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Abstract

Fine-grained volcanic samples were collected at different locations near the Cotopaxi
volcano on the same day of its reactivation and some days afterwards in August 2015.
The wind-directions charged with such materials have been determined and compared
with the existing data-base allowing preventive measures about local warning. The ob-5

tained data yielded the less expected wind-directions and therefore ash precipitation in
usually less affected areas towards the northern and eastern side of Cotopaxi volcano.
The collected samples were studied basically for their morphology, content in minerals
and rock fragments as well as the chemical composition. The results obtained from this
study allowed to identify and classify the origin of the expelled material being hydro-10

clasts of andesites and dacites with rare appearances of rhyodacites and associated
regular as well as accessory minerals all being present in the conduct and crater form-
ing part of previous eruptive activities of the volcano. A further evaluation has been
performed to determine the activity stage of the volcanic behavior. The resulting inter-
pretation appears to point to a volcanic behavior a more frequent sporadic event with15

a relatively low probability of lahar generation rather than any other known destructive
phase, which includes a less-frequent but tremendously more catastrophic scenario.

1 Introduction

Volcanoes and associated hazards have been responsible for the death of hundreds
of thousands of persons in the last two centuries worldwide (Peterson, 1988; Tanguy20

et al., 1998). They destroyed a variety of strategic infrastructure throughout the world,
changed the local and global climate (Hofmann and Rosen, 1983; Self and Rampino,
1988; Pinatubo Volcano Observatory Team, 1991; Hansen et al., 1992; Briffa et al.,
1998) as well as nearby landscapes (Blong, 1984; Jago and Boyd, 2005; Scott et al.,
2010). Expelled pyroclastic material such as ash, pumice and bombs are one of the25

most underestimated yet most hazardous volcanic phenomena (Miller and Casadevall,
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1999; Self, 2006; Barsotti et al., 2010; Dingwell and Rutgersson, 2014). Nonetheless,
one of the most lethal volcanic hazards are lahars, as they are more devastating in
terms of cumulative fatalities than all other volcanic hazards including pyroclastic flows
(Sigurdsson and Carey, 1986; Rodolfo, 1999).

Cotopaxi volcano in the northern volcanic Andes is known to have had a vast history5

of lahar generations (Barberi et al., 1995; Aguilera et al., 2004; Aguilera and Toulkeridis,
2005; Pistolesi, 2008; Pistolesi et al., 2013, 2014). As the volcano awakens, it is funda-
mental to prove its behavior and potential of generating big eruptions and subsequent
lahars similar and worse related to the disaster in Armero Colombia in 1985 (Naranjo
et al., 1986; Thouret, 1990; Pierson et al., 1990). In order to accomplish the evaluation10

of the stage if volcanic activity we have taken samples of the very first expelled fine-
grained material with the goal to determine if the reactivation of Cotopaxi volcano is
more likely minor sporadic event or the initial stage of a severe eruptive event (Heiken,
1972; Houghton and Smith, 1993; Büttner et al., 1999; Dellino and Liotino, 2002).

2 Geodynamic background, volcanic history and sample location15

The northern Andes in Ecuador are part of the 7000 km long classic example of an
active continental margin along the South American continent, with several volcanic
sequences of Mesozoic and Cenozoic ages. More than 250 volcanoes are exposed
in the Ecuadorian part of the Northern Andean Volcanic Zone (NAVZ) of which the
5897 ma.s.l. high Cotopaxi, is one of the twenty considered active volcanoes in the20

country as result of the subduction of the oceanic Nazca plate below the South Ameri-
can continent (Lonsdale, 1978; Barberi et al., 1988; Freymuller et al., 1993; Toulkeridis,
2013). In the area of Ecuador, the Nazca Pacific plate is subducted at an angle slightly
oblique to the southern American continent, producing an overall active tectonic regime
with transpression due to its convergence. The consequences of this subduction are25

four morphologically distinctive volcanic chains (Toulkeridis, 2013; Fig. 1).
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The Cotopaxi stratovolcano in Ecuador, which has been formed in the Pleistocene,
is located some 60 km south of Quito and represents a natural laboratory for the as-
sessment of volcanic hazards. The current volcano consists of two craters, one older
and one more recent. The more recently created crater is snow-covered and is the site
of volcanic vent activity. The magmatic activity of the volcano in historical times is well5

