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Lava domes form by the effusive eruption of high-viscosity lava and are inherently unstable
and prone to collapse, representing a significant volcanic hazard. Many processes
contribute to instability in lava domes and can generally be grouped into two
categories: active and passive. Active collapses are driven directly by lava effusion. In
contrast, passive collapses are not correlated with effusion rate, and thus represent a
hazard that is more difficult to assess and forecast. We demonstrate a new workflow for
assessing and forecasting passive dome collapse by examining a case study at Sinabung
Volcano (North Sumatra, Indonesia). We captured visual images from the ground in 2014
and from unoccupied aerial systems (UAS) in 2018 and used structure-from-motion
photogrammetry to generate digital elevation models (DEMs) of Sinabung’s evolving lava
dome. By comparing our DEMs to a pre-eruption DEM, we estimate volume changes
associated with the eruption. As of June 2018, the total erupted volume since the eruption
began is 162 × 106 m3. Between 2014 and 2018, 10 × 106 m3 of material collapsed from
the lava flow due to passive processes. We evaluate lava dome stability using the
Scoops3D numerical model and the DEMs. We assess the passive collapse hazard
and analyze the effect of lava material properties on dome stability. Scoops3D is able to
hindcast the location and volume of passive collapses at Sinabung that occurred during
2014 and 2015, and we use the same material properties to demonstrate that significant
portions of the erupted lava potentially remain unstable and prone to collapse as of late
2018, despite a pause in effusive activity earlier that year. This workflow offers a means of
quantitatively assessing passive collapse hazards at active or recently active volcanoes.
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1 INTRODUCTION

The collapse of unstable lava dome and flow structures,
generating block-and-ash style pyroclastic density currents
(PDCs), is a dangerous and frequent hazard posed by the
effusive eruption of high-silica, high-viscosity lavas. Dome-
forming eruptions are often prolonged, lasting months to
years, creating a persistent hazard for the surrounding region
(Sparks and Aspinall, 2004;Wolpert et al., 2016). Anticipating the
potential size or frequency of a collapse is a difficult task, as many
different processes can contribute simultaneously to developing
instabilities in the lava (Voight, 2000; Harnett et al., 2019). In
some instances, the size or frequency of collapses can be
correlated with effusion rate (Nakada et al., 1999; Calder et al.,
2002; Carr et al., 2016), such that changes in effusion rate can be
used to assess the variable hazard posed by dome collapses.
However, this is not true for all processes driving the
development of instabilities, and large collapses can occur
when activity is otherwise low (Calder et al., 2002; Simmons
et al., 2005; Carr et al., 2016; Carr et al., 2019a). Identifying the
processes acting to destabilize erupted lava is crucial to
understanding the collapse hazard.

Dome collapse events can be categorized as either “active” or
“passive” (Calder et al., 2002). Active collapses are “pushed” by
mechanisms associated with the ongoing growth of a lava dome
or flow (e.g., oversteepening of a flow front or dome margin), or
by gas overpressure within the lava. Active collapses are sourced
from regions of new growth of the lava and their size and/or
frequency generally correlates with the eruption rate. Passive
collapses occur when internal or local processes (i.e., not related
to addition of dome volume) occur in situ until failure takes place
(Calder et al., 2002). These processes include failures due to
internal dome weakening (e.g., due to cooling, fracturing, and/or
hydrothermal alteration) to the point that the weight of the dome
exceeds its internal strength, dome flow that leads to overtopping
of a barrier, removal of confining topography, or external loading
(e.g., by rainfall or earthquake shaking). The size and frequency of
passive collapses does not correlate with eruption rate. Passive
collapses often occur in older material and can occur during
periods of no active effusion (Calder et al., 2002). During an
eruption, passive collapses are generally associated with
endogenous dome growth and slower extrusion rates while
active collapses are generally associated with exogenous
growth and faster extrusion rates (Calder et al., 2002; Harnett
et al., 2019). We note here, however, that it is not always clear
whether a collapse occurred due to an active or passive process.
During endogenous dome growth, for example, it can be difficult
to determine if an instability developed because of internal
weaknesses (a passive process), or oversteepening of the dome
margin as dome volume increases (an active process), or a
combination of both.

Changes in the frequency of active collapses can be anticipated
through monitoring of the effusion rate or lava flow advance rate.
During lava flow emplacement at Santiaguito Volcano
(Guatemala) and Sinabung Volcano (Indonesia), collapses
were more frequent when flow advance rates were highest
(Harris et al., 2002; Carr et al., 2019a). For dome-forming

eruptions at the Soufrière Hills Volcano (SHV) (Calder et al.,
2002), Unzen Volcano in Japan (Nakada et al., 1999), and Merapi
Volcano in Indonesia (Voight et al., 2000; Carr et al., 2016), the
frequency of collapse-generated PDCs increased during periods
of higher effusion rate. This pattern allowed periods of increased
PDC activity to be anticipated by observing tilt and seismic
signals associated with pulses of magma supply that increased
effusion rate (Voight et al., 2000; Calder et al., 2002). Pulses of
increased effusion rate can also increase the gas flux into the dome
and create overpressure conditions that can cause dome collapse
and, in some cases, lead to explosive eruption phases (Voight and
Elsworth, 2000).

The volumes of active collapses are widely variable, from small
rockfalls to explosive events that can destroy the entire dome
(Calder et al., 2002; Harnett et al., 2018; Harnett et al., 2019).
Small active collapses are commonly related to exogenous dome
growth and the advance of dome margins or flow fronts (Calder
et al., 2002; Harnett et al., 2019). Many of the larger collapse
events at SHV and Merapi were attributed to gas pressurization
within the dome (Voight and Elsworth, 2000; Voight et al., 2000).
While a global survey of dome collapse events by Harnett et al.
(2019) did not find a correlation between effusion rate and
collapse volume, this trend was observed for specific eruptions
during periods when active collapse processes dominated dome
instability (e.g., Unzen, SHV; Nakada et al., 1999; Calder et al.,
2002; Simmons et al., 2005). This suggests that a correlation
between collapse volume and effusion rate can be made under
specific circumstances, primarily when the lava is viscous enough
to increase in height (Simmons et al., 2005) and the source of
collapses is the actively growing region of the dome (Calder et al.,
2002).

Passive collapses, though rare and generally not the primary
hazard during an effusive eruption, have one characteristic that
makes them exceptionally dangerous—their unpredictability.
Passive collapses do not correlate with effusion rate as active
collapses often do, and so can occur with no obvious precursors.
In 1994, the dome at Merapi collapsed due to a gravitational
instability that developed slowly over months during a period of
low but constant effusion rate (Voight et al., 2000). Though the
resulting PDCs were less voluminous than the gas-driven collapses
during the 1997 to 1998 eruption, the 1994 collapse caused 64
fatalities while the 1997 to 1998 collapses caused none (Voight et al.,
2000). The key difference was that in 1997 and 1998, tilt and seismic
instruments (installed in 1992) detected an increased effusion rate,
prompting population evacuations (Voight et al., 2000); no such
precursory signals were detected in 1994.

Large passive collapses are often associated with instabilities
caused by the terrain confining erupted lava. These can also be
compound processes, as a relatively small initial passive collapse
can expose the gas-rich interior of the dome and trigger a
depressurization explosion that causes more extensive dome
collapse. The largest collapses at SHV that were not correlated
with increased effusion rate were caused by the failure of a
confining crater wall and/or lava overtopping a crater wall
(Calder et al., 2002), resulting in passive collapses that
depressurized a gas-rich dome (Voight and Elsworth, 2000;
Calder et al., 2002). The collapse of a confining crater wall
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was also the cause of the largest and only deadly PDCs during the
2006 eruption at Merapi (Charbonnier and Gertisser, 2008), and
crater wall instability likely played a role in the large dome
collapse in 2015 at Colima Volcano (Mexico) (Lesage et al.,
2018). Inflation of the lava flow at Sinabung caused lava to
overtop two confining ridges and led to large collapses (Carr
et al., 2019a; Carr et al., 2019b). The collapses at both Merapi and
Sinabung also occurred in the weeks or months following the peak
eruption phases when alert levels had been lowered (Carr et al.,
2016; Carr et al., 2019a).

