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Abstract
Pululahua is an active volcano located 15 km north of Quito, Ecuador, that comprises sixteen dacitic-andesitic lava domes 
and a 13  km2 sub-rectangular depression formed between ~ 2.6 and ~ 2.3 ka. We use a detailed study of 70 flow and fall 
deposits that make up the pyroclastic sequence to show that the depression, previously classified as a caldera, was formed 
by numerous Vulcanian to (sub-) Plinian eruptions that destroyed both earlier and co-eruptive lava domes. We support this 
interpretation with field work, analysis of grain size distributions, density and components of 24 key deposits, supplemented 
by textural and petrologic analyses of 16 juvenile pyroclasts from throughout the pyroclastic sequence. These data document 
an alternation of (sub-) Plinian and Vulcanian eruptions dominated by denser juvenile material that preserves microtextural 
variations indicating changes in shallow level magma storage accompanying Vulcanian explosions. An exploratory exami-
nation of phenocryst textures and plagioclase and amphibole rim compositions suggests that much of the eruptive activity 
was driven by repeated inputs of less evolved magma into the Pululahua magmatic system. The inferred sequence of events 
provides a new hypothesis for the formation of the current morphology of Pululahua, including multiple episodes of both 
effusive and explosive eruptions accompanied by vent migration. Our findings offer an important insight into Pululahua’s 
potential future hazard scenarios, which could affect millions of people.
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Resumen
El Pululahua es un volcán activo situado 15 km al norte de Quito, Ecuador, que comprende dieciséis domos de lava dacítica-
andesítica y una depresión sub-rectangular de 13 km² formada entre ~2,6 y ~2,3 mil años atrás. En este artículo realizamos 
un estudio detallado de 70 depósitos de flujos y caídas que componen la secuencia piroclástica para mostrar que la depresión, 
previamente clasificada como caldera, se formó en realidad por numerosas erupciones Vulcanianas a (sub-) Plinianas que 
destruyeron domos de lava pre-existentes y co-eruptivos. Fundamentamos esta interpretación con trabajo de campo, el 
análisis de densidad, componentes y distribución del tamaño de grano de 24 depósitos clave, además del análisis textural y 
petrológico de 16 piroclastos juveniles muestreados a lo largo de toda la secuencia. Los datos documentan una alternancia 
entre erupciones (sub-) Plinianas y Vulcanianas. La predominancia de material juvenil denso que conserva variaciones 
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microtexturales dentro de los depósitos Vulcanianos indica 
cambios en el almacenamiento de magma a poca profundi-
dad antes de estas erupciones. Un análisis exploratorio de 
las texturas de los fenocristales y de las composiciones de 
los bordes de plagioclasa y anfíbol sugiere que gran parte de 
la actividad eruptiva fue desencadenada por repetidas inyec-
ciones de magma menos diferenciado al sistema magmático 
del Pululahua. La secuencia inferida de eventos eruptivos 
entre ~2,6 y ~2,3 mil años proporciona una nueva hipótesis 
para la formación de la actual morfología del Pululahua, 
incluyendo múltiples episodios de erupciones efusivas y 
explosivas acompañadas de la migración de los ventos erup-
tivos. Nuestros resultados aportan una nueva interpretación 
de los posibles futuros escenarios de peligro asociados al 
volcán Pululahua, los cuales podrían afectar a millones de 
personas.

Introduction

The Pululahua dome complex is one of twenty-four active 
volcanoes in Ecuador (Ramon et al. 2021), where volcan-
ism is driven by oblique subduction of the oceanic Nazca 
plate underneath the South American plate (Gutscher et al. 
1999; Witt et al. 2006; Nocquet et al. 2014) (Fig. 1a). Pulu-
lahua is located in the Western Cordillera of the Ecuado-
rian Andes, 15 km north of the capital, Quito. It comprises 
sixteen dacitic to andesitic lava domes and a 4 km wide and 
300 m deep sub-rectangular depression (Fig. 1b, c). The 
eruptive history of this dome complex, described in detail 
in Andrade et al. (2021), is divided into four major geo-
logical units: Units I and II include 13 dacitic lava domes 
that erupted in the late Pleistocene (> 18–11 ka) and their 
associated block-and-ash-flow (BAF) deposits (Fig. 1b, c). 
Unit III comprises flow and fall deposits (0.58 ± 0.25  km3 
DRE) emplaced between ~ 2.6 and ~ 2.3 ka; charcoal-rich 
layers in Unit III indicate three breaks in eruptive activity 
long enough for substantial vegetation growth that subdi-
vide the ~ 300 years of explosive activity into four major 
eruptive episodes (E1 to E4 in Andrade et al. 2021, Fig. 1b, 
d). Eruptive activity at Pululahua culminated with effusive 
growth of three intra-depression domes at ~ 2.24 ka (Unit 
IV) and the accompanying emplacement of BAF deposits 
(Fig. 1b, c).

Pululahua has been referred to as a volcanic caldera 
(Papale and Rosi 1993; Padrón et al. 2008; Volentik et al. 
2010; Smithsonian Institution 2021), even though the for-
mation mechanism of the depression has not been previ-
ously investigated. Papale and Rosi (1993) were the first to 
study Pululahua’s explosive deposits in detail. They focused 
on an extensive pumice fall deposit from the initial stages 
of Unit III (E1-B in Fig. 2), for which they calculated a 
DRE volume of 0.34  km3 and a Volcanic Explosivity Index 

(VEI) of 4. This work has been extended by Volentik et al. 
(2010) to estimate the Plinian column height (30 ± 3 km) 
and eruption duration (72 ± 47 min) based on inversion 
models. This well-studied pumice fall deposit immediately 
succeeds a fine dense-clast-rich ash layer that initiated the 
explosive sequence of Unit III (Papale and Rosi 1993, E1-A 
in Fig. 2). Similar stratigraphic sequences of an initial fine 
lithic-rich ash followed by a major pumice lapilli fall deposit 
are observed, among others, for the 0.65 ka Mt Pelée erup-
tion (Villemant et al. 1996; Villemant and Boudon 1998), 
the 1902 La Soufrière eruption (Cole et al. 2019), the Shin-
moedake eruption in 2011 (Miyabuchi et al. 2013) and the 
2014 Kelud eruption (Maeno et al. 2019). Previous work 
suggests that deposit sequences of this type are generally 
formed by lithostatic load reduction, sometimes influenced 
by interaction with influxes of sub-surface water (Heiken 
and Wohletz 1987) that cause the sudden depressurisation 
of a deeper seated, volatile-rich magma body (Castro and 
Gardner 2008; Preece et al. 2016; Massaro et al. 2018).

Importantly, recent work (Andrade et al. 2021) has dem-
onstrated that several BAF deposits located to the northwest 
of Pululahua (Guarumal and Tanachi terraces in Fig. 1b) 
could not have originated from the existing domes and that 
the two smaller intra-depression structures — El Chivo I 
and II — are dome-conduit remnants that belong to Unit II 
(Fig. 1b, c) rather than being post-depression domes, as pre-
viously thought (Águila 1986; Papale and Rosi 1993). Based 
on these observations, Andrade et al. (2021) suggested the 
existence of prior domes that were (partially) destroyed dur-
ing the explosive events of Unit III. Globally, the growth 
and destruction of ephemeral domes as part of explosive 
sequences has been documented at Novarupta 1912 (Adams 
et al. 2006), Mount St. Helens 1980 (Christiansen and Peter-
son 1981), Redoubt 1989 (Gardner et al. 1994), Soufriere 
Hills Volcano 1995–2010 (Wadge et al. 2014), Merapi 2010 
(Preece et al. 2016) and La Soufrière (St. Vincent) in 2021 
(Global Volcanism Program 2021). Associated juvenile 
deposits formed by Vulcanian (dome growth) and sub-Plin-
ian (dome destruction) eruptions typically include pumice, 
moderately vesicular dacites or andesites and dense dome 
material (Heiken and Wohletz 1987; Cashman and McCo-
nnell 2005; Adams et al. 2006; Wright et al. 2007; Giachetti 
et al. 2010; Miyabuchi et al. 2013). Explosive dome destruc-
tion can initiate by (i) injection of new magma from below 
(Heiken and Wohletz 1987), (ii) exceedance of a critical 
overpressure beneath the young dome (Druitt et al. 2002; 
Wright et al. 2007; Preece et al. 2016) or (iii) gravitational 
collapse of the dome and subsequent downward decompres-
sion (Miller 1994). Inclusion of older lithics within a pumi-
ceous sequence may indicate opening of new vents (Lavallée 
et al. 2012) or the destruction of young but not co-eruptive 
domes (Maeno et al. 2019).
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Fig. 1  (a) Geotectonic setting of Ecuador. Grey triangles represent 
Quaternary volcanoes of the Andean range (light orange); Pululahua 
is indicated by the red star, Quito is the black polygon. (b) Simplified 
geological map of Pululahua and its eruptive deposits; bright green 
star indicates the location of the here-analysed stratigraphic section, 