documented (La Condamine, 1751; von Humboldt, 1837, 1838; Reiss, 1874; Sodiro,
1877; Stübel, 1897; Whymper, 1892; Wolf, 1878, 1904; Reiss and Stübel, 1869–1902;
Barberi et al., 1995) and the lahars produced by the volcano have affected considerably
the villages, cities and infrastructure in its surroundings. Some 19 eruptive phases have
been registered and dated giving a re-occurrence of its activity every 117±70 years10

over the last 2200 years (Barberi et al., 1995; Aguilera and Toulkeridis, 2005). The
last four volcanic phases with the generation of lahars and subsequent destruction of
nearby villages occurred in 1534, 1742, 1768 and 1877 (Barberi et al., 1995; Aguilera
and Toulkeridis, 2005). At least one partial sector collapse takes also part of Cotopaxi’s
development some 4600 years ago, leading to a major debris avalanche (Mothes et al.,15

1998) covering most of the past northern drainages.
The best-documented event took place in 1877 and ended up killing approximately

1000 people in the area (Sodiro, 1877). Glacier melting facilitated the creation of a la-
har, which roared down the mountain at speeds of up to 70 kmh−1 (Aguilera et al.,
2004). Although the glacier is currently retreating, circumstances have much changed20

since the 1877 lahar. Thus although a future lahar would be smaller than that of 1877,
the fact that many more people are living within the area suggests that the loss of life
could be much higher than in the past. Whereas about 30 000 people were living in
the danger area in the late 1800s, currently the number is greater than 500 000. The
most dangerous areas would be the South, East, and North sides due to flow pat-25

terns. Unfortunately the nearest cities would be hit within 30 min from the formation
of a lahar, with little warning for evacuation (Aguilera et al., 2004; Aguilera and Toulk-
eridis, 2005). In addition to these highly destructive volcanic events, similar to 1877,
some additional 59 other explosions have been recorded between 1532 and 2015, 27
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of which included lava flows and/or minor lahars (Barberi et al., 2005; Aguilera et al.,
2004; Aguilera and Toulkeridis, 2005). Based on statistical data from the last 19 erup-
tive phases over 2200 years, the probability of a new occurrence in the year 2015 is
of about 72 %, while the re-occurrence of a minor volcanic event, like the 59 sporadic
explosions is much higher.5

By the end of 2001, after decades without visible activity, Cotopaxi has shown signs
of unrest with some increasing seismic activity, gas from a variety of fumaroles and the
main crater and also small phreatic explosions (Toulkeridis and Aguilera, 2003, 2004;
Cerca et al., 2005a, b; Toulkeridis, 2006, 2007a, b, 2010, 2012). The evaluation of such
volcanic signs is fundamental in order to characterize and determine the next volcanic10

event, as it may include a volcanic phase with the subsequent generation of lahars or
a minor event similar to the almost sixty reported ones. The newly seismic and volcanic
gas activity of Cotopaxi showed ups and downs, having a peak activity since April 2015.
Seismic signs reached up to a few hundreds per day, while emissions of SO2 reached
up to 5000 t a day (IG-EPN, 2015).15

After the highest registered seismic activity in months at 17:27 ECT (Ecuador time) in
the night of the 13 August, a clear precursor of an imminent explosion took place. In the
morning of the 14 August at 04:02 and 04:07 ECT (Fig. 2) the very first two explosions
occurred, followed by three more at 10:25 ECT (Fig. 3), 13:45 and 14:29 ECT. The fine-
grained material has been distributed towards north-northwest and to the east. Sample20

collection has been performed at 5400 ma.s.l. at the northern side of Cotopaxi volcano
during the first explosions at 04:00 ECT in the morning (sample COT-1408-4), close to
Machachi (COT-1408-3), at Cotogchoa-Amaguaña (COT-1408-2) and ESPE campus
(COT-1408-1; Fig. 2).

