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Abstract

Estimates of lava volume, and thus effusion rate, are critical for assessing volcanic hazard and are a priority for
volcano observatories with responsibility for monitoring. The choice of specific methods used to approximate

lava volume depends on both volcanological and practical considerations; in particular, whether field measurements are
possible and how often they can be repeated. Volcan El Reventador (Ecuador) is inaccessible, and field measurements can
only be made infrequently at a few locations in its caldera. We present both planimetric field and topographic satellite
radar-based measurements of lava flow thicknesses and volumes for activity at El Reventador between 2002 and 20009.
Lava volumes estimates range from 75 + 24 x 10° m? (based on field measurements of flow thickness) to 90 + 37 x

10° m? (from satellite radar retrieval of flow thickness), corresponding to time-averaged effusion rates of 9 + 4 m?/s and
7+ 2 m?/s, respectively. Detailed flow mapping from aerial imagery demonstrate that lava effusion rate was at its peak at
the start of each eruption phase and decreased over time. Measurements of lava thickness made from a small set of
Synthetic Aperture Radar (SAR) interferograms allowed the retrieval of the shape of the compound lava flow field and
show that in 2009 it was subsiding by up to 6 cm/year. Satellite radar measurements thus have the potential to be a
valuable supplement to ground-based monitoring at El Reventador and other inaccessible volcanoes.
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Introduction

Effusion rate is critical for assessing lava flow hazards and
may be estimated by direct measurements or from repeated
mapping of active or newly emplaced lava flows. Over days
to weeks, lava flow mapping records the path and advance
rate of lava, while over longer timescales, repeat observa-
tions of lava flux reflect changes in magma source or in
conduit dimensions (e.g., Stasiuk et al. 1993) and, in silicic
systems, the likelihood of dome collapse (e.g, Fink and
Griffiths 1998). Over the course of an eruption, variations
in time-averaged effusion rates may also reveal changes
in magma supply (e.g., Poland et al. 2012). Even when
measurements are not possible during an eruption,
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retrospective analysis of lava flows provides an important
basis for the development of lava flow hazard maps, espe-
cially where the surface area, flow volumes and history of
effusive activity can be reconstructed (Cashman et al. 2013).

Lava flows may be mapped directly (e.g., Ryan et al
2010) or on ground, aerial or satellite photographs and
thermal images (eg., Vallejo and Ramén 2012). Flow
volumes are estimated by multiplying flow area by
measured or estimated mean lava thickness (‘planimet-
ric’ approach; e.g., Rowland 1996; Stevens et al. 1999).
Pre-existing and post-eruption measurements of topog-
raphy allow a more direct measurement of volume
change (‘topographic’ approach). Satellite imagery specif-
ically suited for constructing a Digital Elevation Model
(DEM) has not, until very recently (e.g., TanDem-X,
Poland 2014) been acquired regularly and is still not
widely available to most volcano observatories. However,
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DEMs may also be constructed from ground-based and
aerial photogrammetry (e.g., Ryan et al. 2010, Diefenbach
et al. 2012) or retrieved from differential interferograms
(e.g., Ebmeier et al. 2012; Xu and Jénsson 2014).

Here, we compare planimetric and topographic esti-
mates of lava volumes from the eruption of El Reventa-
dor, Ecuador from 2002 to 2009.

Background

Volcan El Reventador

El Reventador is a dominantly andesitic stratovolcano on
the western edge of the Amazon basin, ~90 km east of
Quito (Fig. 1). Work in the 1970s found EIl Reventador
to have had up to twenty eruptive periods since the
earliest historical eruption in 1541." These eruptions
were characterised by tephra fall, as well as pyroclastic
density currents and basaltic to andesitic lava flows. The
summit of the volcano hosts a horseshoe-shaped caldera
~4 km across and formed by edifice collapse eastward

Page 2 of 11

into the Amazon basin. Historical activity has been
centred on a cone with an estimated volume of ~5 km?
that rises ~1300 m above the caldera floor (Hall 1977).
The cone stood 3562 m a.s.l in 1931 (Paz y Mifio and y
Guerrero 1931), but, following eruptions in the 1970s,
was measured at 3450 m. a.s.l. (INECEL 1988).