modified from Andrade et al. 2021. (c) Pululahua seen from the NW. 
Units I — IV and El Chivo dome-conduit remnants are labelled; main 
access roads in yellow. (d) Quarry exposing explosive deposits of 
Unit III to the SSE of Pululahua; white dashed lines indicate char-
coal-rich bioturbated layers
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Eruptive style transitions between explosive and effu-
sive eruptions are common at dome-forming volcanoes, 
including Pululahua’s neighbours in the Western Cordillera 
Guagua Pichincha (Robin et al. 2008), Mojanda-Fuya Fuya 
(Robin et al. 1997, 2009) and Cotacachi-Cuicocha (Pidgen 
2014; Almeida 2016). Specifically, transitions from explo-
sive to effusive activity (Cassidy et al. 2018) have been 
attributed to (i) loss of reservoir pressure and consequent 
reduced magma ascent (Nguyen et al. 2014), (ii) decrease 
of exsolved volatile pressure by elevated gas loss (Cash-
man 2004; Preece et al. 2016), (iii) conduit narrowing and 
lateral outgassing from overpressure (Manga et al. 2018), 
(iv) a decline in the magma supply rate (Miller 1994) and 
(v) an increase in magma viscosity, and resulting decrease 
in magma ascent, caused by rapid crystallisation (Mujin and 
Nakamura 2014). Several of the aforementioned explosive 
eruptions, which also included ephemeral lava dome growth, 
culminated with the effusive emplacement of stable domes.

Understanding the nature of past eruptions at Pululahua 
is important for hazard assessment, as its proximity to the 
ever-growing capital city, Quito, means that future activity 
could jeopardise millions of people (Fig. 1b). The severity 
and extent of the negative impacts will, however, depend 
on the eruption style. While effusive growth of a new lava 
dome would have disastrous consequences locally, paroxys-
mal explosive activity of the magnitude recorded between 

2.6 and 2.3 ka could affect the entire capital. Studying Pulu-
lahua’s explosive sequence in more detail is therefore an 
essential first step towards improving future hazard assess-
ment, updating Pululahua’s hazard map (Hall and Hille-
brandt 1988) and enhancing monitoring efforts. The aim of 
this manuscript is to present a detailed study of the entirety, 
and variety, of deposits within the Unit III pyroclastic 
sequence using grain size distribution (GSD), componen-
try, textural and petrological analyses; we use these data 
to propose a new hypothesis for the origin of Pululahua’s 
4 km wide sub-rectangular depression and to assess the role 
played by eruptive style transitions.

Materials and methods

Two field campaigns were undertaken in March and July 2020 
to characterise the pyroclastic sequence of Unit III. Both cam-
paigns were conducted at an abandoned quarry behind the vil-
lage of Caspigasí (78.478°W, 0.006°N, Fig. 1b, d). This single 
outcrop at 2.5 km from Pululahua’s SSE crater rim was chosen 
as, out of the 7 stratigraphic sections previously studied by 
Andrade et al. (2021) (Fig. 1b), it most completely exposes 
the entire eruptive sequence (70 pyroclastic deposits) of Unit 
III. This outcrop allowed us to conduct a detailed descrip-
tion of the entire stratigraphic sequence and to take samples 

Fig. 2  Digitalised stratigraphic 
columns for pyroclastic deposits 
of Unit III. Yellow stars denote 
sampled layers. C1, C2 and C3 
are charcoal-rich layers that 
subdivide Unit III into four 
eruptive episodes E1–E4. Note 
that each section has its own 
vertical scale
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of 24 selected deposits. Marker layers include a dark brown 
palaeosol that underlies the explosive deposits (C0 in Fig. 2), 
three charcoal-rich layers (C1, C2 and C3) that separate the 
four explosive episodes (E1 to E4) and a light brown soil that 
caps the pyroclastic sequence (C4 in Fig. 2).

Previous studies have demonstrated that GSD and com-
ponentry analysis provide critical data for distinguishing 
lithofacies of pyroclastic deposits and identifying discrete 
vent-opening events (Lavallée et al. 2012), vent erosion and 
widening (Maeno et al. 2019) and ephemeral dome growth 
and destruction during explosive eruptive phases (Adams 
et al. 2006; Preece et al. 2016). We used these two key meth-
odologies, combined with textural and petrological analyses, 
to create a detailed stratigraphic record of the eruptive events 
at Pululahua from ~ 2.6 to ~ 2.3 ka.

GSD analysis and componentry classification

In the field, we described layer thickness and colour, degree 
of deposit consolidation, matrix abundance, sedimentary 
structures (stratification and grading), overall sorting (mini-
mum to maximum clast size) and overall clast shape, and 
roughly estimated the proportions of juvenile material, as 
well as accidental fragments, for clasts larger than 5 mm 
based on their colour, shape and degree of vesiculation. 
These field observations were collected for each of the 70 
pyroclastic deposits and are presented in the Supplementary 
Material 1, Table ESM-1.1.

Twenty-four of the 70 deposits were sampled through 
their full height, with bulk sample weight from thicker 
deposits reaching 3000 g and thin deposit samples weighing 
between 150 and 350 g. All samples were sieved manually 
at 1φ steps (φ =  −  log2d, with d being the particle diameter 
in mm) from − 7φ to 4φ (128 mm to 63 µm); fine fractions 
were analysed to 10φ (1 µm) using a laser scattering parti-
cle size distribution analyser Horiba LA-960 at the Instituto 
Geofísico – Escuela Politécnica Nacional (IG-EPN), Ecua-
dor. For the latter, three measurements were performed on 
0.1 g of each sample in deionised water to ensure reproduc-
ibility. We used the real and imaginary refractive indexes 
reported in Vogel et al. (2017) for dacitic compositions, 
which correspond to a theoretical density of 2.6 g/cm3, 
which is only 0.15 g/cm3 higher than the DRE density esti-
mated for Pululahua Unit III rocks by Andrade et al. (2021). 
Sieve and laser data were later combined assuming similar 
densities for the fine (< 63 µm) fraction (comparable weight 
and volume percent).

Clasts between − 7φ and − 1φ were classified based on 
their colour, vesicularity, shape and qualitative density 
until all, or at least 300, randomly selected clasts of each 
fraction had been analysed. Since laboratory equipment 
was not available during COVID-19 lockdowns, we devel-
oped a relative density scale for larger clasts by dropping 

them individually into a bowl of water and observing their 
sinking behaviour. Four categories describe this behav-
iour: floats (> 3 s), sinks slowly (after floating for ~ 1 s), 
sinks and sinks fast (instantly upon submergence). Both the 
qualitative density observations and the visual characteris-
tics were used to classify each clast as (i) highly vesicular 
pumice (HVP) (floats/sinks slowly, white/beige, vesicular), 
(ii) medium vesicular pumice (MVP) (sinks, beige/light 
grey, smaller or fewer vesicles), (iii) low vesicular clast 
(LVC) (sinks/sinks fast, grey, irregular vesicles), (iv) dense 
dome clast (DDC) (sinks fast, grey/dark grey, crystalline, 
no visible vesicles, blocky), (v) oxidised clast (Ox) (sinks 
fast, pink to red matrix), (vi) hydrothermally altered clast 
(Alt) (sinks fast, green/yellow/orange matrix), (vii) base-
ment clast (B) (sinks fast, dark grey/green, aphanitic or 
with quartz veins), or (viii) free crystals (C) (sinks, crys-
talline, generally plagioclase or amphibole). Component 
proportions for all fractions < 0φ were weighed, combined 
and normalised to calculate the total componentry of each 
deposit. Component proportions per fraction and sample 
can be found in the Supplementary Material 1, ESM-1.2.

Petrographic and textural analysis

Four large pyroclasts (− 4φ to − 3φ) of each juvenile 
clast type (HVP, MVP, LVC, DDC) and eruptive phase 
(E1–E4) were subsequently analysed at the University 
of Bristol. In a first step, bulk clast vesicularity was 
calculated for initial petrographic and microtextural 
observations of the selected clasts applying the paraf-
fin method of Houghton and Wilson (1989) and using 
dense rock equivalent (DRE) density of 2.46  g/cm3 
reported in Andrade et al. (2021) for Pululahua Unit III 
rocks. Clasts were then mounted in epoxy and polished 
for textural and petrographic analysis. Backscattered 
electron images (BSE) of clasts were acquired using a 
Hitachi S-3500 N scanning electron microscope (SEM) 
at 20 kV and a 117 pixel/mm resolution; detailed micro-
textural BSE images were acquired at 1950 pixel/mm 
resolution. Whole-clast BSE images were subsequently 
cleaned and processed in Adobe Photoshop and FijiApp 
(Image J; Schindelin et al. 2012) to obtain crystal size 
distributions (CSDs) and clast crystallinity; a minimum 
measured crystal size threshold was set at 85 µm (10-
pixel resolution). 2D CSDs (as equant crystal diameters) 
from 85 µm to 5 mm were measured from processed 
BSE images in geometric binning of  100.1. Phenocrysts 
were imaged and analysed for major elements using a 
JEOL8730F Hyperprobe with a 20 kV accelerating volt-
age, 10nA beam current, a 1 µm spot size and a range of 
minerals and oxides for calibration.
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Results

Stratigraphy

At the Caspigasí outcrop, the entire stratigraphic column of 
Unit III reaches to 19 m thickness (Fig. 1d). It encompasses 
70 distinct deposits including three charcoal-rich layers (C1-
C3 in Fig. 2) that subdivide this pyroclastic sequence into 
four main episodes (E1 to E4, Andrade et al. 2021). Over-
all, as shown in Table 1, five lithofacies types were distin-
guished based on degree of compaction, sorting, grading 
and bedding, dominant grain size and lateral continuity of 
layer thickness.