The timing of passive collapses is not limited to the duration of
the eruption itself. At SHV, several of the largest collapses
occurred during a period (July 1998 to July 1999) when
effusion had paused (Calder et al., 2002). These collapses were
caused by weakening of the dome structure associated with
hydrothermal alteration and/or heavy rainfall (Calder et al.,
2002; Elsworth et al., 2004). No precursory signals commonly
observed prior to active collapses such as crater rim deformation,
an increase in earthquake activity, or an increase in rockfalls were
associated with these collapse events (Calder et al., 2002).
Weakening of erupted lava remains a persistent hazard long
after an eruption as well, as continued hydrothermal alteration
and ground water flow can make volcanoes more prone to flank
collapse (Calder et al., 2002; Ball et al., 2018; Harnett and Heap,
2021; Heap et al., 2021). Platz et al. (2012) described a dome
collapse at Mt. Taranaki (New Zealand) that occurred decades
after the eruption had ended, likely caused by progressive
weakening of the dome material over time and eventually
triggered by a heavy rainstorm or an earthquake.

Here, we assess the stability of erupted lava at Sinabung
Volcano by combining digital elevation models (DEMs)
generated through Structure-from-Motion (SfM)
photogrammetry and the Scoops3D slope stability model (Reid
et al., 2000; Reid et al., 2015). We first compare the collapse
volume and location predicted by the models with events that
already occurred. We then produce a passive collapse hazard
assessment for Sinabung given its topography during our field
campaign and investigate its sensitivity to input material
properties. These steps provide a workflow for quantitatively
assessing passive collapse hazards that complements existing
methods for assessing active collapse hazards in order to
develop a more complete assessment of the hazard presented
by dome-forming volcanic eruptions. Lastly, we discuss the
usefulness and limitations of this approach for assessing dome
collapse hazards at active volcanoes.

2 DOME COLLAPSE AT SINABUNG
VOLCANO

Sinabung Volcano is a 2,460 m stratovolcano located in North
Sumatra, Indonesia (Figure 1). Lava dome growth at Sinabung
began in December 2013 (Gunawan et al., 2019; Pallister et al.,
2019). Effusion of lava over the next 4 years resulted in thousands
of collapse-generated PDCs and the emplacement of a 3 km long
andesitic lava flow (Carr et al., 2019a; Nakada et al., 2019; Pallister
et al., 2019; Kriswati and Solikhin, 2020). Nakada et al. (2019),
Pallister et al. (2019), and Carr et al. (2019a); Carr et al. (2019b)

FIGURE 1 | Location of Sinabung Volcano. (A) Sinabung Volcano is located in the Karo Regency of North Sumatra, Indonesia (modified from Carr et al., 2019a).
Satellite images from before (B) and during (C) the eruption show the extensive coverage of deposits from PDCs and the 2014 lava flow (red outline). The blue outline
shows the extent of our 2018 data and is the area used for the erupted volume calculation.
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detail the chronology of the eruption from late 2013 through
2017. We highlight here the overall trends relevant to our
discussion of dome collapse.

Collapses of all sizes were most frequent in the initial months
of the eruption, January—March 2014, coincident with the
highest effusion rates and lava flow advance rates of the
eruption (Figure 2) (Nakada et al., 2019; Carr et al., 2019b;
Kriswati and Solikhin, 2020). A series of large collapses of the
southwest side of the upper flow began on 30 September 2014.
Instability in the lava developed due to gravitational loading as
the flow inflated above a ridgeline that had initially confined the
flow to a pre-existing ravine (Carr et al., 2019a; Carr et al., 2019b).
A similar series of collapses occurred in June 2015 on the
northeast side of the upper flow as that ridgeline was also
overtopped. The collapses of the upper part of the flow in
September-October 2014 and June 2015 ended lava flow
emplacement and initiated a new phase of dome growth and
collapse at the summit vent (Figure 2) (Carr et al., 2019b; Nakada
et al., 2019; Pallister et al., 2019).

Explosions began to occur frequently in August 2015 and
continued through early 2018 (Nakada et al., 2019; Kriswati and
Solikhin, 2020). Collapse activity during this period was
characterized by relatively small, frequent events associated
with dome growth or small vulcanian explosions (Figure 2)
(Nakada et al., 2019). Major explosive and dome collapse
events occurred every few months (Figure 2). The largest
explosive event occurred 19 February 2018, and resulted in the
complete destruction of the lava dome (Global Volcanism
Program, 2018a). Following the February 2018 explosive event,
the lava dome did not regrow-at least not to a size visible above
the crater rim from the base of the volcano (Global Volcanism
Program, 2018a; Global Volcanism Program, 2018b). This
suggests that continuous effusion of lava at Sinabung likely
ended sometime in the first half of 2018.

Dome growth and collapse resumed in August 2020 and
continues as of this writing (Global Volcanism Program, 2020;

Global Volcanism Program, 2021). Activity we observed during
field work for this study in June 2018 (during the 2-year pause in
dome growth) consisted of persistent degassing producing a
diffuse plume and occasional ash-rich plumes rising no more
than 1,000 m above the vent (Figure 3) (Global Volcanism
Program, 2018b). Ash-rich plumes were initiated by small
explosions and could persist for multiple hours.

Active collapse processes associated with dome growth or flow
advance are the dominant cause of instability in erupted lava at
Sinabung. In contrast, the collapses that occurred in late
September to October 2014 and June 2015 in association with
the inflating lava flow overtopping the confining ridgelines were
passive collapses (Carr et al., 2019a; Carr et al., 2019b). No
increase in effusion rate was noted prior to these collapses
(Pallister et al., 2019), though the frequency of small rockfalls
had been increasing since July (notably, larger collapses were
absent) (Figure 2) (Nakada et al., 2019). Passive collapse
processes, though rare over the course of the eruption, were
responsible for significantly altering the character of the eruption
in late 2014, 2015 from one of flow advance and inflation to once
again dominated by frequent collapse of a lava dome growing at
the summit vent.

3 MATERIALS AND METHODS

3.1 Image Collection and Photogrammetric
Processing
We conducted field work at Sinabung Volcano in September 2014
(prior to the collapse event that began on September 30) and June
2018. We collected optical photographs from which we created
DEMs of the Sinabung edifice and lava flow by applying
structure-from-motion (SfM) photogrammetry. The SfM
technique solves simultaneously for camera parameters and
the geometry of the features in a set of photographs, allowing
detailed 3D information to be generated using images from

FIGURE 2 | Sinabung Eruption History. Effusion rate at Sinabung (horizontal lines) increased rapidly in early 2014 before slowly decreasing over the next few years. The
frequency of PDCs and rockfalls (gray bars, modified from Kriswati and Solikhin, 2020, data only through February 2018) was highest in the early months of 2014 when
effusion rate and flow advance rate were highest and lowest in the middle of 2014 when the lava flow inflated. Increases in PDCs around October 2014 and June 2015 were
caused by the instabilities that developedwhen lava overtopped confining ridgelines, generating passive collapses of the upper flow. Spikes in the frequency of collapses
during 2016 and 2017were active collapses associatedwith Vulcanian explosions caused by gas pressurization within the lava dome. These patterns demonstrate howboth
passive collapses and gas overpressure-driven active collapses can cause an increase in collapse activity without a corresponding increase in eruption rate.
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standard digital cameras (Snavely et al., 2008). Compared to other
methods of generating topographic data, SfM can be more time-
and cost-effective while also offering a greater degree of user-
control to define the resolution, coverage, and frequency at which
the data are collected (James and Robson, 2012; Westoby et al.,
2012). During field work in 2014 we collected ground-based
photographs to generate DEMs; the subsequent data analysis and
results are described in detail in Carr et al. (2019a); Carr et al.
(2019b). Here, we use the DEM from “Model 4” of Carr et al.
(2019a), available through OpenTopography (doi: 10.5069/
G97S7KWC). This model was created using 54 images from a
Nikon D40X DSLR camera taken on 22 September 2014,
corresponding to a DEM with a spatial resolution of 3.8 m
(Carr et al., 2019a).