After nearly three decades of quiescence, El Reventa-
dor erupted again on 3 November 2002 marking the
start of a prolonged eruptive sequence that continues to
this day (as of February 2016). The opening phase was
El Reventador’s largest explosive historical event (VEI 4)
and produced a 17 km high ash column, distributed ash
to the west over the Inter-Andean Valley, and generated
nine pyroclastic density currents that impacted infra-
structure including oil pipelines and roads (Hall et al.
2004) to the east of the volcano. A few days after the ini-
tial explosive eruption, the effusion of blocky, andesitic
lavas began. Activity at El Reventador from 2002 to date
has been dominated by such lava flows.
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Fig. 1 Digital Elevation Model (DEM) showing summit of El Reventador volcano, Ecuador. CONE, LAV4 and CHAR show the locations of seismic
stations. Numbered stars indicate location of photographs shown in Figs. 2 and 3; field-of-view shown by dotted lines. (Inset) DEM of Ecuador,
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Observations of eruptions 2002-2009

The Instituto Geofisico (IG) at the Escuela Politecnica
Nacional conducts field campaigns at El Reventador sev-
eral times every year, with more than 50 visits to the vol-
cano during 2002-2009. Since the start of the eruption
there have been 39 overflights of the volcano. El Reven-
tador is very difficult to access: walking into the caldera
through the rainforest requires establishing a base camp,
while access by helicopter or light aircraft relies on rare
occasions of clear weather and carries the risk of scien-
tists having to walk out of the caldera if the weather
changes. El Reventador is covered by cloud the majority
of the time — of the 136 ASTER images acquired be-
tween 2002 and 2009 only 2 are cloud free over the lava
flows (avajpl.nasa.gov/ASTER_data.php?id = 1502-01=).
Because of these challenges a variety of different moni-
toring methods were employed to identify periods of
active lava effusion between 2002 and 2009. This in-
cludes visual and thermal in situ and aerial observations,
seismicity, satellite thermal alerts (MODVOLC, HOT-
SPOT), VAAC alerts and SO, emissions from TOMS &
OMI (Additional file 1: Figure S1). Monitoring data are
summarised in the Additional file 1: Figure S1 and
Table 1.

There were four separate phases of eruption between
2002 and 2009 that resulted in at least 17 distinct lava
flows. The IG define phases of eruption as being periods
when both geophysical indicators (e.g., volcano seismi-
city, Lees et al. 2008) and emissions (e.g., satellite
observations of ash, SO, or thermal alerts) are elevated.
There was some variation in the character of explosive
eruptions and lava flow characteristics between the four
eruption phases in 2002-2009, which were separated by
periods of relative quiet.

At the onset of the first phase (A, Nov. 2002) there
were no seismic stations at El Reventador, and tremor
associated with the eruption was first identified from
seismic stations at Guagua Pichincha and Cayambe
volcanoes. There was high SO, emission (60,000 metric

Table 1 Summary of monitoring data at El Reventador, 2002-2009
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tonnes on 3 Noyv, falling to ~5000 tones per day by 25
Nov.), significant ash emission and pyroclastic density
currents reached as far as the eastern edge of the cal-
dera. Two separate lavas flowed from the small summit
crater on the cone and a nearby lateral vent on the
southeastern cone and reached a maximum runout dis-
tance of 3.7 km. The second phase (B, Nov. 2004 — Sep.
2005) was characterized by lava filling the 3 November
2002 crater. Five lavas overflowed the summit crater into
the caldera and reached lengths of a few hundred metres
to about a kilometre. In addition to elevated volcano-
tectonic and long period seismicity, episodes of tremor
and seismic signals attributed to rockfall were detected,
and seemed to be associated with the filling and then
overflowing of the summit crater. In 2005, strombolian
activity, pyroclastic density currents, SO, and ash emis-
sion accompanied lava effusion. The third phase of
eruption (C, Mar — Aug 2007) was characterised by fre-
quent, moderate explosive activity, intermittent SO,
emission and semi-continuous effusion to both north
and south of the summit crater as 3 new lava flows. The
fourth phase (D, Jul 2008 — October 2009) showed an
increase in the number of explosions, with some ash col-
umns reaching 6 km height. During D, explosive activity
began to build a new cone and lava dome in the summit
crater. Seven new lava flows descended into the caldera,
with all but one flowing to the south.