In all cases, the deposit colour may range from light beige 
to dark grey, generally reflecting variations in component 
proportions, which cover the full spectrum between pumice- 
and dense-clast-rich. The 70 deposits vary in thickness from 
0.01 to 2.7 m; some are intercalated in a repetitive and alter-
nating manner. Here we provide a summary description of 
the Unit III stratigraphic section for all four episodes based 
on the five identified lithofacies types; a detailed descrip-
tion of all 70 pyroclastic deposits, depicted in Fig. 2, can be 
found in the Supplementary Material 1.

E1 has a total thickness of ~ 4 m and includes 25 distinct 
layers, nine of which correspond to the first lithofacies type 
described in Table 1, eleven to the second, three to the third, 
and two to the fourth one (Fig. 2). While Type I and II (frame-
work-supported) deposits are predominant throughout E1, 
Type III and IV (matrix-supported) lithofacies — which sum 
to 1.5 m — appear more regularly in the upper half of this 
pyroclastic sequence. E1 is topped by a 3 cm thick bioturbated 
layer rich in charcoal and charred sticks (C1 in Fig. 2).

At its thickest section in this outcrop, E2 reaches 5.7 m 
and encompasses a total of 15 distinct deposits. Seven 
Type III and one Type IV deposits make up most of this 
pyroclastic sequence (5.3 m) and are capped by one Type 
II and five of six Type I lithofacies. E2 is separated from 

E3 by a thin but pervasive black charcoal layer with few 
mm-sized charred sticks. Here, E3 reaches a thickness just 
over 3 m and is made up of 12 distinct layers. Similar to 
E2, the eight framework-supported (Type I and II) deposits 
found at the upper end of E3 represent only a small portion 
(15 cm) of the full pyroclastic sequence, while two Type 
III, one Type IV and one Type V deposit make up most of 
the E3 pyroclastic sequence.

The fourth episode (E4) starts with a 10 cm thick Type 
I deposit that incorporates a significant number of charred 
sticks. E4, which at this location is 5.7 m thick, includes 
17 distinct deposits, of which three are Type I, seven Type 
II, four Type III and three are Type IV. Close to 1 m of this 
pyroclastic sequence is comprised of Type I and Type II 
lithofacies, while the rest are Type III and IV. Throughout 
this final sequence, both framework- and matrix-supported 
deposits are intercalated; the end of explosive eruptive 
activity at Pululahua is indicated by an ~ 80 cm thick pre-
sent-day soil (Fig. 2).

The following subsections focus on the results retrieved 
from analysis of the 24 key deposits sampled throughout 
the previously described pyroclastic sequence of Unit III 
(yellow stars in Fig. 2). Nine of these deposits correspond 
to Type I, ten to Type II, four to Type III and one to Type 
IV lithofacies. The subscripts c and f are used to distin-
guish samples of coarser- and finer-grained layers of the 
cyclic alternating deposits of E1-D, E1-F, and E2-K (e.g. 
E1-Dc, E1-Df). A detailed lithofacies description, as well 
as sorting and median grain size values and component 
proportions for the sampled deposits, are compiled in 
Table 2. In the “Componentry and cumulative grain size 
distribution (GSD)” section, we present componentry and 
grain size distribution of the samples, and then move on to 
summarise our main petrographic findings in the “Petrog-
raphy” and “Phase textures and compositions” sections.

Table 1  Description of the five lithofacies types Unit III deposits are distinguished as. The third column indicates the total number of layers of 
each type

Type Lithofacies description Layers

I Uncompacted; moderately to poorly sorted; generally massive or subtly graded fine to coarse ash; layer thickness is laterally 
continuous

24

II Uncompacted; moderately well- to poorly sorted; often graded; framework-supported; generally angular (blocks and) lapilli; layer 
thickness is laterally continuous

20

III Generally uncompacted; poorly sorted; often diffusely stratified by clast abundance, size and density; ash matrix supporting 
rounded blocks and lapilli; layer thickness varies laterally at outcrop level

16

IV Uncompacted; poorly sorted; laterally discontinuous thin-bedded subparallel and/or cross-bedded and/or pinch-and-swell-stratifi-
cation; ash matrix supporting rounded lapilli; significant layer thickness variation at outcrop level

7

V Densely indurated; poorly sorted; fines-poor; diffusely stratified by clast size and density; coarse-ash-matrix supporting rounded 
lapilli; layer thickness varies laterally at outcrop level

1

  81 Page 6 of 19



Bulletin of Volcanology (2022) 84: 81 

1 3

Ta
bl

e 
2 

 D
es

cr
ip

tio
n 

of
 th

e 
24

 a
na

ly
se

d 
py

ro
cl

as
tic

 d
ep

os
its

 o
f P

ul
ul

ah
ua

 U
ni

t I
II

 in
 s

tra
tig

ra
ph

ic
 o

rd
er

 (y
ou

ng
es

t o
n 

to
p)

. M
d,

 m
ed

ia
n 

di
am

et
er

 o
f a

na
ly

se
d 

sa
m

pl
es

 in
 m

m
; σ

φ,
 In

m
an

 (1
96

2)
 

so
rti

ng
 c

oe
ffi

ci
en

t i
n 

ph
i. 

Ju
ve

ni
le

 c
om

po
ne

nt
 c

la
ss

es
 a

re
 h

ig
hl

y 
ve

si
cu

la
r p

um
ic

e 
(H

V
P)

, m
ed

iu
m

 v
es

ic
ul

ar
 p

um
ic

e 
(M

V
P)

, l
ow

 v
es

ic
ul

ar
 c

la
st 

(L
V

C
), 

de
ns

e 
do

m
e 

cl
as

t (
D

D
C

) a
nd

 fr
ee

 c
ry

st
al

s 
(C

), 
w

hi
le

 a
cc

id
en

ta
lly

 in
co

rp
or

at
ed

 o
ld

er
 c

la
sts

 in
cl

ud
e 

ox
id

is
ed

 (O
x)

, h
yd

ro
th

er
m

al
ly

 a
lte

re
d 

(A
lt)

 a
nd

 b
as

em
en

t (
B

) m
at

er
ia

l

D
ep

os
it 

na
m

e
Th

ic
kn

es
s (

cm
)

C
ol

ou
r

Li
th

of
ac

ie
s t

yp
e:

 li
th

ol
og

y 
an

d 
se

di
m

en
ta

ry
 st

ru
ct

ur
e

G
SD

C
om

po
ne

nt
ry

 ≥
 2 

m
m

 (w
t%

)

σφ
M

d
H

VP
M

VP
LV

C
D

D
C

C
O

x
Al

t
B

E4
-U

2 
la

ye
rs

, 1
0 

cm
 e

ac
h

Ye
llo

w
is

h 
gr

ey
Ty

pe
 II

: f
ra

m
ew

or
k-

su
pp

or
te

d,
 u

nc
om

pa
ct

ed
 a

ng
ul

ar
 la

pi
lli

, 
m

as
si

ve
, t

w
o 

la
te

ra
lly

 c
on

tin
uo

us
 la

ye
rs

 se
pa

ra
te

d 
by

 a
 

2 
cm

 th
ic

k 
gr

ey
 fi

ne
 a

sh
 b

ed

2.
67

5.
80

32
.1

23
.5

11
.6

31
.3

0.
4

0.
4

0.
2

0.
5

E4
-T

4
G

re
y

Ty
pe

 I:
 u

nc
om

pa
ct

ed
 c

oa
rs

e 
an

d 
fin

e 
as

h,
 su

bt
le

 n
or

m
al

 
gr

ad
in

g,
 la

ye
r t

hi
ck

ne
ss

 is
 la

te
ra

lly
 c

on
tin

uo
us

1.
62

0.
61

8.
6

40
.4

23
.0

21
.5

1.
0

3.
5

0.
7

1.
3

E4
-S

3
D

ar
k 

gr
ey

Ty
pe

 II
: f

ra
m

ew
or

k-
su

pp
or

te
d,

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 la
pi

lli
 

an
d 

co
ar

se
 a

sh
, s

ub
tle

 n
or

m
al

 g
ra

di
ng

, l
ay

er
 th

ic
kn

es
s i

s 
la

te
ra

lly
 c

on
tin

uo
us

2.
19

1.
85

43
.8

21
.8

10
.7

19
.9

1.
1

1.
5

0.
0

1.
1

E4
-R

40
G

re
y

Ty
pe

 II
: f

ra
m

ew
or

k-
su

pp
or

te
d,

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 b
lo

ck
s 

an
d 

la
pi

lli
, m

as
si

ve
, l

ay
er

 th
ic

kn
es

s v
ar

ie
s s

lig
ht

ly
 a

t 
ou

tc
ro

p 
le

ve
l

2.
57

57
.0

0
35

.8
8.

