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Key Points:

+ High resolution satellite radar measures extruded lava volume at the andesitic El
Reventador stratovolcano at 11 day to 10 month intervals

» The time-averaged lava extrusion rate decays gradually over the 4 year observation
period

+ We fit the extrusion rate with a model of a depressurising reservoir, with constant

magma influx from below at rates less than 0.35 m3s™!
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Abstract

Lava extrusion at erupting volcanoes causes rapid changes in topography and morphol-
ogy on the order of tens or even hundreds of metres. Satellite radar provides a method
for measuring changes in topographic height over a given time period to an accuracy of
metres, either by measuring the width of radar shadow cast by steep sided features, or
by measuring the difference in radar phase between two sensors separated in space. We
measure height changes, and hence estimate extruded lava volume flux, at El Reventador,
Ecuador between 2011 and 2016, using data from the Radarsat-2 and TanDEM-X satel-
lite missions. We find 39 new lava flows were extruded between 9 February 2012 and 24
August 2016, with a cumulative volume of 44.8M m> dense rock equivalent and a grad-
ually decreasing eruption rate. The average dense rock rate of lava extrusion during this
time is 0.31 + 0.02 m3s™!, which is similar to the long term average from 1972 to 2016.
Apart from a volumetrically small dyke opening event between 9 March and 10 June
2012, lava extrusion at El Reventador is not accompanied by any significant magmatic
ground deformation. We use a simple physics-based model to estimate that the volume of
the magma reservoir under El Reventador is greater than 3 km®. Our lava extrusion data
can be equally well fit by models representing a closed reservoir depressurising during
the eruption with no magma recharge, or an open reservoir with a time-constant magma

recharge rate of up to 0.35 + 0.01 m3s™!.

1 Introduction

The rate of lava extrusion at erupting volcanoes is a key parameter for tracking
changes in magma flux, eruptive behaviour, and associated hazards, through time [e.g.
Walker et al., 1973; Fink and Griffiths, 1998; Cashman and Sparks, 2013]. The lava extru-
sion rate exerts a critical influence on the length and extent of lava flows, and can provide
insight into the dimensions and depth of the volcanic reservoir and conduit [Walker et al.,
1973; Harris et al., 2007; Poland, 2014]. At long-lived eruptions, variations in extrusion
rate may give an indication of changes to the volcanic plumbing system or magma supply
rate, and potentially an estimation of when declining eruptions may finish [Harris et al.,

2003; Wadge et al., 2006a; Gudmundsson et al., 2016].

Variations in lava extrusion rate have been observed on timescales varying from
minutes through to decades (Supplementary Table S1). On timescales of minutes to days,

these fluctuations are generally due to shallow processes involving magma supply to the
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surface through a conduit with physical properties that can vary with time [Voight et al.,
1998; Nakada et al., 1999; Johnson et al., 2008; Anderson et al., 2010; Hautmann et al.,
2013; Walter et al., 2013]. Over longer timescales, variations are thought to be caused
by processes involving magma supply from the lower crust or mantle [e.g. Dvorak and

Dzurisin, 1993; Harris et al., 2003; Poland et al., 2012; Poland, 2014].

Many volcanoes erupt at rates that are constant when averaged over years or decades
(0.1-2 m*s™!), regardless of magma composition or tectonic setting, presumably because
this is the constant long term supply rate of melt buoyantly rising through the crust [Wadge,
1982; Sheldrake et al., 2016]. Figure 1 and Supplementary Table S1 show a compila-
tion of previously measured time-averaged extrusion rates over a range of measurement
timescales. Longer measurement periods tend to give lower average extrusion rates, as
pulses of high instantaneous lava flux are averaged out by intervening periods of much
lower flux or quiescence intervals of no lava extrusion. We expect the trend of decreasing
time-averaged discharge rate with observation time to plateau at increasingly longer ob-
servation times, as the observed extruded lava converges on the long term magma supply
rate, estimated to be 0.01-0.1 m3s™! for most volcanoes from volcanic edifice construction

rates measured over timescales of 10* years or longer [e.g. Wadge, 1982; Thouret, 1999].
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Figure 1. Time-averaged eruption rate from historical eruptions, plotted against the duration of observation

period. Recent eruptive phases of El Reventador are labelled. Sources for the data are given in Supplementary

Table S1. The black bar shows the range of long-term volcanic edifice construction rates, which occur over

timescales of 104 to 100 years [Thouret, 1999].
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Magma or volatiles entering or leaving a subsurface magma reservoir will cause a
pressure change within the reservoir, which can lead to deformation of the ground surface
[e.g. Dzurisin, 2003; Pinel et al., 2014]. In an elastic crust, a volcanic eruption draining a
single magma reservoir, with flow through the conduit proportional to reservoir pressure,
will have an exponentially decaying extrusion rate and a deflation signal that also decays
exponentially through time [e.g. Dvorak and Okamura, 1987; Mastin et al., 2009; Ander-
son and Segall, 2013; Hreinsdottir et al., 2014].

Many volcanic eruptions are relatively short duration (weeks-months), and can typ-
ically be modelled by the depletion of one or more finite (closed) magma reservoirs be-
neath the volcano [e.g. Rymer and Williams-Jones, 2000; Dzurisin, 2003; Chaussard et al.,
2013]. The spatial and temporal pattern and magnitude of volcanic deformation can be
modelled using simple analytical elastic half-space models [e.g. Mogi, 1958; Okada, 1985]
or more complex numerical methods [e.g. Dieterich and Decker, 1975; Gottsmann et al.,
2006; Hickey and Gottsmann, 2014] to constrain the source reservoir location and geome-
try. Kinematic deformation source models can be incorporated into physics-based models
that include the physics of magmatic processes and and can be used to naturally model
the temporal evolution of deformation signals [e.g. Huppert and Woods, 2002; Anderson
and Segall, 2013; Segall, 2013; Anderson and Poland, 2016]. Models that do not include
magma physics cannot naturally replicate this temporal evolution of the system [Segall,

2013].

Alternatively, volcanoes can behave as open systems, with persistent or frequent mi-
nor eruptions and degassing which can persist for decades, with little to no ground de-
formation [e.g. Pritchard and Simons, 2002; Moran et al., 2006; Fournier et al., 2010;
Pinel et al., 2011; Chaussard et al., 2013; Ebmeier et al., 2013a; Biggs et al., 2014]. The
lack of observed ground deformation at these systems implies a lack of pressure change
in the shallow system, possibly because of the high compressibility of volatile rich mag-
mas, deep storage of melts that rise rapidly to the surface without intrusion in the upper
crust, or temporal aliasing of deformation observations, which do not capture short-term
transient deformation episodes [Chaussard et al., 2013; Ebmeier et al., 2013a; Biggs et al.,

2014; McCormick-Kilbride et al., 2016].

Shorter-term transient deformation processes, associated with the magma conduit

and lava dome, have been observed at long-lived andesitic dome forming eruptions, such
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as Montserrat, Colima and Santiaguio [Voight et al., 1998; Johnson et al., 2008; Sanderson
et al., 2010; Walter et al., 2013; Salzer et al., 2014]. These transient processes occur on
timescales of minutes to hours and are usually shallow and therefore only deform the area
proximal to the active lava dome, making them difficult to detect with infrequent satel-
lite observations, or distal ground based monitoring instruments [Dzurisin, 2003; Segall,

2005].

Long-lived volcanic eruptions provide an ideal target for studying the evolution of
open systems with time, the transitions between extrusive and explosive behaviour and the
underlying causes driving any changes, such as variations in magma supply rate, magma
composition, and surface morphology [Watts et al., 2002; Cashman and Sparks, 2013;
Segall, 2013]. In this study, we use high-resolution radar satellite imagery to investigate
the time-averaged lava extrusion rate, ground deformation and magma supply rate at the

long-lived eruption of El Reventador, Ecuador

2 El Reventador background

El Reventador is a stratovolcano of basaltic-andesite to andesitic composition, sit-
uated in the Cordillera Real approximately 90 km east of Quito (Fig. 2b), and is one of
the most active volcanoes in Ecuador, with more than 20 historical eruptive episodes since
1600 [Simkin et al., 1981]. Following minor eruptive activity in the 1970s, the most re-
cent eruptive period at El Reventador began with a subplinian explosion on November 3
2002, which has been followed by semi-continuous eruptive behaviour that is ongoing at

the time of writing (Smithsonian GVP/IG-EPN activity reports).