In 2018, we collected images for SfM photogrammetry using a
DJI Matrice 210 unoccupied aerial system (UAS). A Zenmuse
X4S camera was mounted to the UAS; this camera has a 5,472 ×
3,648 pixels 24 mm CMOS sensor with a mechanical shutter. We
flew the UAS in an arc around the volcano to collect oblique
images (Figure 3). We varied the distance from the vent and the
elevation of the arcuate UAS flights to maximize the variety of
perspectives that were captured. In total, it took two UAS flights,
taking off from locations approximately 4 km apart, to complete
this flight plan and capture a full perspective of the S-NE flanks of
Sinabung that were affected by the eruption. Due to the exclusion
zone enforced around the volcano during our field work and
Sinabung’s ~1000-m vertical prominence above the surrounding
area, a near-nadir mapping flight plan was not possible.

We used Agisoft Metashape™ Pro (v. 1.6) for SfM
photogrammetry processing and the creation of 3D models,
point clouds, DEMs, and orthophotos from 454 UAS images
taken during two flights on 20 June 2018. Prior to alignment of
the images, each image was masked to eliminate foreground and
sky captured in the oblique images (Figure 3). We also masked
the persistent ashy plume being emitted and blown eastward
during our flights, which resulted in reduced coverage of the NE
side of the summit area compared to the S side. The ‘high’ setting
(In Metashape™, meaning the full-resolution images were used
for processing, with no downsampling) was used for all
processing steps and resulted in a dense point cloud with 23,
386, 513 points and a DEM with 0.87 m per pixel spatial
resolution. Initial spatial reference for the models was
provided by the GPS onboard the UAS which geotagged each
photograph. We estimated the precision of the points in the
sparse cloud within Metashape™ following the workflow and
using the code provided in James et al. (2020a). The point
precision values were used to calculate the error in the volume
estimates determined in the next processing step. The data
products and images associated with 2018 field work at
Sinabung are available from OpenTopography.org (doi: 10.
5069/G9988568).

3.2 Volume Estimation
We estimated volume change at Sinabung by comparing our 2018
DEM of Sinabung to a 5 m pre-eruption DEM of Sinabung from
2010 (provided by the Badan Informasi Geospasial and the

FIGURE 3 | UAS flights at Sinabung. We collected oblique images (insets) of Sinabung at different elevations and perspectives using a UAS. Two flights (yellow
lines) were needed to complete the full perspective of the flanks of Sinabung affected by the eruption. Take off locations aremarked by stars; yellow dots are the locations
where the UAS captured images. Lines from the inset photographs to an image location indicate where the images were taken. The orthophoto derived from these
photos using Agisoft Metashape™ is shown draped over satellite imagery and topography in GoogleEarth™. A small ash-rich plume extending to the northeast
was present during the flights, which limited the detail and extent of the orthophoto in this direction. The lake visible in the far right inset image and the orthophoto was
formed when PDC deposits dammed the Lau Borus river. The lava flow is outlined in red and the area used for the volume calculation is outlined in blue.
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Center for Volcanology and Geological Hazard Management in
Indonesia) and the 2014 DEM from Carr et al. (2019a).
Differencing was performed using the open-source software
CloudCompare (http://www.cloudcompare.org). First, we
interpolated the point precision values calculated for the
sparse cloud within Metashape™ onto the dense cloud for our
2018 model. Next, we aligned the 2018 dense point cloud to both
a point cloud generated from the 2010 DEM and the 2014 dense
point cloud using evenly distributed manually selected control
points (Supplementary Table S1). We tested the iterative closest
point (ICP) automated alignment method (Besl and McKay,
1992) supported by CloudCompare, but results were poor
compared to the manual method due to the extent of
significant topographic change that occurred within the survey
area due to the ongoing eruption (Figure 1). By treating both the
2010 and 2014 point clouds as the “reference” dataset for the
alignments, we eliminate potential registration errors that would
arise if all point clouds were aligned to a shared reference frame.

We applied the M3C2 and M3C2-PM methods (Lague et al.,
2013; James et al., 2017) to calculate the cloud-to-cloud distances.
The Multiscale Model to Model Cloud Comparison (M3C2)
technique calculates the surface normal distances between two
point clouds and estimates a 95% confidence interval for that
distance based on point cloud roughness and any known
registration error (Lague et al., 2013). James et al. (2017)
modified the M3C2 method to estimate the confidence interval
based on point cloud precision maps (M3C2-PM).We performed
M3C2 and M3C2-PM differencing within CloudCompare, using
a diameter of 20 m for both the normal scale and projection scale
(D and d; Lague et al., 2013). For a detailed description of
determining user-defined input parameters required for
M3C2-PM, the reader is referred to Lague et al. (2013) and
James et al. (2017); James et al. (2020a). We restricted the
differencing to only the vertical direction to make the results
directly relatable to a raster representation of surface elevation
change from which volume change is a straightforward
calculation. We then rasterized and exported the cloud-to-
cloud differences and confidence intervals with a 5-m cell size
to match the resolution of the DEMs from 2010 to 2014.

We calculated the volume change for both the entire area
affected by the Sinabung eruption and for only the lava flow
(Figure 1; Figure 3). We clipped the difference and confidence
interval maps using ArcMap™ 10.5.1 to eliminate areas where no
volcanic deposits were present and the large errors associated
with the edges of our models (Figure 3; Supplementary Figure
S1). The volume change was determined by multiplying each cell
in the clipped cloud-to-cloud difference maps by the pixel area
(25 m2) and summing over the dataset.

3.3 Error Estimation
Methods for determining errors in point cloud-derived volume
estimates often assume uniform data sources and ground control
points (GCPs) measured with high precision. We had neither in
this study, as we used both LiDAR (2010) and SfM (2014, 2018)
point clouds and measuring ground control points within the
surveyed area was not possible due to the ongoing eruption. The
M3C2 method was developed for LiDAR point clouds, where the

errors due to the surface roughness is primarily related to the
instrument precision and can be considered random (James et al.,
2017). This is not ideal for SfM point clouds, where error can vary
in magnitude and be both localized and systematic (James et al.,
2017). The M3C2-PM method was designed to address these
types of errors in SfM point clouds, but the precision maps
necessary for the workflow of James et al. (2017); James et al.
(2020a) cannot be generated for LiDAR data. In cases where
GCPs are not used, it is common for errors to be estimated based
on the average vertical difference in areas where no topographic
change occurred (e.g., Carr et al., 2019a; Civico et al., 2021).
However, this method assumes a uniform error over all points
and can result in an overestimate of the error (Carr et al., 2019a).

Our specific case at Sinabung is further complicated by two
factors. First, there is not enough surface area unaffected by the
eruption appearing in both the 2018 and 2014 surveys from
which a representative vertical error could be calculated. Second,
it was not possible to generate a point precision map for the 2014
SfM point cloud because it was made using Agisoft Photoscan™
v1.0.4, which did not create the metadata necessary for the
precision map calculation (Carr et al., 2019a). We reprocessed
the original 2014 images in Metashape™ Pro v1.6, but this
changed the alignment properties and caused errors when
comparing to the original published dataset. For consistency
with the previously published data, we proceeded with the
2014 model available on OpenTopography.

We utilized the confidence intervals from both M3C2 and
M3C2-PM cloud-to-cloud differencing methods to estimate
an error that does not depend on GCPs and is sensitive to
both localized and systematic errors in the point clouds.
When applying M3C2-PM, we used a ‘null’ point precision
map (all values equal to zero) for the 2010 and 2014 point
clouds. The result was confidence intervals sensitive to only
errors in the 2018 point cloud. The M3C2 differences
(2010–2018 and 2014–2018) were sensitive to errors based
on the roughness of all the point clouds. For each difference,
we then compared the confidence intervals from both
methods, and for each pixel, took the larger value
(summing the confidence intervals was not appropriate as
it would duplicate errors estimated for the 2018 cloud). A
comparison of the magnitudes of the confidence intervals
from the M3C2 and M3C2-PM methods is shown in
Supplementary Figure S1. Cloud-to-cloud differences
calculated by M3C2 and M3C2-PM were broadly
equivalent. The total error for the volume change estimate
was determined by summing the confidence intervals over the
map area and multiplying by the pixel area.