1
0.

6
55

.1
0.

2
0.

1
0.

0
0.

1

E4
-Q

27
0

B
ei

ge
 to

 o
ra

ng
e,

 g
re

y 
an

d 
re

d
Ty

pe
 II

I:
 u

nc
om

pa
ct

ed
 ro

un
de

d 
bl

oc
ks

 a
nd

 la
pi

lli
 su

pp
or

te
d 

in
 a

n 
as

h 
m

at
rix

, d
is

co
nt

in
uo

us
 su

bp
ar

al
le

l a
nd

 p
in

ch
-a

nd
-

sw
el

l-s
tra

tifi
ca

tio
n 

by
 c

la
st 

ab
un

da
nc

e,
 si

ze
 a

nd
 d

en
si

ty
, 

gr
ad

at
io

na
l t

op
 c

on
ta

ct
, l

ay
er

 th
ic

kn
es

s v
ar

ie
s s

ig
ni

fic
an

tly
 

at
 o

ut
cr

op
 le

ve
l

2.
91

1.
20

61
.8

19
.8

16
.6

1.
1

0.
2

0.
4

0.
0

0.
1

E4
-P

10
B

ei
ge

Ty
pe

 II
: f

ra
m

ew
or

k-
su

pp
or

te
d,

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 b
lo

ck
s 

an
d 

la
pi

lli
, m

as
si

ve
, l

ay
er

 th
ic

kn
es

s i
s l

at
er

al
ly

 c
on

tin
uo

us
2.

73
2.

90
31

.5
30

.5
12

.2
21

.6
1.

1
2.

5
0.

1
0.

6

E4
-O

10
B

ei
ge

Ty
pe

 II
: f

ra
m

ew
or

k-
su

pp
or

te
d,

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 la
pi

lli
, 

m
as

si
ve

, i
nc

or
po

ra
te

s n
um

er
ou

s c
ha

rc
oa

l s
tic

ks
, l

ay
er

 
th

ic
kn

es
s i

s l
at

er
al

ly
 c

on
tin

uo
us

2.
78

4.
00

58
.5

14
.3

4.
3

11
.0

0.
9

0.
6

8.
0

2.
4

E3
-N

2 
la

ye
rs

, 4
 c

m
 e

ac
h

G
re

y
Ty

pe
 II

: f
ra

m
ew

or
k-

su
pp

or
te

d,
 u

nc
om

pa
ct

ed
 a

ng
ul

ar
 la

pi
lli

, 
m

as
si

ve
, t

w
o 

la
te

ra
lly

 c
on

tin
uo

us
 la

ye
rs

 se
pa

ra
te

d 
by

 a
 

de
ns

el
y 

in
du

ra
te

d 
br

ow
ni

sh
 1

 c
m

 th
ic

k 
fin

e 
as

h 
la

ye
r

3.
02

2.
00

8.
4

11
.9

25
.8

41
.3

0.
4

3.
1

1.
8

7.
3

E3
-M

10
0

B
ei

ge
 to

 li
gh

t g
re

y
Ty

pe
 IV

: u
nc

om
pa

ct
ed

 ro
un

de
d 

la
pi

lli
 su

pp
or

te
d 

in
 a

n 
as

h 
m

at
rix

, d
is

co
nt

in
uo

us
 su

bp
ar

al
le

l a
nd

 p
in

ch
-a

nd
-s

w
el

l-
str

at
ifi

ca
tio

n 
by

 c
la

st 
si

ze
 a

nd
 d

en
si

ty
, t

hi
n–

be
dd

ed
 p

ar
al

-
le

l- 
an

d 
cr

os
s-

str
at

ifi
ed

 to
w

ar
ds

 th
e 

to
p,

 g
ra

da
tio

na
l l

ow
er

 
co

nt
ac

t, 
la

ye
r t

hi
ck

ne
ss

 v
ar

ie
s s

ig
ni

fic
an

tly
 a

t o
ut

cr
op

 le
ve

l

2.
54

0.
98

46
.1

11
.5

17
.5

13
.8

0.
2

6.
0

1.
7

3.
2

E3
-L

80
B

ei
ge

Ty
pe

 II
I:

 c
la

st-
ric

h,
 p

ar
tly

 in
du

ra
te

d 
ro

un
de

d 
bl

oc
ks

 a
nd

 
la

pi
lli

 su
pp

or
te

d 
in

 a
n 

as
h 

m
at

rix
, s

ub
or

di
na

te
 n

or
m

al
-

gr
ad

ed
 li

th
ic

s, 
gr

ad
at

io
na

l l
ow

er
 a

nd
 u

pp
er

 c
on

ta
ct

, l
ay

er
 

th
ic

kn
es

s v
ar

ie
s s

ig
ni

fic
an

tly
 a

t o
ut

cr
op

 le
ve

l

3.
06

1.
50

71
.6

6.
6

9.
9

9.
3

0.
1

1.
4

0.
0

1.
1

E2
-K

 fi
ne

2 
la

ye
rs

, 5
 c

m
 e

ac
h

Li
gh

t g
re

y
Ty

pe
 I:

 u
nc

om
pa

ct
ed

 c
oa

rs
e 

an
d 

fin
e 

as
h,

 m
as

si
ve

, i
nt

er
ca

la
t-

ed
ly

 la
te

ra
lly

 c
on

tin
uo

us
 p

ar
al

le
l-b

ed
de

d 
w

ith
 E

2-
I c

oa
rs

e
3.

05
0.

46
4.

4
22

.9
38

.6
27

.2
0.

9
1.

4
2.

9
1.

7

E2
-K

 c
oa

rs
e

2 
la

ye
rs

, 3
 c

m
 e

ac
h

G
re

y
Ty

pe
 I:

 fr
am

ew
or

k-
su

pp
or

te
d,

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 la
pi

lli
 

an
d 

as
h,

 su
bt

le
 n

or
m

al
 g

ra
di

ng
, i

nt
er

ca
la

te
dl

y 
la

te
ra

lly
 

co
nt

in
uo

us
 p

ar
al

le
l-b

ed
de

d 
w

ith
 E

2-
I fi

ne

1.
66

0.
62

45
.3

9.
7

4.
0

30
.3

1.
7

1.
5

3.
4

4.
1

E2
-J

12
B

ei
ge

Ty
pe

 I:
 u

nc
om

pa
ct

ed
 c

oa
rs

e 
an

d 
fin

e 
as

h,
 m

as
si

ve
, l

ay
er

 
th

ic
kn

es
s i

s l
at

er
al

ly
 c

on
tin

uo
us

2.
48

0.
85

5.
1

9.
4

35
.8

34
.5

0.
0

6.
8

4.
7

3.
8

Page 7 of 19 81



Bulletin of Volcanology (2022) 84: 81  

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

D
ep

os
it 

na
m

e
Th

ic
kn

es
s (

cm
)

C
ol

ou
r

Li
th

of
ac

ie
s t

yp
e:

 li
th

ol
og

y 
an

d 
se

di
m

en
ta

ry
 st

ru
ct

ur
e

G
SD

C
om

po
ne

nt
ry

 ≥
 2 

m
m

 (w
t%

)

σφ
M

d
H

VP
M

VP
LV

C
D

D
C

C
O

x
Al

t
B

E2
-I

3
B

ei
ge

Ty
pe

 II
: f

ra
m

ew
or

k-
su

pp
or

te
d,

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 la
pi

lli
, 

m
as

si
ve

, l
ay

er
 th

ic
kn

es
s i

s l
at

er
al

ly
 c

on
tin

uo
us

1.
88

3.
10

50
.6

15
.5

13
.9

15
.7

0.
4

2.
2

0.
1

1.
5

E2
-H

70
D

ar
k 

gr
ey

Ty
pe

 II
I:

