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Forecasting future activity and performing hazard assessments during the reactivation of volcanoes remain great
challenges for the volcanological community. On August 14, 2015 Cotopaxi volcano erupted for the first time in
73 years after approximately four months of precursory activity, which included an increase in seismicity, gas
emissions, and minor ground deformation. Here we discuss the use of near real-time petrological monitoring
of ash samples as a complementary aid to geophysical monitoring, in order to infer eruption dynamics and eval-
uate possible future eruptive activity at Cotopaxi. Twenty ash sampleswere collected betweenAugust 14 andNo-
vember 23, 2015 from amonitoring site on the west flank of the volcano. These samples contain a range of grain
types that we classified as: hydrothermal/altered, lithic, juvenile, and free crystals. The relative proportions of
theses grains evolved as the eruption progressed, with increasing amounts of juvenile material and a decrease
in hydrothermally altered material. In samples from the initial explosion, juvenile grains are glassy, microlite-
poor and contain hydrothermal minerals (opal and alunite). The rising magma came in contact with the hydro-
thermal system under confinement, causing hydro-magmatic explosions that cleared the upper part of the
plumbing system. Subsequently, the magmatic column produced a thermal aureole in the conduit and dried
out the hydrothermal system, allowing for dry eruptions. Magma ascent rates were low enough to allow for ef-
ficient outgassing andmicrolite growth. Constant supply ofmagma from below caused quasi-continuous disrup-
tion of the uppermost magma volume through a combination of shear-deformation and gas expansion. The
combination of increasing crystallinity of juvenile grains, and high measured SO2 flux indicate decreasing inte-
grated magma ascent rates and clearing of the hydrothermal system along transport pathways in a system
open to gas loss. The near real-timemonitoring of ash samples combinedwith traditional geophysicalmonitoring
techniques during the reawakening of Cotopaxi allowed us to gain a much clearer understanding of events than
when using traditional geophysical monitoring alone.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The reactivation of andesitic volcanoes is commonly preceded by
weeks to months of increased seismicity, deformation and/or increased
SO2 emissions (e.g., Sparks, 2003). This precursory activity can include
small explosions and ash emissions (e.g., Cashman and Hoblitt, 2004).
These explosions are commonly interpreted as phreatic or
phreatomagmatic, where heat from the rising magma interacts with
water in the sub-surface such as in a shallow hydrothermal system
(Macdonald, 1972 and Sheridan and Wohletz, 1981). The monitoring
of geophysical, geodetic and geochemical signals from volcanoes has
greatly improved our ability to forecast and interpret present and
impending eruptive activity. Based on these data, empirical pattern rec-
ognition and deterministic and probabilistic models may be used to
forecast eruptions (Sparks, 2003). These forecasts can be improved by
the addition of petrologic monitoring to investigate the nature of mate-
rial ejected during early, small volume explosive eruptions
(e.g., Cashman andHoblitt, 2004). By classifying ash grains into litholog-
ic and textural categories, and tracking their variations through time, in-
formation can be learned about the nature of the explosions, their
source depths, the timing of formation of pathways from the magma
reservoir to the surface, and the rate at which magma ascends through
that pathway (e.g., Ersoy et al., 2006; Miwa et al., 2013; Wright et al.,
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Fig. 1. Location map of Cotopaxi volcano and photo taken on 03/09/2015 during an
overflight mission by the Instituto Geofísico to measure thermal anomalies and perform
multi-gas measurements.
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2012). Quantitative characterization of ash includes measurement of
grain size, mineral composition, ash grain morphology, particle crystal-
linity and vesicularity, and componentry of constituents (e.g., Cioni
et al., 2014; Eychenne et al., 2012).

The recognition of juvenile magma in ash can be difficult, especially
where older rocks from the volcanic edifice are similar in composition
through time, or where juvenile fragments are highly crystalline (see
Pardo et al., 2014). Conventionally, juvenile ash is distinguished based
on highly vesicular and/or glassy texture (Watanabe et al., 1999), ab-
sence of pervasive alteration, and compositional and mineralogical ho-
mogeneity (Cioni et al., 2008). However, studies of the ash from the
precursory explosions ofMount St. Helens before the climactic eruption
on the 18 May 1980 have shown that the textures of juvenile material
are greatly affected by decompression and degassing-driven crystalliza-
tion (Cashman and Hoblitt, 2004). Ash fromMount St. Helens was only
recognized as juvenile after its texture was found to be similar to the
cryptodome fragments ejected on 18 May 1980 and during subsequent
eruptions. Since then, highly crystalline, microlite-rich ash fragments
have been recognized as juvenile magma at many volcanoes around
the world. For example, at Sakurajima volcano, the distinction between
juvenile fragments is not based on crystallinity, but surface texture and
luster (Miwa et al., 2009). Additionally, crystal textures can be widely
variable within a single eruption (e.g., 1999–2006 Tungurahua erup-
tions, Wright et al., 2012). The crystal textures of volcanic materials
are controlled by their history of decompression, degassing, and cooling.
At relatively high degrees of undercooling (due to relatively rapid
cooling, decompression and/or H2O-loss), crystal nucleation dominates
over growth and the resultant crystals are numerous and small in size
(e.g., Hammer and Rutherford, 2002 and Shea and Hammer, 2013).
Small crystals ormicrolites (b40 μm) therefore provide important infor-
mation about magmatic processes just prior to or during eruption. For
example, crystallinity was found to decrease with: 1) increasing
magma supply rate and therefore eruption style at Etna, Tungurahua
and Eyjafjallajökull volcanoes (Taddeucci et al., 2004; Wright et al.,
2012 and Cioni et al., 2014), 2) decreasing repose interval (and thus
possible shallow residence time) at Pinatubo volcano prior to its climac-
tic eruption (Hammer et al., 1999), and 3) increasing lava effusion rate
at Unzen volcano (Nakada and Motomura, 1999).

The August 2015 reawakening of Cotopaxi Volcano provides an ex-
ceptional opportunity to study the temporal evolution of ash through
the initial stages of renewed eruptive activity. The first ash samples
were collected immediately after the initial explosions and sampled fre-
quently through the three and a halfmonths of eruptive activity.We use
standard analysis and characterization techniques to track changes in
erupted material. Scanning electron microscope (SEM) analysis of
both fresh and polished sectionswas combinedwith componentry anal-
ysis with a stereoscopic microscope to show the textural and composi-
tional evolution of the ash. We use these observations to identify
juvenilemagma and informdiscussion regarding the eruptive dynamics
and the importance of continuously monitoring eruptive products as a
complementary aid to classical geophysical monitoring and eruption
forecasting.