3.4 Slope Stability Analysis With Scoops3D
Analysis of slope stability hazards is frequently done by
calculating a Factor of Safety (FOS) for a potential collapse
volume. The FOS is defined as the ratio between forces
resisting and driving failure, or shear, along a potential failure
surface. The resisting forces are due to the cohesion and friction
of the material and represent the shear resistance (strength, s) of
the slope. The driving forces (τ) are the shear stress due to gravity
and the mass of the potential failure volume, such that
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FOS � s
τ

(1)

A FOS > 1 indicates stability and a FOS < 1 indicates
instability. The further the FOS is above or below 1, the
greater the stability or instability for that potential failure surface.

The shear strength (in Pa) is calculated by applying the
Coulomb-Terzaghi failure rule

s � c + σn tanφ (2)
where c is cohesion (Pa), φ is the angle of internal friction (deg),
and σn is the normal stress (Pa). The normal stress and shear
stress acting on the slip surface are determined based on the
volume and unit weight of the material (γ, kN m−3) in the
potential failure region and the orientation of the potential
failure surface.

Scoops3D is a 3D slope stability model that uses a DEM to
calculate the failure hazard (i.e., FOS) for a spherical slip surface,
approximating a rotational landslide (Reid et al., 2000; 2015).
Stability is defined by the moment equilibrium between the shear
stress imposed by gravity and the shear resistance of the potential
failure mass (Figure 4). The program explores a range of
potential spherical slip surfaces, each defined by the center of
the axis of rotation and the radius of the sphere that forms that
slip surface by intersecting with the topography. The input for
Scoops3D includes: 1) a DEM, 2) the material properties (c, φ,
and γ) for the terrain represented by the DEM, and 3) the lateral
and vertical extent and spacing of the search grid for the axes of
rotation and the increment of the radius for the sphere defining
the failure surface. Scoops3D output includes the minimum FOS
and the failure volume associated with that FOS for each DEM
cell. Scoops3D also identifies the global minimum FOS (FOSmin),
the location and volume of the associated failure, and can
generate a new DEM with that volume removed (Figure 4).

The FOS is calculated through discretizing the collapse volume
by a “method of columns” limit-equilibrium analysis, where each
DEM cell is used to define a column of material between the
terrain surface and the potential failure surface, and the driving
and resisting moments for the entire potential failure are obtained
by summing the parameters for each column. Thus, the FOS for a
potential collapse volume is

FOS � ∑Ri,j[ci,jAi,j + (Ni,j − ui,jAi,j)Wi,j tanφi,j]
∑Wi,j[Ri,j sin αi,j + keqei,j]

(3)

where Ri,j is the distance (m) from the rotational axis of the
spherical slip surface to the center of the slip area for the i,j
column of the failure area,Ai,j is the area (m

2) of the slip surface at
the base of the column, Ni,j is the normal force, ui,j is the pore-
water pressure acting on the slip surface, Wi,j is the weight of the
column, αi,j is the apparent dip at the column base in the direction
of slip (deg), and keqei,j is a term to account for horizontal loading
due to an earthquake (Reid et al., 2015). In our application, we do
not include pore-water pressure or earthquake loading, such that
both the ui,jAi,j and keqei,j terms in Eq. 3 equal zero and can be
ignored.

Scoops3D evaluates the FOS for many (generally thousands)
potential slope failures. Using user-defined extent and spacing
parameters, Scoops3D creates a search grid where the nodes of
the grid serve as the axes of rotation for potential rotational failure
surfaces. Scoops3D varies the radius of a sphere centered on each
search node. Where a sphere intersects the land surface as defined
by the DEM, Scoops3D calculates the FOS for the volume defined
by the intersection (Figure 4). Scoops3D solves for FOS using
both the Bishop’s simplified and the Ordinary (Fellenius) method
(Reid et al., 2015). In this study, we use the results from the
Bishop’s simplified method, which applies an iterative approach
to produce results that are typically more accurate than the
Ordinary method (Reid et al., 2015). For further description of
the various capabilities of Scoops3D and how the program solves
for the FOS of potential failure surfaces, the reader is referred to
Reid et al. (2015).

FIGURE 4 | Visualization of Scoops3D analysis. A DEM of Sinabung
from 2018 shows a ‘scoop’ (red outline) removed from the volcano
representing a potential failure volume identified by Scoops3D. We define two
sets of material properties for the terrain: 1) lava properties are assigned
to material that erupted since 2010, shown here in brown shades, and 2)
edifice properties are assigned everywhere else, shown here in blue/green
shades. In this example, the red dots represent the grid of failure surface
rotation centers defined by user input for one elevation. This grid also extends
vertically with a user-defined spacing between the layers of grid nodes, but
this is not shown in this schematic. The star is the center of the sphere that
defines the failure slip surface marked in a red outline, and the straight lines are
the radius of the sphere. The failure surface is where the sphere intersects the
topography. The axis of rotation for the failure for this example is shown by the
black line. Arrows indicate the direction of rotation and slip. Scoops3D iterates
across the search grid, varying the radius of the sphere at each point, and
calculates the FOS for hundreds of potential failure surfaces. Scoops3D
output includes the minimum FOS and associated potential failure volume for
each DEM cell and a new DEMwith the FOSmin failure volume subtracted from
the input DEM, as shown here.
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We applied Scoops3D (v. 1.1) to the 2014 and 2018 DEMs of
Sinabung. While the 2018 DEM has a resolution of 0.87 m, we
exported it from Metashape™ for use in Scoops3D with a
resolution of 5 m. This reduced the computational time of
Scoops3D by orders of magnitude and made the model output
directly comparable with the 5 m resolution of the 2014DEM.We
compared results from Scoops3D using both 5 and 1 m resolution
versions of the 2018 DEM and found no significant differences in
any of the output (i.e., FOS, collapse volumes, FOSmin).
Additionally, the minimum surface area of a potential failure
for Scoops3D analysis is ~200 DEM cells (Reid et al., 2015), which
at 5 m resolution equates to a circle with a radius of 40 m.
Through visual observation of collapse sites captured in
photographs (see Figure 2 in Carr et al., 2019b), this is similar
in size to the initiation of the passive collapse sequence observed
at Sinabung in late September - October 2014. Thus, reducing the
resolution of our DEM improved computational time without
sacrificing the ability to identify relevant potential failure
volumes.

We selected values for the material properties of the Sinabung
edifice and lavas based on previous studies of Sinabung and other
stratovolcanoes. We assigned different properties to the pre-
existing Sinabung edifice relative to the lava erupted since
2013 (Table 1). We created 3D material properties files for
Sinabung by comparing the 2010 pre-eruption DEM to our
2014 and 2018 DEMs. Material properties representing the
pre-existing edifice were assigned to all parts of the column
for a given DEM cell with an elevation equal to or less than
the elevation in the 2010 DEM. Material properties representing
the newly erupted lava were assigned to the parts of the column
with an elevation greater than the elevation in the 2010 DEM,
representing emplacement of new material during the eruption.
We used the same unit weight for both material categories.
Nakada et al. (2019) reported that lava erupted at Sinabung
during the current eruption had a unit weight of 24.5 kNm−3

and this lava—an andesite—is similar to lavas from previous
eruptions. For the edifice, we chose a cohesion of 1,000 kPa and
an angle of internal friction of 40° based on values for “strong
(fractured)” volcanic rock in Reid et al. (2000). Similar values for

stratovolcanoes were also applied in analyses by Simmons et al.
(2005), Ball et al. (2018), Heap et al. (2021), and Kereszturi et al.
(2021). For the material properties of erupted lava, Voight and
Elsworth (2000), in an analysis of the active lava dome at Merapi
Volcano (Java, Indonesia), tested cohesions of 0–500 kPa and
angles of internal friction from 25 to 60° and found a best fit for a
dome with a core temperature ~800 °C when c = 500 kPa and φ =
25°. In an application of Scoops3D to Stromboli Volcano (Italy),
Schaefer et al. (2019) used c = 200 kPa and φ = 35° for “lava +
breccia” and c = 600 kPa and φ = 23° for “volcaniclastic deposits”.
We define two end members for lava material properties–
“stronger” with c = 500 kPa and φ = 25°, and “weaker”, with
c = 100 kPa and φ = 25° (Table 1). Both end member parameter
values fall within the range for “weak” to “very weak” volcanic
rock (c = 10–500 kPa and φ = 15–27°) defined by Reid et al.
(2000). The “weaker” properties are similar to the values of c =
200 kPa and φ = 20° used by Ball et al. (2018) for hydrothermally
altered volcanic rock while the “stronger” properties are similar
to those found by Voight and Elsworth (2000) for an active
lava dome.

