travel time to Latacunga [min] 60

4 is the overflow discharge large enough so that the lahar can propa-
gate to the town of Sangolqui within 52 min and afterwards unite
with the lahar in the Rio Pita channel.

Future lahars descending the southern channels reach total flow
volumes of ~40 x 10° m® in Scenario 2, ~55 x 10° m® in Scenario

3, and ~90 x 10° m® in Scenario 4, because the lahar volumes

Scenario 3 VEI 3-4 Scenario 4 VEI > 4

18.9 46

15.7 24.7
34.6/80% 70.7/50%
- 52

71 60

20.2 49

35.9 42.9
56.1/180% 91.9/90%
17 15

18 17

30 26

58 54

increase respectively by 400, 180 and 90% due to sediment incorpo-
ration. Volume growth of the lahar, especially during VEI 2-3 and VEI
3-4 eruptions, is thus notably higher in the southern drainage. Lahars
in all three scenarios reach the city of Salcedo and further down-
stream, but the inundation width in the densely populated Inter-

Andean valley varies significantly in the section north of Latacunga, in
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Latacunga city and in Salcedo city. The simulated arrival times of the
southern lahars are largely insensitive to release magnitude as they
differ only little among the three eruption scenarios. Arrival times to
towns and villages located close to the volcano, such as Mulalé and
Chasqui, vary the least (only 1-2 min), indicating that the steep relief
on the volcano edifice favours strong acceleration of lahars triggered
by small VEI 2-3 as well as by large VEI > 4 eruptions (see online
supporting information on flow speeds for comparison). Besides, the
simulated transit times to Latacunga compare favourably with those
reported by eyewitnesses of the 1877 event (<1 h).

5 | DISCUSSION

This study simulated an entire flow from Cotopaxi's upper volcano
flank to distal impact areas using the 2-D software RAMMS debris
flow for the first time. This implies investigating the applicability of a

Voellmy-Salm rheology for lahar simulation purposes, which we

achieved by model calibration and performance evaluation. A realistic
parametrization of flow behaviour necessarily involves estimating the
erosion capacity of lahars and analysing the influence of erosion and
entrainment on flow volumes.

5.1 | Estimation of erosion capacity
To estimate erosion and entrainment by lahars, we used a forward
modelling approach, which is based on estimating the erodibility of
the substrate and is independent of the magnitude of an eruptive
event. We demonstrated that lahars from Cotopaxi may experience
substantial bulking during downstream propagation (for details, see
Table 2).

Our simulations imply (Figure 11) that important volumetric addi-
tions to the flow almost entirely occur on the steep volcano slopes
between 0 and ~20 min from event initiation. This reflects qualita-

tively the common understanding of how syneruptive lahars on ice-
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clad volcanoes evolve: rapidly transitioning from an initially more
dilute flow to a hyperconcentrated flow or debris flow due to coinci-
dent entrainment of pyroclastic material in proximal regions (Major &
Newhall, 1989; Pierson et al., 1990). The reasons for the modelled
spatial concentration of erosional impact at Cotopaxi's flanks are
related to (i) the steep relief (Figure 1c), which results in large simu-
lated shear stresses (Equation 5), and (ii) the prevalent loose and easily
erodible pyroclastic material (Figure 2), which facilitates high erosion
rates (Table 1). The impact of topography on modelled erosive forces
is also evident in the significant reduction in eroded volume as the
lahars enter low-gradient areas at the foot of the volcano (see
Figure 11: after 7-8 and 9-13 min in the northern and southern
drainage, respectively).

In contrast to previous models at Cotopaxi, this paper calculates
erosivity along the entire initial steep and the flatter channelized tra-
jectory, whereas previous models have only anticipated the latter. To
compare erosion in low-gradient reaches, we estimate that a lahar of
similar magnitude like in 1877 (Figure 11 and Table 2, Scenario 4)
grows only by ~4.5 x 10° m® (~6% of total volume) on entering the
flatter northern trajectory, and by ~6 x 10 m® (~6% of total volume)
along the southern trajectory in the Inter-Andean Valley. Our numbers
are very similar to calculated theoretical bulking values of previous
lahar models at Cotopaxi: Aguilera et al. (2004) calculated for the
northern 1877 lahar a theoretical, erosion-related growth of 3 x 10°
m? (<5% of assumed total volume of 60 x 10° m®), by relating flow
height and channel slope to observed bulking values of Nevado del
Ruiz lahars (Pierson et al., 1990). Using the same empirical relation,
Pistolesi et al. (2014) found for the southern 1877 lahar a bulking
value of 8.5 x 10° m® (7% of assumed total volume of 120 x 10° m®).