2. Cotopaxi volcano

Cotopaxi volcano is a 5987m high ice-capped stratovolcano located
in the eastern cordillera of the Ecuadorian Andes (Fig. 1A). The volcano
lies 50 km south of the capital city of Quito, Ecuador and has produced
both andesitic and rhyolitic eruptive products over its ~560 kyr history
(Hall and Mothes, 2008). Andesitic volcanism has dominated the erup-
tive history of Cotopaxi over the past 4400 years, producing andesitic
lava flows, lapilli and ash falls, pyroclastic flows, and triggering lahars
with runout distances of up to 325 km (e.g., Mothes and Vallance,
2015). Cotopaxi has erupted several times within the historic record,
producing Plinian eruptions and long-lived phases of variably explosive
eruptive activity (Pistolesi et al., 2011). Based on historic accounts,
several of these eruptive phases beganwithmanymonths of precursory
activity. However, unrest has not always led to eruption. In 2001–2002,
a period of seismic and geodetic unrest occurred at Cotopaxi, including
an inferred intrusion of 20 ∗ 106 m3 of magma (Molina et al., 2008;
Hickey et al., 2015).

Five eruptive cycles have been recorded during the historical period
(since 1532) with paroxysms ranging between VEI 3 and 4 (Pistolesi
et al., 2011). The most intense eruptions occurred in 1532–1534,
1742–1744, 1766–1768, 1853–1854 and 1877. With the exception of
the 1853 event, each of the other eruptive periods resulted in VEI 4
events, which included regional ash and lapilli falls, pyroclastic flows,
and especially the generation of large lahars. Typical tephra fallout vol-
umes are 0.1 to 0.2 km3 (DRE) (Barberi et al., 1995; Hall and Mothes,
2008; Pistolesi et al., 2011). Based onhistorical records and stratigraphy,
eruptive activity at Cotopaxi follows repose periods that ranged from
200 years to a mere 22 years. Past activity included some clusters of
events, separated by longer periods of quiescence (Hall and Mothes,
2008 and Pistolesi et al., 2011). Eruptions commonly began with vent-
clearing Vulcanian explosions producing abundant altered conduit-
plugging rock. Subsequently, after the initial conduit opening, sub-
Plinian to Plinian activity ensued, during which regional ash and lapilli
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falls were produced, mostly directed to the W-NW of the cone and de-
positing a mm-thick dusting of ash in Quito (Hall and Mothes, 2008).
Before Cotopaxi's June 1877 eruption, the detonation sounds produced
by ascending gas breaking through the conduit plug were loud enough
to have been heard in Pasto, Colombia and Guayaquil, Ecuador (both
over 250 km away) (Hall and Mothes, 2008). These strong booms oc-
curred a day before the onset of the main eruption (VEI 4) on 26 June
1877. Cotopaxi's historically erupted magmas generally comprise two
pyroxene andesites with 57–62 wt% SiO2, 1.2–1.7 wt% K2O, and a phe-
nocryst assemblage that includes plagioclase, hypersthene, augite, mag-
netite and olivine (Hall and Mothes, 2008).

2.1. The 2015 reawakening of Cotopaxi

The extensive monitoring of Cotopaxi volcano performed by the
Instituto Geofisico (IG), of the Escuela Politécnica Nacional (Quito,
Ecuador), documents temporal observational and geophysical changes
in the volcanic system. The current period of volcanic unrest began in
April 2015. An increase in the number of long-period (LP) seismic
events per time and size (Fig. 2) at the beginning of April, coupled
with small but definite changes in the deformation of the flanks of the
volcano (≤1.5 cm, tiltmeter data) signaled the start of this new eruptive
phase. In May, SO2 flux from the summit crater began to increase
as well, with values increasing from background lower than
100 tons/day up to 3000 tons/day (Hidalgo et al., 2016). This coincided
with the period of maximum frequency of LP events (N160 LP on May
28 (IGEPN Special Report number 22, 6 November, 2015)) and was
followed, on June 4, by the first appearance of seismic tremor. Small fu-
marolic and gas plumes were visible beginning June 10. Within the
plumes, both BrO and HCl (since August) were detected and airborne
Multi-GAS measurements indicated that SO2 formed N99% of total sul-
fur (H2S + SO2) (Hidalgo et al., 2016). Seismic activity generally de-
creased during the initial weeks of June and remained at a lower level,
although still above background, throughout July and the first 2 weeks
of August. Additionally, a green colored lake appeared during the last
weeks of July as reported by climbers. On August 14, a swarm of VT
earthquakes (magnitude b2.7) preceded the first summit explosions
by 12 h. These initial explosions occurred at 04:02 and 04:07 (UTM-
Fig. 2.Time line of events. Daily LP andVT seismicity event rates recorded by the seismicmonito
ash emissions after the initial explosion on themorningof August 14 (thedark grey represents th
and the yellow arrow indicates the maximum SO2 emission during this period of unrest. Red
indicated in the text. The green stars denote the sample collection dates.
5), producing an ash and gas plume up to 8 km high. Fine ash fell on
local communities to the northwest of the volcano covering over
500 km2 (Bernard et al., 2016). OnAugust 14, four subsequent ash emis-
sion events occurred, at 10:25, 13:45, 14:28 and 16:27. These explosions
coincided with the emission of volcanic ash and strong gas emissions,
with SO2 release as high as 12,000 to 24,000 tons/day over the following
week (Hidalgo et al., 2016). Four phases of ash emissions occurred be-
tween August and November, within which exist periods of high or pe-
riods of low ash emission (Fig. 2). The phases are: August 14 to August
15, August 15 to October 2, October 2 to November 4 and November 4
to November 30 (Phase 1, Phase 2, Phase 3 and Phase 4 respectively).
The transition between Phase 1 and Phase 2 was marked by a change
from explosive emissions during the first phase (defined by explosion
seismic signals with associated infrasound signals) to passive emissions
in the second phase (defined by the emission tremor seismic signals).
During the second phase, almost four weeks of near continuous ash
emissions occurred, where individual emissions lasted between an
hour and N24 h at a time separated by hours of low level gas/ash emis-
sions (Fig. 1B). The amount of ash in the plume dramatically reduced
during the week beginning September 11, 2015, which coincided with
a decrease in the emission tremor signal and an increase in VT event
rate to 220 events per day (Fig. 2). SO2 emission rates fluctuated signif-
icantly over this period, but remained relatively high, between 3000 and
10,000 tons/day. Multiple temperature measurements of the ash plume
were taken with an IR camera over the course of the second eruptive
phase with a maximum of 200 °C recorded on September 5. A third
phase of lower intensity, intermittent ash emissions began on October
4, 2015 after a fourweek period of highVT seismicity rates. Intermittent,
discrete explosions occurred over this period but were not associated
with any significantly high-volume ash emissions. A fourth phase of
low level ash emissions occurred during November 4–30, 2015, which
produced a much smaller amount of ash and small transient events
(Bernard et al., 2016). As of the start of 2016, surface activity was
mostly limited to the emission of gas and water vapor, although
VT seismicity rates remained high. The last ash emission was ob-
served on January 24 but did not leave an observable deposit. The
total volume of ash produced by this series of activity is 8.6 ∗ 105 m3