3 Analytical procedures25

We have used available data from the Ecuador Satellite Imagery of the Satellite Ser-
vices Division of the National Environmental Satellite, Data, and Information Service
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(NESDIS) for the period between September 1999 and September 2015. Some 4799
images were evaluated for their wind direction and were weighted for the main direc-
tion of the ash charged cloud and their respective flanks (Toulkeridis and Zach, 2015).
A total of 19 196 data of the 4799 images were subdivided per month in order to de-
termine the main wind directions for the different seasons in Ecuador. Around 90.29 %5

of the obtained data belongs to Tungurahua volcano, 4.04 % to El Reventador volcano,
2.63 % to Sangay volcano, 2.40 % to Cotopaxi volcano and the remaining 0.65 % to
Guagua Pichincha volcano. The altitude of the ash clouds is varying between FL180
and FL400, with two predominant heights being between FL200 and FL250 and a fur-
ther between FL 300 and FL400, generating together some 98 % of all available data.10

This data set has been plotted in regular rose diagrams and it provides an excellent
overview on the wind directions of ash clouds of representative active volcanoes in
the Ecuadorian mainland compared with the actual data provides by the reactivation of
Cotopaxi volcano (Fig. 4).

Volcanic fine-grained material collection has been achieved by either metal or teflon-15

like plastic funnels leading to a metallic tray and from there the material has been taken
and sealed for further analysis into sample beakers. The sites of the collection were
chosen to be implemented in areas with the highest probability of ash precipitation as
known by the evaluation of the wind directions of ash-charged clouds for the years 1999
up to 2015 (Toulkeridis and Zach, 2015; Fig. 4). For the characterization, evaluation20

and analysis of all pyroclastic samples, we have used a portable optical microscope,
field emission gun scanning electron microscope (FEG-SEM) equipped with an energy
dispersive spectrometer (EDS) and additionally we have also used an X-ray diffraction
(XRD) setup.

All samples where firstly analyzed with Celestron (model 44302-A) portable optical25

microscope with an amplification capacity of 10X to 150X, giving the opportunity to
realize micrometric determinations down to 0.01 mm in size (Fig. 5).

The SEM inspection was performed using a TESCAN MIRA3. The fine-grained sam-
ples were fixed onto SEM stubs using an adhesive layer and sputter-coated with gold
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(99.99 % purity) before the SEM imaging. SEM images at different magnification (150X
and 8000X) were taken with a resolution of 1024×917 pixels (Figs. 6 and 7, respec-
tively).

The chemical analysis was carried out by an EDS of the brand BRUKER model
Quantax 200, installed in the SEM chamber and a detector XFlash 6130, reaching5

a resolution of 124 eV.
XRD studies were carried out using a PANalytical EMPYREAN setup within a 2θ

configuration (generator-detector) x-ray tube copper λ = 1.54 Å and XCELERATOR de-
tector (minimum angle step 0.0001◦). To perform the measurements shown in this work,
the ash powder samples were directly deposited on optical microscope slides. The min-10

eral composition of the samples was determined by using the PAN-ICDS database.

4 Results and discussion

4.1 The main event

Seismographs of the Instituto Geofísico of the Escuela Politécnica Nacional (IG-EPN)
registered seismic unrest in the evening prior to the main explosion of the early morn-15

ing of the 14 August (IG-EPN, 2015). Such kind of precursors have been registered
in Ecuador various times without any warning or indication of the IG-EPN towards au-
thorities or public, such like the seismic events of Reventador volcano with its erup-
tion (VEI= 4) on 3 November 2002, of Sierra Negra volcano on 22 October 2005
(VEI= 3), of Tungurahua volcano with a following destructive eruption (VEI= 3) on20

14 July and 17 August 2006, and Wolf volcano in June 2015 (Monzier et al., 1999;
Garcia-Aristizabal et al., 2007; Toulkeridis et al., 2007; Arellano et al., 2008; Barran-
cos et al., 2008; Carn et al., 2008; Hall et al., 2008; Ridolfi et al., 2008; Robin et al.,
2008; Lees et al., 2008; Steffke et al., 2010; McCormick et al., 2014; Smithsonian In-
stitute, 2015). Therefore, the non-warning of such precursor did not really surprise. At25