The initial eruption began with little precursory surface or seismic activity, and
generated an ash plume that rose to 17 km and pyroclastic density currents which trav-
elled up to 9 km from the vent [Hall et al., 2004]. Subsequent eruptive behaviour has
been dominated by the extrusion of blocky basaltic andesite and andesitic lava flows, lava
dome growth and minor Strombolian explosions [Hall et al., 2004; Ridolfi et al., 2008;
Samaniego et al., 2008; Naranjo et al., 2016]. Petrological analysis of products from the
2002 eruption suggests that there was a single pre-eruptive reservoir with a top at 8 + 2

km and a base at 11 + 2 km [Ridolfi et al., 2008; Samaniego et al., 2008].

Naranjo et al. [2016] mapped and measured lava flows extruded in 4 phases (A-D)

of activity between 2002 and 2009 at El Reventador, which each lasted 1-20 months and
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Figure 2. a) Hillshaded Digital Elevation Model (DEM) of El Reventador Volcano. Contours are at 100 m
intervals, with bold contour lines every 500 m. The white polygons show the location of the 2002-2009 lava
flow field mapped by Naranjo et al. [2016]. The yellow polygon with white dashed outline shows the extent
of the 2011-2016 volcanic deposits. These deposits include lava flows mapped from Radarsat-2 amplitude
data (Fig. 4) and the area of topographic change between 9 September 2011 and 6 June 2014 from TanDEM-
X imagery (Fig. 5f). The yellow dot shows the location of the CONE seismic station, used by IG-EPN to
detect explosions at El Reventador. b) Location of El Reventador within Ecuador. ¢), d) Cumulative height
change of Phases A-E derived from TanDEM-X radar images. The topographic change is relative to the
SRTM DEM. Negative elevation changes near the summit in ¢) were caused by the removal of material during
the paroxysmal sub-plinian eruption on 3 November 2002 [Hall et al., 2004]. This summit crater was almost

completely filled by new lava erupted during Phase E (d).
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were separated by 18-24 months of quiescence (Fig. 2a; Table 3 of Naranjo et al. [2016]).
They estimated total lava volumes of 90M + 37M m? from field measurements, and 75M
+ 24M m? from satellite remote sensing data. Based on visual, seismic and thermal obser-
vations of when lava flows are active, they present an average extrusion rate of 8.9 + 3.7
m3s~™! for periods of lava extrusion. The long-term time-averaged discharge rate (including

periods of repose) for Phases A-D was 0.33 + 0.13 m3s™! (Fig. 1).

Based on satellite thermal observations from the MODVOLC algorithm, Phase E
of the eruption at El Reventador began on 9 February 2012, following 23 months of mi-
nor activity [Wright, 2016]. Phase E was preceded by at least 8 months of growth of a
small lava dome at the summit of El Reventador [Global Volcanism Program, 2012]. The
first year of Phase E was characterised by mostly extrusive activity, followed by a step-
change in late 2012 or early 2013 to extrusive activity accompanied by numerous minor
explosions that were detected by the CONE seismic station on the northeast flank of El
Reventador (Fig. 2). Due to periods of intermittent failure of the CONE station, the explo-
sion record between 2012 and 2016 is incomplete. Phase E has lasted significantly longer
than previous eruptive phases, and is still ongoing as of June 2017. In this study, we fo-
cus on the time-averaged lava extrusion rate during Phase E, for which there exists a good

archive of radar satellite imagery.

3 Surface morphology

There are two approaches to measuring lava extrusion rate: instantaneous and time-
averaged. The first method records the instantaneous extrusion rate by observing the flux
of lava out of a volcano or vent at a particular time, and requires specific conditions in
the field, such as the ability to measure the velocity of lava flowing in an open channel
or tube of known dimension [e.g Harris et al., 2007]. The second approach involves mea-
suring the time-averaged discharge rate, which is the change in erupted volume averaged
over a given time period. Volume change at a volcano can be measured by comparing
the difference in topographic surface in between two digital elevation models (DEMs)
acquired at different times [e.g. Wadge, 1983; Wadge et al., 2006a; Harris et al., 2007,
Ebmeier et al., 2012; Xu and Jonsson, 2014; Poland, 2014; Albino et al., 2015; Kubanek
etal., 2015; Arnold et al., 2016; Bagnardi et al., 2016]. The time-averaged discharge rate
is the sum of every pixel elevation difference, multiplied by the area of a raster grid cell,

divided by the time period between DEM acquisitions.
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Recent advances in remote sensing have provided numerous techniques for gener-
ating DEMs, which can be used to build up a time series of topographic change at active
volcanoes [Harris et al., 2007; Schilling et al., 2008; Diefenbach et al., 2013; Cashman
et al., 2013; Pinel et al., 2014; Wadge et al., 2014b; Jones et al., 2015; Bagnardi et al.,
2016]. Satellite radar is especially well suited to making repeat measurements of active
volcanoes as it can cover a swath of 10-350 km at spatial resolutions of 1-10 m and
repeat times of days to weeks, even at night or during cloudy conditions. [Wadge et al.,

2006b; Pinel et al., 2014].

3.1 Radar methods

Variations in synthetic aperture radar (SAR) amplitude, caused by changes in sur-
face roughness due to the emplacement of new volcanic deposits, can be used to map the
extent of new lava flows [Wadge et al., 2011; Dietterich et al., 2012]. Where the edges
of lava flows are steeper than the radar incidence angle, the lava flow will cast a shadow
from which no signal is returned to the satellite. The width of this radar shadow is pro-
portional to the height of the object casting it, so can be used to measure the thickness of

steep sided lava flows (Fig. 3) using

_ Wips COS P
tan 6

where h is the flow height, w;, g is the shadow width in the radar line-of-sight direc-
tion, and ¢ is the angle between the radar line-of-sight direction and the line perpendicular
to the lava flow edge and 6 is the radar incidence angle. This technique only works on
flow edges which are orientated within ~ 45° of the satellite’s direction of travel, in this
case, a bearing of 147-237° for descending Radarsat-2 data at equatorial latitudes (grey
rose diagram on Fig. 3b) [Wadge et al., 2011]. Radar shadow thickness measurements can
be used to estimate extruded lava volumes by assuming that lava flow thicknesses are con-
stant across the whole flow and multiplying the thickness by the planimetric area of the

flow.

The phase return of the radar signal can also be used to measure topography. For
two satellites separated by a known distance, the difference in radar path length to the sur-

face results in a phase difference in the interferogram formed between the image recorded



185

186

187

188

189

190

192

193

194

195

196

197

198

199

200

28/09/2014

3]
=]
=)
3

Crater wall

Figure 3. a) Radarsat-2 amplitude image of a lava flow which flowed from south to north on the northern
flank of El Reventador. b) Annotated amplitude image. The polygons give the extent of the flow, with the
radar shadow to the west in dark-grey and foreshortening and layover on eastern slopes facing the satellite

in white. The truncated shadow cast by an older lava flow is visible in the northeast of the image. Az is the
azimuth of the satellite direction of travel; [os is the direction of radar line-of-sight; w;,, ¢ is the width of the
shadow measured in the satellite look direction; ¢ is the angle between w and wy,, ;. The grey rose diagram
shows the range of flow edge orientations which can be measured using the shadow method. ¢) Schematic
representation of the radar shadow method for measuring lava flow thickness. w is the width of the radar
shadow, perpendicular to the flow edge; 6 is the radar incidence angle; 4 is the height of the lava flow. d), e),
f), g), h), i) Radarsat 2 amplitude images of the El Reventador lava dome, growing at the top of a cinder cone
within a summit crater. d) and e) were acquired in beam mode Wide 3, f), g), h), and i) were acquired in beam
mode Ultrafine25 Wide 2. The extent of the dome is given by the solid white ellipse, the cinder cone by the
dotted white ellipse and the yellow dashed lines show the position of the west and east walls of the summit
crater, which is breached to the north and south. Thin solid yellow lines in e) g) and i) highlight the edges of
emplaced lava flows. h) and i) show a ~ 24 m diameter lava spine extruded from the centre of an explosion

crater at the summit of the lava dome.
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at each satellite. The topography associated with the phase difference [Massonnet and

Feigl, 1998, e.g.] is given by

rAsind

=—— @ 2
Z 47TBperp topo )

where 7 is the height, r is the range from the satellite to the ground surface, 9 is
the incidence angle, By, p, the effective baseline is half the perpendicular distance be-
tween the two satellites [e.g. Kubanek et al., 2015], and @, p, is the topographic phase.
For bistatic systems, where one sensor transmits and two sensors simultaneously record
the same reflected signal, the phase contributions in an interferogram are due to the topog-
raphy, the curvature of the earth, and noise [e.g. Poland, 2014; Kubanek et al., 2015]. The
contribution from the earth’s curvature can be modelled and removed, leaving a phase dif-
ference which is only due to topographic height and noise, without any atmospheric phase

contribution.