(Bernard et al., 2016).
ring network of the Instituto Geofísico on Cotopaxi. Grey shaded areas show the4 phases of
e period of high emissions and the light grey the periodof low emissionswithin thephase)
dashed lines indicate important changes in geophysical monitoring parameters and are
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3. Sample collection and methodology

The transport of volcanic ash is dependent upon atmospheric condi-
tions, especiallywind speed and direction. Atmospheric transport of ash
introduces a sorting effect (e.g., through size and density differences),
and sampling of distal ash can introduce large errors into analyses due
to the removal of different components (e.g., Eychenne et al., 2013). In
order to ensure that the analysis of ash is as accurate as possible, it is im-
portant to choose a sampling site close enough to the volcano andwith-
in the main deposition axis to reduce any sorting effects. BNAS is a
seismic station (maintained by the IG) located on the western flank of
the volcano, approximately six kilometers from the summit (Fig. 3A).
Between August and December, a cumulative mass of 18,800 g/m2 of
ash fell at BNAS station (Fig. 3C). By comparison, the sampling sites
BREF, located only 3 km from the crater on the north flank, and San
Fig. 3. (A) Location map of Cotopaxi with the seismic and ashmeter networks. BNAS (west), BR
extent of Cotopaxi Volcano. (B) Photograph of the ashmeter at BNAS taken on 26/08/15 after it
the end of November 2015.
Elias, located 11.5 km from the crater in the southwest flank accumulat-
ed 200 g/m2 and b100 g/m2 respectively (Fig. 3C). The proximity of
BNAS to the summit and its position directly under the main axis of
the ash plume makes it an ideal sampling site to minimize the effects
of density sorting in the plume. Samples of ash were collected every
two to four days throughout the first four weeks of activity (14/08/
2015–11/09/2015) from a solar panel at BNAS monitoring station. A
total of 11 samples were collected during this period (Table 1). On
August 26, an ashmeter (cf., Bernard, 2013) was installed at BNAS seis-
mic station to more accurately collect and monitor the quantity and
character of ash emitted (Fig. 3B). Ash collected with the ashmeters is
representative of approximately 1 week of ash fall. During the latter
portion of Phase 2 there was a three-week period of low ash emissions
(12/09/2015–02/10/2015), during which two samples were collected
from the ashmeter. During Phase 3 (2/10/2015 to 4/11/2015) four
EF (north) and San Elisa (south) are labeled on the image. The dashed line represents the
s installation. (C) Cumulative ash fall collected at each sample site between August 14 and



Table 1
Ash sample details. The date corresponds to the date the sample was collected (except where indicated with a * where a fresh sample was collected while scientists were on site). The
samples were either collected from the solar panel or the ashmeter. The percentage of glassy with hydrothermal material is shown as a percentage of the juvenile component of each
sample.

Sampling data Component classification

Emission phase
number

Sample
number

Sample
date

Sampling
condition

Ash load
(g/m2)

Mean grain size
Mz (Phi)

Sorting
sigma-I (Phi)

Hydrothermal
(%)

Lithics
(%)

Free
crystals
(%)

Juvenile
(%)

Glassy with
hydrothermal (%)

Phase 1 NASA-1 15/08/15 Solar panel 176 4.62 1.99 47 27 2 24 4
NASA-2 19/08/15* Solar panel 87 5.32 1.82 39 17 18 26 3

Phase 2 high emissions NASA-3 21/08/15 Solar panel 205 2.95 1.89 30 21 18 31 4
NASA-4 24/08/15 Solar panel 1710 – – 17 19 4 60 0
NASA-5 26/08/15* Solar panel 3255 – – 11 12 4 73 0
NASA-6 28/08/15 Ashmeter 2110 3.98 1.92 16 23 3 57 0
NASA-7 30/08/15 Solar panel 238 – – 10 14 3 72 0
NASA-8 31/08/15 Solar panel 564 4.73 2.05 17 15 3 65 0
NASA-9 02/09/15 Solar panel 1129 4.82 2.10 – – – – 0
NASA-10 04/09/15 Solar panel 71 4.37 1.97 – – – – 0
NASA-11 08/09/15 Solar panel 627 4.58 2.00 12 23 3 62 0
NASA-12 11/09/15 Ashmeter 1838 4.57 2.09 4 10 2 84 0

Phase 2 low emissions NASA-13 18/09/15 Ashmeter 229 2.90 0.98 – – – – 0
NASA-14 25/09/15 Ashmeter 351 3.63 1.47 – – – – 0

Phase 3 high emissions NASA-15 13/10/15 Ashmeter 807 4.13 1.94 11 15 6 68 0
NASA-16 20/10/15 Ashmeter 3497 4.70 2.18 8 21 5 66 0

Phase 3 low emissions NASA-17 27/10/15 Ashmeter 121 – – – – – – 0
NASA-18 04/11/15 Ashmeter 31 – – – – – – 0

Phase 4 NASA-19 16/11/15 Ashmeter 94 – – – – – – 0
NASA-20 23/11/15 Ashmeter 202 3.15 1.26 15 15 4 66 0
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samples were collected from the ashmeter, two samples during the first
two weeks of high ash emissions and two during the following two
weeks of low emissions. During Phase 4 of ash emissions (4/11/
2015–30/11/2015), two samples were collected from the ashmeter. In
total, 20 samples were collected from eruptions from August 14 to
November 23, 2015.