The majority of lava flows were emplaced over periods
of 2-3 days. Lavas tended to follow drainage channels
on the northern and southern sides of the crater,
which were gradually filled during the eruption. The
shape of the active cone and dome also changed
dramatically.

Methods

We estimated the 2002-2009 lava volumes using two
independent methods. First, we mapped individual
lava flows using aerial and satellite (ASTER) imagery,
and validated our remote observations during field

Method Description and temporal coverage

Data sources

Visual observations regular overflights and field visits; 2002-2009

Thermal camera images
(except 2006)

Seismic event count

Satellite thermal alerts
(MODVOLC, HOTSPQOT)

VAAC alerts
of the eruption in 2002.

OMI SO, measurements
plume from El Reventador

Captured during 39 flights and 6 fieldwork campaigns; 2002-2009

18.02.2003 - end of study period (2508 days of data)

There were 284 MODVOLC alerts at El Reventador where Bands 12 and 22
were saturated, suggesting temperature exceeding 500 K; 2002-2009

208 alerts were made about activity from El Reventador, since the onset

OMI SO, retrievals available since 2004. 115 images show an SO,

Instituto Geofisico daily reports since
18/02/2003, summarised in Naranjo 2013.

Ramoén and Vallejo (2011); described in
detail by Naranjo 2013.

Instituto Geofisico daily records

e.g., Wright et al. 2005; Naranjo 2013.

More details in Naranjo, 2013; http://www.
ospo.noaa.gov/Products/atmosphere/vaac/

eg, Carn et al. 2008; Naranjo 2013,
http://so2.gsfc.nasa.gov/



http://www.ospo.noaa.gov/Products/atmosphere/vaac/
http://www.ospo.noaa.gov/Products/atmosphere/vaac/
http://so2.gsfc.nasa.gov/

Naranjo et al. Journal of Applied Volcanology (2016) 5:8

campaigns, when we also measured lava flow thickness.
These data allowed planimetric estimates of flow vol-
ume. Second, we used a small set of satellite radar inter-
ferograms (‘InSAR’) to derive change in topography
(2000-2009) and thus a topographic estimate of lava
volume.

Flow mapping from aerial and satellite imagery

Initial lava flow maps were constructed using aerial pho-
tographs to identify new lavas, and thermal images (both
aerial and ground-based) to distinguish between flows of
different ages and cooling histories (Vallejo and Ramoén
2011). Oblique aerial photographs were captured from a
height of ~1 km during aeroplane and helicopter over-
flights at El Reventador (see Table 1). Depending on
volcanic activity and meteorological conditions, flights
typically resulted in 5-10 useful photographs. An
orthorectified ASTER image (e.g., Yamaguchi et al. 1998)
was used in a GIS programme to identify control points,
such as distinctive topographic features, in oblique aerial
photographs. The boundaries of individual lava flows
were then mapped and digitised at a better spatial
resolution (~15 m) than had previously been possible
(Vallejo 2009). Two ASTER Visible & Near Infrared im-
ages (18.11.2003 and 09.09.2010, downloaded from the
AVA webpage,” bands 1, 2, 3 N, 3B; 0.52—-0.86 um) were
also used to map lava flows in inaccessible parts of the
caldera and to establish relative emplacement dates for
some flows.
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Field campaigns and lava thickness measurements

We checked our identification of flow boundaries during
two field campaigns to the northern (June, 2012) and
southern (September, 2012) parts of El Reventador cal-
dera. During these field campaigns, we also mapped the
edges of the most recent lava flows and made measure-
ments of lava flow thicknesses (Figs. 2, 3 and 4). Where
possible, lava thicknesses were measured directly at the
flow fronts (Fig. 3), and several measurements were
made for each flow. Thickness was measured with a tape
measure and locations recorded with a handheld GPS.
This was primarily at the lava flow margins on the
northern and southern caldera edges where lava flows
were accessible. The thickness of lava flows that were
difficult to access but that could be seen clearly from a
distance were determined trigonometrically from mea-
surements collected using a laser rangefinder (LTI True-
pulse, Fig. 2). Rangefinder measurements could only be
made when visibility was good, but some uncertainties
in thickness may still have been introduced by variations
in atmospheric pressure, temperature and humidity (e.g.,
Petrie and Toth 2008), although these uncertainties are
insignificant relative to the assumption of uniform
thickness used to estimate volume (see Lava volumes
and effusion rates).