3.2 Data and processing

We use satellite radar data from September 2011 to August 2016 to track changes
in surface morphology associated with the eruption of El Reventador. A total of 32 im-
ages from the Canadian Space Agency (CSA) satellite Radarsat-2 and 9 images from
the Deutsches Zentrum fiir Luft- und Raumfahrt e. V. (DLR; German Space Agency)
TanDEM-X mission were used. The satellite images are separated by time intervals rang-
ing from 11 days to 10 months. Radarsat-2 images from two different beam modes are
used — 25 acquired in ultrafine wide mode, and 7 in wide mode (Supplementary Table
S2). TanDEM-X acquisitions over El Reventador ended in July 2014, while Radarsat-2

images cover the whole period of interest from June 2011 until August 2016.

The TanDEM-X satellite pair operate in bistatic imaging mode, so the radar phase
can be used to directly estimate the topography (equation 2). In contrast, repeat-pass Radarsat-
2 interferograms contain phase contributions due to changes in atmospheric water vapour
and ground deformation between image acquisitions, which make measurements of topo-
graphic change more difficult. We use the amplitude component of the Radarsat-2 image
to estimate the thickness of lava flows which have been active since the previous image
acquisition (equation 1), and the phase component to check for ground deformation at El

Reventador.

—10-



252

253

254

255

256

257

258

259

260

261

262

263

14 September 2012 09 September 2013 04 September 2014 23 September 2015 24 August 2016

Figure 4. Extent of the lava flow field at El Reventador active between 6 March 2012 and 24 August 2016

mapped from Radarsat-2 amplitude imagery. a), b), ¢), d), e) Radarsat-2 amplitude image of the summit

and north flank of the active cone. Lighter colours indicate higher amplitude backscatter from slopes facing
towards the ~ west looking satellite, while darker areas are slopes facing away from the satellite. f), g), h),
i), j) Yellow dashed lines outline the area of the lava flow field which has changed since the previous image
due to new lava extrusion (f) is the change from the first Radarsat-2 acquisition on 6 March 2012). The solid
white lines in f) show the rim of the summit crater, which formed during the 3 November 2002 paroxysmal
eruption. The white box in j) show the location of Fig. 3a. White polygons in g), h), and j) outline craters

in the summit lava dome formed by Strombolian explosions. k), 1), m), n), 0) Cumulative lava flow field on
the north flank of El Reventador. Individual lava flows are plotted with younger flows superimposed on older
solidified flows. p), q), r), s), t) Cumulative lava flow field at El Reventador between 2012 and 2016. Colors

are schematic to differentiate separate lava flows.
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We processed InSAR data using the Interferometric SAR Processor of the GAMMA
software package [Werner et al., 2000]. Bistatic TanDEM-X data were processed to con-
struct DEMs of El Reventador at the time of each image acquisition using the methods

described below.

Images were multi-looked with 4 looks in range and azimuth directions to reduce
phase noise. The Shuttle Radar Topography Mission (SRTM) 30 m DEM, acquired in
February 2000, was linearly oversampled to 6 m and used as the reference DEM to es-
timate the topographic phase contribution for each interferogram (equation 2). We find no
evidence of artefacts associated with the oversampling in the residual topographic phase.
Changes in topography since 2000 due to the eruption of El Reventador, which began in
2002, appear as residual phase contributions. For each interferogram, the vertical elevation
change, z, can the be calculated using equation 2. Adding this height change to the SRTM
topography gives a new DEM for each satellite acquisition. The DEMs produced from the
TanDEM-X imagery have a pixel spacing of 6 m. The difference in elevation between two
DEMs multiplied by the area of a single pixel (36 m?) gives the bulk volume change due

to the eruption between the two dates.

The amplitude component of each Radarsat-2 image was geocoded from radar view-
ing geometry into latitude and longitude coordinates by cross correlation with a simulated
amplitude image generated from a DEM, in order to map lava flow extents and estimate
flow thicknesses (Equation 1). Radarsat-2 amplitude images were processed at full reso-
lution in order to preserve the minimum horizontal pixel spacing for measuring shadow
widths. In order to minimise horizontal offsets in the amplitude imagery, all images were
coregistered to a single master image and geocoded to the same DEM, which was gener-
ated from the TanDEM-X acquisition on the 9th September 2011. The geocoded ampli-
tude images have a horizontal pixel spacing of 2.5 m, and were imported into the QGIS

software package for analysis.

For each time step, we identified lava flows which had been active since the preced-
ing image acquisition through visual comparison to the previous and subsequent images.
Flow outlines were mapped, and the planar area of each flow was measured. Where pos-
sible, radar shadow widths were measured every 100 m downslope along each active lava

flow and converted to thickness estimates using equation 1. The mean flow thickness was

—12—-
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then multiplied by the flow area to give the bulk volume of each lava flow, and a total

bulk lava volume for every time step.

For both the TanDEM-X and Radarsat-2 data, bulk volume estimates are converted
to a dense rock equivalent (DRE) volume. We assume the lavas erupted between 2012
and 2014 are petrologically similar to those erupted between 2002 and 2009, which were
found to have a vesicularly of ~ 20 % [Naranjo, 2013]. We therefore multiply our bulk

volume measurements by a factor of 0.8 to estimate DRE volumes.

3.3 Error estimates

Both methods of estimating lava flow volume have associated uncertainties. The am-
plitude estimates assume that lava flow thicknesses measured at the edge of the flow are
representative of the entire flow. Equation 1 assumes that the lava flow is travelling on flat
surface, which is not the case at El Reventador, where flows are descending an approx-
imately conical edifice with numerous, radially oriented, eroded gulleys and a complex
pre-existing lava flow field. In places where multiple flows are active between two im-
age acquisitions, flows active earlier in this period may be partially or wholly buried by
younger flows. The area of the buried portion of the flow therefore has to be estimated,
which adds additional uncertainty into the flow volume measurement. We assume shadow
width measurements may be inaccurate by up to two pixels (5 m), which corresponds to a
height error of between 2.9 and 4.5 m depending on the orientation of the flow edge rel-
ative to the satellite look direction (Equation 1). For flows where shadow measurements
were possible along the whole length of the flow, the standard deviation in height mea-
surements ranges between 1.5 m and 12.9 m, with a strong mode between 2 m and 3 m.
We also assume flow area measurements are uncertain by variations in flow edge location
of up to 5 m. Summing these errors for each time step give uncertainties in the amplitude
volumes estimate of 15-40 %, similar to uncertainties of 5-35 % estimated by Naranjo
et al. [2016] for field measurements of lava flow volume at El Reventador between 2002

and 2009.

The noise component of the topographic change derived from TanDEM-X phase
measurements can be estimated by looking at the variation of measured height change
in an area known to not be significantly affected by the eruption, and assumed to be at a

constant elevation in all images. We use a 100 by 100 pixel box east of the summit within
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the caldera as a reference area to give an estimate of the relative errors in the TanDEM-
X derived DEMs. The reference area contains lava flows that were emplaced before the
onset of the most recent eruptive period in 2002 and are not likely to be subsiding. For El
Reventador, these errors are approximately + 0.7 m for each pixel, therefore we expect to
be able to detect lava flows or pyroclastic deposits with a minimum thickness of 1 m. For
each TanDEM-X derived volume change estimate, the cumulative errors from summing
the uncertainty for each pixel give total uncertainties of 5-20 %, approximately half the

uncertainty associated with the shadow method.