Once collected, the ash sampleswere first dried in an oven overnight
at 40 °C and then half the amount of each of the samples was sieved
manually to 63 μm (in half-phi) in order to determine grain size distri-
bution and to compare components among a consistent size fraction.
The nominally sub-63 μm fraction was analyzed by laser diffraction at
the Ludwig-Maximilians-Universität (LMU) Munich, Germany. 2–3 ali-
quots of approx. 0.1 gweremeasured for each sample in a Coulter LS230
to ensure reproducibility. For small samples (b5 g of ash), the whole al-
iquot was sieved and then analyzed. Grain-size distributions of 14 sam-
ples were obtained by combining manual sieving at a 0.5-Φ intervals
(Φ = − log2d, where d is the particle diameter in millimeters) from
−2 to 4 Φ (4 mm–63 μm) and laser diffraction analysis for particles of
N3.5 Φ, such that both analytical techniques analyze the fraction be-
tween 3.5 and 4Φ (90 and 63 μm) following themethodology present-
ed in Eychenne et al. (2012). The grains between 355 and 500 μm in size
were selected for component analysis because this size range common-
ly contains N300 grains and this size is large enough to allow rapid iden-
tification of the different components. These grains were washed in
water and cleaned in an ultrasonic cleaning bath to remove the fine
ash coating. The cleaned grains were then dried in the oven at 40 °C
for an additional day. Grains were then examined under a stereoscopic
microscope and classified into one of four different lithologies, as de-
scribed and characterized below. Where available, a minimum of 300
grains were classified to ensure a representative sample of the ash. For
the samples that did not contain the minimum number of 300 grains
of this size, the results were omitted from the componentry analysis
due to large analytical error (SEM analysis was still performed on
these samples) (Table 1). For SEM imaging, grains N125 μm in size
were cleaned in water in an ultrasonic cleaning bath, and dried again.
A selection of these grains was mounted on carbon tape and sputter
coatedwith gold to image surface textures using a Vega Tescan scanning
electron microscope in the Departamento de Metalurgia Extractiva
(DMEX) in the Escuela Politecnica Nacional in Quito; other grains
were mounted in epoxy mounts and ground flat, and polished in
order to document the internal textures of vesicles and crystals within
ash grains at theU.S. Geological Survey (USGS) Cascades VolcanoObser-
vatory. Electron microprobe analyses were performed using the JEOL
8900 electron microprobe at the USGS, Menlo Park, California. A 15-
keV, 8-nA electron beam with a 3 μm spot size was used to analyze
glass compositions; Na and Si were analyzed first to minimize the
effects of Na-loss.
4. Ash componentry classification

Weanalyzed 13 samples of ash (Table 1) using a stereoscopic optical
microscope. Seven other samples were also analyzed but either did not
contain enough grains of the target size after sieving (e.g., extremely
fine-grained ash from the 02/09/2015) or total sample size was too
small (Table 1). We first classified the ash grains into four groups
based on grain lithology andmorphology: hydrothermal/altered grains,
lithic fragments, juvenile material, and free crystals (Fig. 4). Hydrother-
mal grainswere classified based on their color and luster (includingme-
tallic luster, sulfide minerals, white color characteristic of gypsum and
quartz, and red color of oxidized glass), and/or the presence of mineral
deposits on the surface of the grains orwithin the vesicles of scoriaceous
grains. Lithic fragments were classified according to their dull, opaque
but unaltered appearance. Juvenile fragments were classified according
to their black or dark grey color but more importantly, their glossy ap-
pearance and sometimes semi-vesicular nature. Free crystals consist of
individual phenocrysts (here, phenocrysts are used to distinguish crys-
tals based on size alone) or fragments of crystals of different minerals
containing b10% adhering groundmass material.
5. Petrological and granulometric characteristics

5.1. Surface and microlite textures

Each particle type contains distinct textural and mineralogical asso-
ciations between microlite and phenocryst phases, where crystal com-
ponents common to most ash grains include a combination of
plagioclase, pyroxene, and oxide phases, and sparse glass between
microlites (crystals b40 μm in size).



Fig. 4. SEM backscatter photomicrographs and stereoscope images of the different classified components of the Cotopaxi ash samples: hydrothermalmaterial (A, B and C), lithics (D, E and
F), juvenile (G, H and I) and free crystals (J, K and L). Altered surfaces (A), pyrite crystals (A inset top and C), cubic quartz (A inset bottom) and infilled vesicles (B) are apparent in the
majority of grains along with red and orange oxidation of the grains (C). Pitted and worn surface of lithic fragments are apparent (D), while some are holocrystalline and rounded (E).
Fresh fractures in highly microcrystalline grains (G) are present and also residual glass between microlite grains of the juvenile grains (H) with black vitreous fresh surfaces (I). Free
crystals retain their euhedral shapes (J and K).
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5.1.1. Hydrothermal/altered material
Clasts classified as hydrothermal material are characterized by sur-

face alteration and oxidation, producing a red to rusty color and/or are
covered by secondary mineral precipitates white to metallic in color
and luster (Fig. 4A, B and C). The grains have a wide range in particle
morphology, including irregular angular to sub-angular shape as well
as rounded varieties. Particles span a range of vesicularities from non-
vesicular to moderately vesicular based on the values from Houghton
and Wilson (1989). Vesicular scoriaceous particles commonly contain
secondary precipitates on outer surfaces and within pore space
(Fig. 4B). Secondary precipitates include acicular gypsum needles
(Fig. 4D), abundant free or surface-coating sulfides (Fig. 4A inset and
C), and white or opaque hydrothermal quartz (vuggy quartz)
(Fig. 4C). In gas-rich plumes, secondary phases can condense on solid
particles very quickly (Ayris et al., 2013), so extra care has to be devoted
to avoid misinterpretation.

Hydrothermally altered and oxidized grains are the most petrologi-
cally diverse. Grains contain abundant opal, alunite, pyrite, and sparse
cristobalite and primary magmatic phases that include plagioclase, py-
roxene (clinopyroxene and orthopyroxene), and magnetite (Fig. 5A–
C). In some cases, alunite fills pore space, in others it forms large por-
tions of ash grains (Fig. 5A) and pyrite coats grain surfaces (Fig. 5B).