In terms of quantifying total eroded volumes of future lahars from
Cotopaxi, it was found that they may erode and entrain between ~12
x 10% and ~43 x 10° m® of substrate material, and can potentially

grow in volume by 50-400% compared to initial volume over a

modelled travel distance of ~70 km (Table 2). However, we cannot
validate these values in absolute numbers because there are no quan-
titative erosion data available for lahars from Cotopaxi. Nevertheless,
we can compare them to the 1985 Nevado del Ruiz lahars due to sim-
ilar characteristics related to (i) the total flow volume (~90 x 10° m%),
(ii) the triggering mechanism (VEI = 3 eruption), which generated pyro-
clastic flows interacting with the glacier cap, and (iii) the runout dis-
tance (70-100 km from the source). Moreover, (iv) recent models for
lahars from Cotopaxi (Mothes et al., 2004; Ordéfez et al., 2013; Vera
et al., 2019) use a bulking factor of 3 as a rule of thumb throughout all
modelled eruption scenarios, which is the mean of the bulking factors
of 2 to 4 reported for Nevado del Ruiz lahars (Pierson et al., 1990).
However, volumetric growth observed at the 1985 Nevado del Ruiz
event may not be directly transferable to Cotopaxi lahars for two rea-
sons. First, the site-specific topography around the two volcanoes,
and thus the exerted basal shear pressures by the flow, are notably
different: at Nevado del Ruiz, river channels maintain steep gradients
on average 30% to distances of 20-50 km from the volcano; whereas
at Cotopaxi, slope gradients of this order only extend 4-8 km from
the crater and drop after to about 1-10%. Steep channel gradients
and the presence of erodible material downstream of Nevado del Ruiz
favoured a large volume growth from initially 20 x 10° m® to about
70 x 10 m® due to sediment entrainment during downstream propa-
gation (Pierson et al., 1990). This is about twice as much eroded sedi-
ment compared to our simulations at Cotopaxi, where a lahar with an
initial volume of ~20 x 10° m? (Scenario 3, southern drainage) may
erode and entrain ~36 x 10° m®. Second, we found that volumetric
growth of lahars may vary remarkably among the different future
eruption scenarios: in the southern drainage, initial volumes of small
lahars (Scenario 2) increase by ~400%, whereas lahars with large ini-
tial volumes (Scenario 4) grow by ~100%. This indicates that even
small initial lahars from Cotopaxi are possibly capable of entraining

large volumes of sediment, favoured by the presence of easily
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erodible pyroclastic sediment on the volcano flanks with high erosion

rates and low yield stresses (Table 1). The variations in volume growth
have important implications for the estimation of future lahar magni-
tudes. Our simulations suggest that application of a volume growth
factor of 3 may result in underestimation of bulk volumes of initially
smaller-magnitude (VEI 2-3) lahars from Cotopaxi.

Spatial classification of the substrate into erodibility classes was
carried out remotely for the most part, supported by field evidence at
selective locations. This yielded reasonable ballpark estimates of
amounts and spatial occurrence of lahar entrainment, but detailed
field-based mapping of substrate types can further improve the pre-
dictive power. Nevertheless, it remains open whether the model
parameters for erosion rates, potential erosion depths and yield stress
assigned to each erodibility class (Table 1) can be used to infer erosion
and entrainment by large-magnitude lahars, as these erosion parame-
ters were derived from natural debris flows in the Alps (Frank et al.,
2015). The loose, pyroclastic material present on the volcano flanks,
which largely controls the volumetric growth of the lahar, was charac-
terized by erosion rates twice as high as the average observed rates in
the lligraben catchment (Frank et al., 2017), but possibly the entrain-
ment is even more extreme. Application to lahar events with docu-
mented spatial erosion patterns is needed to quantify possible
deviations. We also note that the model is limited to predict material
entrainment from vertical erosion in the channel bed, but does not
consider additional volume sources such as channel bank collapse, (re-
) activated major landslides along the channels and in source areas on
the volcano, or freshly ejected volcaniclastic material, which may
attain a thickness in proximal (<10 km) zones of 1-1.5 m during a
future VEI > 4 eruption (Andrade et al., 2005).