3.4 Lava volume

Using Radarsat-2 amplitude imagery, we map 39 discrete lava flows between Febru-
ary 2012 and August 2016, which all appear to have originate from the summit lava dome;
18 of which descended down the north flank and 21 down the south flank (Fig. 4, Supple-
mentary Table S4). At least one active flow is present in 24 of the 25 scenes (Supplemen-
tary Table S4) and all of the scenes show changes in the lava dome and summit crater
morphology, showing that activity at El Reventador is apparently continuous when ob-
served at intervals of 24 days. The total bulk volume of extruded lava flows during Phase
E from 9 February 2012 until 24 August 2016 measured by Radarsat-2 amplitude imagery
is 56.0M + 3.1M m>, which gives a dense rock equivalent (DRE) of 44.8M + 2.5M m?
using a vesicularity of 20 % [Naranjo, 2013]. Lava dome volumes are over an order of
magnitude less than lava flow volumes, and are not included in this estimate (Section 3.5,

Supplementary Tables S4 and S5).

Topographic change maps derived from TanDEM-X imagery show surface elevation
changes of up to 80 m between September 2011 and June 2014 (Fig. 5). The greatest cu-
mulative lava flow thicknesses are on the north and south flanks of El Reventador, within
1 km of the summit. The cumulative bulk volume difference for Phase E up to 6 June

2014 was 33.3M + 1.5M m? (26.7M = 1.2M m> DRE).

Radarsat-2 amplitude imagery and TanDEM-X phase observations both show the
cumulative volume of lava erupted at El Reventador increased throughout 2012 to 2016,
with no significant pauses in extrusion (Fig. 6a). Lava volumes measured by the radar
shadow method are in good agreements with the total volume change measured by DEM

differencing for the two year period where both data are available (9 September 2011 to
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Figure 5. Topographic height change due to lava extrusion at El Reventador from DEMs constructed
from TanDEM-X imagery. a), b), ¢) Sequential elevation difference maps each spanning approximately one
year. d), e), f) Cumulative height change during Phase E of activity at El Reventador, relative to the earliest

available TanDEM-X acquisition on 9 September 2011.
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6 June 2014) — 33.1-35.8M m? from the shadow method compared to 33.3M m? from
DEM differencing. The similarity between results from the different methods suggests that
the erupted products are volumetrically mostly lava flows, with little contribution from
ash or pyroclastic deposits (which do not have steep sides and are therefore difficult to

measure with the shadow method).

The overall trend of the volume increase through time can be fit by an exponential
with the form V = A(1 — e B?) (red line in Fig. 6a, Table 1, equation 3), or with the form
V = A(l — ¢ B") + Ct (blue line in Fig. 6a, Table 1, equation 9), where A, B and C are
all constants. The first equation is consistent with a closed depressurising magma reser-
voir without magma recharge, while the second equation represents the case of an open
depressurising magma reservoir being resupplied at a constant volume flux C [Huppert
and Woods, 2002; Segall, 2013]. Both equations fit the data with a coeflicient of determi-
nation, R? > 0.99 and similar root-mean-square error (RMSE) of 0.29M m?® with recharge

and 0.34M m? without.

The bulk time-averaged discharge rate derived from the gradient of the best expo-
nential fit (without recharge) gradually decreases throughout the observation period from
approximately 0.47 m>s™! at the beginning of extrusion in February 2012 to 0.28 m3s~!
at the end of the observation period in August 2016. Alternatively, assuming constant
magma recharge, the best fitting initial bulk time-averaged discharge rate was 0.77 m3s~!
in February 2012 and decreased more rapidly to 0.41 m3s~! after one year, and reached
the recharge rate, C, of 0.36 m3s™! by early 2014. In contrast, the best fitting linear gra-
dient, without an exponential component, has a bulk rate of 0.44 m3s~!. This linear rate
consistently underestimates the cumulative erupted volumes in 2012 to 2014, while over-
estimating the total volume throughout 2015 and 2016. Physics-based interpretations of

these observations are discussed in section 5.

3.5 Dome growth and crater morphology

At the start of our observation period in June 2011, El Reventador had a small lava
dome that was growing at the top of a cinder cone that formed during 2009, located inside
the summit crater formed by the 3 November 2002 paroxysmal explosion Fig. 3; [Global
Volcanism Program, 2012]), which we estimate to be ~ 50 m deep (Fig. 2c). From the

Radarsat-2 amplitude image acquired on 19 June 2011 (Fig. 3d and e), we observe the
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Figure 6. a) Cumulative bulk volume of extruded lava at El Reventador. The mid-grey points are estimated
from Radarsat-2 shadow measurements. Black points are TanDEM-X phase measurements. The solid red
and dashed blue lines give best fitting curves to the volume data. Pale-grey crosses show the daily explosion
count, recorded by the CONE seismic station located within the El Reventador caldera. Gaps in the explo-
sivity record, for example in late 2012, 2014, early 2015 and early 2016, were due to intermittent failure of
the CONE seismic station and do not indicate periods of no explosive activity. Vertical black bars show the
number of daily hotspot pixels detected by the MODVolc algorithm. b) Bulk volume of the lava dome at the
summit of El Reventador, assuming the dome is a half ellipsoid. After 2013, explosions repeatedly remove

part of the dome, hindering volume measurements.
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lava dome to be elliptical and measure the length of the semi-major and semi-minor axes
(Supplementary Table S5). We also use the shadow method to estimate the dome height
and the depth of the summit crater which was ~ 50 m on 19 June 2011. We observe ex-
pansion of the dome through June to December 2011, consistent with aerial and field ob-
servations, which found a broadening of the dome between July 2011 and January 2012
[Global Volcanism Program, 2012]. After the start of lava flow extrusion in February
2012, the dome became partially covered by lava flows, which appear to originate from
the summit of the dome, making size and shape difficult to determine, however we are

able to estimate the dome dimensions on 14 September 2012 (Supplementary Table S5).

We treat the dome as the upper half of an oblate ellipsoid such that the bulk volume
V = 2mabc/3, where a is the semi-major half axis, b is the semi-minor half axis, and ¢
is the dome height (Fig. 6b). These dimensions yield a bulk dome volume of 0.33M m?
in June 2011, growing to 0.48M m? in September and 0.99M m? by the end of December
2011. The bulk time-averaged discharge rate for June to September 2011 was therefore
0.021 m3s™!, rising to 0.069 m>s~! for September to December 2011, significantly less
than the time-averaged rate after lava flow extrusion began in February 2012 (0.47 m3s™!).
The volume of the dome increased to 1.47M m> by September 2012 at a rate of 0.023
m3s~!, however the volume of lava flows extruded during this period was one order of

magnitude greater (Supplementary Table S4).

The SAR image on 25 March 2013 postdates the start of frequent minor explo-
sive activity that occurred in early 2013 at El Reventador. A 120 m diameter crater is
present at the centre of the lava dome, and talus deposits are visible within the 2002 sum-
mit crater, piling up against the east and west crater rims. In the 31 January 2014 SAR
image, pyroclastic deposits are visible in gullies on the east flank of El Reventador. These
deposits were not present on 7 January 2014, suggesting that in the intervening 24 days,
the base of the dome reached a height from which pyroclastic density currents were able
to overtop the east wall of the 2002 summit crater. Shadow measurements of the eastern
crater rim suggest up to 30 m of height change during this time period, although TanDEM-
X measurements suggest less than 20 m elevation change between 11 July 2013 and 6

June 2014 (Fig. 5c).

The dome morphology continued to change throughout 2013-2016, with a crater

present at the top of the lava dome in 20 out of 22 Radarsat-2 amplitude images after ex-
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plosivity begins. In four of these images, there is a small area of paired radar layover and
shadow, indicative of a feature with steep sides and without a flat top (Fig. 3h). These fea-
tures are all located in approximately the same area within dome summit craters and are
20-30 m in diameter and, from radar shadow widths, have a maximum height between

14 and 19 m above the crater floor. We interpret these features as lava spines — solidi-
fied lava that has been extruded out of a conduit by pressure from below, which were also

observed at El Reventador between 2009 and 2012 [Global Volcanism Program, 2012].