Topographic change from satellite radar images
Satellite Interferometric Synthetic Aperture Radar (InSAR)
allows the measurement of millimetre- to centimetre-scale

Fig. 2 a Field photograph of an EDM measurement under optimal conditions (limited cloud, good visibility, point 3 on Fig. 1). b Schematic
drawing showing the geometry of the rangefinder used to measure lava thicknesses. Lava thicknesses were estimated as a vertical distance from
the horizontal distance to the base of the flow and the direct distance to its top, using trigonometry
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Reventador Volcano's
NE flank

Fig. 3 a Ground photograph on north flank (point 1 in Fig. 1) showing lava flows 9 and 13 (see Table 4). b Ground photograph on southeastern
flank (point 2 in Fig. 1) showing lava flows 1 and 11, with distant views of flows 2, 16, and 17 (see Table 4)

Field work during June-2012 -
2012/06/18 Photo by: F. Naranjo

Reventador volcano’s
SSE flank

changes in the Earth’s surface. It has been used to measure
deformation at hundreds of volcanoes around the world
and has captured a range of processes associated with the
movement of subsurface fluids (e.g., Biggs et al. 2014; Pinel
et al. 2014). Interferograms have also been used to map ac-
tive lava flows (Dietterich et al. 2012), estimate topographic
change (e.g., Sigmundsson et al. 1997; Wadge et al. 2006;
Ebmeier et al. 2012; Poland 2014) and measure post-
emplacement subsidence and mass-wasting (e.g., Stevens
et al. 2001; Wadge et al. 2011; Ebmeier et al. 2014).
Interferograms are maps of the phase difference be-
tween radar images, normally used to measure displace-
ment of the ground. However, the phase values from a
set of interferograms can also be used to estimate
change in topography relative to the Digital Elevation
Model used in processing (e.g., Sigmundsson et al. 1997;
Ebmeier et al. 2012). Change in topography since the
DEM used for topographic correction was acquired (8z)
can be estimated using the relationship between phase

contributions from topographic change (8®y,,) and sat-
ellite position (Be,):

o risin(v)

5 to,
po s
ATByerp

where ) is radar wavelength, r is distance between
satellite and the ground and v is radar incidence angle.

We analyse seven interferograms constructed from L-
band (lamba =23 cm) SAR images acquired between
2007 and 2009 by the Japan Aerospace Exploration
Agency (JAXA)'s ALOS PALSAR instrument. Interfero-
grams were processed using JPL's ROI_PAC software
(Rosen et al. 2004), and NASA’s Shuttle Radar Topography
Mission 30 m DEM (SRTM) was used to correct for the
effect of different viewing geometries on the earth’s topog-
raphy (Rosen et al. 2001). If the scattering or reflecting
characteristics of the earth’s surface change between SAR
acquisitions, then the various contributions of different
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Fig. 4 Topographic map showing the 17 lava flows from EI Reventador erupted 2002-2009, drawn to scale 1:
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objects to the phase within a pixel will not cancel out, and
data will be unusable (incoherent). Longer wavelengths
penetrate further through vegetation, reducing this effect
(e.g., Ebmeier et al. 2013), but at El Reventador, most of
the area outside the caldera itself remains incoherent,
even at L-band. The dense, rapidly changing forests
around El Reventador decorrelate very quickly, so that in-
terferograms can only be used within the caldera, where
volcanic activity has produced an unvegetated surface with
relatively stable scattering properties.

If we were confident that no deformation was taking
place, then we could perform a single inversion to retrieve
0z from phase values. However, since the lava flows at El
Reventador are so young, including some that were
emplaced during our period of observation, it seems likely
that the interferogram phase also contains contributions
from flow deformation. We therefore performed a joint
inversion to retrieve both the change in height and de-
formation rate, assuming that deformation rate is linear.