04:02 and 04:07 ECT of the 14 August an eight km high eruption column of a phreatic
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explosion took place associated with a shaking of the volcano as felt by professional
climbers at the moment of the emplacement as well as some rock falls and glacial
fragmentation as seen by the same persons and accompanying tourists. Besides ash,
some smaller rock fragments of andesites and dacites reached to an altitude of ap-
proximately 5400 ma.s.l., the coarsest being 4 cm in size. Later eruptions in the same5

morning and afternoon have been reported and being visible to authorities and public
alike. As result of the visibility of later eruptions and their respective eruptive columns
of up to 5 km in altitude forced the Ecuadorian Secretary of Risk Management (Secre-
taría de Gestión de Riesgos; SGR) to change the alert status from white into yellow,
meaning seven hours after the main event. Therefore it can be concluded, that the10

change of the alert status of the Cotopaxi volcano occurred due to the visibility of the
explosive event of 10:25 ECT (Fig. 3) and not through any merits of monitoring or in-
strumental data analysis.

4.2 Wind directions

Wind directions of ash-charged clouds are relatively uniform from E to W from April15

to September and varies and changes slightly into E-W, E-NE to W-SW but also to
other less frequent directions such as W–E and SE-NW. Therefore, the period be-
tween April and September is the best predictable one, while the rest of the year has
a relatively high probability to present the same direction with some variation of lesser
extent. As the data set is based on the past volcanic activity of four volcanoes, these20

volcanoes namely Tungurahua, Guagua Pichincha and Reventador, but not Sangay,
were responsible for a variety of route changes of airplanes and the closure of airport
activities (Smithsonian Institute, 2015). Nonetheless, comparing the available data set
(Toulkeridis and Zach, 2015) with the actual behavior of the ash-charged clouds of the
14 August event of Cotopaxi volcano, one of the most unlikely and less probable wind25

directions took place, namely towards the E and NNW. Later events, of the following
days shifted towards most probable and expected wind directions being E to W and NE
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to SW (Fig. 4). Therefore later fine-grained samples where taken in Lasso being along
the main, predominant wind direction.

4.3 Characterization of the sampled particles

The preliminary visual inspection of the fine-grained samples performed with an optical
microscope determined an association of particles of which rims have exclusively an-5

gular shapes and acute edges with sizes between 0.70 to 0.01 mm. The finest particles
of COT-1408-3 making up some 20 % of the sample are between 0.01 to 0.07 mm in
size, while the majority (70 %) has a size between 0.12 to 0.17 mm. Some coarser rock
fragments have been identified with sizes between 0.5 to 0.7 mm (Fig. 5).

The characterized material is represented by rock fragments of porphyritic andesites10

and some minor dacites with the rarely presence of rhyodacites, all being hydroclasts
(Schmincke, 2004), while the lose minerals contained quartz, mica, hornblendes, pla-
gioclases (mainly anorthites), volcanic glass (obsidian), pyrites and also galena be-
sides other accessory minerals. While almost all material recognized are most likely
associated with typical volcanic material provided by the conduct and crater of Cotopaxi15

volcano, the galena may have been formed by some recent hydrothermal activity in the
volcano or may have been part of the underlying metamorphic basement and brought
up by the volcanic activity.

The angular shape of the rock fragments as well as their minerals, the nonexistence
of newly formed (juvenile) magmatic material evidences an exclusively hydrothermal20

explosive origin (Figs. 6 and 7). The size fractions of the analyzed material of the
ESPE campus being some 60 km in distance of the volcano, together with the known
explosion height of 8 km, suggests a violent explosion. This explosion most probably
liberated over-pressured water vapor originated of over-heated subterranean infiltrated
water, which fragmented and hydrothermalized rocks, minerals and pre-existing ash of25

the volcanic conduct and some fissured of the crater.
Table 1 illustrates the chemical analysis from COT-1408-1, COT-1408-2, COT-1408-

3 and COT-1408-4 obtained by EDS measurements. To take into account the inhomo-
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geneity of the samples, we have averaged the spectra obtained from 100 points grid on
a total area of 1.96 mm2. The presence of each element is denoted by the normalized
weight percentage (norm. w.t. %), which is the percentage in weight, supposing that
the elements in the table represent total composition of the sample. For clarity we have
neglected the presence of oxygen and carbon, which are present in great abundance5