Fig. 5.Backscattered electron images of (A–C)hydrothermally alteredgrains. (A) Alunite (dark grey) covers the bottomhalf of this grain, opal has replacedplagioclasemicrolites; (B) pyrite
crystals (white) coat the surface of this grain that surrounds opal (dark grey), plagioclase (light grey) and crystalline groundmass; (C) opal replaced plagioclase microlites (see original
plagioclase core at image bottom); (D–F) lithic grains: note the abundance of microlites in the groundmass and the lack of visible fresh glass (E) mafic microlites are concentrated
along plagioclase crystal margins; (G–I) juvenile grains including: (G) highly microcrystalline grain containing fresh glass interstitial between tabular microlites b30 μm in length;
(H) moderately microcrystalline grain containing plagioclase and orthopyroxene in a glassy groundmass; (I) low micro-crystallinity ash grain containing opal xenocrysts (dark grey),
and pyroxene and plagioclase microlites (white and light grey).
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Opal commonly replaces plagioclase (Fig. 5C) and pyroxene. Ground-
mass in these grains is completely or nearly completely devitrified, crys-
talline, or replaced (Fig. 5C).

5.1.2. Grey lithics
Most commonly, the lithic fragments consist of grey to black lava

fragments with dull, opaque, pitted surfaces (Fig. 4D, E and F). These
grains vary from blocky to very irregular in shape. These fragments dis-
play a range of internal textures, but generally lack hydrothermal alter-
ation phases. Many lithic grains contain abundant microlites with
tabular pyroxene crystals most commonly measuring between 10 and
25 μm (Fig. 5D–F). Fresh glass is not visible between microlites in
these grains.

5.1.3. Juvenile grains
Juvenile grains are distinguished primarily based on their glossy sur-

face texture, unaltered, fresh surfaces, and the presence of fresh glass.
These grains have two distinct morphologies, blocky, and porous. The
blocky grains have sub-planar faces and consist of dense clasts with
varying microlite contents and large phenocrysts (Figs. 4H; 5H; 6C),
and in some cases contain large vesicles with thick interstitial ground-
mass septa (Figs. 4H; 5H and I). These dense grains commonly exhibit
trans-granular and grain boundary micro-fractures with apertures of
~2 μm (Fig. 6D). Blocky grains are commonly light grey to black in
color with a vitreous luster and contain variable amounts of microlites
and fresh glass (Fig. 4I). The porous grains consist of diktytaxitic lattices
of microlite crystals with varying amounts of interstitial glass (Fig. 4H
and Fig. 6A and B), where pore space represents interstitial space be-
tween microlite crystals rather than vesicles (Fig. 6A and B).

The groundmass glass content of juvenile clasts is variable (Fig. 4H),
where microlite networks are present to varying degrees. Juvenile
grains contain the smallest microlite crystals and the greatest propor-
tion of fresh glass of all grain types. The grains that contain the most
glass contain feldspar microlites surrounded by fresh glass, but in
some grains also contain opalized feldspar that lacks reaction rims or al-
teration halos (Fig. 5I) and are completely surrounded by fresh glass. Al-
unite is also presentwithin very fewof these grains. Opal and alunite are
hydrothermal alterationminerals; however, in contrast with the exten-
sively altered, crystalline, or devitrified groundmass that is associated
with the opal and alunite in hydrothermal grains (Fig. 5A–C), the glass
in juvenile grains is pristine. In the most crystalline clasts, pyroxene
microlites are generally smaller than in clasts in the lithic category
(Fig. 5G vs. I), measuring between b1 and 20 μm, and commonly sur-
rounding phenocrysts of plagioclase (Fig. 5), but textures of the most
crystalline grains in this class overlapwith thefinestmicrolite-rich lithic
grains. Some grains also contain fresh glass interstitial between
microlites; those microlites include plagioclase and pyroxene
(Fig. 5H), and also include opal (Fig. 5I).



Fig. 6. SEMbackscatter photomicrographs of ash grains of important ash textures. (A and B)Ash grains showing diktytaxitic textures (disorganized lattices of plagioclase, pyroxene and Fe-
Ti oxide crystalswith varying amounts of interstitial glass). (C) Blocky planar-edgedgrain containing a large plagioclase phenocryst surroundedbymicrolite. (D)Densemicrolite-rich grain
containing a thermal fracture.
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5.1.4. Free crystals
Free crystals are generally large phenocrysts of plagioclase, with

lesser amounts of pyroxene (Fig. 4J, K and L). Crystals are generally in-
tact and retain their crystal form and commonly have adhering ground-
mass material. Fragments of free crystals are also present.
5.2. Glass compositions

Glass compositions from five analyzed juvenile ash grains have
dacitic compositions (Table 2). The greatest abundance of glassy ash
grains occurs in the earliest erupted sample (juvenile grains from later
emissions are microlite rich and have a low glass content), August 15,
Table 2
Anhydrous glass compositions of erupted ash grains from Cotopaxi, 2015.

Sample details Glass chemistry (wt%)

Sample date and grain designation # of analyses SiO2 TiO2 Al2O3 FeO

Juvenile
15 August 2015 B1 9 63.6 1.3 14.3 7.4
15 August 2015 B3 5 66.4 1.2 13.5 7.6
15 August 2015 XL 3 63.4 1.3 14.1 7.9
15 August 2015 BW2 9 64.2 1.3 14.5 6.7
15 August 2015 BW3 6 64.2 1.2 14.3 7.2
15 August 2015 BW4 9 64.7 1.2 14.5 7.6
15 August 2015 BW6 10 65.8 1.3 13.7 6.2

Hydrothermal
15 August 2015 W1 3 77.0 1.0 13.7 3.4
15 August 2015 P2 5 65.1 0.0 23.9 0.9
2015. The glass rich grains with hydrothermal minerals represent ap-
proximately 4% of the total volume of juvenile ash particles in the sam-
ples from the first explosions (Table 1). Glass is fresh, analytical totals
range from 96.8–98.6 wt%; anhydrous glass compositions range from
63.4–66.4 wt% SiO2 and 7.2–7.9 wt% FeO (Fig. 7). Glass compositions
were analyzed from two ash grains in the hydrothermal category and
have 65.1 and 77 wt% SiO2, with FeO and Na2O contents distinct from
those of glass in juvenile grains (Table 2).