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 b
lo

ck
s a

nd
 la

pi
lli

 su
pp

or
te

d 
in

 a
n 

as
h 

m
at

rix
, m

as
si

ve
, l

ay
er

 th
ic

kn
es

s v
ar

ie
s s

lig
ht

ly
 a

t 
ou

tc
ro

p 
le

ve
l

1.
97

4.
00

7.
8

10
.1

7.
1

64
.4

0.
2

4.
6

3.
1

2.
8

E2
-G

16
0

B
ei

ge
, t

ur
ns

 re
d 

up
w

ar
ds

Ty
pe

 II
I:

 u
nc

om
pa

ct
ed

 ro
un

de
d 

bl
oc

ks
 a

nd
 la

pi
lli

 su
pp

or
te

d 
in

 a
n 

as
h 

m
at

rix
, s

ub
or

di
na

te
 n

or
m

al
-g

ra
de

d 
lit

hi
cs

, 
di

ffu
se

-b
ed

de
d,

 g
ra

da
tio

na
l l

ow
er

 c
on

ta
ct

, l
ay

er
 th

ic
kn

es
s 

va
rie

s s
ig

ni
fic

an
tly

 a
t o

ut
cr

op
 le

ve
l

3.
53

0.
72

73
.0

16
.4

2.
0

5.
1

0.
7

1.
5

0.
1

1.
2

E1
-F

 fi
ne

3 
la

ye
rs

, 3
 c

m
 e

ac
h

G
re

y 
to

 b
ro

w
n

Ty
pe

 I:
 u

nc
om

pa
ct

ed
 c

oa
rs

e 
an

d 
fin

e 
as

h,
 m

as
si

ve
, l

at
er

al
ly

 
co

nt
in

uo
us

 in
te

rc
al

at
ed

ly
 p

ar
al

le
l-b

ed
de

d 
w

ith
 E

1-
G

 c
oa

rs
e

3.
46

0.
70

3.
8

19
.1

42
.6

26
.0

1.
3

2.
6

1.
5

3.
1

E1
-F

 c
oa

rs
e

3 
la

ye
rs

, 2
 c

m
 e

ac
h

G
re

y
Ty

pe
 I:

 fr
am

ew
or

k-
su

pp
or

te
d,

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 la
pi

lli
 

an
d 

co
ar

se
 a

sh
, s

ub
tle

 n
or

m
al

 g
ra

di
ng

, l
at

er
al

ly
 c

on
tin

uo
us

 
in

te
rc

al
at

ed
ly

 p
ar

al
le

l-b
ed

de
d 

w
ith

 E
1-

G
 fi

ne

1.
57

0.
95

44
.7

6.
1

8.
8

29
.4

2.
4

1.
7

3.
0

3.
9

E1
-E

22
Li

gh
t g

re
y

Ty
pe

 I:
 fr

am
ew

or
k-

su
pp

or
te

d,
 u

nc
om

pa
ct

ed
 a

ng
ul

ar
 la

pi
lli

 
an

d 
as

h,
 m

ar
ke

d 
in

ve
rs

e 
gr

ad
in

g,
 la

ye
r t

hi
ck

ne
ss

 is
 la

te
ra

lly
 

co
nt

in
uo

us

3.
05

0.
72

35
.6

13
.8

9.
7

33
.7

0.
6

1.
0

1.
7

4.
0

E1
-D

 fi
ne

2 
la

ye
rs

, 4
 c

m
 e

ac
h

D
ar

k 
gr

ey
Ty

pe
 I:

 u
nc

om
pa

ct
ed

 c
oa

rs
e 

an
d 

fin
e 

as
h,

 m
as

si
ve

, i
nt

er
ca

la
t-

ed
ly

 la
te

ra
lly

 c
on

tin
uo

us
 p

ar
al

le
l-b

ed
de

d 
w

ith
 E

1-
E 

co
ar

se
2.

43
0.

43
0.

0
8.

6
42

.6
40

.0
0.

2
2.

3
2.

9
3.

5

E1
-D

 c
oa

rs
e

2 
la

ye
rs

, 3
 c

m
 e

ac
h

da
rk

 g
re

y
Ty

pe
 II

: f
ra

m
ew

or
k-

su
pp

or
te

d 
un

co
m

pa
ct

ed
 a

ng
ul

ar
 la

pi
lli

 
an

d 
co

ar
se

 a
sh

, s
ub

tle
 n

or
m

al
 g

ra
di

ng
, i

nt
er

ca
la

te
dl

y 
la

te
r-

al
ly

 c
on

tin
uo

us
 p

ar
al

le
l-b

ed
de

d 
w

ith
 E

1-
E 

fin
e

1.
57

1.
30

3.
1

6.
0

43
.7

35
.2

1.
6

0.
3

8.
7

1.
4

E1
-C

5
B

ei
ge

Ty
pe

 II
: f

ra
m

ew
or

k-
su

pp
or

te
d 

un
co

m
pa

ct
ed

 ro
un

de
d 

la
pi

lli
, 

m
as

si
ve

, l
ay

er
 th

ic
kn

es
s i

s l
at

er
al

ly
 c

on
tin

uo
us

2.
38

11
.0

0
41

.6
10

.8
42

.6
1.

3
0.

1
0.

9
2.

2
0.

5

E1
-B

70
B

ei
ge

Ty
pe

 II
: f

ra
m

ew
or

k-
su

pp
or

te
d,

 u
nc

om
pa

ct
ed

 a
ng

ul
ar

 b
lo

ck
s, 

la
pi

lli
 a

nd
 a

sh
, m

ar
ke

d 
no

rm
al

 g
ra

di
ng

, l
ay

er
 th

ic
kn

es
s i

s 
la

te
ra

lly
 c

on
tin

uo
us

2.
35

2.
00

65
.7

16
.2

1.
2

5.
8

0.
3

1.
3

1.
9

7.
6

E1
-A

10
D

ar
k 

gr
ey

Ty
pe

 I:
 u

nc
om

pa
ct

ed
 c

oa
rs

e 
an

d 
fin

e 
as

h,
 la

te
ra

lly
 c

on
tin

u-
ou

s s
ub

tle
 p

ar
al

le
l l

ay
er

in
g

1.
66

0.
32

9.
2

5.
1

0.
0

66
.2

0.
0

12
.4

5.
0

2.
1

  81 Page 8 of 19



Bulletin of Volcanology (2022) 84: 81 

1 3

Componentry and cumulative grain size distribution 
(GSD)

As apparent in Table 2 and illustrated in Fig. 3, propor-
tions of juvenile material (i.e. highly vesicular pumice HVP, 
medium vesicular pumice MVP, low vesicular clasts LVC, 
dense dome clasts DDC and free crystals C) and acciden-
tally incorporated older lithics (oxidised Ox, hydrothermally 
altered Alt and basement B material) vary strongly between 
deposits throughout all four episodes. Samples E1-B, E2-G, 
E3-L, and E4-Q have the highest pumice content (i.e. HVP 
and MVP), while samples E1-A, E1-Dc+f, E1-Ff, E2-H, E2-J, 
E2-Kf, E3-N, and E4-R are the richest in low vesicular and 
dense clasts (i.e. LVC and DDC; see Fig. 2 for sample loca-
tions). The other eleven samples show similar amounts of 
vesicular and relatively dense clasts. Importantly, accidental 
clast content is especially high in the first deposit of Unit III 
(E1-A) (Table 2 and Fig. 3). Note that crystal content is low 
in all samples, as componentry was performed on grains 
larger than 2 mm in diameter.

Cumulative grain size distributions and total pum-
ice (HVP + MVP) content of the 24 analysed samples are 
depicted in Fig. 4 and show that this proximal outcrop pre-
serves deposits that range from fine- to coarse-grained, are 
poorly to moderately well-sorted, and are pumice-rich to 
pumice-poor. Figure 4a shows the cumulative GSD curves 

of the nine samples that correspond to the lithofacies Type I, 
i.e. laterally continuous mainly coarse and fine ash deposits 
with a median grain size smaller than 1 mm (Md ø < 1 mm, 
Table 2). Most of these samples were taken from throughout 
E1 and from high in the E2 sequence; they also include five 
samples from three cycles of alternatingly coarser- and finer-
grained deposits (Fig. 2). The finest-grained deposit is E2-J, 
a poorly sorted (σφ = 2.5) deposit rich in dense dome-rock 
and accidental clasts (LVC, DDC and Acc, respectively, in 
Table 2 and Fig. 3) that was emplaced close to the end of 
E2 (Fig. 2). On the coarser end, the cumulative GSD curve 
of sample E1-E stands out because of its two modes at − 2φ 
(4 mm) and 1φ (0.5 mm). E1-E is an HVP- and DDC-rich 
deposit (Fig. 3) with marked inverse grading and consequent 
poor overall sorting (σφ = 3.1, Table 2 and Fig. 2). Samples 
E1-Fc and (to a lesser degree) E1-Kc are coarser-grained 
layers of alternating deposits (Fig. 2) and are distinguished 
because of their moderately good sorting (σφ = 1.7) and rela-
tively low fines content. Finer-grained layers of the alter-
nating deposits E1-Df, E1-Ff and E1-Kf are characterised 
by a secondary mode in their fine ash fraction (8–6 φ or 
0.0156 to 0.0039 mm, Fig. 4a), their consequent poor sort-
ing (σφ = 2.4–3.5, Table 2) and their relatively low pumice 
content (Fig. 3).

Figure  4b shows the cumulative GSD curves of the 
ten samples that correspond to lithofacies Type II, i.e. 