This problem takes the form of a set of linear equa-
tions d = Gm, where d is a column vector with phase
change for each pixel of each interferogram, G is a de-
sign matrix containing perpendicular baseline multiplied
by a factor of 52 sm(v) , the time span of each interferogram
and a constant. The vector m, will therefore retrieve the
best-fit change in topography (z) and best-fit linear de-
formation rate (k). We weight our inversion according
to the estimated variance of each interferogram, and as-
sume that any uncertainties in baseline estimation are
much lower in magnitude than atmospheric contribu-
tions. Ideally, variance would be calculated using the
whole interferogram to capture large-scale atmospheric
features. However, as coherence is typically limited to
the caldera of El Reventador itself, we use the range of
phase values within the caldera (after topographic cor-
rection and avoiding areas of subsidence) as the diagonal
values of a weighting matrix, W. We neglect the effects
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of co-varying atmosphere between interferograms,
setting the off-diagonal elements to zero. We solve
for m using a weighted linear least squares inver-
sion: m:[GTWJ,lG]’lGTW&}d, with formal errors
(0, and oy) of [GTW$1G]’1. We use the lower limit
for topographic change (§,-0,) as an indication of
the edge of the region of topographic change and
find that this matches the maps produced from field
observation for most of the flow field.

Results

Lava volumes and effusion rates

We build on earlier analyses of aerial photographs, ther-
mal imagery and field observations (Vallejo 2009; Vallejo
and Ramoén 2011), to identify and map 17 lava flows,
erupted since 2002, at a spatial of resolution of 15 m
(Fig. 4). The total surface area of each lava flow mapped
was calculated from our digitised flow outlines and
multiplied by a uniform thickness, which was the mean
of all field thickness measurements made for that flow,
to calculate an approximation of the total volume
change between 2002 and 2009 (Table 2). In combin-
ation with the time over which lava flows were effused
(from monitoring data, Additional file 1), this allowed
the calculation of a time-averaged lava effusion rate for
each individual flow, as well as for the whole period
2002-2009 (Tables 2 and 4). Our planimetric estimation
of total flow volume is 90 x 10° m?.

We estimate an uncertainty of 5 % in the lava flow sur-
face areas derived from aerial photographs and ASTER
images. Errors may be introduced by extrapolation of
flow outlines where they are obscured by cloud or vege-
tation and by uncertainties in the location of flow edges
of up to 15 m (resolution of the ASTER imagery).
Uncertainties in lava thickness measurements were esti-
mated in the field at 5-35 %, depending on measure-
ment conditions, such as distance to lava flow, and are
probably largest where measurement was prevented by
deep ravines near the edges of the lava flows. We there-
fore expect the maximum measurement uncertainty in
the volume (the sum of maximum uncertainties in lava
flow areas and thicknesses) to be about 40 % (37 x
10° m®). This may be an underestimate, because the

Table 2 Comparison of time-averaged lava flow characteristics
as determined from field measurements and INSAR

Retrieved from
radar imagery
(excluding dome area)

Field measurement &
mapping from imagery

Total surface area of 36+09%x10° 34+07x10°
flows (m?)

Total lava volume (m?) 90+ 37 x 10° 75+ 24 % 10°
Mean effusion rate 9+4 742

(m>/s)
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assumption that the thickness of lava flows at their edges
is the same as their interior thickness is not valid. In par-
ticular, where individual lava flows are superimposed,
the resulting compound flow field is likely to have a
complicated, irregular morphology. Where lavas have
flowed over rough topography with varying slope, esti-
mating mean thickness from point measurements is un-
likely to be reliable.