5.3. Grain size distributions

Grain-size distributions of 14 samples were obtained by combining
manual sieving and laser diffraction analysis. The grain size fraction
MnO MgO CaO Na2O K2O Cl P2O5 Unnormalized total

0.2 1.6 4.3 3.2 3.5 0.09 0.6 98.65
0.1 1.1 2.5 3.9 3.0 0.08 0.6 96.82
0.1 1.6 4.3 3.5 3.1 0.16 0.6 97.00
0.0 1.9 4.4 3.8 2.6 97.52
0.2 1.9 4.9 3.3 2.1 0.04 0.6 96.88
0.1 1.6 4.0 3.3 2.3 0.10 0.6 97.12
0.0 1.6 3.5 2.5 4.9 97.70

0.0 0.1 0.6 0.4 3.5 0.2 0.2 93.48
0.0 0.0 6.4 6.9 0.9 97.70



Fig. 7.Glass compositions of juvenile grains and hydrothermally altered grains in 2015 ash
samples superimposed on glass compositions of Holocene pyroclasts from Cotopaxi of
Pistolesi et al. (2011).

Fig. 8. Grain-size distribution of five ash samples from the Cotopaxi eruption (in half-Phi
interval). Note that most samples show bimodal distribution with a sharp coarse mode
(~3 Phi) and a flat fine mode. Distributions are positively skewed and platikurtic to
mesokurtic. Full data on the grain size distribution is shown in the supplementary
material 1.

Fig. 9. Ash componentry histogram. Percentage of hydrothermal, lithics, free crystal and
juvenile grains in 13 samples of ash. 7 other samples were analyzed but there was not a
sufficient number of grains for representative analysis and so these results have been
omitted.
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between −1 and −2 Φ (2–4 mm), which corresponds to fine lapilli
(White and Houghton, 2006), was measureable only in the 15/08 sam-
ple (0.3wt%). In comparisonwith other volcanic ash, the ash emitted by
Cotopaxi volcano is fine to extremely fine-grained with moderate to
poor sorting and positive skewness. Most of the Cotopaxi ash grain-
size distributions are bimodal with a sharp coarse mode (0.0 to 3.7
Phi) and a flat fine mode (4.0 to 6.3 Phi) (Fig. 8). Interestingly, the
grain-size mean and median are largely controlled by the proportion
of coarse and fine mode rather than by their absolute value. There is
not a clear evolution through time, but the grain-size distribution is gen-
erally finer during the heaviest ash falls (14–15/08; 28/08–11/09;
13–20/10) whereas the smallest volume ash deposits (21/08; 18–25/
09; 23/11) have coarser distributions, potentially resulting from wind
reworking of the fine-grained material.

6. Temporal variation of ash componentry

The componentry of ash samples changed through time (Figs. 4, 9,
10 and Supplementary Fig. 2). Proportionally, ash from the initial explo-
sions on August 14 is dominated by lithic fragments and hydrothermal
material (27% and 47% respectively; Fig. 9). Free crystals and juvenile
fragments make up only a relatively small percentage of that sample
(26% combined). Further, although a portion of the free crystals may
be derived from the juvenile melt, they cannot all be considered as
such. During the first 10 days of the eruption, the percentage of juvenile
grains increased up to 60%, whereas the percentage of hydrothermal
material and lithic grains significantly decreased (to 17 and 19%, respec-
tively) (Fig. 9). The relative abundance of hydrothermalmaterial contin-
ued to decrease to b16%where it remained throughout the rest of Phase
2, whereas the percentage of juvenile material continued to increase
(Fig. 9) with some small fluctuations. Furthermore, the textures of juve-
nile grains changed through time. Early-erupted juvenile grains had
lower microlite crystallinities than those in late eruptions (Fig. 10).
The third phase of emissions began in the week of the October 4. Sam-
ples from the third phase of emissions contained between 66 and 68%
juvenile grains, whereas the free crystal content remained b6%, hydro-
thermal b15% and lithics b24%. This trend continued throughout the
rest of the eruptive events, where the juvenile material consistently
stayed N65%. The lithic content, hydrothermalmaterial and free crystals



Fig. 10. Backscatter SEM images of polished sections showing the evolution of the texture and crystallinity of the juvenile grains.
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remained relatively constant throughout emissions through the end of
November 2015.

7. Eruption dynamics and the recognition of juvenile magma

The renewed eruption of Cotopaxi provides a unique opportunity to
study the temporal evolution of ash through the reawakening of a large
stratovolcano after a long period of quiescence.

7.1. Phase 1

Samples of ash from the first week of the eruption were rich in
lithics, hydrothermally altered grains and oxidized lithic material
(Figs. 4C and 9). During hydrothermal alteration, secondary phases
(e.g. alunite) are crystallizing in pore space or replace groundmass
glass or minerals that are decomposed. This pervasive rock alteration
can significantly affect appearance and mechanical properties (Mayer
et al., 2016). Red, altered components were classified ‘oxidized lithics’
by Pistolesi et al. (2011) in their analysis of Cotopaxi eruptive products
over the past 800 years. These samples are representative of material
that filled the conduit that was cleared out in the “vent-clearing”
phase. During this initial eruption, the abundance of juvenile material
is small, however, juvenile grains contain more glass than later in the
eruptive sequence (Fig. 10). Electron microprobe analyses of glass are
consistent with lack of alteration based on high analytical totals. Fur-
thermore, glass compositions are consistentwith that expected at Coto-
paxi. Fig. 7 shows glass compositions from a variety of previous tephra
units from Cotopaxi; glass compositions of ash grains in this study
have compositions overlapping with previous eruptive units (Pistolesi
et al., 2011). In contrast, glass compositions from hydrothermally al-
tered components have distinct compositions (Fig. 7). Themost compo-
sitionally similar tephra unit of Pistolesi et al. (2011) is that erupted in
small volume explosions that occurred post-1880. The presence of
these abundant clasts with unaltered glass, and their decreasing abun-
dance in ash samples through time provides strong evidence that
these grains are fresh, juvenile magma.
Changes in the crystallinity of the juvenile material results from
changing ascent and decompression conditions within the conduit
(e.g., Hammer et al., 1999). By comparison with experiments and with
ash studies of historic eruptions elsewhere, the presence of glassy ash
grains, with lowmicro-crystallinities as was observed most abundantly
(but still a minor portion of the eruptive material, Figs. 5I, 7) in the
August 15 sample, suggests relatively rapid ascent of juvenile magma,
fast enough to suppress or mostly prohibit extensive microlite crystalli-
zation. The increasing percentage of juvenile magma fragments in the
ash as the eruption progressed and the decreasing content of “old”ma-
terial suggests a progressive increase in the relative involvement of the
magmatic system. The initial explosions and emission phase over the
first two days are therefore interpreted as hydro-magmatic when the
rising magma served primarily as a heat source that disturbed the frag-
ile equilibrium of the hydrothermal system (Mayer et al., 2016). As
such, the ejected ash is primarily comprised of lithics with variable de-
grees of hydrothermal alteration (including hydrous opal and alunite
phases) and only minor clasts of fresh juvenile melt (Figs. 5 and 10).
The small amount of juvenile material containing hydrothermal min-
erals in samples fromAugust 15 preserve evidence formagma intrusion
into the hydrothermal system, providing a trigger for the initial hydro-
magmatic explosions.