(higher than 50 %). The margin of error corresponds to the 68 % confidence interval.
The samples rich in sulfur, were taken close to the volcano, while the ones having
high contents in iron, magnesium, manganese were located far away. Iron appeared
on samples far away from volcano because most likely they were oxidized with atmo-
spheric oxygen and falls down as a Fe(III) precipitate as soon as it gets denser particle.10

The biggest difference of COT-1408-4 as compared to COT-1408-1, COT-1408-2 and
COT-1408-3 is the high concentration of sulfur.

The standard 2θ configuration in the XRD setup was used to analyze the mineral
composition of all samples. The four samples show quite similar spectra and the anal-
ysis reveals composition of a typical Na-rich Anorthite. The slight differences observed15

in the main peaks from one sample to another are due to the non-inhomogeneity and
granularity of the samples.

4.4 Granulometry

As previously mentioned four samples of the very first eruption event on 14 August
located at different sites but within the precipitation area of the northern side of the20

ash-charged cloud were collected, representing a unique data set.
Figure 6a–d shows representative SEM micrographs (150X) obtained from the sam-

ples where the size distribution and the morphology of the particles can be observed.
Using the MIRA3 SEM software we have calculated the size distribution of the particles
from manual diameter determination over a minimum of 100 particles for each sample.25

In Fig. 8a–d we illustrate the diameter particle histograms obtained from the analysis of
the samples. A careful inspection of the particle surface reveals the existence of even
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smaller particles (see Fig. 7). The mean values, standard deviations and confidence
intervals obtained for all samples are summarized in the Table 2.

The samples show different size distribution being coarser at Machachi close to the
Cotopaxi Volcano. Sample COT-1408-3 shows unusually two different peaks at the
particle diameter histogram (Fig. 8c). Nonetheless, the finer first peak at around 100 µm5

and may be correlated to the peak observed on sample COT-1408-1 and COT-1408-
2. Although the particles have all the same origin they clearly have different surface
structures for each sample (Fig. 7). Particles may get oxidized or undergo different
erosion patterns due to changes of wind direction.

Later events after the 22 August (sample COT-2208-1) have similar rough sur-10

faces, with apparently identical angular rims of rock fragments and minerals, while the
mineral-size distribution is evidently reduced in Lasso and Machachi samples (Table 3;
Figs. 9 and 10).

5 Conclusions

The chemical and morphological evaluation of different fine-grained samples of the very15

first ejected material collected in the vicinity of the Cotopaxi volcano, after decades of
tranquility, was able to determine the activity stage and potential magma behavior.

The ash-charged wind directions have been unusual for this time of the year com-
pared to averaged data set collected during 15 years. Nonetheless, the initial explo-
sions directed towards the NNW and E changed shortly afterwards and remained sta-20

ble being W–E and WNW–ESE reaching even coastal areas.
The shape of the rock fragments and minerals expelled on the first eruptive event in

the early morning of the 14 August as well as pyroclastic material of later ejections have
been exclusively characterized as fragmented and angular shaped. Juvenile magma at
the proximity of the crater can therefore categorically be excluded.25

The mineral classification and also the chemical composition of the ejected material
determined a typical andesitic to dacitic and rarely rhyodacitic composition with a high
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abundance of classical mineral composition of such rocks, being plagioclases, quartz,
biotite, hornblende but also obsidian, pyrite and some other accessory minerals.

The size distribution of the expelled pyroclastic material has been continuously re-
duced, most probably due to the decreasing intensity of the volcanic pulses with time,
evidently in the Machachi and Lasso samples on the W and SW edge of the volcano.5

Additionally it can be concluded, that the volcanic activity stage of Cotopaxi volcano
represents clearly a frequent minor sporadic event rather than a less occurring severe
eruptive event. Therefore major explosions and the generation of far-reaching lahars is
excluded for the time such volcanic activity is present.