From TanDEM-X derived DEMs, we estimate that between 9 September 2011 and
6 June 2014, the average elevation of the lava dome increased by 24 + 4 m, while the dis-
tribution of talus deposits was constrained by the 2002 summit crater rim and increased in
mean thickness by 59 + 11 m west of the dome and 39 +2 m to the east. We observe mi-
nor negative topographic changes between some sequential TanDEM-X DEMs associated
with crater formation at the summit of the lava dome, however this volume loss is negligi-
ble compared to the overall volume increase. The largest volume removal we observe was
between 28 May and 30 June 2013 with a volume decrease at the summit of ~ 0.15M m?,

while the net volume increase (including lava flows) for the same period was ~ 1.8M m>.

Radarsat-2 amplitude images from July 2014 to August 2016 show continued lava
dome growth and talus build up against the 2002 summit crater walls, which by August
2016 had been almost completely in-filled. Images acquired after January 2014 suffer
from geometric distortion near the summit of the lava dome due to changes in elevation
since the acquisition of the TanDEM-X DEM on 9 September 2011, which was used to

geocode all the satellite data into a common geometry for flow identification and analysis.

4 Ground deformation and modelling
4.1 Differential interferometry

For both Radarsat-2 and TanDEM-X data, repeat-pass differential interferograms
were constructed using GAMMA to measure ground deformation at El Reventador [e.g.
Massonnet and Feigl, 1998; Dzurisin, 2003]. The topographic phase term was estimated
using the 6 m DEM generated from earliest available TanDEM-X acquisition on the 9th
September 2011. The interferograms were filtered using an adaptive density filter [Gold-
stein and Werner, 1998], unwrapped using a minimum cost flow algorithm [Werner et al.,

2002] and geocoded to the 2011 TanDEM-X DEM.
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At El Reventador, loss of coherence is primarily caused by rapid vegetation growth
in distal areas outside the recent lava flow field, and by resurfacing of the area proximal
to the summit by lava flow extrusion, dome growth, rockfalls, and tephra and pyroclastic
deposits [e.g. Ebmeier et al., 2014]. Areas outside the 6 X 4 km El Reventador crater are
almost entirely incoherent, while recent less-vegetated lava flows within the crater, up to 4
km from the active vent, are much more coherent. The flows show subsidence associated
with cooling and compaction of the blocky lavas, a result previously observed in ALOS
data from 2007-2011 [Fournier et al., 2010; Naranjo et al., 2016; Morales Rivera et al.,
2016]. The combined effect of lava subsidence in the near-field and incoherence in the
far-field masks almost all potential edifice-wide ground deformation due to magmatic or

hydrothermal processes underneath El Reventador.

4.2 Dyke intrusion

We observe one period of ground deformation that we attribute to subsurface mag-
matic processes at El Reventador. The deformation is present in the ascending Radarsat-2
interferogram between 9 March 2012 and 31 July 2012, and the descending interferogram
spanning 6 March 2012 to 10 June 2012. In both interferograms, the deformation is lim-
ited to the area near the summit of the stratocone, just outside of the 2002 eruption crater,
and the east and west flanks have an opposite displacement direction in the satellite line-
of-sight. The ascending scene shows the west flank moved towards the east looking satel-
lite, with a maximum magnitude of ~ 2 cm, while the east flank moved away from the
satellite by up to 5 cm. In contrast, in the descending scene, the west flank has moved
away from the west looking satellite by ~ 1 cm and the east flank moved ~ 1.5 cm to-
ward the satellite (Fig. 7). These observations indicate motion is dominantly horizontal,
where the east flank moves to the east and the west flank moves west, consistent with a
dyke opening underneath the summit. We assume the deformation observed in both inter-
ferograms happened simultaneously in a short duration event, and that this dyke opening

event occurred between 9 March 2012 and 10 June 2012.

The direction, magnitude and spatial distribution of the deformation suggest that the
source of the deformation is located underneath the summit of El Reventador, within the
volcanic edifice. The shallow nature of the source, as demonstrated by the limited lateral

extent of the deformation signal, suggests that the deformation is associated with the con-
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Figure 7. a) Line-of-sight deformation (positive away from satellite, negative towards satellite) between
9 March 2012 and 31 July 2012 from ascending Radarsat-2 data. b) Line-of-sight deformation between 6
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have been masked to remove deformation associated with subsidence. ¢) Schematic representation of the

deforming edifice and satellite viewing geometries.

duit supplying the eruption at the surface, and that the dyke or conduit expanded a few

weeks or months after lava flow extrusion began.

To investigate the geometry of this magmatic source for the March-June 2012 ground
deformation at El Reventador, we performed a joint inversion on the two interferograms in
which the deformation was observed using an elastic dislocation model (Supporting in-
formation, [Okada, 1985; Hooper et al., 2013; Gonzdlez et al., 2015]). The lowest misfit
model solution of this inversion is a small (100 x 600 m), shallow (base of dyke <1 km
deep), vertical dyke oriented approximately north-south, opening by less than 1 m, and
with a volume change of ~ 10000 m? (Fig. 8a). This solution is able to fit most of the
deformation signal in the descending interferogram, but with significant and spatially com-
plex residuals, and it substantially underestimates the magnitude of the deformation in the
ascending interferogram. The misfit between the data and models is likely due to multi-
ple factors that make the elastic half space approximation unrealistic, including: the large
(>1000 m, Fig. 2a) topographic relief near the summit of El Reventador; the complex ge-

ometry of the volcanic edifice, lava, summit crater and lava flow field; and the likely non-
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elastic rheology of the shallow subsurface due to a combination of shallow hydrothermal

activity and thermal and mechanical relaxation.

Despite the substantial uncertainties associated with the modelling method, the max-
imum intrusive volume change is still likely to be on the order of 0.01M m?, which is
approximately two orders of magnitude less than the extrusive lava volume for the same
time period (~ SM m?), and therefore makes a negligible contribution to the overall magma
budget. However, the expansion of the conduit may have caused a higher magma flux to
the surface, resulting in an increase of the lava extrusion rate in the following months of
2012, as shown by the deviation of observed lava volumes from the best fitting exponen-

tial trend in mid to late 2012 (Fig. 6a).

We do not find evidence for any other ground deformation episodes after the dyke
opening in March to June 2012. Subsequent interferograms do not show a reversal of the
deformation trend, suggesting that the pathway for magma to the surface remained open
after June 2012. This conduit opening may explain the increased lava extrusion rate in
June 2012 to March 2013, relative to the long term exponential trend. Conduit opening
would increase the cross-sectional area of the conduit, and therefore the volume flux at
a given magma ascent velocity. There may be a correlation between the conduit opening
and the increase in explosivity in early 2013, however there is a 9-12 month lag between

the deformation episode and the increase in explosive activity.

It is likely that there are shorter term deformation processes associated with the con-
duit and lava dome at El Reventador, similar to those observed at Montserrat, Colima
and Santiaguio [Voight et al., 1998; Johnson et al., 2008; Sanderson et al., 2010; Walter
et al., 2013; Salzer et al., 2014]. Seismic records indicate up to 50 explosions per day at
El Reventador (Fig. 6a), giving an average repose period between explosions of ~30 min-
utes. Santiaguito volcano in Guatemala exhibits similar ~ 30 minute period explosivity,
which are accompanied by up to 50 cm of uplift of the dome surface 1-2 seconds before
the explosions [Johnson et al., 2008; Scharff et al., 2012]. These transient processes oc-
cur on much shorter timescales than the observation frequency of satellite InSAR, and are
usually shallow and therefore only deform the area proximal to the active lava dome. De-
formation observations within ~ 500 m of the summit of El Reventador are impossible

after September 2012 due to loss of coherence caused by resurfacing of the ground sur-
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face by ashfall and pyroclastic deposits that were associated with the increase in explosive

activity.

4.3 Constraints on reservoir volume

Interferograms from June 2012 onwards do not contain any evidence of magmatic
deformation at El Reventador. If we assume a magma reservoir geometry and place rea-
sonable bounds on its location, we can put a lower limit on the minimum possible volume
change that we would be able to detect given the level of noise in sequential interfero-
grams [e.g. Ebmeier et al., 2013b]. We consider the simple case of a volume change in a
‘Mogi’ point source situated underneath the summit of El Reventador [Mogi, 1958]. We
consider the difference expected line-of-sight deformation in the area between 1 km and
2 km from the summit, which is mostly coherent in all interferograms. The average vari-
ance in line-of-sight deformation across the 23 Radarsat 2 descending interferograms is ~
3 mm, which we consider to be the detection threshold for magmatic deformation at El
Reventador. For a given reservoir depth, we assume we would be able to detect a reser-
voir volume change that resulted in 3 mm of line-of-sight range change at a horizontal

distance of 1 km relative to at 2 km.

