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Twenty years of
explosive-effusive activity at El
Reventador volcano (Ecuador)
recorded in its geomorphology

Silvia Vallejo'*, Angela K. Diefenbach?, H. Elizabeth Gaunt*?,
Marco Almeida?, Patricio Ramon?, Fernanda Naranjo' and
Karim Kelfoun*

!Instituto Geofisico, Escuela Politécnica Nacional, Quito, Ecuador, ?U.S. Geological Survey, Volcano
Disaster Assistance Program, Vancouver, WA, United States, *Department of Earth Sciences, University
College London, London, United Kingdom, “Laboratoire Magmas et Volcans, Université Clermont
Auvergne, Clermont-Ferrand, France

Shifts in activity at long-active, open-vent volcanoes are difficult to forecast
because precursory signals are enigmatic and can be lost in and amongst daily
activity. Here, we propose that crater and vent morphologies, along with summit
height, can help us bring some insights into future activity at one of Ecuador’s
most active volcanoes El Reventador. On 3 November 2002, El Reventador
volcano experienced the largest eruption in Ecuador in the last 140 years and has
been continuously active ever since with transitions between and coexistence
of explosive and effusive activity, characterized by Strombolian and Vulcanian
behavior. Based on the analysis of a large dataset of thermal and visual images,
we determined that in the last 20 years of activity, the volcano faced three
destructive events: A. Destruction of the upper part of the summit leaving a
north-south breached crater (3 November 2002), B. NE border crater collapse
(2017), and C. NW flank collapse (2018), with two periods of reconstruction
of the edifice: Period 1. Refill of the crater (2002-early 2018) and Period 2.
Refill of the 2018 scar (April 2018 -December 2022). Through photogrammetric
analysis of visual and thermal images acquired in 11 overflights of the volcano,
we created a time-series of digital elevation models (DEMs) to determine the
maximum height of the volcano at each date, quantify the volume changes
between successive dates, and characterize the morphological changes in the
summit region. We estimate that approximately 34.1x10° m?® of volcanic material
was removed from the volcano due to destructive events, whereas 64.1x10% m*
was added by constructive processes. The pre-2002 summit height was 3,560 m
and due to the 2002 eruption it decreased to 3,527 m; it regained its previous
height between 2014 and 2015 and the summit crater was completely filled
by early April 2018. Event A resulted from an intrusion of magma that erupted
violently; we proposed that Events B and C could be a result of an intrusion as
well but may also be due to a lack of stability of the volcano summit which occurs
when it reaches its maximum height of approximately 3,590 and 3,600 m.

KEYWORDS

El Reventador, photogrammetry, thermal images, visual images, eruptive phases,
morphology
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1 Introduction

Long-term volcanic activity is often accompanied by important
morphological changes around the volcanic vents due to both
destructive and constructive volcanic processes, e.g., Colima
(Walter etal,, 2013), Santiaguito (Lambetal, 2019), Fuego
(Aldeghi et al., 2019), Bezymianny (Shevchenko et al., 2020), Arenal
(Mora et al., 2022), Merapi (Lube et al., 2011), and Soufriere Hills
(Wadge, 2009; Stinton etal., 2014). Crater morphology exerts
a significant influence on the spatial distribution of different
volcanic products produced by eruptive activity (Arnold et al,
2019), especially those that flow along the surface, such as lava
flows and pyroclastic density currents (PDCs). Consequently, the
characteristics and distribution of those products can vary and
change over time as a result of changes in crater morphology
(Di Traglia et al., 2013; Alcala-Reygosa et al., 2016; Gabrielli et al.,
20205 Shevchenko et al., 2020). Identification of the morphological
changes of a volcanos surface can be achieved through regular
observations using visual and thermal images (Spampinato et al.,
2011; Mania et al., 2019). Direct observations of superficial activity
at active volcanoes represent a fundamental tool in volcano
monitoring (Spampinato et al., 2011; Vasconez et al., 2022a). These
observations contribute to our understanding of volcanic processes
occurring during an eruption and are critical in quantifying
the distribution and volume of deposits, as well as changes
in eruptive dynamics. Images can be obtained through both
ground-based and airborne visual and infrared cameras as well
as night-vision goggles. An additional use of high-resolution
images is the creation of digital elevation models (DEMs), which
are a quantitative 3D representation of the topography and
morphology of the volcano. By comparing sequential DEMs,
estimates of the volume and scale of morphological changes can
be quantified (Diefenbach etal., 2013). This method can also
provide key information about important eruption parameters such
as the discharge rate of magma (Dietterich etal., 2021) and the
advancement rate of lava flows. Recent studies have indicated the
importance of studying morphological changes in the summit area
due to the eruptive activity of El Reventador (Vallejo and Ramon,
2012; Diefenbach et al., 2014; Arnold et al., 2017; Almeida et al.,
2019), presenting quantitative and/or qualitative insights into
short-term changes.

To carry out this study, we first use volcanic radiative
power from MIROVA (Middle Infrared Observation of Volcanic
Activity) to define the different phases of activity that occurred
between late 2002 and late 2022. Second, we use visual and
thermal images taken from airborne and ground-based cameras
acquired between 2002 and 2022 to perform a detailed analysis
of the activity and present a description of major morphological
changes over the summit due to the continuous eruptive activity.
Subsequently, by performing photogrammetric analysis using visual
and thermal images from overflights, it was possible to construct
a time-series of DEMs that provide quantitative analysis of
the morphological changes of the summit by determining the
volume change due to the removal or addition of material at
the summit. We also propose a maximum stable height range
for the volcano.

This study shows for the first time a detailed analysis of a
unique and large dataset of thermal and visual images of El
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Reventador acquired by the Instituto Geofisico of the Escuela
Politécnica Nacional (IG-EPN) staff since 2002 to describe and
quantify morphological changes and discuss the use of this analysis
for forecasting transitions in explosive and effusive activity.

2 El Reventador volcano

El Reventador volcano (~3,578 m asl), located in the sub-
Andean region of northeastern Ecuador (Figure 1A) and formed
within a compressional tectonic setting (Tibaldi, 2005), is
considered one of the most active volcanoes in Ecuador in
recent decades (Hall et al., 2008; Naranjo et al., 2016; Arnold et al.,
2017; Ramon et al., 2021). The active stratovolcano is in the
western portion of a ~4-km-wide, horseshoe-shaped amphitheater,
breached to the east and rises ~1,100 m above the amphitheater
floor (Figure 1B, C). The amphitheater was created by a large
debris avalanche collapse that occurred approximately 19,000 yBP
(Aguilera et al., 1988). Historical activity of El Reventador includes
20 eruptions recorded after the Spanish conquest in 1532 CE
(Hall et al., 1980; Simkin and Siebert, 1994). Hall (1977) described
the April and May 1976 eruptions as moderately explosive with
Strombolian and Vulcanian activity. The latest and current eruptive
period started on 3 November 2002, after 26 years of quiescence
with a sub-Plinian VEI 4 eruption, which is the largest eruption
to have occurred in the last 140 years in Ecuador (Halletal,
2004; Samaniego et al., 2008). This eruption was characterized by
a magmatic and magma-water fragmentation process at the vent
(Delpit et al., 2008). This large eruption involved mixed/mingled
magma (Ridolfi et al., 2008) believed to be the result of the intrusion
of a more primitive magma into the andesitic reservoir located at
~7-12 km depth (Samaniego et al., 2008). It destroyed the upper
part of the summit and produced a 17-km-high eruptive column
and voluminous PDCs that filled the amphitheater floor and
traveled 9 km to the east (Hall et al., 2004). A few days later, two
lava flows were emplaced on the southeastern flank of the volcano
(Hall et al., 2004; Samaniego et al., 2008). Since its reactivation in
November 2002, El Reventador has been in continuous eruption
(e.g., Wright, 2016) with both explosive and effusive eruptive styles,
characterized by weak to strong Vulcanian and Strombolian activity
(Vasconez et al., 2022b). Some short-term, seismo-acoustic studies
have been developed to characterize superficial eruptive activity in
2005 (Johnson et al., 2006; Lees et al., 2008). The long-term volcanic
activity of El Reventador has been described based on seismicity,
thermal alerts, occurrence of lava flows, and lava extrusion rates
within eruptive phases (Naranjo etal., 2016; Arnold etal., 2017;
Vallejo Vargas, 2017). Others have detected volcanic change through
time due to both constructive effusive and explosive activity as well
as destructive processes through careful analysis of morphological
changes over the summit and flanks with high-resolution satellite
radar and thermal and visual image analysis (Vallejo and Ramon,
2012; Arnold et al., 2017; 2019).