5.2 | Model performance for lahar simulation

We back-calculated the 1877 lahar event at Cotopaxi and performed
a multi-criteria calibration using calibration measures such as impact
area, flow height, flow velocity, travel times and peak discharge
(Mothes et al., 2004; Sodiro, 1877; Wolf, 1878). By evaluating model
outcomes of all calibration constraints simultaneously, we could
derive an overall good level of fit, not only for a single, but for a
broader zone of frictional input parameter combinations, where model
deviations are always smaller than 25% (Figure 8). This corroborates
the robustness of the model and further suggests that the bulk behav-
jour of lahars can be adequately reproduced with the tested Voellmy-
Salm rheology.

The calibration process is affected by uncertainties in reported
total volume of the northern 1877 lahar (60 x 10° to 75 x 10° m3), in
our strategy to estimate the input hydrograph, and in the accuracy of
the used DEM with regard to morphological change since 1877. Like-
wise, evaluation of model performance is largely based on comparing
target values of calibration criteria to model outcomes. However,
there is some uncertainty in the target values themselves, arising from
error sources in super-elevation measurements to estimate peak flow
velocity (Pierson & Scott, 1985; Prochaska et al., 2008), and from the
degree of preservation of lahar deposits to estimate inundation limits
and stage heights. The total model performance number is especially
influenced by one outlier, the height constraint at Hacienda Valencia,

where simulated values deviate strongly from targeted by 130-170%.

At this location, simulated flow heights throughout the entire u/¢
parameter space all have values between ~35 and 41 m, indicating
that the simulation results seem statistically sound (Figure 7). The
source of this deviation could have its origin in (i) the complicated
determination of deposit termini and (ii) higher deviations in the DEM
from pre-event channel topography with increasing distance from the
volcano, which results from anthropogenic modifications and exten-
sive vegetation growth in climatically favoured downstream valleys.
Importantly, deviations in flow height can also be ascribed to the fact
that (iii) target heights are estimated from final flow deposits while
the model calculates maximum stage heights. These uncertainties in
height estimates likely also apply to the results at San Rafael
(Megamaxi). For such cases, the calibration approach developed by
Aaron et al. (2019) would allow including a specific uncertainty for
each criterion, but these have not been quantified in Mothes et al.
(2004) and later estimation seems inappropriate. If we exclude the
height constraint at Hacienda Valencia, the total performance value
would lower to 13% compared to currently 23% for u = 0.005/¢ =
1400 m/s%

We generally found that extremely low values for Coulomb-
type friction u and relatively high values for turbulent friction & best
reproduce the behaviour of massive syneruptive lahars at Cotopaxi,
and that x has a stronger influence on model outcomes than ¢
(Figures 6, 7 and 8). As this is the first application to syneruptive
lahars, no back-analysed Voellmy parameters are currently available
for comparison, and model application to other case studies is
needed for further interpretation. The calibrated u values (0.0025
and 0.005) are at least one order of magnitude smaller than those
used for modelling non-volcanic debris flows (Hussin et al., 2012;
Schraml et al., 2015), GLOFs (Frey et al., 2018; Schneider et al.,
2014) or ice-rock avalanches (Schneider et al., 2010; Sosio et al.,
2008). However, Sosio et al. (2011) used similar p/é combinations (u
between 0.001 and 0.02, & between 700 and 1200 m/s?) to simu-
late volcanic debris avalanches evolving from sudden failure of vol-
cano flanks. An undisputable reason for our calibration result is that
only small p/large & combinations can reproduce the extremely long
runout distances of lahars from Cotopaxi. A small value of x and a
larger value of ¢ indicate low flow resistance (Equation (4)) and lead
to a slow stopping mechanism, which in turn is the reason why the
model fails to reproduce material deposition in the plains around
the volcano. Large values of ¢ further indicate that the turbulent
friction term in Equation (4) is marginally relevant for the simulation
of syneruptive lahars in this study.

5.3 | Simulation of future Cotopaxi lahars

Predicting the magnitude of future syneruptive lahars is an inherently
difficult challenge, because it involves estimating the efficacy of
volcano-glacier interactions during an eruption and consequent water
supply, as well as the potential of material incorporation and volume
growth of the lahar (Pierson, 1995). To anticipate the latter, we pro-
posed a generic model approach and start the lahar on the steep
upper volcano slopes in order to provide a first estimate of erosion
capacity of lahars. As discussed previously, the scenario simulations
revealed a variable degree of volume growth among the three poten-

tial future scenarios and the two drainages. This model approach can,
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therefore, support the estimate of volcano-specific bulking factors of
lahars.