If we assume the 2012-2016 reservoir is at similar depths to the pre-2002 reservoir
[7-12 km; Samaniego et al., 2008; Ridolfi et al., 2008], then the minimum volume change
we would be able to detect is between 10M and 100M m® — a similar order of magni-

tude to the 44.8M + 2.5M m® DRE that was extruded during this time period.

5 Models of the magmatic system

Our data show eruption of lava at a slowly decreasing extrusion rate, with no sig-
nificant detectable ground deformation. Here we introduce a simple physics-based model
of a volcanic system and apply the model to our observations to attempt to constrain the

physical characteristics of the magmatic system at El Reventador.

Physics-based volcano models provide a means of linking observations with un-
derlying physical properties and processes [e.g. Sparks and Aspinall, 2004; Costa et al.,
2007; Anderson and Segall, 2011; Cashman and Sparks, 2013; Segall, 2013; Reverso et al.,
2014]. These models may be used in quantitive inverse procedures to constrain properties

of the volcanic system [Anderson and Segall, 2013]. For example, a common observation
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is that within an individual volcanic eruption, including Phase E at El Reventador, lava ex-
trusion rates are generally highest at the start of the eruption, and decrease through time
as the eruption progresses [e.g. Wadge, 1981, 1983; Anderson and Segall, 2011; Hreinsdot-
tir et al., 2014; Gudmundsson et al., 2016]. This behaviour can be explained by balancing
mass flux out of a magma reservoir in a purely elastic medium with Newtonian flow along
a conduit, modelled as a cylindrical pipe, which gives the equations for exponential de-
cay of reservoir pressure change [e.g. Scandone, 1979; Wadge, 1981; Huppert and Woods,
2002; Lu et al., 2003; Anderson and Segall, 2013; Hreinsdottir et al., 2014]:

Ap(t) = (pgLe = peny) (1 - €7/%)

and the erupted volume:

Ve (t) = VoBAP(2)

as the eruption progresses [Mastin et al., 2008; Anderson and Segall, 2011]. In these equa-
tions, ¢ is the time elapsed since the start of the eruption, Ap is the pressure change in the
reservoir, relative to the overpressure above magmastatic pressure at the start of the erup-
tion, pcp,. P is the depth-averaged magma density along the conduit, g is the acceleration
due to gravity, L. is the length of the conduit, V; is the initial reservoir volume, 3 is the
overall compressibility, which is the sum of 3,,, the magma compressibility and S.j, the
reservoir compressibility, and 7., the time constant, is given by
t = 8i7VoBL.

R4

where 77 is the depth-averaged magma viscosity.

Ground deformation observations can be used to estimate reservoir location, ge-
ometry, and reservoir volume change or VAp [e.g. Mogi, 1958; Okada, 1985; McTigue,
1987; Yang et al., 1988], and the erupted volume can be measured directly (Supplemen-
tary Table S1). Observations of ground deformation and erupted volume can therefore be
used in conjunction with equations 3, 4 and 5 along with information from other sources,
such as petrology, rock mechanics, and gas fluxes, to constrain reservoir parameters [e.g.
Wadge, 1981; Melnik and Sparks, 2005; Costa et al., 2007; Mastin et al., 2008; Rivalta and
Segall, 2008; Anderson and Segall, 2013; Kozono et al., 2013; Hreinsdottir et al., 2014; Re-
verso et al., 2014; Anderson and Poland, 2016]. Here we present a physics-based model
based on a pressurised reservoir in an elastic upper crust linked to the surface by a con-

duit (Fig. 8a). We apply this model to our observations of erupted volume, temporal evo-
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lution of eruption rate, and lack of long-term ground deformation at El Reventador to es-
timate magma reservoir properties that cannot be directly observed, such as reservoir vol-
ume, pressure change, magma supply rate, reservoir compressibility and volatile content
[e.g. Mastin et al., 2008; Anderson and Segall, 2013; Segall, 2013; Anderson and Poland,
2016].

5.1 Reservoir volume

For short duration eruptions where there is negligible magma input, the initial vol-
ume of a magma reservoir Vj can be estimated from the erupted volume V, by consider-

ing conservation of mass [Anderson and Segall, 2014],

Ve
Vo =- Fap (6)

For simplicity, we assume that there is no density change in the magma between the reser-
voir and surface, and therefore the dense rock equivalent volume extruded at the surface
is the same as the volume that leaves the reservoir at the base of the conduit [e.g. Gud-
mundsson, 2016]. The error introduced by this assumption should be small compared to

the uncertainty in the parameters.

In order to estimate reservoir volume from the erupted volume, compressibility and
reservoir pressure change must be estimated (equation 6). Reservoir compressibility may
be constrained based on knowledge of reservoir geometry and host rock rigidity; magma
compressibility may be constrained a priori based on knowledge of typical magma prop-
erties in the crust, or else modelled directly as a function of the magma’s various phases
[Mastin et al., 2008; Rivalta and Segall, 2008; Anderson and Segall, 2011]. Additionally,
the ratio of reservoir and magma compressibility may be constrained a priori [Anderson
and Poland, 2016] based on observations at other eruptions [e.g. McCormick-Kilbride
et al., 2016]. Rivalta and Segall [2008] define the ratio ry between the erupted volume

and the change in volume within a magma reservoir as

Ve _1+18_m:ﬂm+,80h

= = 7
AV,p, Ben Ben @

rv

where AV, is the absolute value of the volume change of the reservoir. Theoretical val-

ues for ry for degassed magmas range between 1.05 and 9, however for volatile rich
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magmas, ry could be as high as 15 [Rivalta and Segall, 2008; McCormick-Kilbride et al.,
2016].

We use the November 2002 paroxysmal eruption, which lasted approximately 45
minutes, as a short duration eruption that can allow us to estimate the volume of the pre-
2002 reservoir if we consider g;;, = 0 [Hall et al., 2004]. The bulk volume of erupted
ash and pyroclastic flows was estimated to be ~ 350M m? [Hall et al., 2004], which we
convert to a DRE volume of 150M m? using densities for dense rock, pyroclastic flow de-
posits and tephra deposits that we assume are representative of andesitic dome forming
eruptions, taken from Soufriere Hills, Montserrat [Wadge et al., 2010]. From comparison
to other volatile rich systems, if we assume realistic upper bounds of 1 x 10~ Pa~! for 3
and —20 MPa for Ap (supporting information, [Woods and Huppert, 2003; Amoruso and
Crescentini, 2009; Gudmundsson, 2016]), then Vy must be greater than 7.5 km? . Alter-
natively if we estimate upper bounds of 2.25 x 10~ Pa~! for 8 by using equation 7 and
taking a maximum value of 1.5 X 10710 Pa~! for Ben and 15 for ry [Rivalta and Segall,
2008], then equation 6 gives Vy > 3.3 km>. The upper limit of the reservoir volume is
poorly constrained, however it is unlikely to be larger than approximately 150 km? [Gud-

mundsson, 2016].

The lack of deformation at El Reventador between 2012 and 2016 does not yield
any additional constraints on reservoir volume, since AV, is a priori almost certainly
less than V, (Section 4, [Rivalta and Segall, 2008; McCormick-Kilbride et al., 2016]). We
therefore consider it reasonable to assume that the current reservoir has approximately the
same volume as the 2002 reservoir, since the 150M m?® erupted in 2002 represents at most
5 % of the total reservoir volume, which has to be greater than ~3 km? (Supporting in-
formation). We therefore assume the current magma reservoir has a volume greater than 3

km? with a poorly constrained upper limit.