El Reventador is monitored by the IG-EPN. The monitoring
program started with airborne visual and thermal imaging just after
El Reventador’s reactivation in 2002. During the following years, a
permanent monitoring network was established with multiple short-
period and broadband seismometers, lahar detectors, stationary
visual and infrared cameras, a scanning DOAS (Differential Optical
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(A) Regional location of El Reventador volcano (from Hall et al., 2008). (B) Map of the visual (blue squares) and thermal (yellow squares) network
cameras used in this study, source: IG-EPN. (C) Aerial view of the volcano from the southeast, showing the main features including the active
stratovolcano, the amphitheater rim, Copete hill, and preferential direction of lava flows; credit: Patricio Ramon, IG-EPN.

Absorption Spectrometer) station, and ash-meters (Figure 1B).
Currently, monitoring is complemented by satellite remote
sensing data which comprise thermal anomaly detection (e.g.,
MIROVA), ash plumes (e.g., Volcanic Ash Advisory Center -
VAAC), and SO, (e.g., Monitoring Unrest From Space-MOUNTSY).
Additionally, field campaigns and overflights include volcanic
material sampling, SO, measurements, and thermal and visual
image surveys.

3 Methods
3.1 Definition of study phases

Over the last 20 years of eruptive activity at El Reventador,
many notable changes in both the style of eruptive activity

and the morphology of the volcano have occurred. Changes in
morphology have occurred by both destructive explosive events
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and the accumulation of lava flows, a tephra cone, and lava
domes. Following previous works (e.g., Samaniego et al., 2008;
Naranjo et al., 2016), we continue to define eruptive phases based on
lava-flow characteristics such as length, duration, and composition.
In addition, we include Volcanic Radiative Power data provided
by the MIROVA platform in the definition of these phases. The
space-based volcanic hot-spot detection system MIROVA combines
high sensitivity for the detection of small thermal anomalies
with a temporal coverage typical of moderate-resolution sensors.
The MIROVA system uses the Middle InfraRed Radiation (MIR
method) to detect, locate, and measure the heat radiated from
volcanic activity, which is called Volcanic Radiative Power (VRP
[MW]) (Coppola et al., 2016; 2020). This system allows us to track
short-term and long-term variations in ongoing volcanic activity.
The MIROVA webpage (www.mirovaweb.it/) provides thermal
maps (50x50 km) and VRP time-series in a range from 1 to 4h
per day, which allows thermal monitoring of a specific target
approximately four times per day (Coppola et al., 2016). This study
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considers the maximum daily VRP values taken at night between
November 2002 and January 2023, avoiding the daily solar influence.
Nonetheless, cloudy weather can inhibit the detection of additional
thermal anomalies. List of all the acronymons used here is shown in
Appendix A.

The highest values for VRP measurements were used to define
phases that correspond to lava flow emission and deposition
(2002-2022), tephra cone construction (2010), and lava dome
extrusion (2011).

3.2 Thermal and visual aerial imagery

Imaging of the volcano using both visual and thermal cameras
was performed regularly by the IG-EPN staff through overflights
and field trips using hand-held infrared cameras: the FLIR (Forward
Looking Infrared) P650 model (320x240 pixels) between 2002 and
2009, the FLIR SC660 (640x480 pixels) since 2010, and FLIR T1020
since 2020, and various DSLR cameras. In total, 107 flights were
carried out, with an average of six flights per year. Flights were
carried out between 3,500 and 4,200 m altitude and always at
least 2 km horizontally from the active crater for safety reasons.
In addition, ground-based thermal cameras (Figure 1B), COPETE
(5.5 km to SW) and REBECA (3.5 km to NE), with a resolution
of 320x240 pixels, provided images between 2013-2015 and 2018-
present, respectively. Images from the COPETE and REBECA
thermal cameras have assisted in the identification of lava flows since
2014 and 2018, respectively. Thermal images were converted to. jpg
files using the software ThermaCAM Researcher © 2002 from FLIR.
All images were calibrated for the effects of humidity, atmospheric
and reflected temperature, distance from the camera, and emissivity
parameters. The first two parameters were measured directly during
the flight, and the distance to the heat source was estimated using the
cameras GPS location taken with each image. Ambient temperatures
were assigned based on correlation with two different weather
conditions where clear skies were assigned a temperature of —10°C
and cloudy skies a temperature of —5°C. An emissivity value of 0.96
was assigned based on typical values for andesitic rocks. Although
all the thermal images were calibrated, only a few were used in this
study to estimate the temperature of the different volcanic products.
The primary use of thermal images from overflights was to better
identify volcanic features and monitor surface changes that were
often obscured by the near-continuous presence of gas and ash
emissions.

3.3 Photogrammetry analysis

Visual images were acquired by various DSLR cameras via
helicopter and airplane, typically with a 50%-75% overlap and at
oblique angles because of near-continuous volcanic activity that
prevented direct overflights. We apply photogrammetry techniques
to a subset of images acquired in the 20 years of overflights
based on two main aspects: 1) their quality (clear, minimal ash/gas
emission), and 2) those that show significant morphological changes
compared to those obtained previously. Therefore, images from
11 flights: 25 November 2005; 20 April 2010; 13 October 2011;
19 October 2013; 19 April 2015; 28 January 2016; 07 June 2017;
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12 April 2018; 14 November 2019; 07 October 2020; and 08
December 2022 were processed to create a time-series of DEMs and
orthomosaics.

Images were processed in Agisoft Metashape structure-from-
motion photogrammetry software following a semi-automatic
workflow with an iterative error reduction process (e.g., Over et al.,
2021). For image datasets without geospatial location, a network
of artificial ground control points (GCPs) was created from easily
identifiable stable features within the amphitheater to constrain
each model in real-world space (e.g., Diefenbach et al., 2013). The
DEMs were exported at 1 m resolution and co-registered using a
point-to-plane iterative closest point alignment method to further
reduce error, particularly in the z value, and to provide more
accurate volume change measurements between successive dates
(e.g., Shean et al., 2016).