Fig. 3  Componentry of the 24 
sampled deposits of Unit III in 
stratigraphic order (youngest 
on top) for combined size frac-
tions − 7 to − 1φ. The subscripts 
c and f denote samples of 
coarser- and finer-grained layers 
of cyclic alternating deposits. 
Component types and colour 
legend are shown below. Types 
refer to the lithofacies types 
described in Table 1
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framework-supported, laterally continuous mainly (block 
and) lapilli deposits (Md ø > 1 mm, Table 2). In the field, 
these deposits range from thick (> 70 cm) to thin (< 5 cm), 
are moderately well (σφ = 1.5) to poorly (σφ = 3.0) sorted 
and appear throughout E1 to E4 (Table 2 and Fig. 2). On the 
fine-grained end is the pumice-poor sample E1-Dc, which 
appears in alternation with an even finer-grained Type 
I deposit of similar componentry (Figs. 2 and 3). At the 
other extreme, sample E4-R stands out because of its high 
number of DDC blocks (Mdø = 57 mm) embedded in finer 
pumiceous material (Table 2). E1-C, an HVP- and LVC-
rich sample, catches the eye because of its narrow cumula-
tive GSD curve, which reflects its prominent mode at − 3φ 
(8 mm). The other eight deposits of this type lie in the mid-
dle of this grain size range, regardless of their pumice con-
tent (HVP + MVP = 20–80%, Table 2 and Fig. 3); grain size 
variations reflect the amount of incorporated lapilli > 10 mm 
in diameter (Fig. 4b).

As can be seen in Fig. 4c, out of the four cumulative 
GSD curves of the lithofacies Type III samples (i.e. matrix-
supported, diffusely stratified, blocks, lapilli and ash depos-
its with laterally varying thickness), the three pumice-rich 

samples E2-G, E3-L and E4-Q have similarly gentle slopes 
that indicate poor sorting (σφ = 2.9–3.5; Table 2). Sort-
ing is better for the dense-dome-clast-rich E2-H sample 
(σφ = 1.97), which has relatively little fine-grained mate-
rial. Finally, E3-M, the only sampled Type IV deposit (i.e. 
matrix-supported, laterally discontinuous thin-bedded 
subparallel and cross-stratification, lapilli and ash deposit) 
also shows a gentle cumulative GSD curve (σφ = 2.5) while 
incorporating fewer clasts > 10 mm when compared to Type 
III samples (Fig. 4d).

Petrography

Petrographic analysis of 16 representative juvenile pyro-
clasts (i.e. four per episode and juvenile clast category) 
shows a phenocryst assemblage of plagioclase, hornblende, 
oxides and apatite (see also Andrade et al. 2021). Vesicular-
ity of the analysed clasts ranges from 3% in DDC to 70% in 
HVP clasts (Fig. 5a). Although bulk crystallinity decreases 
from 32 to 8% with increasing vesicularity (Fig. 5b), melt 
crystallinity (100*bulk crystallinity/[1 − vesicularity]) is rel-
atively constant across all episodes and most vesicularities 

Fig. 4  Cumulative grain size distributions of (a) nine Type I, (b) ten 
Type II, (c) four Type III and (d) one Type IV deposits. Samples are 
classified by eruptive episode (E1 to E4) and pumice (HVP + MVP) 
content. Grey solid line at 50% indicates the median (Mdφ) and 

dashed lines at 16 and 84% the standard deviation (σφ). F1 (1 mm) 
and F2 (63 µm) plotted as reference for fine and very fine ash, respec-
tively
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(Fig. 5c, d). Melt crystallinity decreases slightly at a bulk 
vesicularity of ~ 56% (HVP samples), a change that reflects 
variations in plagioclase content (10–27% overall); horn-
blende crystallinity remains constant at 10–16% throughout 
(Fig. 5e, f). SEM images of phenocryst macrotextures can 
be found in ESM-2.

Phenocryst size distributions show no obvious change 
with eruptive episode (Fig. 6). Across the entire crys-
tal population, the median size  (MdX) ranges from 0.57 
to 1.45 mm (Fig. 6a). By phase, plagioclase crystals are 
more variable and larger  (MdX = 0.66–2.2 mm; Fig. 6b) 
than hornblendes  (MdX = 0.45–0.8 mm; Fig.  6c). Both 
crystal phases have occasional large (> 1 mm; plagioclase 
2–5 mm) crystals that contribute to observed variations 
in melt crystallinity (Fig. 5e, f). The most pronounced 
variation in median crystal size is between the different 
end member component types DDC and HVP, with DDC 
having slightly larger median hornblende sizes and sub-
stantially larger plagioclase crystals than highly vesicular 
pumice clasts (Fig. 6d); plagioclase sizes in MVP and LVC 
clasts are variable.

All analysed DDC have hornblende phenocrysts with 
thick reaction rims and varying amounts of a groundmass 
Si-phase (likely vapour-phase cristobalite; Fig. 7a, c; Hor-
well et al. 2013). In contrast, HVP clasts in all samples have 
microlite-free groundmass glass (Fig. 7d) and phenocrysts 
of plagioclase and amphibole that are euhedral and lack 
reaction rims, although individual crystals are commonly 
broken. The E4-U LVC also has a thick breakdown rim; 
LVCs in E1 (C) and E3 (N) have thin reaction rims and 
groundmass cristobalite. The E4-U MVP clast has a mixed 
hornblende population that contains crystals both with and 
without breakdown rims. MVP clasts in E2–E4 also have 
well developed plagioclase microphenocryst populations 
(Fig. 7b). Qualitatively, the sizes and number of vesicles var-
ies among clasts, but all samples lack large vesicles (Fig. 7; 
ESM-2).

Phase textures and compositions

An exploratory analysis of plagioclase and amphi-
bole phenocryst textures and compositions shows that 

Fig. 5  Vesicularity and crystallinity analyses of 16 clasts: four per 
episode (E1–E4) and juvenile component type (HVP, MVP, LVC 
and DDC). Bulk vesicularity (a) and crystallinity (b) are area frac-
tions of the entire clast; melt crystallinity (c, d) is bulk crystallinity/

(1 − vesicularity). (e, f) Mineral assemblage as plagioclase, horn-
blende and oxide (oxides + apatite). Red E3-DDC clast is a brecciated 
lithic that was not analysed

Page 11 of 19 81



Bulletin of Volcanology (2022) 84: 81  

1 3

Fig. 6  (a–c) Crystal size distributions as cumulative distribution func-
tions (CDFs) from 15 clasts (excluding lithic E3-DDC) for (a) all 
crystals, (b) plagioclase and (c) hornblende. Grey square indicates 

median size range. (d) Median crystal size against bulk vesicularity 
for plagioclase and hornblende. Dotted lines are visual trends

Fig. 7  Back-scattered electron 
(BSE) images of representative 
microtextures, labelled by strati-
graphic layer and component 
type. All images at 250 × mag-
nification (see 100 µm scale bar 
in (d)). Vesicles are black, glass 
is grey and brightness increases 
for crystal phases Si-phase, 
plagioclase, amphibole and 
Fe-Ti oxide
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plagioclase phenocrysts display extensive oscillatory zon-
ing within crystal cores, mantles and rims (Fig. 8). Pla-
gioclase crystal cores commonly have rounded margins, 

may include internal resorption zones and typically pre-
serve substantial proportions of albitic  (An35–45) in addi-
tion to more anorthitic (≤  An53) compositions. Crystal 

Fig. 8  Examples of plagioclase 
textures and compositions from 
E1 and E4 deposits. Compo-
sitions shown by anorthite 
content (An). (a, b) Typical 
plagioclase phenocrysts from 
E1; note pronounced anorthitic 
rims. (c, d) Typical plagioclase 
phenocrysts from E4; An-rich 
rims have more complex oscil-
latory zoning than in E1. Scale 
bars are 100 µm

Fig. 9  Example amphibole 
textures and compositions 
labelled by stratigraphic layer 
and component type. Compo-
sitions shown by wt%  Al2O3 
(white) and wt% MgO (green). 
(a) Amphibole with pronounced 
high  Al2O3 high MgO inner 
rim. (b) Core surrounded by 
coarse-grained breakdown 
rim. (c) High  Al2O3 high MgO 
inner rim in E4 HVP crystal 
overgrows pronounced resorbed 
margin. (d) Late-stage low 
 Al2O3 and very high MgO 
overgrowth rim. Scale bars are 
100 µm in (a, b) and 10 µm in 
(c, d)
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rims have near-uniform compositions of  An47–51 (Fig. 8) 
that contrast with typical mantle compositions of  An35–44. 
The outer mantle zones are either rounded (Fig. 7a, c, 
d) or strongly resorbed (Fig. 7b); rims are euhedral and 
zoned. Rims in E4 crystals are also notable in having 
relatively high FeO (> 0.4 wt.%; ESM-2).

Amphibole phenocrysts also vary in composition (shown 
in Fig. 9 as variations in  Al2O3 [white numbers] and MgO 
[green numbers]), although most are classified as tscher-
makitic pargasite (ESM-2). There is faint evidence of inter-
nal zoning, commonly with a mottled appearance (Fig. 9c, 
d). Many phenocrysts show a thin but abrupt and pervasive 
high MgO inner rim (dark zones in Fig. 9a, c). Late-stage 
skeletal overgrowths (Fig. 9d) are common in E4-Q and 
E2-G; these have low  Al2O3 (7.5 wt%) and high MgO (> 15 
wt%) and are classified as Mg-hornblende. Breakdown rims, 
where evident, often show grain size variations in the break-
down products from fine-grained rims to coarser-grained 
interiors; the latter may penetrate finger-like into the crystal 
core (Fig. 7a).