7.2. Phases 2–4

After the first two weeks of eruptions (14–30/08/2016), which saw
the highest ash emission rates (Bernard et al., 2016), the relative pro-
portion of hydrothermal-altered and oxidized fragments decreased,
which is interpreted to represent clearing of the magma ascent path,
and reduction in interaction with the host country rock. Over the
same interval, the proportion of microlite-rich, blocky fragments in
the juvenile component increased. As the eruption sequence continued,
these juvenile grains transitioned to higher micro-crystallinity material
(Fig. 5G and H; Fig. 10) due to slower ascent and/or longer residence
times at shallow levels, as would be expected in a dome or a shallow
conduit plug (e.g., Nakada and Motomura, 1999; Hammer et al., 1999;
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Hammer and Rutherford, 2002; Cashman and Hoblitt, 2004). Highly
crystalline juvenile material has been documented in ash samples at
several other volcanoes. For example, coarsely vesicular clasts from
2010 Eyjafjallajökull eruptions reached 55% micro-crystallinity (Cioni
et al., 2014); blast deposits from Mount St. Helens in 1980 reached
62% (Cashman and Hoblitt, 2004); and eruptive products from Colima
1913 and May 2005 eruptions reached ~80% and ~90% micro-
crystallinities, respectively (Savov et al., 2008). The increase in crystal-
linity of the juvenile fragments during the second phase of the eruption
(Fig. 10) alludes to a progressive rheological stiffening of the magma
which would lead to increasingly lower ascent rates and the formation
of shallow plug (e.g., Sparks, 1997 and Cordonnier et al., 2012).

During the second phase of ash emissions, grains with a diktytaxitic
textures (Fig. 6A and B) and varying amounts of residual glass appeared
and began to increase in abundance. One mechanism for the formation
of diktytaxitic textures in andesite magmas is gas driven filter-pressing,
where a gradient in gas pressure drives melt expulsion from a crystal
lattice (e.g., Sisson and Bacon, 1999; Pistone et al., 2015, Kushnir et al.,
2016). Here, we infer that this process has occurred to varying degrees
within the conduit of Cotopaxi, resulting in grainswith varying amounts
of residual glass/melt coating the lattices of microlite crystals. Further
work into the nature of filter-pressing within the shallow plug is war-
ranted, but is beyond the scope of this paper.

The fragmentation mechanisms responsible for the observed dense,
microlite-rich pyroclasts emitted during continuous ash emissions have
been somewhat enigmatic. In contrast to the first phase, the second
through fourth eruptive phases were semi-continuous, low-energy
ash venting phases and lacked high temperature plumes (max. record-
ed temperature of 200 °C). During overflights made by the IG after the
August 14 explosions, it was observed that the crater lake present be-
fore August 14 had disappeared, suggesting that the availability of sur-
face water had decreased. Although the large summit glacier
remained on top of the edifice, magma interaction with water was re-
duced due to the thermal aureole that evolved around the magma col-
umn. The quasi-continuous ash emission may (partially) derive from
discrete explosions but has been obscured by complex gas-and-ash as-
cent processes in the conduit following explosions several hundreds of
meters down in the volcanic edifice. The fine grain size distributions
of all ash samples suggest that the fragmentation mechanism was
very efficient (Kueppers et al., 2006) and its constancy may reflect sim-
ilar fragmentation mechanisms throughout the ensuing period of con-
tinuous ash emissions. Due to the high proportion of highly dense
microcrystalline juvenile material, we believe that continuous emis-
sions resulted from the brittle fragmentation of a dense magma plug
due to thermal and mechanical stresses and decompression (e.g. Ono
et al., 1995; Taddeucci et al., 2002), although it is clear that water is
still present in the edifice at Cotopaxi based on the nature of continuing
shallow seismicity, including LF events (cf. Ruiz et al., 1998).We suggest
that phases 2–4 represent repetitive formation and destruction of a
shallow magmatic plug.
7.3. Geophysical evidence for juvenile magma intrusion

The origin of juvenile ash fragments includes two possibilities:
(A) that the fragments represent unaltered past eruptive products
from Cotopaxi, excavated from portions of the edifice that did not expe-
rience hydrothermal alteration, vapor-phase alteration from the exten-
sive degassing prior to August 14, or oxidation; or (B) that the
fragments represent juvenile magma that initially ascended and
interacted with the hydrothermal system, producing the first explo-
sions, then progressively degassed and crystallized in response to
slowing ascent rates or increasing shallow residence and shallow
degassing prior to eruption. Distinction between the possibilities re-
quires a holistic view of the system and comparison with past eruptive
products from Cotopaxi.
Several different monitoring parameters support interpretation B, a
shallowmagma intrusion and degassing at Cotopaxi in 2015. Magmatic
degassing at Cotopaxi has been close to the detection limit for DOAS
techniques over the past several years; background rates of SO2 emis-
sion were below 100 tons/day since permanent DOASinstruments
were installed in 2008. SO2 emission increased in May, remaining high
through eruptive/explosive events in August–November. Furthermore,
BrO was clearly detected in the plume since August 14 (Dinger et al.,
2016), indicating magmatic degassing through a dry pathway (cf.,
Bobrowski et al., 2003).Moreover,measurements of high SO2/H2S ratios
support an interpretation ofmagmatic degassing rather than of a hydro-
thermal origin. Additionally, no broad deformation was detected via
InSAR techniques, however minor deformation (≤1.5 cm) was detected
with the GPS and tiltmeter network, consistent with possible minor in-
flation of the edifice. An observed orange glow within the crater for
several days since October 02 also requires elevated (magmatic) tem-
peratures at the surface. Finally, seismic patterns are consistent with
shallowmagma residence, including abundant low frequency seismicity
and later VT seismicity (Fig. 2). LP and VT seismicity during this period
were substantially elevated above previous levels of monitored unrest
at Cotopaxi possibly resulting from the intrusion and interaction of shal-
low hot material (e.g., magma) with water (e.g., in the hydrothermal
system; Ruiz et al., 1998). During the 3rd and 4th phases there was a
clear increase in small transient seismo-acoustic signals (Bernard
et al., 2016), coincident with the observed orange glow in the crater
and consistentwith the repeated formation and destruction of a shallow
magmatic plug. The observational evidence for shallow magma ascent
(to less than approximately 3 km depth based on seismicity) by August
2015 is abundant. This evidence combinedwith the appearance of fresh
glass that contains few microlites in the earliest erupted ash and the
more microlite-rich material erupted later in the sequence suggests
the simplest explanation for componentry changes in ash produced
from eruptions starting on August 14, 2015, is the ejection of juvenile
magma that initially rose quickly but then stalled to form a shallow
plug later in the episode.