3.4 Morphological changes and volume
quantification

3.4.1 Morphological changes

The identification of morphological features (tephra cone, new
vents, lava flows, etc.) was based on the analysis of clear visual and
thermal images obtained between 2002 and 2022 during overflights,
field campaigns, and ground-based cameras. The lava flows are
named using the abbreviation LFn, where 7 is the number assigned
according to temporal order.

Quantitative analysis (dimension and volume estimation) of
these morphological features was done in ArcGIS© using the 11
DEMs created here and an additional DEM which represents the
pre-2002 morphology of the volcano. First, we made an orthogonal
analysis of the 12 DEMs to estimate the dimensions of all the
identified features along the studied period. This orthogonal analysis
was also used to measure the position of new morphological
features with respect to the summit crater and vent position prior
to the 2002 eruption in order to track their migration through
time. Additionally, we drew two representative cross-sections with
two main directions in ArcGIS. We obtained 24 profiles from the
combination of the 12 DEMs along two cross-sections. These profiles
help to better understand the spatial changes over the summit
(destructive events and constructive processes), the location of
the vent at each DEM with respect to the pre- November 2002
location, and the maximum summit height differences throughout
the studied period.

3.4.2 Volume changes

Volumes reported in this study are focused on the volcano’s
active cone and primarily include volume added and removed within
the confines of the area impacted by the 2002 VEI 4 event except for
the 2018 collapse event that extended to the western amphitheater
wall. Volume estimates were produced using a DEM-differencing
technique that estimates the cell-to-cell elevation change between
successive models within an outlined area (defined polygon) in
ArcGIS utilizing an in-house Python script.

3.4.3 Lava flow volume estimations

The volume of lava flows emitted between 2002 and mid-
2016 was estimated in previous studies by Naranjo et al. (2016),
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Arnold etal. (2017, 2019), and Vallejo Vargas (2017). In total, these
studies report the volume of 60 lava flow units. In this study, we
added the volume of 22 lava flows emitted between late 2016 and
January 2023. These estimations were obtained by delineating the
surface of the flows in the DEMs and satellite images and multiplying
them by a representative thickness value measured in the field or
directly from the DEMs.

4 Results

4.1 Eruptive activity between 2002 and
2022

Since 2002, El Reventador has been continuously active. This
activity has been split into different phases based primarily on
lava flow occurrence and bulk composition by various studies.
Samaniego et al. (2008) proposed the first two phases, Phase A
(2002) and Phase B (2004-2005); Naranjo et al. (2016) described
Phase C (2007) and Phase D (2008-2009). Arnold etal. (2019)
added one more phase, Phase E (2012-2017), based on lava
flow occurrence. In this study, we added an additional phase,
Phase F (2018-2022). The following description characterizes the
morphological changes to the crater during each phase between
2002 and 2022 (Figure 2).

Phase A: 2002 The 3 November 2002, eruption was preceded
by an M=4.1 volcano-tectonic event on 6 October 2002, and
another nine smaller seismic events. No other seismic or superficial
manifestations were registered before the eruption (Hall et al., 2004).
This phase was characterized by a high level of activity composed
of an initial sub-Plinian eruption and a subsequent effusive phase
over the next 2 months. A 17 km eruptive column was produced,
and its ash traveled westward and reached the Inter-Andean
Valley, approximately 80 km away. The paroxysmal phase lasted
~45 min and caused the destruction of the summit, leading to the
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formation of a large, breached crater oriented to the north and
the Western (WCB) and Eastern (ECB) Crater Borders, with their
corresponding summits (Figures 3A, B). This VEI 4 eruption was
the largest one in the last 140 years in the country (Troncoso
and Jaya, 2003; Hall et al., 2004; Delpit et al., 2008). Two blocky
lava flows were emitted in the following days, one (LF1) through
the southern notch and the second one (LF2) from a lateral
vent at the SE flank approximately 1km distance from the new
crater (Hall etal., 2004). Thermal activity in these months varied
between moderate to high levels. After LF2, no other lava flow was
emitted and superficial activity was related only to gas emissions
until mid-2004.

Phase B: 2004-2005 After 24 months with no lava flow emission,
this new phase started with the emission of a third lava (LF3).
It was emitted from the southern notch and traveled over LF1 in
November 2004. In 2005, three more flows were emitted through
the southern notch (LF4-LF6) (Samaniego et al., 2008) and for the
first time a small flow passed through the northern notch, the
LF7 in September 2006 (Naranjo etal,, 2016). Thermal activity
was mostly moderate between November 2004 and May 2005
but drastically increased in July lasting through September and
finally decreased altogether by October. Between late 2005 and early
2006, thermal activity was variable. Following the emplacement
of LF7, no remarkable superficial activity occurred for nearly a
year and a half.

Phase C: 2007 This phase started after nearly a year and a half
with no effusive activity until March 2007 when LF8 was emitted
through the southern notch, and a few days later, a new flow was
identified on the northern flank (LF9) (Naranjo et al., 2016), both
showing a high level of thermal activity. This phase ended with a
small flow to the north in August 2007 (LF10) with low to moderate
thermal activity. After LF10 was emplaced, no superficial activity
was observed for almost 1 year.

Phase D: 2008-2009 Eleven months passed until a new lava flow
(LF11) was emitted in July 2008, followed by LF12 in November
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Aerial imagery of the crater of El Reventador. (A, B) Visible and thermal images taken from the north in December 2002 showing the Eastern and
Western 2002 Crater Borders (WCB and ECB), and the northern and southern notches. (C, D) Visible and thermal images from the southeast on 20 April
2010, showing the Tephra cone with a truncated cone shape, fumarolic activity in the contact between the base of the Tephra cone and the western
2002 crater inner wall. E-H: Evolution of the dome inside the tephra cone between May to October 2011 through thermal images. The dome grew
from a small structure situated within a crater at the top of the tephra cone (E), steepening and filling the crater as it grew (F, G) until it had filled the
crater, forming a steep-sided central dome with a small lava flow on the east and generating rockfalls to the southwest (H).
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2008, both on the southeastern flank. In 2009, five more flows were
emitted, LF14, LF16, and LF17, to the southeast and LF13 and
LF15 to the northeastern flanks. In this phase, moderate and high
thermal activities were registered in association with each flow’s
emission. Sporadic satellite-based thermal alerts were detected for
all of these flows.

During Phases A-D, lava emission was progressively filling the
crater created in 2002.

Tephra cone phase: 2009-2010 After LF17, a tephra cone formed
over the crater floor (Figures 3C, D). This new feature was formed
by the accumulation of pyroclastic material (ash to block size)
showing a symmetrical truncated cone shape (Vallejo and Ramon,
2012). Its flanks were gently sloped while the inner walls were steep,
and its bottom showed small explosion pits. The tephra cone was
observed for the first time on 31 October 2009, and continued to
build until 22 October 2010. Additionally, for the first time after the
2002 paroxysm, we observed the occurrence of small PDCs (<300 m
length). Thermal activity showed low to moderate levels with few
high values. The highest temperature of 247 °C was measured on
20 April 2010 (Figure 3D).