5.2 Temporal evolution of extrusion rate

Considering the temporal evolution of the erupted volume allows us to constrain
additional parameters of the magmatic system [e.g. Anderson and Segall, 2011]. If we
model the reservoir recharge as time-constant, then following Huppert and Woods [2002]

the change in reservoir pressure can be modelled by
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and the erupted volume by

Ve (t) = (V()chho - Qintc) (1 - e_t/tc) + gint (9)

Equation 9 shows that for time-constant input flux, the erupted volume flux (gou: = dV,./dt)
tends to the linear gradient ¢;, as t — oo. If ¢;, = 0 then equation 9 simplifies to the case

for a closed system given by equation 4.

If we approximate the conduit as an elliptical pipe, then time constant of the expo-

nential decay is given by

_ 4q(a* + b))V BL.
- n(ab)?

(10)

c

which simplifies to the case of a cylindrical pipe, equation 5, where @ = b = R [e.g.
Anderson and Segall, 2011; Hreinsdottir et al., 2014]. The derivations for equations 8—10

are given in the supporting information.

If El Reventador behaves as a closed system (g;;, = 0), the time constant of the
eruption has 6 unknowns that trade off against each other (equation 10), therefore it is dif-
ficult to estimate any one parameter directly. Including a constant rate of magma supply
adds an additional term for g;, that is independent of the time constant, but will trade off
against it (equation 9). We are able to make measurements of AV, () from our satellite
radar observations, and by fitting equations 4 and 9 to our results we can attempt to dis-
tinguish between a closed reservoir with no magma recharge or an open reservoir with
recharge as potential models for the eruptive behaviour at El Reventador. By calculating
t. from the fit to the data and considering sensible limits of a, b, B, 7, Vo and L, (sup-
porting information), we can investigate how these parameters trade off against each other

and estimate likely values of each.

We estimate the best fitting model parameters for equation 9 using a non-linear
least-squares method, evaluated with a trust-region algorithm using the MATLAB curve-
fitting toolbox. We can assess the relative fit of the open and closed system models by
comparing how the misfit between the data and model changes as g;, increases from 0.

Fig. 8d shows the root mean square error (RMSE) between the extruded volume data for
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Phase E and the best fit to equation 9 as ¢;, changes. We find that the misfit at the best
fitting solution (0.29 + 0.01 m3s~! DRE) is only slightly lower than the misfit at lower in-
flux rates, including the closed system model, since g;, and ¢, trade off against each other
(equation 9, Fig. 8c). We are therefore able to place only an upper limit on the recharge
rate at El Reventador, which we find to be 0.35 m3s~! DRE. This upper limit corresponds
to the best fitting linear rate to the data (i.e. . = 0). The misfit with the data increases
significantly at higher constant recharge rates (Fig. 8b and c¢) and therefore this upper limit

of the recharge rate is well constrained.

5.2.1 Temporal evolution of a closed system

If we first consider the magma reservoir at El Reventador to be a closed system with
no magma recharge during Phase E (g;,, = 0) then this approach yields a good fit to the
data (red line in Fig. 6a) with a time constant ¢, of 2000 days, with 95 % confidence lim-
its between 1700 and 2600 days. Using equation 10 we can consider how conduit dimen-
sions a and b, effective viscosity 7, compressibility 3, conduit length L., and reservoir
volume trade off against each other if the time constant is known. Reasonable limits for

these parameters are given in the supporting information.

The viscosity, compressibility, conduit length and reservoir volume are all linearly
proportional to the time constant, such that an increase in one parameter could be offset
by an equivalent decrease by another (Figs. 8e and f). The conduit length is constrained
to 8 + 2 km by petrological estimates of the depth of the reservoir top and therefore un-
certainties on L. are approximately 25 % [Ridolfi et al., 2008; Samaniego et al., 2008],

however the other three parameters are all be subject to order of magnitude uncertainties.

Figure 8d shows the strong dependence of 7. on conduit dimensions and conduit
cross-section aspect ratio r4, which is 1 if the conduit is a cylindrical pipe and larger for
dyke-like geometries. Taking the 24 m diameter spine on 28 September 2014 as an indi-
cation of the uppermost conduit dimensions gives a conduit with a cross-sectional area of
450 m?. Using this area for the entire length of the conduit gives a strongly elliptical con-
duit with @ = 85 m and b = 1.7 m and an aspect ratio of ~ 50 (filled circles in Fig. 8d).
However, given the uncertainties in Vp, 77, and 3, other conduit aspect ratios and geome-

tries are possible.
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Figure 8. a) Schematic representation of the magma reservoir used in the models, including the source
region for the deformation signal discussed in Section 4. b) Relative fit of different models with constant
recharge rates to the lava extrusion observations. ¢) Misfit plot, showing the root mean square error (RMSE)
of models with different constant recharge rate (solid black line) and the trade-off between recharge rate and
time constant (dot-dashed black line). In all plots the solid red lines indicate the observed time constant (~
2000 days) assuming there is no magma recharge (¢;, = 0), and the dashed blue lines give the best fitting
time constant (~ 170 days) assuming magma recharge at a constant rate (g;,, = 0.29 m3 s_l). d)-f) Plots of 7.
dependence on reservoir parameters: d) conduit cross section dimensions and aspect ratio, e) compressibility
and magma viscosity, f) conduit length and reservoir volume. In each plot, all other parameters are kept con-
stant at the given values. In f), the solid lines are plotted using the parameters given for a closed system, while
the dotted lines are using the given open system parameters. The filled circles in d) give the value of b and 7.
at given aspect ratios assuming the conduit cross sectional area is equal to that of the lava spine observed on

28 September 2014.
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5.2.2 Temporal evolution of an open system

If we instead consider the magmatic reservoir at El Reventador to be supplied with
melt from below at a constant rate (g;;, > 0), we can also model a good fit to the data
(blue dashed line in Fig. 6a), with . = 170 days and 95 % confidence limits between 110
and 350 days. The time-averaged extrusion rate decreased gradually over the first year of
lava extrusion and reached an effectively constant gradient by mid 2013. From equation 9
this linear gradient is equivalent to the constant influx rate, which gives ¢g;, = 0.36 £ 0.01
m3s~! for Phase E at El Reventador. Assuming the lava flows have a vesicularity of 20 %

gives a influx rate of 0.29 + 0.01 m®s~! DRE.

The value of ¢, we estimate for this open system model is approximately one order
of magnitude lower than if there was no recharge. If we keep all other reservoir parame-
ters the same as for the closed system, then it is impossible to fit the lower time constant
given our limits on L. and V; (Fig. 8f). In order to fit the lower modelled time constant
(blue dashed lines in Fig. 8) the magmatic system at El Reventador would require either
an order of magnitude lower compressibility or viscosity, or a more cylindrical conduit as-
pect ratio of ~ 4. A combination of these factors is likely (dotted lines in Fig. 8f), which
would give a value of 3 between 107'% Pa~! and 10~ Pa~!, 77 between 10° Pa s and 10°
Pa s, and a conduit cross section aspect ratio between 4 and 50, with a dyke width be-

tween 3.5 m and 12 m respectively.

6 Long-term evolution and magma supply rate

The time-averaged discharge rate at El Reventador between 2012 and 2016 shows
a gradual decrease on the time scale of months to years. The average bulk eruption rate
for the whole 4 year period is 0.39 + 0.03 m®s~!, which gives a DRE rate of 0.31 + 0.02
m3s~!, within error bounds of the average eruption rate between 2002 and 2009 of 0.33
+ 0.14 m3s~! [Naranjo et al., 2016]. These eruption rates at El Reventador are similar to

the long-term average of 0.3-0.4 m3s™!

measured at other long-lived andesitic dome form-
ing eruptions such as Santiaguito, Arenal and Shiveluch [Supplementary Table S1; Harris
et al., 2003; Wadge et al., 2006a; Sheldrake et al., 2016]. Here, we place these observa-

tions within the context of the earlier phases of eruptive activity at El Reventador.