Knowing the composition and morphology of the fine-grained particles in almost real-10

time can be considered as a great information for understanding the mechanisms un-
derlying the reactivation process of volcanoes. Finally, this should be used in the future
by the authorities for making decisions in order to avoid public awareness and uncer-
tainties.
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Table 1. Summary of the chemical composition obtained from samples COT-1408-1, 2, 3 and 4.

Elements COT-1408-1 COT-1408-2 COT-1408-3 COT-1408-4
norm. w.t. % norm. w.t. % norm. w.t. % norm. w.t. %

Silicon 47±2 43±2 41±2 42±1
Sulfur 10±1 14±1 17±1 24±1
Calcium 13±1 12±1 12±1 13±1
Iron 17±1 17±1 17±1 10±1
Sodium 4.9±0.3 6.3±0.3 5.9±0.3 4.6±0.2
Potassium 2.1±0.2 2.8±0.2 2.2±0.2 2.6±0.2
Titanium 1.2±0.1 1.8±0.2 1.3±0.2 1.9±0.4
Magnesium 2.6±0.4 2.0±0.2 2.2±0.3 1.2±0.2
Manganese 1.3±0.1 1.3±0.1 1.3±0.1 0.7±0.1
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Table 2. Summary of the size distributions obtained from samples COT-1408-1, 2, 3 and 4.

Particles Mean particle Standard Confidence interval Confidence interval Skewness
analyzed diameter (µm) deviation (µm) (68 %) (µm) (95 %) (µm)

COT-1408-1 203 102.26 49.45 [98.8–105.7] [95.4–109.3] 1.067
COT-1408-2 121 112.61 61.49 [107.0–118.2] [101.5–123.7] 1.038
COT-1408-3 119 253.46 133.23 [241.3–265.7] [229.3–277.6] 0.139
COT-1408-4 111 62.05 58.13 [51.1–72.9] [56.5–67.6] 1.702
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Table 3. Summary of the particle size distribution (see Fig. 10) from samples collected at the
Lasso area on different days. Explanation see text.

Date Location # particles Diameter (µm) Standard deviation (µm)

22 Aug Lasso Novacero 125 129.01 90.54
23 Aug Lasso 168 90.54 52.46
25 Aug Lasso Benefrut 187 93.47 55.47
25–26 Aug Lasso-Pastocalle 123 67.02 39.42
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Figure 1. Ecuador’s considered active volcanoes (white triangles) with the five volcanoes,
which erupted the last 15 years generating ash clouds.
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Figure 2. Ash cloud distribution of the 04:02 and 04:07 ECT events of the 14 August reactivation
of Cotopaxi volcano. Distribution drawn based on images of the Ecuador Satellite Imagery of
the Satellite Services Division of the National Environmental Satellite, Data, and Information
Service (NESDIS). Inset in the bottom right shows the sample sites (see text for explanations).
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Figure 3. Eruptive column of the 10:25 ECT event of the 14 August reactivation of Cotopaxi
volcano. Photo courtesy by Fernando Iza.
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Figure 4. Wind directions of ash-charged clouds of five Ecuadorian volcanoes being active
between September 1999 until September 2015 plotted in a rose-diagram, demonstrating the
data of July, August and September, the time period of the reactivation of Cotopaxi volcano.
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Figure 5. Optical microscope images of particles from sample COT-1408–3. Note the angular
and sub-angular shapes of all minerals and rock fragments.
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Figure 6. Typical SEM images obtained from (a)–(d) Samples COT-14-081, 2, 3 and 4 respec-
tively. Note the fragmented, angular edges of all particles.
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Figure 7. SEM micrographs (8000X) showing the surface structure of the particles correspond-
ing to (a)–(d) samples COT-1408-1, 2, 3 and 4 respectively.
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Figure 8. Particle diameter histograms obtained from (a)–(d) samples COT-1408-1, 2, 3 and 4.
Note the finest-sized sample is naturally the one farthest to the crater.
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Figure 9. Grain-size distribution of Machachi samples collected on 14 and 23 August. Note that
the particle size diminishes in time.
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Figure 10. Evolution of the grain-size distribution of Lasso samples collected on 22, 23, 25 and
during the night from 25 to 26 August. The origin of time axis corresponds to the 22 August.
Note that the particle size diminishes in time.
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