Lava dome phase: 2010-2011 Superficial observations up until
March 2011 revealed a small exogenous lava dome building inside
the tephra cone (Vallejo and Ramon, 2012; Arnold et al., 2017),
starting a new effusive phase. The dome covered the whole tephra
cone floor and showed a rough, blocky surface on the top with
some hot spots and a cool talus apron around the sides. At this
point in time, the dome did not surpass the height of the tephra
cone (Figure 3E). Two months later, on July 14, it had grown,
and it preserved a regular dome shape with a rounded top and
talus apron on all sides (Figure 3F). By August 19, the morphology
changed, steep side walls were identified, and the top showed an
inclined surface to the east with an intense thermal anomaly of
213 °C (Figure 3G). This anomaly was later related to the initial
phase of a small lava flow extruding from the eastern side of the
dome, which on October 13 had stopped flowing but had reached
the middle section of the tephra cone (Figure 3H). Additionally,
on that day, a small outbreak on the southeastern wall of the
dome was observed, resulting in hot rockfalls (Figure 3H). On
10 November 2011, another small lava flow was extruded to the
south. Temperatures between March and November showed 256 °C
and 230 °C corresponding to the lava flow and lava dome surface,
respectively. According to Arnold et al. (2017), the volume of the
dome by December 2011 was 0.99x10° m®. Over this period,
the lava dome continued to grow; only one low-level thermal
anomaly was registered. Effusive activity was identified for at
least 8 months.

4.1.1 Phase E: 2012-2018

Simultaneous effusive and explosive activity marked the style
of this phase (Arnold etal.,, 2017; Cornejo, 2017). Between 2012
and 2015, superficial activity was concentrated in one vent, the
South Vent (SV), located in the center of the crater, producing
both effusive and explosive activity (Figures 4A, B). In late 2015,
during fieldwork at the base of the volcano, gas/ash emissions
from two independent locations at the summit were observed for
the first time. Later, during an overflight on 28 January 2016,
the existence of two active vents was confirmed (Figures 4C,D),
the already existing South Vent (SV) and the new North Vent
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(NV) (Almeida et al., 2019). The NV generally displayed effusive
activity with intermittent explosive activity; meanwhile, SV showed
only explosive activity. As the effusive and explosive activities were
simultaneous since 2012, the emitted volcanic material led to the
continued growth of the stratovolcano. By 2016 (Figures 4C,D), it
nearly filled the crater left in 2002; however, both the 2002 ECB and
WCB were still identifiable. By 21 July 2017, both vents contained
explosive pits, no effusive activity was identified at that time, the
2002 ECB was totally covered, and the slope of the eastern flank
was now uniform and continuous; whereas, on the western side,
the 2002 WCB was still visible (Figures 4E,F). On 12 April 2018,
the summit crater was still circular and shallow, the two vents,
NV and SV, continued with their previously described activity.
On the other hand, PDCs were identified in September 2013 to
the south and southeastern flanks with distances reaching 1.6 km
from the crater. Since 2013, PDCs have continued to occur and
extended over almost all the flanks. According to Naranjo et al.
(2018), on 22 June 2017, a major explosive event took place,
accompanied by a small collapse of the northeastern border where
PDCs were generated and traveled down the slope to 3.5km to
the northeast. The cumulative volume of these PDCs was estimated
to be 1.6 +0.4x10° m®. Rapidly following the border collapse and
PDC emplacement, effusive activity began from a new vent on the
northern flank.

Between early 2012 and early 2017, 58 lava flows (LF18-LF75)
were identified, emitted, and emplaced on the upper part of the
cone on the north, south, northeast, southeast, and east flanks: 7 in
2012 (LF18-FL24), 11 in 2013 (LE25-LF35), 9 in 2014 (LF36-LF44),
11 in 2015 (LF45-LF55), 8 in 2016 (LF56-LF63), and 12 in 2017
(LF64-LF75) (Arnold et al., 2017; 2019; Vallejo Vargas, 2017). The
cumulative volume of these flows was approximately 78.3x10° m?
(Arnold et al., 2017; Vallejo Vargas, 2017, this work). The lava flow
(LF67) emitted after the July 2017 event was emplaced rapidly over
~5 days and was the largest flow since 2008, 2.6 km in length and
6.6x10° m> in volume (Naranjo et al., 2018).

4.1.2 Phase F: 2018-2022

On 20 June 2018, during an overflight, it was observed
that a large landslide scar had opened on the northwestern
flank of the volcano stretching from the eastern summit to the
northwestern flank and down to the base of the active cone on the
northwestern amphitheater floor (Figures 5A, B). Based on seismo-
acoustic signals from stations located on the eastern flank of the
volcano and on visual images from the NE, it was estimated that
the scar was formed in late April due to continuous and intense
explosive activity (Ortiz et al., 2019; Vallejo et al., 2019). Analysis of
thermal and visual images from the overflight (June 2018) suggested
the presence of three active vents within the amphitheater created in
April 2018, two located on the upper part of the scar with explosive
activity and was associated with NV and SV (Almeida et al., 2019).
A third, western vent (WV), was identified at the bottom of the
structure (Figure 5A) and showed explosive and effusive activity.
High temperatures were identified in these vents with 119, 144,
and 165.2 °C for NV, SV, and WV vents, respectively (Figure 5B).
At this stage, the volcano summit corresponded to the head of the
scar (eastern side). After 6 months of no lava effusion, a new phase
began with the extrusion of a new lava flow (LF76) from the WV,
in late April, right after the scar formation. Two more flows were
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Aerial thermal and visible images showing the evolution of the summit morphology between 2013 and 2017. (A, B) The 2002 Western Crater Border
(WCB) is represented by the yellow border/blue-filled star. On 29 January 2013, the stratovolcano peak nested inside the summit crater, and the active
lava flow descended its southeast flank. (C, D) On 28 January 2016, the crater left in 2002 was almost filled, but the remains of the 2002 WCB were still
observable; on the opposite side (east), it was almost unrecognizable. The summit crater morphology is obvious here, with the presence of two vents,
the North Vent (NV) and the South Vent (SV). (E, F) A similar structure is shown in images from 21 July 2017, with the two active vents (NV and SV)
visible. By this time, the WCB had been almost fully covered by a tephra cone growth.
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extruded in June 2018 and in May 2019 from this vent (LF77 and
LF78). Flow paths were topographically controlled and therefore
narrowly confined in the area between the stratovolcano flank and
the amphitheater wall. Analysis of images from the ground-based
thermal camera REBECA (Figure 1B, northeastern amphitheater
rim) identified independent activity from each of the three vents,
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including the production of eruptive columns from each. Visual
observations in November 2019 confirmed that the amphitheater
was almost completely filled (Figures 5C, D). At this time, only the
eastern border of the 2018 scar remained visible at the summit
and a new tephra cone was recognizable. Within the tephra cone,
two pits were active at its base, and were the source of explosive
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activity, depositing ash and ballistic blocks on the flanks. In addition,
an inactive lava flow (LF79) was observed on the northwestern
flank, originating from a satellite vent (WV, Figures5C, D)
at the middle of the flank, corresponding to the last lava
emitted from WV.