Discussion

First, we discuss the limitations of this investigation regard-
ing the selection of the outcrop and the number of labora-
tory-analysed clasts. Then we combine lithofacies descrip-
tion, grain size (GSD) and componentry data to assess 
deposit type and formation and explore the origin of the 
various clast types using textural and petrologic observa-
tions. Finally, we propose an eruptive sequence for Unit III.

Potential limitations of our analysis

We start by reviewing potential limitations of this investiga-
tion, including (i) only a single outcrop was studied in detail, 
and (ii) only representative pyroclasts were scrutinised in 
the laboratory. As explained above, this single outcrop was 
selected out of the tens of outcrops visited, including the 
seven sections studied in detail by Andrade et al. (2021), 
because it best exposes the full pyroclastic sequence of 
Unit III. Importantly, detailed characterisation of one or 
two proximal sections is a common strategy for describing 
complex eruptive sequences (Houghton et al. 2004; Gurioli 
et al. 2005; Carey et al. 2007). In this context, this first thor-
ough characterisation of the Pululahua stratigraphy provides 
a framework for detailed analysis of individual deposits or 
deposit packages and associated eruptive styles, including 
determination of layer volumes, footprints of ash fall and 
total grain size distributions.

The second limitation arose from reduced access to labo-
ratories during the COVID-19 pandemic, which forced us to 
perform componentry analysis in an improvised home-lab. 

This environment, however, prompted us to develop a rela-
tive clast density classification scheme, which can be per-
formed independently of laboratory access, including in 
the field. While only semi-quantitative, our relative density 
scheme allowed us to discriminate between highly vesicular, 
medium vesicular, low vesicular and dense clasts, which, 
in combination with other clast characteristics like colour, 
shape and crystallinity, is useful for juvenile component dis-
tinction. Additionally, this method presents the opportunity 
to assess relative densities of clasts > 2 mm, while the stand-
ard paraffin method is usually only applied on clasts > 8 mm. 
Moreover, since on average 300 clasts were analysed per 
sample fraction > 2 mm for each of the 24 samples, tens of 
thousands of clasts were scrutinised in this manner, which 
would have been impossible if we had followed the standard-
ised density assessment method. Finally, our relative clas-
sification of clast densities/vesicularities was later verified 
by the application of the standardised paraffin method on 
four clasts of each class (see the “Petrographic and textural 
analysis” section).

Indicators of deposit origin and eruptive style

We follow Branney and Kokelaar (2002) in using granulom-
etry, stratification, grading and bedding to categorise depos-
its corresponding to lithofacies Type I as fine to coarse ash 
fall and Type II as lapilli (and block) fall; deposits displaying 
lithofacies Types III and IV are interpreted to be pyroclastic 
current deposits, with the former corresponding to granular 
fluid-based and the latter to fully dilute currents. The densely 
indurated, coarse-ash and porous matrix of the lithofacies 
Type V deposit indicates that it is reworked and most likely 
a debris flow. In all cases, componentry may vary from pum-
ice- to lithic-rich, offering further insights into the eruptive 
styles that accompanied deposit formation. Based on the 
presented data, we interpret the 24 sampled deposits as:

– Ash fall sample E1-A, characterised by a fine-grained 
and relatively well sorted GSD, laterally continuous 
subtle parallel layering and a high accidental (20%) and 
dense (66%) clast and subordinate pumice (14%) con-
tent (Figs. 3, 4a), fits the description of hydromagmatic 
fall deposits (Heiken and Wohletz 1987; Villemant et al. 
1996; Miyabuchi et al. 2013), which agrees with the 
interpretation by Papale and Rosi (1993) for this deposit.

– The abundant highly vesicular (≥ 65%) and total 
(HVP + MVP ≥ 80%) pumice content of lapilli and block 
fall sample E1-B attests to the rapid ascent of deep-seated 
volatile-rich magma (Carazzo et al. 2012; Cioni et al. 
2015; Maeno et al. 2019). This, in addition to the signifi-
cant thickness (≥ 70 cm) of the deposits at this close prox-
imity to the crater, indicates that these deposits were most 
likely formed by Plinian-type eruptions, as purported by 
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Papale and Rosi (1993), who estimated E1-B to be at the 
lower end of a VEI 4. Pyroclastic current deposits E2-G, 
E3-L, and E4-Q (Figs. 2, 3 and Table 2) have similar com-
ponent characteristics to E1-B, but different sedimentary 
structures, and are categorised as ignimbrites.

– Massive pumice lapilli fall deposits E4-O and E4-P, 
while thinner, also have a high (≥ 62%) total pumice 
content and precede thick massive to diffusely stratified 
pumice-rich pyroclastic current deposits (or ignimbrites) 
(Figs. 2, 3). We suggest that these fall deposits may rep-
resent the early sustained phase of Plinian-type eruptive 
columns that then collapsed to form pyroclastic currents.

– Lapilli fall samples E1-C, E1-E, E2-I, and E4-U are 
distinguished by their lower HVP (≤ 50%) and higher 
LVC + DDC (29–43%) proportions (Fig. 3, Table 2). 
The wider density range of the juvenile clasts suggests a 
Sub-Plinian origin (Cashman 2004; Sulpizio et al. 2007; 
Castruccio et al. 2016).

– The wide density range of juvenile clasts in alternatingly 
finer- and coarser-grained ash fall samples E1-D, E1-F 
and E2-K (Figs. 2, 3 and Table 2) match descriptions 
of Vulcanian ash fall deposits (Bonadonna et al. 2002; 
Cashman 2004; Komorowski et al. 2010). These deposits 
probably formed accompanying dome-growth episodes 
(Heiken and Wohletz 1987). In general, higher pumice 
content (e.g. E1-F and E2-K; Fig. 3) suggests faster dome 
growth, more efficient conduit evacuation and shorter 
repose intervals (Druitt et al. 2002; Wright et al. 2007).

– Finally, elevated accidental clast and/or dense dome clast 
proportions, as observed in samples E2-H, E2-J, E3-M, 
E3-N and E4-R, have been associated with vent migra-
tion, widening or opening of new vents that caused (partial) 
destruction of co-eruptive and/or older domes (Turbeville 
et al. 1989; Lavallée et al. 2012; Maeno et al. 2019).

Textural and petrologic evidence for the origin 
of different clast types

Clast textures and phenocryst compositions record condi-
tions of magma storage prior to and during the Unit III 
eruptions. The wide but consistent range in phenocryst 
compositions and median size for all analysed pyroclasts 
(Figs. 6, 8, 9; ESM-2) suggests entrainment of crystals 
from a similar depth range throughout the entire eruptive 
sequence. For example, compositionally based estimates of 
pressure and temperature using the calibration of Ridolfi 
and Renzulli (2012), although approximate, suggest equi-
libration of amphibole cores and mantles in these samples 
at 250–450 MPa and ~ 890 °C. All eruptive units also show 
relatively high-An plagioclase rims overgrown on resorbed 
lower An mantles. This pattern is most easily explained 
by individual eruptions within the sequence involving 
transport of previously stored crystals within a hotter/less 

evolved melt. Similarly, we interpret the dark (high MgO, 
 Al2O3) outer rims in E1 (Fig. 9a) and E2, which yield 
unrealistically high pressures (> 500 MPa) using the sim-
ple amphibole thermobarometer of Ridolfi and Renzulli 
(2012), to reflect an abrupt increase in melt temperature 
and change in melt composition, indicating injection of a 
hotter magma into the dacitic reservoir (Manrique et al. 
2020). That these features appear in all eruptive episodes 
suggests that the Unit III activity was driven by persistent 
magma recharge into the Pululahua system.

Additional information about pre- and inter-eruptive 
magma storage and ascent comes from textural features 
evident in microtextural images (Cashman and McConnell 
2005; Browne et al. 2006). Notably, HVP, MVP and LVC 
samples from E1 (B and C) and HVP sample E2-G have 
vesicular, microlite-free glass, lack hornblende break-
down rims, and generally show little evidence of shallow 
pre-eruptive storage. These characteristics indicate rapid 
magma transfer from depth to the surface, consistent with 
the rapid onset of main-phase Plinian-type Unit III activ-
ity. HVP samples from E3-N and E4-O (sub-) Plinian 
eruptions have unreacted amphibole but well-developed 
plagioclase microphenocrysts that record magma tapped 
from below the location of hornblende breakdown but 
above the level of  H2O saturation and an associated second 
stage of plagioclase crystallisation. This observation sug-
gests that by E3 time, an intermediate-level magma stor-
age system had developed, as seen at Mount St. Helens, 
WA, during dome-growth phases of the eruption (Cashman 
and McConnell 2005). Mixed amphibole populations (with 
and without breakdown rims) in MVP samples from the 
Plinian-type deposit E2-G and sub-Plinian deposit E4-U 
also suggest eruptive magma drawdown over a range that 
crossed the hornblende stability field, again similar to 
dome-building phases of the Mount St. Helens eruption. 
Late-stage overgrowths on amphibole in these samples 
(Fig.  9c, d) yield the lowest amphiboles temperatures 
(< 850 °C) and pressures (< 200 MPa) (ESM-2).