Total volume change predicted by the InSAR inversion
was treated as the sum of the area of each pixel multi-
plied by change in height where the topographic change
retrieved exceeded the lower limit for topographic
change (6, — 0,). Uncertainty in the total volume of lava
flows depends on (1) how accurately the edge of the lava
can be resolved and (2) the uncertainty in the thickness
estimates for each pixel. We estimate that our InSAR -
derived flow boundaries are within ~2 pixels (60 m) of
the edges of the lava flows (e.g., Ebmeier et al. 2012). El
Reventador’s flow field has a perimeter of ~ 13 km, so
the uncertainty in surface area is ~0.7 x 10° m?, or 18 %
of the area where topographic change was detected
(3.4 x 10° m?). Within this area, lava thicknesses had an
average value of ~35 m and a maximum of 55 m. Uncer-
tainties in thickness were taken as the inversion formal
errors, g, and had an average value of ~5 m (14 % of
average thickness). The combined uncertainty in volume
change was therefore of the order of+24x10° m?
(32 %) out of a total of 75 x 10° m®. This total volume is
certainly an underestimate, because the changes in scat-
tering properties of the dome and the area immediately
surrounding it meant that it was not possible to measure
topographic change in this area.

Mean effusion rate between 2002 and 2009 calculated
from both interferograms (7 +2 m?/s) and field mea-
surements (9 + 4 m>/s, Table 2) agree to within measure-
ment uncertainty, and we expect the true rate to lie
between the two values.

Development of flow field and cone

Both field measurements and InSAR retrievals agree that
the thickest parts of the 2002-2009 flows are to the
southeast of the active dome, where many successive
lavas are superimposed. However, there is an interesting
discrepancy between the two measurement methods at
the thickest part of the flow: the planimetric method es-
timates a total of thickness 75 m, while the thickness de-
termined from interferograms was 55 m. This is likely to
be due to complicated flow morphology in this part of
the flow field, where many successive lava flows of differ-
ent ages have been superimposed and the assumption of
individual uniform flow thickness required by the plani-
metric method is likely to be incorrect. Our InSAR re-
trievals of total topographic change 2002—2009 probably
capture the shape of the total flow field more accurately
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than the planimetric estimations as height is retrieved
directly at a horizontal resolution of about 30 m.

The process of successive lava flows filling the crater
and overflowing downslope into the caldera has been
rebuilding the summit cone since 2002. Our InSAR
measurements suggest that just below the summit,
height increased by about 50 m between 2002 and 2009
(Fig. 5a). Some, but not all, of this height had already
been rebuilt by 2004, when the summit elevation was
thought to be 3355 +/— 6 m (D. Andrade, pers. comm.)
We were not able to make radar measurements of topo-
graphic change over the dome itself, due to the rapidly
changing scatterer properties during the 2007-2009
eruptions. Similarly, field measurements of dome height
are not possible due to frequent explosive activity.

Post-emplacement subsidence

We perform a joint inversion to retrieve both topo-
graphic change between 2002 and 2009, and the subsid-
ence of the lava surfaces during 2007-2009, when the
SAR images were acquired. We assume that this is linear
for the purposes of our inversion. Although lava deform-
ation rate may initially decay exponentially, other studies
demonstrate that by the time the surface properties of a
lava have stabilised enough for an interferogram to be
constructed, lava subsidence is commonly linear (e.g.,
examples in Table 1 in Ebmeier et al. 2012). Our maps
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of lava subsidence show peak displacement rate of —
6 cm/year at the thickest part of the flows (Fig. 5b). In
this area the total thickness of lavas emplaced
2002—2009 is ~50 m (Fig. 5a). The formal errors from
our inversion of InSAR data are +/- 1.6 cm/year for a
constant deformation rate, so that only subsidence at
rates exceeding this value is expected to be detectible. In
general, subsidence at rates greater than —-1.6 cm/year is
measured over the young lavas where total thickness ex-
ceeds 35 m (Fig. 5).

We do not think that the subsidence of the El Reven-
tador lavas is related to ongoing flow processes, such as
the continued flow of channelized lava (e.g., Cashman et
al. 1999) or the collapse or tearing of any surface crust
across the channel (e.g., Borgia et al. 1983), because such
processes would cause changes to scattering properties
of the surface and make interferograms incoherent. The
only parts of the lava flow field that were incoherent in
our measurements are those from later than July 2007,
during the period when SAR images were being acquired
(Lava flows 10-17 on Fig. 4).