By 27 October 2020, the summit was close to pre-2002
levels but the head of the scar (eastern border) was still visible.
Activity was observed on the two preexisting vents, SV and NV
(Figures 5E, F). The SV showed only explosive activity meanwhile
the NV displayed pulsating effusive activity to the northeast
that lasted for approximately 5 months forming a 600 m length
lava flow (LF80); this activity was observed from ground-based
thermal cameras. Analysis of images from these cameras showed
important changes at the summit between 8 April and late May
2021, with the formation of a depression (SE notch) at the
southeast crater border due to intense explosive activity during
that period, followed by lava dome growth at the eastern crater
border (ECB). On 17 May 2021, intense explosive activity was
recorded (eruptive columns, PDCs, and explosions) that lasted
a few hours and led to the formation of a lava flow (LF81)
to the north from the NV. Four days later, another lava flow
(LF82) was emitted to the southeast for over 20 days through
the SV. The NV was active until January 2023, generating
four long-duration pulses of the LF81 to the north and east
(Vallejo et al., 2023). Meanwhile, the tephra cone continued to
grow at the summit. By 8 December 2022, effusive activity was
observed only on the northern flank, at the North Vent (NV)
(Figures 5G, H), which was active between May 2021 and January
2023, and due to explosive activity within the crater, this vent
was covered by pyroclastic material allowing the continuous
formation of a tephra cone in the summit. Recent deposits of
PDCs were observed on almost all the flanks of the volcano.
Figures 5G, H show the presence of LF81 and LF82 over the north
and southeastern flanks. On that date, there was no evidence of
the scar border from 2018. Additionally, the summit showed a tall
conical tephra cone; only pyroclastic material was observed in this
structure (Figure 5H).

Table 1
Reventador defined by eruptive periods 1 and 2, destructive

summarizes 20 years of eruptive activity at El

events A-C, eruptive phases A-F and the lava flows that
erupted in each of them. Morphological changes, active vents
and their locations, and the DEMs and associated dates

are also listed.

4.2 Morphological changes from DEM
differencing

Morphological changes were observed through visual and
thermal images and measured based on differencing consecutive
DEMs and interpreted in the context of the aforementioned
chronology (Figures 6-8). Before the large eruption on 3 November
2002, the active stratovolcano had a maximum height (hm) of
3,560 m and a well-defined 163x152 m crater at the summit
(Figures 6A; Figure 8B). The 3 November 2002, explosive eruption
destroyed the top of the stratovolcano, creating a crater that was
breached to the north and south and bounded by the WCB and the
ECB, measuring a 914 m length and 367 m width on 25 November
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2005 (Figure 6B). WCB and ECB summits reached 3,526 and
3,438 m, respectively. Based on differences between the pre-2002
and 2005 DEMs, at least 28.9x10° m® of material was removed
during this explosive event and the lowest point of the breached
crater reached 3,120 m (Figure 8B). Furthermore, the location of the
vent shifted 166 m eastward after the 3 November 2002, eruption
(Figure 6B).

By 20 April 2010 (hm=3,533 m), images of the tephra cone
showed a 121x113 m crater (Figures 6C; Figure 8C) with a depth
of 26 m. When compared to the previous 2005 DEM, it was
calculated that 21.3x10° m® of volcanic material was added and
the center cone was located 93 m to the east from the Crater
shape Previous to the 2002 Eruption (CPE) (Figures 6C; Figure 8C).
On 13 October 2011 (hm=3,546 m), the rounded lava dome
(119x99 m) occupied the whole tephra cone crater floor (Figures 6C;
Figure 8C) with a volume and thickness of 5.7x10° m® and 53 m,
respectively. The vent was located 104 m to the east from the
CPE. By 19 October 2013 (hm=3,547 m), the summit showed
a shallow 135x152 m explosion crater located 83 m to the east
from the CPE (Figures 6C; Figure 8C). Since October 2011,
13.6x10° m> of volcanic material was added, and 13.3x10° m?
between October 2013 and 19 April 2015 (hm=3,578 m). The
April 2015 crater was located 77 m east from the CPE (Figures 6F;
Figure 8C). By 28 January 2016 (hm=3,587 m), the breached crater
created in 2002 was almost fully filled and showed an elongated
107x203 m shallow summit crater oriented to the northwest
(Figures 7A; Figure 8C) with 0.07x10° m® of material added. The
two vents, south and north (SV and NV), reported previously
by Almeidaetal. (2019) were observed and were located 96 m
and 110 m to the east and northeast, respectively, from CPE.
By 07 June 2017 (hm=3,597 m), an additional 6.4x10°m® of
lava and pyroclastic material was added to the crater, completely
filling it. The elongated shallow crater remained at the summit,
measuring 118x179 m with the same orientation as in 2016,
containing the two vents SV and NV located 88 and 82m
to the east and northeast, respectively, from the CPE. Other
minor explosion pits were also present at the summit which
reached a height of 3,596 m. Additionally, three small scars
were observed to the east and northeast of the crater (55x73 m,
38x59 m, and 68x79 m dimensions) (Figures 7B; Figure 8C). On
12 April 2018 (hm=3,590 m), the shallow crater observed in
2016 and 2017 still appeared at the summit with 129x174 m
dimensions and located at 91 and 103 m to the east and northeast,
respectively, from the CPE. Differently from 2017, a regular
surface that lacked minor pits and small scars was observed at
the southeastern crater border near the eastern scars, which was
vertically limited by a 153 m incipient alignment (white dotted line,
Figures 7C; Figure 8C). Since 2017, 1.9x10° m* of volcanic material
has been added.

On the DEM from 14 November 2019 (hm= 3,570 m), a
significant change was identified at the summit due to a second
larger summit collapse that occurred in late April 2018 and left
a large, breached crater at the summit. Compared with April
2018, the volcano lost 2.6x10° m® of material. The scar left by
the collapse was approximately 205 m wide and 468 m long with
the breach oriented to the northwest (Figures 7D; Figure 8D) and
the NW vent was still observed, located 269 m northwest from
the CPE. Additionally, in this 2019 DEM, we observed a new
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(A, B) Aerial thermal and visible view of the northwestern side of the volcano showing the scar formed in late April 2018 and its three vents within it. (C,
D) Images taken from the northeast from 27 October 2020, showing the scar was filled with pyroclastic material; a lava flow, LF78, is observed coming
from the WV; the lower vent is identified when the scar was opened. (E, F) View of the eastern and northeastern flank showing a tephra cone built in
the summit, the 2018 head scar still identifiable; two vents within the cone were active with explosive and effusive activities; one pulsatory lava flow
(LF80) was identified from the North Vent (NV) to the northern flank. (G, H) View of the crater from the southwest showing a deep conical crater with
continuous explosive activity.
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TABLE 1 Table of eruptive periods, destructive events, eruptive phases, lava flows emitted, associated morphological changes, and location of active
vents identified in DEMs.