Naranjo et al. [2016] observed 4 distinct phases of activity at El Reventador be-

tween 2002 and 2009 (Fig. 9a). The time-averaged discharge rate for Phase A was sig-
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Figure 9. a) Cumulative bulk volume of extruded lava flows at El Reventador since November 2002. The

solid line plots the cumulative lava volume for Phases A to D from Naranjo et al. [2016], with Radarsat-2

derived volumes for Phase E (Supplementary Table S4). The dashed line shows the cumulative volume dur-

ing Phase E, starting from the volume measured by the first TanDEM-X acquisition on 9 September 2011,

plotted with one standard deviation error bars. Vertical black bars show the number of daily hotspot pixels

detected by the MODVolc algorithm. Grey boxes show phases of lava flow extrusion. The red circle shows

the estimated volume of magma erupted during the 3 November 2002 paroxysmal phase [Hall et al., 2004].

b) Cumulative bulk volume of extruded lava flows at El Reventador since November 1972. Volume data for

1972, 1974, and 1976 are from Hall et al. [2004], Phases A to D from Naranjo et al. [2016], and Phase E

from Radarsat-2 amplitude imagery (Supplementary Table S4). The dotted line shows the estimated bulk vol-

ume erupted in the 3 November 2002 paroxysmal phase [Hall et al., 2004]. The solid blue line shows the best

fitting linear gradient to the data, which has a gradient of 0.35 m3s~!. ¢) Cumulative volume of extruded lava

flows for the five phases of lava extrusion at El Reventador since November 2002. d) Bulk volume erupted

during each phase against the time interval of quiescence preceding that phase. The blue line has the same

gradient as the best fit solution to b.
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Table 1. Parameters for best fitting curves to cumulative volume against time at El Reventador.

Phase  Type of fit A/ x10° B C RMSE / x 10° m?
B exponential 23 0.0076 3.1
B exp + linear 8.9 0.12 0.47 2.1
B power 1.9 0.42 2.4
D exponential 25 0.010 4.7
D exp + linear 14 0.21 0.30 1.7
D power 4.8 0.27 3.1
E exponential 98 0.00049 0.34
E exp + linear 63 0.0060 0.36 0.29
E power 0.15 0.80 0.25
Exponential curves are of the form V' = A(1 — e~ B1), where A has units of
m?, B has units of days’], and /B = t..Exp + linear curves have the same

form as the exponential curve, but with an additional linear term +C't where
C has units of m’ day'1 and represents a constant rate of magma reservoir
recharge. Power law curves are of the form V' = Ar®, where B is dimension-

less and A has units of m3days™5 . In all three equations V is the cumulative

extruded lava volume in m3 and 7 is the time since the start of the phase in

days.

nificantly higher than the subsequent phases, which all had rates similar to the start of
phase E (Fig. 9c). Phases B and D of lava extrusion appear to have a decrease in extru-
sion rate throughout the phase and, like Phase E, can be fit by exponential curves of the
form V = A(1 —e B or V = A(l — e B") + Ct (Fig. 9c; equation 9), consistent with
the behaviour of a depressurising reservoir without and with magma recharge respectively.
Phases A and C are shorter in duration than the other phases, and there are not enough
data to constrain a best fit curve. The curve for Phase E is less “stepped” in nature than
the previous phases due to temporal aliasing of the satellite observations (Fig. 9c). We are
unable to determine exactly when a lava flow is emplaced between two satellite image ac-
quisitions, therefore we assume a linear rate of lava extrusion between the first and second

image.

The data for Phase B, Phase D and Phase E (2012-2016) are all better fit by expo-
nential curves with a constant recharge rate than for no recharge, suggesting the resupply
from either the mantle or a deeper reservoir is important at El Reventador (Table 1). From
Table 1, and assuming a vesicularity of 20 % for all lavas, the best fitting linear DRE re-
supply rate was 0.38 + 0.29 m3s™! for Phase B, 0.24 + 0.06 m3s~! for Phase D and 0.29
+ 0.01 m3s™! for Phase E. These recharge rates are all broadly similar given error ranges
on the earlier phases, consistent with a constant supply rate of melt from below, although

as with Phase E, we cannot distinguish between closed and open system models.

The extrusion rates for Phase B, Phase D and Phase E can also be fit by a power

law curve of the form V = AtB. For all three phases, the power law curve better fits
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the higher initial extrusion rate at the start of the eruptive phase than the best fitting no-
recharge exponential solution. Phase B and Phase D are still better fit by an exponential
with recharge than a power law, however the power law solution to Phase E has a lower
misfit than either of the exponential solutions, and would plot between the blue and red

lines on Fig. 6a.

While it is currently difficult to significantly distinguish between the three models,
observations of future lava extrusion should allow better differentiation. As the eruption
progresses, an exponentially decaying eruption will decrease extrusion rate more signif-
icantly than one following a power law, which would similarly decrease extrusion rate
relative to the constant extrusive flux of an effectively open reservoir that is resupplied
from deep. The power-law equation could therefore be more representative of a magma
reservoir which is exhibiting behaviour between the end-member cases of a closed system
without resupply, and that of an open system with constant recharge. Such a system may
be governed by non-linear resupply rates, in which recharge from below is governed by

the reservoir pressure [e.g. Anderson and Segall, 2011; Segall, 2013].

We use volume data from Hall et al. [2004] for the previous eruption of El Reven-
tador during the 1970s in combination with data from Naranjo et al. [2016] and our re-
sults from 2011-2016 to estimate the average extrusion rate over the past four decades
(Fig. 9b). We find a best fitting linear gradient to the bulk lava volume of 0.35 m3s™!,
with a 95 % confidence interval of 0.33-0.38 m3s~!. This rate almost exactly matches the
linear magma accumulation rate required to match the bulk volume erupted on 3 Novem-
ber 2002, assuming accumulation started after then end of the previous eruption in 1976.
Assuming 20 % vesicularity of erupted products would give a decadal DRE rate of 0.28
+ 0.02 m>s~!, however the majority of the bulk erupted volume in the paroxysmal phase
were tephra deposits, which are generally lower density than lava flow deposits [e.g. Sparks
et al., 1998; Wadge et al., 2010], therefore 0.28 m>s~! may be an upper bound on the long
term DRE extrusion rate. This long-term decadal extrusion rate is almost identical to the
the time-averaged rate of 0.27 + 0.07 m?s~! DRE for lava flow extrusion postdating the 3
November 2002 explosion and also agrees well with the 0.29 + 0.01 m3s~! linear magma

supply rate derived from Phase E.

Since the range of estimated linear resupply rates between 0.2 and 0.4 m3s~' matches

well with the long term DRE eruption rate at El Reventador, we infer that there has been
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no significant long term increase in the volume of magma stored underneath El Reven-
tador since 2002, implying a low likelihood of an eruption of similar magnitude to the
November 2002 event. However, Fig. 9d shows that the volume extruded in the 1972
eruption was much lower than expected given the pre-eruption repose period of 12 years.
The approximately constant magma supply observed over the past four decades therefore

appears to be different to the pre-1972 supply rate.

7 Conclusions

We use satellite radar data to measure the volume of extruded lava at El Reventador
volcano, Ecuador between 2011 and 2016. We find a total DRE lava volume of 44.8M =+
2.5M m? was erupted between 9 February 2012 and 24 August 2016 at an average rate
of 0.31 + 0.02 m’s~!, during a phase of lava extrusion that is still ongoing at the time
of writing. This period of extrusion exhibited much more continuous activity than previ-
ous, shorter duration, eruptive phases at El Reventador. The average lava extrusion rate
between February 2012 and August 2016 decreased gradually and can be equally well fit
by models equivalent to a depressurising reservoir without magma recharge, or a reservoir
that is being supplied with melt from below at a constant rate, which has an upper bound

of 0.35 + 0.01 m3s~!.

We observe one period of ground deformation between 9 March and 10 June 2012,
in which the pattern of ground deformation suggests a small, shallow, vertical, north-south
oriented dyke opening underneath the summit. There are no other magmatic deformation
events visible in interferograms covering 2012-2016, suggesting that the magma source is
likely deep, large, highly compressible, or being resupplied from the lower crust or man-
tle. While there are large trade offs between the reservoir volume and compressibility, we
show that the reservoir is larger than 3 km® and the eruption is supplied through a conduit
that is a dyke extending to a depth of 8 km. This dyke has a cross section aspect ratio

between 4 and 50, or lateral dimension between 12 m by 48 m and 3.5 m by 170 m.

We show the benefit of using radar amplitude imagery to supplement InSAR phase
measurements of topographic change at erupting volcanoes. Such measurements could be
usefully applied to other volcanic settings where radar phase measurements decorrelate,
for instance due to infrequent SAR acquisitions, resurfacing by volcanic activity or vegeta-

tion growth.
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