We defined the horizontal and vertical extent of the search
grid, the grid spacing, and the radius increment for potential
spherical failure volumes based on the resolution and
topographic relief represented by the input DEM and
following the guidelines in Reid et al. (2015) for creating a
thorough and computationally efficient search grid. We
restricted the search to potential failures with volumes of
0.1–10 × 106 m3, corresponding to the approximate
minimum detection volume for a 5-m DEM and the total
volume of collapses that occurred at Sinabung between 2014
and 2018 (see Section 4.1). As the initial collapse at Sinabung in
September 2014 was relatively small (Carr et al., 2019b), we
further restricted the failure volume bounds and performed
additional runs to investigate stability related specifically to
individual small collapses (bounds of 0.1–0.3 × 106 m3). To
ensure that our model set up captured the least stable potential
failure for each DEM cell, we also tested a broader range of
potential failure volumes spanning up to the total volume of the
Sinabung eruption (105–108 m3). This run of Scoops3D had a

TABLE 1 | Model input parameters and results. Material properties for the edifice (defined as the pre-eruption topography from a 2010 DEM) were held constant for all
Scoops3D runs. Properties for the erupted lava used values of cohesion and angle of internal friction representing “stronger” and “weaker” end members for both the
2014 and 2018 DEMs. Lava properties were varied over their likely ranges to test the sensitivity of the resulting stability on these properties using the 2014 DEM as input. The
results shown are the FOS for the least stable potential failure (FOSmin) and the volume of that potential failure.

Edifice “Weaker” lava “Stronger” lava Lava material property
sensitivity

Unit Weight (γ) (kN m−3) 24.5a 24.5a 24.5a 24.5a

Cohesion (c) (kPa) 1000b 100b,c 500b,c 10–500b,c

Angle of Internal Friction (φ) (deg) 40b 25b,c 25b,c 10–40b,c

2014 FOSmin 0.88 1.65 0.24–2.24
2014 FOSmin Volume (m3) 1.9 × 106 8.3 × 106 0.51–9.0 × 106

2018 FOSmin 0.90 1.73
2018 FOSmin Volume (m3) 1.4 × 106 6.0 × 106

aNakada et al., 2019.
bReid et al., 2000.
cVoight and Elsworth, 2000.
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significantly longer processing time and confirmed that our
volume range based on observations (0.1–10 × 106 m3) both
captured the least stable conditions and was more
computationally efficient. Complete input files, DEMs, and
material properties files for all the Scoops3D runs performed
to evaluate stability in the 2014 and 2018 DEMs are included as
Supplementary Material accompanying this paper.

We applied Scoops3D to investigate three main questions.
First, we used the 2014 DEM as input and tested if unstable areas
(FOS < 1) and collapse volumes calculated by Scoops3D
accurately matched locations where collapses occurred
between 2014 and 2018. This served as a benchmarking step
for using Scoops3D to model instability in erupted lava and our
selection of appropriate material properties. Second, we
evaluated the stability of erupted lava at Sinabung using the
2018 DEM and identified the locations and volumes of areas
most likely to collapse. Third, we investigated the effects of
varying material properties on the stability, location, and
volume of the FOSmin potential failure. To do this, we ran
Scoops3D using the 2014 DEM as input for combinations of
c = 10–500 kPa and φ = 10–40°- a total of 77 runs-for the erupted
lava properties (Table 1). This range was chosen based on values
used in previous studies for volcanic edifices or deposits (Reid
et al., 2000; Voight and Elsworth, 2000; Simmons et al., 2005;
Ball et al., 2018; Schaefer et al., 2019; Heap et al., 2021;
Kereszturi et al., 2021).

4 RESULTS

4.1 Eruption and Collapse Volumes
Differencing the 2010 DEM and our 2018 model produced a map of
the thickness of the deposits from the Sinabung eruption
(Figure 5C). As also observed in 2014 (Carr et al., 2019a), the
lava flow front was approximately 100m thick and lava thickness
exceeded 150m where the flow filled the pre-existing ravine.
Deposits from PDCs were broadly ~40m thick on the north side
of the lava flow (Figure 5C). We estimated the total erupted volume
to be 161.8 ± 7.6 × 106 m3 (0.16 km3) through 20 June 2018. Of this
volume, the lava flow accounted for 93.7 × 106 m3 and PDC deposits
for 68.1 × 106 m3. This total volume likely represents a minimum
estimate, as the DEM does not fully capture the vent area at the
summit and does not account for material removed from the map
area by lahars in the Lau Borus River (Figure 1) or distal ash fall. The
2018 volume we measured represents an increase by 59 ± 22 ×
106 m3 relative to the 2014 volume of 103 ± 14 × 106 m3 (Carr et al.,
2019a). Assuming continuous effusion ended at some point in the
months prior to our 2018 UAS survey (Global Volcanism Program,
2018a; Global Volcanism Program, 2018b), we estimated the long-
term average effusion rate during the dome growth and collapse
phase of the Sinabung eruption (late 2014 through early 2018; 42
months) to be approximately 0.5 m3 s−1.

Volume loss due to collapse of the upper lava flow during
2014, 2015 was visible when differencing the 2014 and 2018 point

FIGURE 5 | Thickness of eruption deposits at Sinabung. A 3D oblique view of the point clouds generated by SfM photogrammetry from the surveys of Sinabung in
2018 (A) and 2014 (B). The UAS survey in 2018 allowed for increased point density and coverage compared to the ground-based 2014 survey. (C) The eruption deposit
thickness created by differencing the 2010 point cloud from the 2018 point cloud. PDC deposits on either side of the lava flow exceed 50 m in thickness. (D) The change
in eruptive deposit thickness between the 2014 and 2018 point clouds. The region of the lava flow that collapsed in 2014–2015, removing over 100 m of material in
some places, is clearly visible (dark blue). The 3D perspective and scale are identical for all four panels.
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clouds (Figure 5D). In the uppermost part of the flow, the region
of material removed by collapse was over 100 m thick. Summing
only the negative elevation changes in the 2018-2014 DEM
difference (so as not to include regions where new lava was
emplaced), we estimated a total collapsed volume of 10.3 ± 1.3 ×
106 m3, or 10% of the pre-collapse flow volume.

4.2 Scoops3D Slope Stability for Sinabung
Volcano
4.2.1 Validation Against 2014 Collapses
A large area of the erupted lava at Sinabung in 2014 had a FOS < 1
using the “weaker” lava material properties, including the
location of the initial passive collapse in October 2014 (yellow
dot, Figure 6A). The FOSmin was 0.88, located a few hundred
meters downslope from the location of the initial collapse (black
outline, Figure 6A). The volume associated with the FOSmin is 1.9 ×
106 m3. For the “stronger” lava parameters, the FOSmin was 1.65,
indicating generally stable conditions (Figure 6C). The FOSmin

volume for the “stronger” lava was 8.3 × 106 m3 and was in a
similar location to the “weaker lava” FOSmin volume (Figure 6).
The volume of the potential failure associated with the lowest
FOS for each DEM cell shows that smaller collapses are favored
in less stable areas (Figures 6B,D), regardless of the material
properties used. The weaker material properties matched the

collapse observations better and are likely more representative
values for the Sinabung lava flow at the time of the collapse. The
weaker properties also likely represent a maximum instability
case, as the properties are unlikely to be as uniformly weak over
the entire volume of erupted lava as is represented by the
simplified two-components (edifice and erupted lava)
configuration we use.

Scoops3D produced a strong match to the initial passive
collapse that occurred in October 2014 when we limited the
potential failure volumes to 0.1–0.3 × 106 m3. This search range
was based on our estimate of the collapsed volume using
photographs (i.e., Figures 2B,C, Carr et al., 2019b) to identify
the region that collapsed in the 2014 photogrammetric model.We
approximated the collapse as a spherical volume with a diameter
of ~75 m, which results in a volume of ~0.2 × 106 m3. The FOSmin

for this application of Scoops3D is 0.92 and the FOSmin failure is
in a nearly identical location to the observed collapse (Figure 7).