Year Eruptive Destructive = Eruptive Lava Morphological | Active | Vent location
Periods events phases flows changes vent
- 204059 9991036 Pre-2002
Event A Large breached crater
(Destruction of oriented to the north,
the summit): creation of the
November 2nd, Western (WCB) and
2002 2002 the Eastern (ECB) NY%
Crater Borders
Phase A: 2002 LF1-LF2
11
2003 SV
2004 Phase B: 2004 SV
12a82065 09 ML Lava fl
2005 ava fiow sv 204225 9991039 2005 11 25
accumulation and
2006 filling the breached sV
crater left in 2002
2007 Phase C: 2007 LF8-LF10 NY%
03 -2007 08
2008 Phase D: 2008 sV
ase ¥ LF11-LF17
07 - 2009 10
SV
2009
Tephra C N4
ephira Lone , Tephra cone formed
Phase: 2009 - over the crater floor
10 - 2010 10 Y% 204152 9991049 2010 04 20
2010 _
P:rg)d 1: Refill Lava Dome Small exogenous lava SV
(Z)O(t)ze c2rgt1e8r Phase: 2010 - dome building inside
2011 ) 12-201111 the tephra cone Y% 204164 9991048 20111013
2012 Y%
2013 NY% 204143 9991041 20131019
2014 Y%
Lava flows SV
2015 accumulation and 204137 9991025 201504 19
forming a stratocone NV
inside the breached
crater left in 2002 SV 204156 9991033
e Phase B:2012 |y b1 1 b7 NV 204125 9991125 e
01-2017 10
Y% 204146 9991019
2017 06 07
NV 204118 9991095
2017 Event B (Small NE Small collapse scar
border collapse): oppened to the
June 22th, 2017 northeast
SVNV
Y% 204149 9991017
2018 04 12
NV 204134 9991110

(Continued on the following page)
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TABLE 1 (Continued) Table of eruptive periods, destructive events, eruptive phases, lava flows emitted, associated morphological changes, and location
of active vents identified in DEMs.

Year Eruptive Destructive  Eruptive Lava Morphological | Active | Vent location
Periods events phases flows changes vent
Event C (NW Breach oppened to the
flank collapse): northwest
2018 April 10th, 2018
wv
wv 204135 9991034
2019 sV 204117 9991111 2019 11 14
Period 2: Refill Collapse scar NV 203888 9991244
:ﬂf ne Phase F: 2018 LE76.LES2 completely filled by
o the scarp 04 -2023 01 lava flows, PDCs and
2018 - 2023 sV 204130 9991052
ash Tephra cone
2020 2020 10 07
NV 204110 9991141
2021 SVNV
2022 NV 204122 9991093 20221208

deposit in the saddle between the northwestern bottom of the
volcano and the western amphitheater wall when compared to
the 2018 DEM. This deposit was produced by the northwestern
flank collapse (debris avalanche). By differencing the DEMs,
we estimated a minimum volume of 1.3x10° m® for this debris
avalanche (Figure 7D). On the other side, by 14 November 2019, the
collapse scar had been filled in by the large amounts of deposited
material, and, in its place, a 177x187 m tephra cone was observed
containing some explosion pits. This cone contained both SV and
NV, located 76 and 94 m to the east and northeast of the CPE
(Figure 7E; Figure 8E). Comparing DEMs between June 2017 and
November 2019, we estimated an evacuated volume of 2.6x10° m*
on the summit.

By 7 October 2020 (hm=3,587 m), the summit had regained
much of its former shape and now contained a shallow crater
122x180 m across and 12 m deep with two vents (SV and NV),
one located 72 m to the east and a second 115 m to the northeast
from the CPE. Additionally, a small 66 m wide ravine open to the
southeast was observed at the crater border (Figure 7E; Figure 8E).
By 8 December 2022 (hm=3,577 m), images of the summit showed
an irregular 210x189 m wide 30 m deep crater with only one vent
inside, located 83 m to the northeast from the CPE. Additionally,
the border of a 333 m long crater formed between 2020 and 2022 at
a lower height than the current active crater (Figures 7F; Figure 8E).
Between 2020 and 2022, a volume of 1.94x10° m® was added to
the summit.

4.3 Destructive events and constructive
processes

Morphological changes recognized over the summit of El

Reventador between 2002 and 2022 were due to destructive
events and constructive processes. Three major events totally or
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partially destroyed the summit of the volcano and, in between, two
subsequent constructive periods progressively re-built it (Figure 9).
Before the VEI 4 eruption on 3 November 2002, the volcano had
a regular stratovolcano shape with a small crater at the summit
(Figure 6A). This eruption corresponds to the first destructive-
explosive event (Event A, Figure9), where at least 28.9x10° m?
of the summit was removed, leaving a breached crater oriented
north-south (Hall etal,, 2004; Samaniego etal., 2008) with the
western and eastern crater borders (WCB and ECB) at maximum
heights of 3,526 m and 3,438 m, respectively (Figure 6B; Figure 9).
A few days later, effusive activity started, corresponding to the
first period of the constructive process that included refilling of
the crater with lava, ash, and PDCs (Period I, Figure 9) and was
accompanied by explosive activity. Effusive activity consisted of the
emission of 75 blocky lava flows in five phases, Phase A (2002):
LF1-LF2; Phase B (2004-2005): LF3-LF7; Phase C (2007): LF8-
LF10; Phase D (2008-2009): LF11-LF17; and Phase E (2012-2018):
LF18-LF75, and a lava dome formed in 2010-2011 (Figure 6D;
Figure 9). Explosive activity was prominent between 2009-2010,
2013-2018, and 2019-2023, with the formation of tephra cones and
sporadic short-medium PDCs (Figure 6C; Figure 7C, F). The spatial
distribution of lava flows was controlled initially by the southern
and northern notches and subsequently by the amphitheater walls,
guiding the flows to the east and then being emplaced over
the amphitheater floor. Twelve of the 17 initial lava flows were
emitted within the first four phases A-D through the southern
notch except for five that were emitted to the north from 2005
to 2009 (Figure 9; e.g., Phase A-D). By 2016, the crater created
in 2002 was filling in with lava, ash, and PDCs, causing remnant
structures such as the WCB and ECB to be progressively buried
(e.g., Figures 7A; Figure 9). This allowed the spatial distribution of
lava flows to expand to the southeast, northwest, and northeastern
flank until 2018 (Figures 7A,B; 9 [Phase E]). By mid-2017, some
scars opening to the eastern and northeastern border craters
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were observed (Figure 7B). One month later, a second destructive-

explosive event (Event B), a small border collapse, took place

(Figure 9), modifying the northeastern crater border and leaving
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a scar of 82 m width, with an evacuated volume of 0.2x10° m?

(Naranjo et al.,

2018). Additionally, between 2002 and 2015, a

south vent (SV') was identified (e.g., Figure 6E), but by early 2016,
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a second vent (NV) became simultaneously active (Figure 7A).  destructive event took place (Ortiz et al., 2019; Vallejo et al., 2019),
During Period 1 (2002-2018), 62.1x10° m? of volcanic material was ~ Event C, corresponding to the northwestern flank collapse, which
added to the summit. On the third week of April 2018, a third led to the formation of a scar open to the northwest (Figures 7D;
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Figure 9). It is estimated that at least 1.3x10° m® of material was
evacuated from this flank. Additionally, three vents were identified
inside this feature, based on thermal images, two at the upper part
corresponding to the NV and SV, and a third one at the bottom, the
WYV, that both had explosive and effusive activities. After Event C,
a second constructive period, Period 2, that involved both effusive
and explosive activities started to refill the scar left in 2018 with
lava, ash, and pyroclastic material. By November 2019, the scar
was almost completely filled (Figure 7D). A small tephra cone was
observed over the new summit and two vents were observed (NV
and SV), whereas the WV was no longer active (Figure 7D). Since
the formation of the scar, three lava flows (LF76-LF78) were emitted
between 2018 and 2019 from the WV and emplaced to the west and
subsequently to the north and east (Figure 9). In 2020, pulsatory
effusive activity was observed from NV, allowing the formation
of LF79. Between mid-2021 and early 2023, the morphology
of the summit allowed the distribution of three more flows to
the southeast and north (LF80-LF82) through the NV, located
outside the crater on the volcanos outer flank (Figures 5G, H).
Lava flows emitted between 2018 and early 2023 correspond to
Phase E. The volume of material added during this period reached
1.9x10° m®. As of November 2023, there is no active lava flow on
the volcano.
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5 Discussion