Finally, the thick and often coarse-grained amphibole 
breakdown rims evident in all DDC samples (E1-F, E2-H, 
E3-N, E4-U) and LVC E4-U (Figs. 7a, 9b) indicate shallow 
magma storage (< ~ 75 MPa) that, together with the high 
FeO in plagioclase rims of E4 samples, provides evidence 
of shallow pre-eruptive cooling and crystallisation. Late-
stage crystallisation at shallow levels is also evidenced by 
the increase in plagioclase size in DDC clasts (Fig. 6d; 
Riker et al. 2015) and the presence of a groundmass Si-
phase (Fig. 7a; Horwell et al. 2013; Schipper et al. 2015). 
Since these clasts come from very different deposit types, we 
infer that all eruptions except the most vigorous Plinian-type 
phases, regardless of their dynamics, incorporated shallowly 
stored and efficiently degassed magma. The thin and fine-
grained breakdown rims and groundmass Si-phase in LVC 
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(E2-I and E3-N) samples, in contrast, indicate very shal-
low storage in a conduit plug or cryptodome (Fig. 7; ESM-
2) which agrees with the interpretation of (partial) dome 
destruction during sub-Plinian eruptions.

Eruptive style transitions and sequence of events 
at Pululahua

Here we use our field observations, GSD trends, compo-
nentry proportions, pyroclast analyses and the current mor-
phology of Pululahua to construct an eruptive history for 
Pululahua from ~ 2.6 to ~ 2.3 ka (Fig. 10).

The explosive sequence initiated with discrete hydro-
magmatic pulses triggered by ascending magma that came 
into contact with groundwater and opened the first vent 
(E1-A, Fig. 10a, see also Papale and Rosi 1993). The 
resulting sudden depressurisation of a deeper, volatile-
rich magma drove the first, and largest, Plinian-type erup-
tion (E1-B, Fig. 10b). Slower ascent following the release 
of accumulated pressure allowed partial pre-eruptive 

degassing (E1-C). Even slower subsequent magma ascent 
and associated degassing caused episodic lava dome 
growth accompanied by Vulcanian explosions (E1-D, 
Fig. 10c). The new (degassed) lava dome acted as a plug 
for the underlying magmatic system and hindered volatile 
escape from below, allowing pressure build-up and a sub-
Plinian eruption that destroyed the newly formed dome 
(E1-E, Fig. 10d). Renewed, but faster, dome growth with 
Vulcanian eruptions (E1-F) culminated with another sub-
Plinian eruption that destroyed the second dome, form-
ing the fall and flow deposits observed at the end of E1 
(Fig. 2).

Revegetation after the first eruptive episode is pre-
served as charcoal at the base of a dilute pyroclastic cur-
rent deposit that started E2. Progressive vent widening 
with each eruption produced large pumice-rich pyroclastic 
currents manifested as the ignimbrite of E2-G (Fig. 10e). 
Migration of the vent towards older domes caused their 
(partial) destruction and the formation of lithic-rich pyro-
clastic currents (E2-H, Fig.  10f). The lithostatic load 

Fig. 10  Graph illustrating the 
change in pumice (HVP + MVP) 
content observed in 24 pyroclas-
tic deposit samples of Pululahua 
from the oldest to the youngest 
and their corresponding erup-
tive dynamism (a–f). Ages in 
ka from Andrade et al. (2021). 
Dark red layer represents 
basement rocks and blue layer 
indicates groundwater table
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reduction resulting from dome destruction depressurised 
the underlying magmatic system and triggered another 
sub-Plinian eruption (E2-I). The end of E2 is marked by a 
new vent opening (E2-J) that terminated in a third dome 
growth episode (E2-K).

After a second break in activity, the base surge of the 
first pumice-rich pyroclastic current of E3 (ignimbrite E3-L) 
turned the marginally regrown vegetation into a fine-grained 
charcoal layer. This granular fluid-based current and suc-
ceeding fully dilute ones (E3-M) further eroded the already 
wide vent. E3 ended with growth of a fourth dome that was 
shattered by two more sub-Plinian eruptions (E3-N), whose 
explosive power further damaged the old domes.

A Plinian-type eruption incorporated charred vegetation par-
ticles as it initiated the last explosive episode of Unit III (E4-O). 
Collapse of the Plinian column generated a pumice-rich pyro-
clastic current with base surges; a second Plinian-type eruption 
(E4-P) assimilated remnants of the youngest dome and formed 
another pumice-rich pyroclastic current (ignimbrite E4-Q). 
By that time, Pululahua’s crater was sufficiently deep to retain 
pyroclastic material within the crater walls and clog the vent. A 
violent sub-Plinian eruption then opened a new vent close to the 
older domes, causing their destruction and incorporating block-
sized dense dacites in the ensuing fall deposit (E4-R, E4-S and 
E4-T), which was followed by additional pyroclastic currents. 
A short break in activity preceded a smaller and two larger sub-
Plinian eruptions that accompanied the semi-explosive growth 
of the final intra-depression domes (E4-U, Fig. 10). This activ-
ity marked the gradual transition of Unit III into effusive Unit 
IV dated at 2.24 ka (Andrade et al. 2021).

In summary, our analysis agrees with that of Andrade 
et al. (2021) that a caldera collapse origin of the Pululahua 
depression can be excluded. First and foremost, the full DRE 
volume for Unit III of 0.58 ± 0.25  km3 is too small to cre-
ate the observed depression; additionally, it must be further 
divided into at least the four eruptive episodes separated by 
times of quiescence long enough for vegetation regrowth 
(approximately 300 years in total). Our detailed analysis 
of the Unit III deposits, in contrast, paints a picture of a 
period of intermittent explosive and effusive activity that 
was probably fuelled by an increase in the rate of magma 
supply to the sub-volcanic system. We note that future stud-
ies that include more detailed physical and petrological 
analysis could solidify our interpretations of the multiple 
events that comprise Unit III, while diffusion chronometry of 
phenocrysts could better constrain time breaks and recharge 
rates within the Pululahua system. Future microtextural 
work on targeted clasts could additionally constrain shal-
low conduit dynamics and eruptive transitions by analys-
ing pore space connectivity, and the size distributions and 
number densities of microlites and vesicles. Coupled with 
more petrological analysis throughout the Unit III sequence, 
this work would not only provide a detailed window into 

the Pululahua magmatic plumbing system but also improve 
analysis of potential future eruptions of this volcano.

Conclusion

Detailed inspection of 70 pyroclastic deposits that com-
prise the explosive sequence of Pululahua between 2.6 and 
2.3 ka shows that these 300 years of eruptive activity were 
characterised by numerous transitions between effusive 
and explosive activity and repose periods. The pulsating 
nature of the eruptions produced phases with dominant fall 
or flow influence, with fall deposits dominating primarily 
in the early stages of Unit III. High-An plagioclase rims 
observed throughout the explosive sequence suggest that 
Unit III activity was ultimately driven by episodic magma 
recharge into the Pululahua system. After the explosive 
period was initiated by hydromagmatic activity and a VEI 4 
Plinian-type eruption, juvenile material with a wide density 
range and characteristic amphibole breakdown rims indi-
cate Vulcanian activity accompanying emplacement of at 
least four ephemeral domes, which were later destroyed by 
sub-Plinian eruptions. The textural data provide evidence 
for eruption of magma from throughout the magma storage 
system in all eruptive episodes, but with increasing evidence 
for shallow pre-eruptive magma storage (including the con-
duit) and degassing in later-erupted episodes. Importantly, 
incorporation of older dacitic dome and basement material 
in many deposits records destruction of pre-existing domes 
and pre-Pululahua structures through vent widening and 
migration. Dome destruction, perhaps accompanied by syn-
eruptive magma withdrawal, created a 13  km2, 300-m-deep 
depression, and left behind two dome-conduit remnants 
to the southwest (El Chivo I and II). This finding revises 
the previous classification of the Pululahua depression as 
a caldera; instead, we suggest it is the morphological result 
of decades of intense explosive-effusive volcanic activity. 
Additional evidence for protracted formation of the depres-
sion comes from three breaks in Unit III activity that subdi-
vide this explosive sequence into four episodes and that were 
long enough for vegetation regrowth (charcoal-rich layers). 
Finally, we note that Pululahua has the potential of future 
activity involving numerous Plinian-type and sub-Plinian 
eruptions over a long time period that may be separated by 
phases of effusive dome-growth and repose. It is the unfore-
seeable transitions in eruptive styles that pose the largest 
risk to the nearby population. However, it should be noted 
that highly explosive eruptions took place during only 300 
of more than 18,000 years of eruptive volcanic activity at 
Pululahua, which is currently in a state of rest.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00445- 022- 01590-4.
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