4.2.2 2018 Hazard Assessment
Scoops3D results using the 2018 DEM indicated that a smaller,
but still significant, portion of the upper flanks of Sinabung
potentially remained unstable (Figure 8A). Using the weaker
material properties as input, the FOSmin was 0.90, located on the
downslope scarp of the lava flow which remained after the
2014–2018 collapses (Figures 8A,B). The potential collapse

FIGURE 6 | Slope stability analysis results for the 2014 topography (uncapped collapse volume). Output from the Scoops3D model shows the FOS for the least
stable failure region (A,C) and the volume of that failure (B,D) for each DEM cell. Using material properties representing “weaker lava” (A,B), much of the upper half of the
lava flow is potentially unstable, with FOS < 1 (black dashed line). The unstable area includes the location of the initial passive collapse in October 2014 (yellow dot in (A)).
The least stable potential collapse surface (FOSmin = 0.88) is located a few hundred meters downslope from the passive collapse location (black outline). For
material properties representing “stronger lava” (C,D), the entire edifice is stable, with FOSmin = 1.7. The least stable surface (black outline) is larger compared to the
“weaker lava”material properties but includes much of the same area. Areas not colored in (A) and (C) have a FOS > 2.5. For both weaker and stronger lava properties,
areas of lower FOS generally correspond with smaller predicted collapse volumes.
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volume was 1.4 × 106 m3. As with the 2014 DEM, the stronger
material properties do not identify any regions with FOS < 1 and
had an FOSmin of 1.73 (Table 1). We also searched the 2018 DEM
for smaller volume collapses (search range of 105–106) and found
a FOSmin of 0.9 for a failure with a volume of 0.27 × 106 m3 located
on the upper part of the downslope side of the collapse scarp in
the lava flow (Figure 8C).

4.2.3 Influence of Input Material Properties
The calculated stability of the erupted lava at Sinabung is greatly
impacted by varying material properties within the range of
feasible values (Table 1). For the 2014 DEM, the lava was
broadly stable or broadly unstable depending on if the weaker
or stronger material properties were used (Figure 6; Figure 8;
Figure 9). Over the range of cohesion and angle of internal
friction values we evaluated, FOSmin ranges from >2 to <0.3
(Table 1) and both parameters showed roughly equal influence
on the value of FOSmin (Figure 9A). Low cohesion and low angle
of internal friction resulted in the least stable failure surfaces and
high values for both parameters resulted in the most stable
surfaces (Figure 9A). The volume of the FOSmin collapse
varied by approximately one order of magnitude over the
range of values tested (0.51–9.0 × 106 m3; Table 1 and
Figure 9B), and cohesion showed greater influence over the

volume compared to the angle of internal friction. Lower
cohesion values (<~100 kPa) favored a smaller volume (~1-2 x
106 m3) FOSmin failure and higher cohesion values (>~200 kPa)
favored a larger volume (~8-9 x106 m3), with a sharp transition
between two failure surface volumes at cohesion values of
~100–200 kPa (Figure 9B). For FOSmin failures with similar
volumes, the axis of rotation for the FOSmin failure surface was
located in the same general area regardless of the FOSmin for that
surface (Figure 9C).

5 DISCUSSION

5.1 Erupted Volume and Duration of the
Sinabung Eruption
Structure-from-motion photogrammetry has emerged over the
past decade as an increasingly powerful and reliable means to
survey and analyze lava dome growth (James and Varley, 2012;
Thiele et al., 2017; Carr et al., 2019a; James et al., 2020b; Zorn
et al., 2020; Andaru et al., 2021; Kelfoun et al., 2021; Moussallam
et al., 2021). Our results based on differencing of DEMs created
using SfM photogrammetry with images from UAS surveys serve
to further constrain the erupted volume and effusion rates at
Sinabung when compared to previous estimates using ground-

FIGURE 7 | Slope stability analysis results for the 2014 topography (maximum collapse volume = 0.3 × 106 m3). Limiting the collapse volume in Scoops3D to a
range approximating the size of the initial October 2014 passive collapse and assuming ʻweaker lava’ properties, reproduces the location and appearance of the
observed collapse: (A) All unstable surfaces identified by Scoops3D (FOS < 1, red shades) are located where the October collapse occurred, and the FOSmin collapse
size (black outline, a) is similar. (B,C) Visual images show the region of the collapse (white circle) before and after the event. The 3D perspective of the collapse
produced by Scoops3D (D) shows the similarity of themodeled to observed collapse. Photo credits: L. Vanderkluysen (B); Dedi Sahputra/EPA/Shutterstock (C); (B) and
(C) modified from Carr et al. (2019b).
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based SfM photogrammetry (Carr et al., 2019a), laser distance
measurements (Nakada et al., 2019), and satellite images
(Yulianto et al., 2016; Nakada et al., 2019; Pallister et al., 2019;
Kriswati and Solikhin, 2020).

Our estimate of the total erupted volume (161.8 ± 7.6 ×
106 m3) through June 2018 is within error of the volume
estimated by Nakada et al. (2019) for June 2015 (176 ×
106 m3 with an estimated 15% error). That our value is less
than but similar to that of Nakada et al. (2019) despite being
measured 3 years later can be attributed to: 1) the significant
slowing of the effusion rate during 2016–2017 (Figure 2)
(Global Volcanism Program, 2017; Nakada, 2019), 2) our

likely underestimate of the volume due to erupted material
deposited or removed beyond the boundaries of our DEM by
PDCs, lahars, and ash transport and 3) possible overestimation
by Nakada et al. (2019) due to their use of a 30-m pre-eruption
DEM compared to the 5-m DEM we use here. Pallister et al.
(2019) and Yulianto et al. (2016) both estimate a total erupted
volume as of late 2015 of nearly 300 × 106 m3 using DEMs
derived from radar or optical satellite images. However, Nakada
et al. (2019) visually identified numerous areas where the data of
Yulianto et al. (2016) significantly overestimated deposit
thicknesses, and both Yulianto et al. (2016) and Pallister
et al. (2019) used a 30-m pre-eruption DEM. Thus, these

FIGURE 8 | Slope stability analysis results for the 2018 topography. Output from the Scoops3D model shows the FOS for the least stable failure region (A,C) and
the volume of that failure (B,D) for each DEM cell. Erupted lava at Sinabung remains potentially unstable when applying the 2018 DEM and “weaker lava” material
properties (A). The potential failure volume (B) for the full search range is smaller than that for the 2014 DEM (Figure 6B). For potential collapse volumes restricted to
105–106 m3, the FOSmin moves upslope to the scarp remaining from previous collapses (C,D). The black outline in all panels marks the extent of the FOSmin

collapse, the dashed black line encloses areas with FOS < 1.

FIGURE 9 | Sensitivity of model results to material properties input. Both cohesion and the angle of internal friction strongly affect the FOSmin for the 2014 Sinabung
DEM (A). Contours in (A) show the FOS trend over the range of material properties. Each dot represents a run of Scoops3D, and the color corresponds to the FOS. The
approximately diagonal orientation of the contours shows the two parameters have roughly equal impact on the FOS. The same plot is shown for the volume of the
FOSmin surface in (B) and shows that volume varies by an order of magnitude over the range of input parameters. The more vertically oriented tightly spaced
contours indicate a greater influence of a narrow range of cohesion values (~50–250 kPa) on the volume compared to the angle of internal friction. The location of the axis
of rotation for each unstable (FOS < 1) FOSmin failure is plotted in (C) and colored by the volume. This shows that, for an unstable potential failure of a given volume, the
location of the collapse is not very sensitive to the input material properties.
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volume estimates are likely overestimates. Kriswati and Solikhin
(2020) used satellite thermal images to estimate a total erupted
volume of ~70 × 106 m3 through 2017, but this is a large
underestimate caused by the thermal insulation of the lava
flow crust, as explained by Carr et al. (2019b).