5.1 Explosive-effusive activity and conduit
architecture

El Reventador is a volcano traditionally described as an open-
vent volcano (Rose et al., 2013) and has been continually active
and morphologically dynamic (Figure 9) over the last 20 years.
Applying the results obtained in this study from a large data
set of thermal and visual images and correspondent DEMs, we
can attribute the described morphological changes to a complex
interplay of destructive events and constructive processes caused
by a combination of explosive and effusive activity controlled
by variations in the dynamics and architecture of the shallow
magmatic system. Generally, explosive volcanic events are often
associated with destructive processes at volcanic craters (e.g.,
Sato and Taniguchi, 1997) and effusive events with constructive
processes (e.g., Branca et al., 2011; Shevchenko et al., 2020). While
this is certainly true of Event A (explosive), the other periods
and events described here, e.g., Events B and C, show a much
more complex relationship between the explosivity of the activity
and the resulting morphological changes. Studies of the 2002 VEI
4 sub-Plinian event describe it as a highly explosive magmatic
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eruption with a phreatomagmatic component (Samaniego et al.,
2008). The high degree of explosivity and destructiveness was
attributed to elevated pre-eruptive volatile contents due to a new
intrusion of basic volatile-rich magma and ascent under closed
system degassing conditions (Samaniego et al., 2008). The effusive
activity commenced shortly after, filling in the base of the newly
formed crater (Figure 9) and beginning this new period and the
reconstruction of the cone (Period 1). Effusive activity is common
following large explosive eruptions as either lava flows, as seen at
Tungurahua, Ecuador, 2006 (Kelfoun etal., 2009); Shinmoedake,
Japan, 2011 (Kozono etal., 2013); and Sinabung, Indonesia, 2013
(Nakada et al., 2019), or lava domes such as Novarupta, United
States of America, 1912 (Nguyen et al., 2014); Mount St. Helens,
United States, 1980 (Swanson and Holcomb, 1990); Mount Pinatubo,
Philippines, 1991 (Newhall and Punongbayan, 1996); and Chaitén,
Chile, 2008-2009 (Pallister et al., 2013). Slowing magma ascent and
efficient outgassing are suggested to be causes of these transitions
(Nguyen etal., 2014). In 2009, explosive activity joined effusive
activity, continuing the period of cone growth through today,
punctuated only by two destructive events that were not related to
major explosive activities.

Lava flow accumulation, tephra deposition, and small-scale
slope instabilities have resulted in variable cone morphologies and
changing vent locations through time. Continued effusive and
explosive activity between 2014 and 2015 rebuilt the stratovolcano
to its pre-2002 height, but it did not regain its symmetrical
shape until early April 2018 (Figure 10). As the stratovolcano
rebuilt, small slope failures occurred, including two that produced
eastward-directed scars at the eastern and northeastern external
crater rim by 7 June 2017. Two simultaneously erupting vents
at the summit were confirmed in early 2016, one dominantly
explosive and the other effusive. This vent configuration remained
stable for at least the following 6 years. Explosive and effusive
activities from multiple vents resulted from the branching of the
conduit feeding system (e.g., Pioli et al., 2008; Kervyn et al., 2009;
Waythomas, 2021). Conduits typically bifurcate at shallow levels
(Pioli et al., 2008) due to interactions of the feeding dike system
with structures such as lithological contacts and unconformities in
addition to local stress conditions and sometimes blockages in the
main conduit which cause the rising magma to rupture the conduit
walls (e.g., Kervyn et al., 2009). After the 2002 explosive event, layers
of lava and tephra filled the crater and eventually reconstructed
the cone until 2018 (Figure 10). We suggested that a bifurcation
of the conduit occurred at a level at or above the 2002 crater’s
structural boundary due to heterogeneities between depositional
units, e.g., the tephra cone and lava dome. The segregation of
eruptive activity seen at the two vents suggests that the south vent
has a more vertical conduit structure beneath giving magma a more
direct route to the surface and preferential segregation of volatiles
vertically, resulting in more explosive activity (cf. Pioli et al., 2008;
Waythomas, 2021). The conduit architecture below the north vent,
however, is likely more horizontal, facilitating slower magma ascent
and gas loss, resulting in predominantly effusive behavior. This is
not the first time that lateral vents have opened on the cone since
2002; a lateral vent also opened 2 days after the 2002 explosive
event (Event A) (Figure 9). Although less common, a T-junction
conduit/vent configuration and simultaneous effusive and explosive
activity is seen repeatedly at Mount Veniaminof, United States
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(Waythomas, 2021), and has also been previously noted at Paricutin,
Mexico (Pioli et al., 2008). Interestingly, at Mount Veniaminof, the
T-junction conduit configuration actually resulted in more explosive
behavior and higher ash column heights than when a single vertical
conduit was present due to volatile segregation in the vertical part of
the conduit (Waythomas, 2021). The more regular, persistent daily
explosive activity at El Reventador after 2014 is potentially explained
by this model of volatile segregation creating more gas-rich pockets
of magma ascending to the SV.

The growth and construction process of stratovolcanoes,
particularly those built rapidly, have created inherent instabilities
within the edifice (Zernack and Procter, 2021). Rapid construction,
continued activity, and development of new branches of the conduit-
feeding system at El Reventador have resulted in one small-scale
(Event B) and one large-scale (Event C) collapse of the active cone.
Following both destructive collapse events, lava was extruded from
the base of the collapsed structure. We, therefore, suggested that
the formation of a new branch in the conduit system, as occurred
in 2002, 2017, and 2018, was the result of an intrusion of magma
through a shallow plane of weakness in the cone that destabilized
the upper part of the edifice causing a collapse event. In 2002,
the intrusion occurred low on the flank and was followed by the
paroxysmal explosion and large-scale excavation of the volcano’s
summit. In addition, the maximum elevations of the cone before
Events B and C were 3,597 and 3,590 m asl, respectively; these
elevations corresponded to the greatest height the volcano reached
since 2002. Therefore, we inferred that the volcano has a maximum
stable summit elevation of 3,600 + 10 m. We suggested that this cone
height corresponded to a lithostatic load threshold, above which
underlying magma could no longer ascend vertically, causing either
accumulation of overpressure thatled to explosive eruption or lateral
lava intrusion that could destabilize the edifice and lead to collapse.

However, in the case of Event C, we suggested that an
intrusion/new conduit branch occurred in a mid-level zone on the
cone destabilizing the flank and resulting in a large collapse and a
breached crater at the summit (Figure 9). Magma transport along the
new branch to the base of the collapse was short-lived and occurred
simultaneously with activity in both summit vents (NV and SV'). The
reconstruction of the cone was much quicker after this event, only
taking around 1 year to fill in the collapse crater through combined
explosive and effusive activity (Period 2).