Given that none of the lava flows measured were more
than 5 years old at the time of measurement, it seems
likely that the majority of the signal can be attributed to
thermal contraction. However, other processes such as
loss of pore space in the autobreccias may also contrib-
ute to lava flow subsidence. The subsidence of the El

-
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Fig. 5 a Map of topographic change retrieved from ALOS-1 interferograms (Additional file 2: Table S1). Only values that exceed our lower limit
for topographic change (6, — 0,) are shown. b Map of lava flow subsidence at El Reventador. Displacement values are averages for a period
between 2007 and 2009 when SAR images were acquired and assuming a linear deformation rate
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Reventador lava flows is similar in magnitude to that
measured at lava flows of similar thickness and age (e.g.,
Table 1 in Ebmeier et al. 2012). For example, Lu et al.
(2005) measured subsidence of ~4 cm/year over 50 m
thick basaltic lava flows during the fourth year after their
emplacement.

Discussion

Lava flows at El Reventador in 2002-2009

Our measurement of flow volume for 2002—2009 (75 x
10° m®, topographic estimation from InSAR) is signifi-
cantly higher than that of El Reventador’s last period of
activity during three episodes from 1972 to 1976
(Table 3, 34.3 x 10° m®, Hall et al. 2004). The differences
in effusion rates (and duration) are matched by differ-
ences in the vigour and explosivity of the eruptions that
initiated the lava effusion beginning in 1972 and 2002.
While the 2002 eruption was sub-plinian (VEI 4), the
1972 event produced just moderate ash fall (VEI 3) and
the eruption in 1976 was preceded by only the gener-
ation of a steam column from the crater (Hall et al.
2004). We speculate that the differences in the lava effu-
sion rates and total erupted volume between eruptive
episodes in the 1970s and 2000s (Table 3) may relate to
1) a higher rate of intrusion of primitive magma into a
mid-depth reservoir in the more recent event or poten-
tially 2) the more explosive initial eruption in 2002 clear-
ing the vent of obstacles and establishing a wider active
conduit.

The regular episodes of historical activity at El
Reventador, each lasting several years, have been attrib-
uted to repeated intrusion of primitive, water-rich
magmas into an andesitic magma body at 7-12 km
depth (Samaniego et al. 2008). During the explosive ac-
tivity of 2002, the eruption was thought to be triggered
by the injection of volatile-rich basic melt from depth.
Mineral assemblages and trace element ratios have been
interpreted to suggest that a second intrusion of mafic

Table 3 Estimated volumes and lava effusion rates for El
Revantador's two recent periods of eruption, 1972-1976, and
2002-2009

Eruptive phase

Estimated lava
flow volume m>

average effusion
rate x 10° m*/day

July - September 1972 105 x 10% 0.11
Nov 1973 - July 1974 38x10% 0.02
Jan (April) - May 1976 200 10% 013 (033)
Nov 2002 (phase A) 328 10° 231
Nov 2004 — Sep 2005 (phase B) ~ 20.1 x 10° 0.53
Mar. — Sep. 2007 (phase C) 80x 10° 029
Apr. - Nov. 2009 (phase D) 268 10° 0.76

Eruption period are broken down into separate phases of activity, as described
in Observations of eruptions 2002-2009
“lava flow volumes as reported by Hall et al. 2004
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magma into the reservoir took place in during 2004—
2005, initiating phase B (Samaniego et al. 2008), though
there is not a great change in the mineral assemblages
observed in thin sections over this period. Changes in
chemistry between 2004 and 2009 may be indicative of frac-
tional crystallisation (Naranjo 2013). The bulk composition
of field samples from 2007 and 2012 show a minor increase
in SiO, content (Naranjo 2013; Table 4). Our observations
of decreasing effusion rate over the course of each phase of
activity may be related to increasing SiO, content (Table 4),
and therefore increasing viscosity.

Effusion rate at El Reventador may vary in response to 1)
magma supply rate (e.g,, Walker 1973; Harris and Rowland
2009) and 2) melt composition, reflecting the time since
last intrusion of primitive material. In the future, any rever-
sal of the trend of decreasing flow volume and effusion rate
during an eruptive phase may signal an renewed availability
of magma, for example due to a new intrusion or accumu-
lation of fluid due to magma reservoir reorganisation.