Our estimate for the lava flow volume of 94 × 106 m3 closely
matches previously published estimates of 103 × 106 m3 (Carr
et al., 2019a), 109 × 106 m3 (Nakada et al., 2019), 110 × 106 m3

(Pallister et al., 2019), and 90 × 106 m3 (Yulianto et al., 2016). Our
volume is generally lower as the other measurements were made
in late 2014 or 2015, and do not fully account for the collapse of
the upper part of the lava flow as our 2018 measurement does.

Our volume estimates represent final volumes for this first
effusive phase of the Sinabung eruption, given that dome growth
paused between February 2018 and August 2020 (Global
Volcanism Program, 2018a; Global Volcanism Program,
2018b; Global Volcanism Program, 2020). Continuous effusion
at Sinabung Volcano thus lasted over 4 years (starting on 18
December 2013, Pallister et al., 2019), with an average effusion
rate of ~1.1 m3 s−1. Of note here is that Wolpert et al. (2016),
using a statistical analysis of over 150 lava dome eruptions and
data from the first 2 years of Sinabung’s eruption, predicted that
Sinabung’s effusive eruption would last 4.19 years, or 1,529 days.
This is only a 5-days difference from the span between 18
December 2013 and 19 February 2018 (1,524 days), a
remarkable alignment of model with observations that lends
strength to applying the statistical model of Wolpert et al.
(2016) to assess the potential duration of hazards during
dome-forming eruptions.

5.2 Utilization of Slope Stability Modeling as
a Monitoring Technique
We demonstrated that the Scoops3D slope stability model can be
used to quantitatively assess the stability, location, and volume of
potential lava dome collapses during an ongoing eruption.
Scoops3D has been used previously to assess the stability of
volcanic edifices (e.g., Reid et al., 2000; Ball et al., 2018;
Schaefer et al., 2019; Kereszturi et al., 2021), but this is the
first time the model has been applied to actively erupting or
recently erupted lava. Our results show that active domes can be
modeled similarly to other rock masses and that variations in
material strength due to temperature, vesicularity, or other lava
properties as the eruption progresses can be accounted for by
applying a range of material properties as input to Scoops3D.

Scoops3D correctly identified as unstable (FOS < 1) a large
portion of the 2014 lava flow that eventually collapsed over the
following years (compare Figure 5 to Figure 6). The volume
estimated for the least stable region (1.9 × 106 m3, FOS = 0.88) is
less than the collapse volume estimated from DEM differencing
(10.3 × 106 m3) but is within an order of magnitude. This is
expected as Scoops3D output represents a single failure event,
while the DEM difference volume captures the cumulative total
between 22 September 2014 and 20 June 2018. The simplification
of the volcano’s structure made by assuming that the edifice has
only two components (pre-eruption and recently erupted
material) in terms of material properties also likely contributes

some error in the FOS and collapse volumes estimated by
Scoops3D. Scoops3D may thus be more accurate for smaller
failures, for which the assumed uniformity of material properties
is likely more realistic. When the search was limited to smaller
volumes, to match the volume of the collapse in early October
2014, Scoops3D identified as least stable nearly the exact location
as that which collapsed (Figure 7).

The two-component model we applied for Sinabung’s
structure also strongly controls the stability and potential
collapse volume determined by Scoops3D. Generally, lower
rock strength promotes larger failures (Eppler et al., 1987; Ball
et al., 2018; Harnett and Heap, 2021). In this study however, we
observed the opposite trend, with less stable conditions favoring
smaller volumes (Figure 6; Figure 8). We attribute this
discrepancy to the different material properties we use for the
pre-eruption edifice and the erupted lava (Table 1). For the
weaker lava properties, the lava is weak enough compared to
the edifice that the recently erupted lava will fail in small volumes
without incorporating much or any of the pre-eruption material.
When the lava is stronger (and thus closer to the edifice
properties), the erupted lava and edifice can act as one mass
and the least stable failure surfaces extend into the edifice, leading
to larger potential collapse volumes. In order to more accurately
determine likely collapse volumes, it is helpful to identify the
location and relative strength of the different materials within the
terrain.

Scoops3D is also well-suited as a forward model during an
ongoing eruption to assess the risk of lava dome collapse due to
passive collapse processes. The software can be implemented and
run relatively quickly (a single run from the results presented here
typically took less than an hour on a standard laptop computer),
making it appropriate for utilization by volcano observatories or
other groups to assess evolving hazards. Similarly, UAS are also
advantageous as a safe and cost-effective means to collect data in
hazardous terrain. Creating SfM models from UAS-captured
images can be time-intensive, but it is possible to modify a
UAS survey (e.g., reduce the number of photos needed by
taking photos from a greater distance or using a wider lens)
and streamline the processing time (e.g., use lower quality settings
in Metashape™) as part of a balance between the spatial and
temporal (e.g., daily, weekly, monthly, etc.) resolution needed.
Changes in stability during an eruption can be tracked by
repeatedly creating DEMs as dome volume and geometry
change and by varying the material properties to represent
changes in dome strength due to cooling, heating associated
with endogenous dome growth, or hydrothermal alteration.
Additionally, Scoops3D output for the location and volume of
the least stable potential failure can be used as input for models of
PDCs such as VolcFlow (Kelfoun and Druitt, 2005) or Titan2D
(Patra et al., 2005; Charbonnier and Gertisser, 2012) to quantify
the runout distance and hazards associated with the block-and-
ash flows that result from dome collapse (e.g., Kereszturi et al.,
2021).

We use Scoops3D here to assess the potential for passive
collapse due to the dome topography at a specific point in time.
Forecasting active dome collapses associated with dome growth
will require running Scoops3D on continuously updated
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topographic data and using time-dependent material properties.
While possible, this would be a major undertaking. Alternative
approaches such as using images from time lapse cameras or
DEMs from frequent repeated surveys to track the velocity of the
dome surface, as recently demonstrated by Zorn et al. (2020),
Kelfoun et al. (2021), andMoussallam et al. (2021), could be more
effective during active growth periods. Another limitation is that
Scoops3D cannot currently assess instabilities specifically due to
pressurization of gas. Gas overpressure can be partially accounted
for by reducing the cohesion, but this effect is not separable from
other processes that can reduce cohesion. While Scoops3D is
capable of handling spatially variable pore pressure due to fluids
such as ground water, this capability is not directly tunable to
treat the effect of overpressured, gas-rich zones in recently
erupted lava.

The ability to accurately constrain the material properties of
the lava is the greatest source of uncertainty when applying
Scoops3D to quantitatively assess dome collapse hazards. Here,
we have shown that values for cohesion and angle of internal
friction used in previous studies are likely reasonable values to use
when applying Scoops3D to lava domes. Our results also
highlight the importance of scale with respect to internal
properties such as cohesion and internal friction angle.
Laboratory measurements for the strength of andesite and
other types of dome lava are 1-2 orders of magnitude greater
than values for potential failure masses in nature (Heap et al.,
2021; Kereszturi et al., 2021; Villeneuve and Heap, 2021). Our
results agree more with material parameters estimated from
analysis of natural failures (Heap et al., 2021; Kereszturi et al.,
2021). Thus, laboratory measurements should be carefully
‘upscaled’ before being utilized in stability analysis, to account
for large-scale fractures and/or alteration that do not appear in
the small, intact samples used in laboratory analyses (Heap et al.,
2021; Villeneuve and Heap, 2021).

Uncertainty can be further reduced by comparing model
output to observed collapses, as we do here to demonstrate
weaker material properties produced a better fit to
observations. In cases where observations cannot be used to
further constrain the most appropriate material properties for
a specific case, forward modeling of dome stability should include
scenarios with a range of lava strengths. The “weaker” scenarios
can also be thought of as accounting for the potential of decreased
stability due to gas overpressure, rainfall (e.g., Elsworth et al.,
2004; Darmawan et al., 2018), or other external events (e.g.,
earthquake loading), in the absence of well-constrained values for
the Scoops3D input parameters ui,j and keqei,j in Eq. 3.

We additionally demonstrated that while the FOS is strongly
affected by the material properties, the location of FOSmin failures
with similar volumes is not significantly impacted by the material
strength. Material strength (primarily cohesion) controls whether
the FOSmin surface has a relatively large or relatively small
volume, but the location of the failure surface for a given
volume range is generally constant (Figure 9C). Thus, even
when quantitative assessment of stability is not accurate due
to poorly constrained material properties, a relative assessment of
lava dome stability remains possible. The output from Scoops3D
is useful for hazard assessment in this case through its ability to

identify the most likely location and potential range of collapse
volume, if one were to occur.