In our model, the efficacy of volcano-glacier interactions is quan-
tified in the release hydrograph of each eruption scenario, defining
the volume of slurry produced by rapid mixing of hot eruption prod-
ucts with ice and snow. Similar to previous lahar studies at Cotopaxi
(Aguilera et al., 2004; Barberi et al., 1992; Mothes et al., 2004), our
estimations of initial volumes of future lahars are directly related to
the glacier extent. Because the extent of Cotopaxi's glaciers has
diminished by at least ~50% since the last major eruption in 1877
(Caceres, 2017), we assumed that this would convert into a 50%
reduction in initial volumes of future lahars. However, the degree to
which glacier retreat influences resulting lahar volumes is an open
issue. Pistolesi et al. (2013, 2014) argued that lahar magnitudes
expected at Cotopaxi strongly depend on eruption dynamics and the
type of lahar triggering mechanism: 1877-type eruptions (VEI 3-4)
with boiling-over activity mostly produce scoria flows that erode
deep, linear canyons into the glacier. Glacier extent could therefore
have only a minor effect on initial lahar volumes. Consequently, future
eruptions will presumably generate lahars similar in magnitude to that
of 1877, despite a 50% reduction in glacier surface area. In contrast,
VEI > 4 eruptions produce pyroclastic surges or flows that interact
with the entire glacier cap, and glacier retreat would thus exert a
major control on initial lahar volumes. In a nutshell, our study shows
that Voellmy-Salm models can effectively and robustly anticipate
future lahars, but it remains essential to communicate uncertainties
involved in estimating future lahar magnitudes and consequently sim-
ulated lahar impact areas to decision-making authorities and down-

stream communities.

6 | CONCLUSION

In this study, we simulated massive long-distance lahars from Coto-
paxi volcano, from initiation on the steep upper volcano flanks to dis-
tal reaches about 70 km from the source. The generic lahar model in
RAMMS debris flow was back-calculated based on records of the
destructive 1877 event (60-75 x 10° m® northern drainage, 80-100
x 10° m® southern drainage) and estimations on erosion capacity. The
calibrated model was then applied to potential future lahars controlled
by VEI-based eruption scenarios for Cotopaxi volcano. The key find-
ings can be summarized as follows.

The tested Voellmy-Salm rheology plausibly and robustly repro-
duces key flow characteristics of massive syneruptive lahars. This is
supported by an objective evaluation of model performance based on
14 calibration constraints of physical flow properties of the 1877
lahar, such as flow height, flow speed, peak discharge, travel time and
impact area. The model results match especially well with observed
impact area (deviation of 16%), flow velocities (deviations of —1 to
14%), travel times (deviations of O and 10%) and peak discharges
(deviations of —20 to 10%), while simulated stage heights show larger
deviations from target values. Due to the long runout of the lahar,
extremely low values of Coulomb-type friction x (0.0025-0.005) and
high values of turbulent friction ¢ (1000-1400 m/s?) best reproduce
the propagation of syneruptive lahars.

Lahar erosion is estimated by a forward model approach, that

relies on the erodibility of the underlying substrate given by the

current geological and topographical setting. The simulations demon-
strate that the degree of volume growth decreases with release vol-
ume, ranging between 50% for large (46 x 10° m®) and 400% for
comparably smaller (8 x 10° m®) initial volumes, respectively. Despite
the uncertainties involved in this approach, the qualitative prediction
of simulated lahar erosivity on the steep volcano flanks using the pro-
posed straightforward estimation of erosion capacity is promising
compared with observed spatial erosion patterns. Further information
will be gained by transferring this approach to more recent lahar
events, where quantitative and detailed spatial information about ero-
sion by flow is readily available.

A reliable estimation of the magnitudes of future eruption-
triggered lahars and according hazards to downstream communities is
challenging and needs to consider the degree of volcano-glacier inter-
actions as well as the degree of solids incorporation into the flow. The
generic model approach developed in this study includes lahar erosiv-
ity and can help to anticipate the volumetric growth and runout pat-
terns of syneruptive lahars. However, critical processes determining
initial lahar magnitudes (i.e. eruption magnitude, eruption dynamics,
interactions between volcanic products and ice/snow, impact of gla-
cier retreat) are not thoroughly understood and need more dedicated

research.
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