For both Events A (2002) and C (2018), the overall elevation of
the cone was reduced, and the volcano lost volume was determined
by differencing DEMs (Figure 10). On the other hand, following
Event B, elevation was reduced while volume was added through
continued eruptive activity. The only available DEM near the time
of Event B was created from images taken 9 months after the event,
which shows a reduction in summit elevation but a total volume
increase as material was deposited in a large area over the summit.
After 2020, elevation decreased as well, which could be related to the
intense explosive activity that took place in mid-2021, affecting the
summit of the volcano; unfortunately, there are no DEM data related
to those dates.

Finally, because of the continuous destruction events and
reconstruction processes of the summit between 2002 and 2022, the
initial spatial distribution of lava flow units and PDCs was changed
during the period of study based on the changes over the summit.
Arnold etal. (2019) determined these preferential directions for
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Phases A, B, C, and part of E. For this study, we determined that
these directions were also to the NE and NW and controlled by
the direction of the crater opening, which was excavated to the
northwest in the 2018 flank collapse and did not refill for another
year. Additionally, the typical direction for lava flows to the north,
northeast, and southeast was only reestablished once the 2002 crater
had been refilled.

5.2 Forecasting a long-lived active volcano

Forecasting shifts in activity at long-active, open-vent volcanoes
such as El Reventador remains extremely difficult as precursory
signals are often enigmatic and can be lost in and amongst the daily
activity signals (e.g., Cameron et al., 2018; Kilburn and Bell, 2022;
Acocella et al,, 2023). As there is an open system and magma can
freely ascend, many of the traditional precursory signals are not
applicable. In addition, the greatest hazards are usually associated
with large explosive activity and large destructive events through,
for example, the generation of PDCs while effusive activity is often
not hazardous away from the immediate slopes of the volcano.
However, as evidenced at El Reventador, both explosive and effusive
activities have been linked to both destructive and constructive
events. Edifice instability and destructive collapse events extend
the hazards associated with the volcano far beyond its flanks. As
explosive activity has resulted in non-destructive benign events, it
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makes it difficult to forecast how dangerous certain types of activity
will be. Alternatively, effusive activity or rather the intrusion of
new magma into the edifice to form new pathways to the surface
through zones of weakness can lead to significant instability and
potentially dangerous collapse, as has also been observed at Etna
(Andronico et al., 2018). In addition, as of the time of writing, the
active cone has rebuilt itself to pre-2002 levels (3,578 m) such that
any new material deposited at the summit is unsupported, and
collapse of material from the summit and instabilities in the edifice
is therefore more likely.

After 20 years of continuous and varied activity at El Reventador
volcano, we have learned much about the different eruptive
phenomena that have caused both constructive and destructive
processes. Given the volcano’s long-lived eruption, with much
variability in eruptive style and phenomena, we must reconsider
the evaluation of the volcano’s threat. During the initial eruption
of 3 November 2002, a VEI 4 event produced pyroclastic flows that
reached the Coca River, 8 km downstream from the crater, affecting
areas that were not inhabited at that time, but are now. Additionally,
this eruption affected existing oil pipelines and communication
routes. The large emissions of ash from that eruption directed
by the winds, mainly to the west, affected a good part of the
Inter-Andean Valley, causing effects even to the city of Quito
and other inhabited areas. Given the large amount of pyroclastic
material left by the eruption and the frequent and abundant rains
that followed, a few weeks later, large debris flows (secondary
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lahars) began to occur, descending the Marker and El Reventador
riverbeds, which drained the interior of the amphitheater and caused
significant effects on oil pipelines and roads. Mudflows continue to
this date (2023).

Following the large eruption of 2002, the subsequent eruptive
phases for the next 20 years were characterized by the occurrence
of individual events of VEI=1 to 2. With the explosive activity,
PDCs occurred in large quantities, descending all flanks of the cone
but always remained within the amphitheater, as did ballistics. The
associated ash emissions were much smaller in size than those of
2002 and were mostly directed to the west and northwest. They
had local effects but did not reach the Inter-Andean Valley; there
were very sporadic reports of ash fall in El Chaco and Baeza,
33 km and 50 km from the crater, respectively. The effusive activity
that occurred during the various phases of activity after 2002
resulted in the generation of dozens of lava flows, most of which
descended along the southern, southeastern, western, northern, and
northeastern flanks, remaining within the amphitheater without
reaching >5km in length and without causing any effects to
the population or infrastructure. The large amount of pyroclastic
material left inside the amphitheater by the eruption of 2002 in
addition to the products of the subsequent activity of the last
20 years, with the persistent and intense rains that occur in the
area, can trigger lahars that could affect oil pipelines and interrupt
the main road, e.g., lahars occurred along the Reventador River
in May 2003.

6 Conclusion

Based on the analysis of a large data set of thermal and
visible images combined with DEMs and volcanic radiative power,
we presented a detailed description of the eruptive activity of El
Reventador volcano between 2002 and the present (November
2023) that varied between Vulcanian and Strombolian activity. This
eruptive activity includes three destructive events (November 2002
June 2017, and April 2018) and two constructive periods (Refill
of the crater: November 2002-early April 2018 and Refill of the
scar: late April 2018-present). The three destructive events and
constructive processes since 2002 caused important morphological
changes in the crater. As a result, the configuration of the edifice
has constantly changed through time. We proposed that the
volcano has a maximum stable height of 3,600 £10 m; however,
future observations are required to confirm this idea. Additionally,
the changing morphology of the crater influenced the spatial
distribution of lava flows and PDCs over the flanks of the volcano.
The three destructive events, A-C, were related to magmatic
intrusions but only B and C were also influenced by the stability of
the volcanic edifice which in both cases had a maximum elevation
between 3,590 and 3,597 m.

Our examination of morphological and volume changes
demonstrates the strengths of using often simple observational
data and complementary methods for understanding eruptive
dynamics, especially for long-lived eruptions where gaps in
continuous ground-based data exist. Utilizing different 2D and
3D approaches helps to reduce measurement errors even if they
have different systematic uncertainties during image acquisition and
processing.
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At present, after 20 years of eruption, we can evaluate the
hazard of the volcano in an improved way, considering what
happened during an event of VEI=4 and during the following
2 decades of minor events, from VEI=1 to 2. In this period, we have
learned a lot about the hazards of the volcano; however, despite
this increased understanding, the overall hazard has increased. In
these 20 years, the population in the area near the volcano has
increased significantly. Communication routes and oil pipelines
were affected on some occasions by the volcano’s threat; however,
new infrastructure works are being planned in the same areas
affected by past volcanic activity, ultimately increasing vulnerability
in the region. It is important to use what we have learned in these
20 years to help mitigate the impacts of future hazardous events at
El Reventador.
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Appendix A

Appendix A: Acronyms list

DEM Digital Elevation Model

MIROVA Middle Infrared Observation of Volcanic Activity
IG-EPN Instituto Geofisico de la Escuela Politécnica Nacional
CE Common Era

PDC Pyroclastic Density Current

DOAS Differential Optical Absorption Spectrometer
VAAC Volcanic Ash Advisory Center

MOUNTS Monitoring Unrest From Space

VRP Volcanic Radiative Power

FLIR Forward Looking Infrared

LF Lava Flow

WCB Western Crater Border

ECB Eastern Crater Border

NV North Vent

NY% South Vent

wv West Vent

CPE Crater shape Previous to the 2002 Eruption
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