Implications for monitoring lava flows at El Reventador

The priority during eruptive phases at El Reventador has
been forecasting the extent of lava flows. This is critical
because of the nearby resident populations and import-
ant infrastructure (e.g., an oil pipeline). Aerial thermal
imagery (and photographs in clear conditions) are more
likely to be feasible during eruptions than ground-based
measurements, which only become a priority outside of
times of crisis. Frequent observations of lava flows

Table 4 Flow parameters determined from planimetric method

Phase Flow Start date Duration Volume % SiO, Effusion rate
number dd.mmyy (days)  (x 10°m?) (m?/day)
A 1 091102 9 263 56-58" 29x10°
A 2 181102 5 65  53-55% 13x10°
B 3 211104 8 66  55-56° 82x10°
B 4 020405 9 56  55° 63x10°
B 5 180505 10 72 55° 72x10°
B 6 190705 4 06  54° 15%10°
B 7 140905 7 01 - 18x10*
C 8 250307 11 46 52-53 87x10°
C 9 090407 9 32 53
C 10 020807 10 02 53 20x10°
D 11 280708 8 14.1 54 18x10°
D 12 051108 5 17 54 35%10°
D 13 111108 3 19 55 62x10°
D 14 230409 6 37 55 6.1x10°
D 15 020509 5 02 - 39%10°
D 16 041009 3 34 55 1.1 10°
D 17 021009 5 19 54 37x10°

2Si0, % from Samaniego et al. 2008
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during an eruptive phase are therefore challenging to
obtain. However, topography during periods of quies-
cence is now being measured with increasing accuracy,
for example using Structure from Motion methods with
helicopter overflight photographs.

Conclusions

Our examination of lava flow volume and effusion rate
between 2002 and 2009 at El Reventador demonstrate
the strengths and weaknesses of two complementary
methods for approximating lava flow volumes and thus
time-averaged effusion rates. Lava volumes estimated
from planimetric and satellite radar topographic ap-
proaches agree to within measurement error, although
they have different systematic uncertainties. Field and
aerial photographs and thermal imagery allow 17 indi-
vidual lava flows to be mapped at a horizontal resolution
of 15 m and variations in the effusion rate of different
lava flows to be examined, assuming uniform flow thick-
ness. In contrast, the satellite radar observations capture
only the total volume change from 2002-2009, but pro-
vide a more precise measurement of flow volume be-
cause lava flow thicknesses are retrieved directly at a
horizontal resolution of 30 m. Lava thickness maps
derived from satellite radar are therefore useful for
assessing the accuracy of higher temporal frequency
planimetric methods employed during an eruption, and
provide precise, additional information about lava thick-
ness and flow field deformation. The shorter repeat
measurement intervals and higher spatial resolution of
current and future satellite radar instruments will make
them an increasingly important tool for monitoring lava
flows at remote volcanoes.

Satellite retrievals of topography, such as those pre-
sented here, have the potential to provide independent
corroboration of time-averaged lava volume fluxes that
rely on data from infrequent overflights or potentially
dangerous ground observations. The type of measure-
ment described here will be possible with sets of SAR
images from current and future satellite missions
(e.g., ALOS-2 and potentially Sentinel-1). Satellite
measurement of topography is a rapidly developing
field. New satellite data (especially from radar mis-
sions that acquire images designed for retrieving top-
ography, such as TanDem-X) provide opportunities
for mapping topographic change at increasingly high
resolution (up to 2 x 3 m spatial resolution) and at
shorter repeat times (potentially every 11 days). These
improvements to spatial and temporal resolution
mean that future satellite radar measurements have
the potential to be a valuable supplement to ground-
based monitoring, especially at inaccessible volcanoes
such as El Reventador.
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Endnotes

11541, 1590, 1691, 1748, 1797, 1802, 1842—1843, 1944,
1856, 1871, 1894, 1898-1906, 1912, 1926, 1936, 1944,
1955, 1958, 1960, 1972, 1974, 1976, 2002- (Hall 1980;
Simkin and Siebert 1994)

2AVA webpage http://ava.jpl.nasa.gov/ava.asp
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showing the information between 2002 and 2009. A-1: Field work in situ
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ation, respectively; E: Signals associated with rock fall during the eruptive
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