7.4. Hazard assessment and future activity

Completely aphyric, glassy fragments are absent, indicating that no
single eruption has tapped all the way down to the gas rich magma
source region. Large volume past eruptions at Cotopaxi produced
pyroclasts with glassy textures, as are common in the eruptive products
from the VEI 4 eruption of 1877 (Pistolesi, pers. comm). The presence of
ash grains that we now recognize as juvenile, with low crystal content
and very finely micro-crystalline textures suggests that at least a semi-
open pathway exists from the magma source to the surface. Pre-
eruptive gas emissions indicate thatmagmawas able to freely and effec-
tively degas under “open-system” conditions, reducing the potential for
a buildup of large, hazardous gas-overpressures (Woods andKoyaguchi,
1994). Instead, the juxtaposition of glassy groundmass with few
microlites and hydrothermal minerals/fragments may indicate that ini-
tial eruptions were triggered by the interaction of magma with the hy-
drothermal system. The observations of increasingly abundant dense,
microlite-rich juvenile ash grains, suggests slowing magma ascent
rates and residence times sufficient to allow degassing and crystalliza-
tion of the magma. Furthermore, elevated gas emissions have contin-
ued, suggesting that significant gas overpressures are not
accumulating in the conduit, potentially decreasing the short term like-
lihood for a large explosive event (e.g., Eichelberger et al., 1986;Woods
and Koyaguchi, 1994; Jaupart, 1998).

Alternatively, an open pathway to the surface may also allow a new
batch of magma to ascend easily in the future (e.g., Scandone et al.,
2007). It is also probable that not all the intruded magma was expelled
during the emission phases and that the semi-open conduit that existed
during the ash emission phases now contains a highly crystalline plug of
degassed magma. In this case, future eruptive activity would require a
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vent-clearing phase to allow the ascent or eruption of a new magmatic
pulse. However, the dynamics of magmatic systems can rapidly change
with little warning, resulting in a sudden large explosive eruption as
happened at Reventador volcano in 2002 (e.g., Hall et al., 2004 and
Samaniego et al., 2008). There, a swarm of VT, LP and tremor seismicity
~3 h prior to eruption was the only warning that a large eruption was
about to occur. The eruption was interpreted to be phreatomagmatic
based on the production of fine-grained angular ash fragments mixed
with basement rock and old lavas (Samaniego et al., 2008). The parox-
ysmal phase of that eruption lasted ~45 min and generated at least
five large pyroclastic flows that reached ~9 km east. As such, rapid
changes can occur at volcanoes, therefore only through continuedmon-
itoring of the volcano (e.g., deformation, seismicity and gas) is it possi-
ble to detect changes in the magmatic system that could indicate
changes in future activity.
8. Importance of ash analysis for volcanic monitoring at Cotopaxi

The near real-time analysis of ash samples from precursory
explosive activity at Cotopaxi volcano during the months of August,
September, October and November 2015was used as a complementary
aid to assist with the interpretation of the geophysical monitoring sig-
nals. Compositional and textural analysis provided invaluable informa-
tion about the degree of involvement and the ascent conditions of the
newly intruded magma body. The main findings of this paper are:

– Juvenile ash fragments are recognized in Cotopaxi ash based on the
presence of unaltered glass containing few microlites. Microprobe
analysis of the fresh glass shows high analytical totals and composi-
tions consistent with previous eruptions at Cotopaxi, but unlike
compositions of the groundmass in hydrothermal material.

– Juvenilematerial in the initial explosions (Phase 1) is glassy and con-
tains opal in contact with freshmelt preserving evidence for interac-
tion between magma and the hydrothermal system.

– The componentry of ash evolved from dominantly hydrothermal
and lithic material to dominantly juvenile material through the
2015 eruptive sequence.

– The nature of juvenile clasts also changed through the eruptive se-
quence. The juvenile clasts found in the earliest erupted material
are quasi aphyric. Later eruptions produced clasts with higher
amounts of microlites.

– Increasingly high micro-crystallinities in the juvenile grains from
phases 2–4 suggest slowing ascent rates and increasing duration of
shallow storage in a system open to gas loss where fragmentation
was a result of brittle breakage of a shallow magmatic plug.

– Grain size distributions show bimodal distributions but very little
variation throughout the eruption suggesting the eruption dynamics
do not change significantly.

– Geophysical signals (high LP and VT event rates, buried explosion
signals, elevated SO2 emissions, detection of BrO, high SO2/H2S ratios
and inflation of the volcanoes flanks) support the conclusion of the
involvement of juvenile magma.

Ash analysis in itself cannot and should not be used to inform fore-
casts about future activity, but can provide perspective about the ascent
conditions and dynamics of erupted material. Accurate knowledge of
past eruptions helps to constrain possible future eruption scenarios, es-
pecially for well-preserved large eruptions. At Cotopaxi in 2015, petro-
logic monitoring of ash grains was used to complement geophysical
monitoring techniques. Based on these studies we conclude that there
was new magma involved in ash emissions but that the ascent rate
was slow and the systemwas open to continued gas outgassing and es-
cape,which lowered the short termprobability of a large explosive erup-
tion. However, monitoring parameters are still above background at the
time of this writing, so the ultimate fate of this period of unrest still re-
quires close monitoring of the volcano.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2016.10.013.
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