Our results using our 2018 DEM highlight an often-
overlooked hazard at dome-forming eruptions, which is the
continued risk of collapse even after effusion has paused or
stopped (e.g., Calder et al., 2002). Collapses can create
oversteepened scarps in the remaining lava (Figure 7C),
cooling of the lava can reduce the cohesion (Voight and
Elsworth, 2000), and hydrothermal alteration from rainwater
and gases percolating through fractures can weaken the
material strength (Platz et al., 2012; Ball et al., 2018; Heap
et al., 2021; Kereszturi et al., 2021). Post-eruptive collapse
should be accounted for when considering persistent hazards
at a volcano following its eruption and can be assessed using
Scoops3D as we have demonstrated.

5.3 Dome Collapse Processes and the
Sinabung Eruption
The material properties used to assess dome stability provide
insight into the physical characteristics of lava at Sinabung. The
porosity (i.e., vesicularity) of lava is a primary control on its
strength (Zorn et al., 2018), with cohesion and the angle of
internal friction decreasing as porosity increases (Heap et al.,
2014; Villeneuve and Heap, 2021). Zorn et al. (2018) found that
lower rock strength correlated with higher ascent rates, since
faster ascent led to higher porosity and lower groundmass
crystallinity in the erupted lava. The weaker material
properties we used to represent the 2014 collapse at Sinabung
(Table 1) support an interpretation that collapsed Sinabung
dome lavas had higher porosity and ascended relatively
quickly. Zorn et al. (2018) defines higher porosity as > 23%
and describes an effusion rate of 4.6 m3/s at Unzen as high ascent
rate. Nakada et al. (2019) measured up to 58% porosity in samples
from PDC deposits at Sinabung, and Carr et al. (2019a) calculated
an average effusion rate from January to September 2014 of
4.8 m3/s, in agreement with our interpretation based on the
material properties.

Our stability assessment of Sinabung based on the 2018 DEM
was valid for a little over 2 years. When a new dome grew at the
summit in the second half of 2020, it changed the topography and
stability conditions, rendering our analysis out-of-date. Based on
observations of Sinabung during this 2018–2020 period (Global
Volcanism Program, 2019; Global Volcanism Program, 2020;
Global Volcanism Program, 2021), it does not appear any major
collapses occurred from the regions identified as unstable in
Figure 8. This suggests stable (i.e., FOS > 1) conditions
existed following our 2018 field work and that the weaker
material properties we apply to identify unstable areas in the
2014 DEM (Figure 6A) were less representative of the erupted
lava during 2018–2020. One possible explanation is that
heterogeneous distribution of porosity, internal gas pressure,
and/or fracturing created more localized areas of weakness
that collapsed in 2014–2018 while the remaining material was
generally stable. Another possibility is that the material properties
of the erupted lava strengthened as time increased since the lava
was emplaced.
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Many different processes contributed to the development of
instabilities in erupted lava at Sinabung. The collapses observed
during the eruption broadly reinforce existing understanding of
the relationships between the driving mechanisms and the
resulting collapses. Most of the collapses at Sinabung were
caused by active processes associated with the exogenous
growth of a lava dome or the advance of a lava flow front
over steep topography (Carr et al., 2019a; Carr et al., 2019b;
Nakada et al., 2019). These collapses were generally smaller
compared to collapses driven by gas depressurization or
overtopping of topography (Nakada et al., 2019) and were
most common in early 2014 when effusion and flow advance
rates were highest (Carr et al., 2019a; Carr et al., 2019b; Nakada
et al., 2019; Pallister et al., 2019; Kriswati and Solikhin, 2020).
These observations are consistent with previous studies showing
that exogenous growth generates relatively small, frequent
collapses that correlate to a varying effusion rate (Calder et al.,
2002; Harnett et al., 2019). The largest collapse events at Sinabung
were associated with explosions caused by gas pressurization
within the erupted lava (Global Volcanism Program, 2019;
Nakada et al., 2019; Pallister et al., 2019), a common trend
observed at many other dome-forming eruptions (Voight and
Elsworth, 2000; Calder et al., 2002; Harnett et al., 2019).

The passive process of a dome overtopping topography during
endogenous growth also produced relatively large, though rare,
collapses during Sinabung’s eruption. This is again consistent
with Harnett et al. (2018); Harnett et al. (2019), who found large
collapses (both active and passive) were more commonly
associated with endogenous growth, and Calder et al. (2002),
who described passive collapses occurring with lower frequency
than active collapses. Passive collapses at Sinabung also further
highlight the ability of passive processes to significantly change
eruption hazards, due to their ability to generate instability in
regions away from the location of active growth and gas
pressurization in the dome.

A crucial observation of dome collapse of all styles during
Sinabung’s eruption is that the potential hazard from PDCs did
not decrease along with decreasing eruption rate. While the
frequency of collapses decreased as the eruption rate decreased
(Figure 2), the volumes of the collapses and the runout distances
of the associated PDCs did not (Kriswati and Solikhin, 2020).
This agrees with the observations of Harnett et al. (2019) in their
survey of data from multiple lava dome eruptions. At Sinabung,
the processes of gravitational loading and gas pressurization (a
passive and an active process, respectively) remained capable of
producing PDCs with runouts approaching 5 km throughout the
course of the eruption, including after dome growth paused
(Global Volcanism Program, 2019; Nakada et al., 2019;
Pallister et al., 2019; Kriswati and Solikhin, 2020).

The elevated persistent hazard that results from processes
capable of producing large collapses at infrequent intervals
demonstrates the importance of identifying and understanding
all potential collapse hazards during and after a dome-forming
eruption. The method we apply in this study presents a means to
assess hazards from passive collapses both during and after an
eruption through a powerful combination of repeated high-
resolution topographic surveys and slope stability analysis.

Thanks to the advances and increased availability of tools such
as UAS and SfM, repeat DEM generation can now be conducted
daily if necessary. With these repeated topographic models as
input, passive processes related to both confining topography and
internal dome strength can be assessed using slope stability
models such as Scoops3D. This combination allows
continuous assessment of changing hazards during and after
an eruption (e.g., if the lava is becoming more or less stable
and how fast this change is occurring), representing a useful
addition to monitoring techniques for dome-forming volcanic
eruptions.

6 CONCLUSION

We develop a new workflow for using topographic models
derived by photogrammetry from UAS-captured imagery and
the Scoops3D slope stability model to assess the passive collapse
hazard of lava domes. We find that the Scoops3D model can
accurately identify as unstable (FOS < 1) regions of erupted lava
at Sinabung Volcano that later collapsed. By restricting the size
of potential failure volumes, Scoops3D finds a FOSmin indicative of
instability (0.92) with a failure surface located in the same location
as the initial passive collapse that occurred in early October 2014.
Thus, Scoops3Dwas able to accurately hindcast the collapse hazard
and location at Sinabung. Additionally, we find that passive
collapse of erupted lava at Sinabung remains a potentially
significant hazard, with an FOSmin of 0.9 and potential collapse
volume of 1.4 × 106 m3 based on the 2018DEM.While thematerial
properties of an active lava dome or flow are difficult to accurately
constrain, we demonstrate that the location of the most likely
collapse site for a given volume range is not sensitive to thematerial
properties within a feasible range. While the likelihood of collapse
(based on whether or not FOS is < or >1) may not be possible to
know with certainty, the most likely location and potential size of a
collapse can still be identified and used for hazard assessment and
mitigation planning.

Dome collapses during the eruption of Sinabung Volcano
occurred due to many different processes and remained a
significant hazard as the eruption waned. Passive collapse
due to lava overtopping topography produced large
collapses and led to a change in eruption style in late 2014.
Our method is especially useful here as passive collapses are
often difficult to identify and anticipate as they do not correlate
with other measures of eruptive activity as active collapse
processes do. It therefore complements the monitoring of
effusion rate as a proxy for the frequency of active collapses
and allows for a more complete assessment of lava collapse
hazards at active or recently active volcanoes.
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