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Abstract

Active volcanic craters are highly dynamic geological features that undergo morphological changes on
a broad range of spatial and temporal scales. Such changes have implications for the stability of the
edifice, the eruptive style and the associated hazards. However, monitoring the morphological evolution
of active craters at high spatial resolution and over long periods of time can be challenging, especially
at remote volcanoes. In this study, we demonstrate the potential of Structure-from-Motion Multi-View
Stereo photogrammetry technique based on crowd-sourced data, applied to the case study of Oldoinyo
Lengai (OL) volcano in northern Tanzania. Following the 2007-08 paroxysm, OL volcano resumed its
characteristic effusive activity and started to fill in with lava the newly-formed 300 m wide and 130 m
deep pit crater. Monitoring capability is limited at OL due to its location in a remote non-urbanized area,
therefore, the eruptive and morphological evolution is poorly constrained (e.g., lava emission rates,
number of vents, location of unstable areas), with hazard implications for tourists visiting the summit
area. Here we use crowd-sourced images, including Unoccupied Aircraft System (UAS) images,
ground-based videos and pictures collected between October 2014 and June 2022, to reconstruct high-

resolution topographic time-series of OL’s summit crater. With these data, we have generated 7 Digital
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Elevation Models (DEMs) of OL’s pit crater spanning the past 8 years, and estimated the emitted volume
of lava and the corresponding time averaged discharge rates (TADR). From this we characterize the
geomorphological evolution of OL pit crater since the 2007-08 paroxysm and perform a preliminary
hazard assessment of the crater area. IN'SAR COSMO-SkyMed and Sentinel-1 data covering the periods
2013-2014 and 2018-2019 were also used in this study to complement our observations. Our results
indicate that the main location of lava emission within the crater floor has repeatedly shifted over the
years and that the 2008 cone has experienced a subsidence over time. OL’s TADR has increased over
the years, reaching values one order of magnitude higher in the period 2021-2022 compared to 2014-
2018. Assuming similar TADR in the coming years, the crater could be filled in by lava within the next

decade, leading to new lava overflows on the flanks of the volcano.

Key words: Crater morphology, Photogrammetry, UAS, Oldoinyo Lengai, Monitoring, DEM
1. Introduction

Active volcanic craters are highly dynamic geological features that undergo morphological changes over
a wide range of spatial and temporal scales (cm to km and hours to years, respectively). This topographic
evolution has many implications for the stability of the edifice, the eruptive style, and the location and
number of vents. Monitoring these changes is crucial to mitigate the numerous associated hazards, and
yet is challenging for remote volcanoes or small-scale morphological variations. As a consequence of
the development of automated Structure-from-Motion (SfM) and Multi-View Stereo (MVS) algorithms,
ground and airborne optical imagery are increasingly being used to generate high-resolution Digital
Elevation Models (DEMs), typically spanning spatial scales of a few square meters to several square
kilometers (e.g., James and Robson, 2012; Civico et al., 2021; Dille et al., 2021; Schmid et al., 2021).
This approach is cost- and time-effective, and the spatial resolution and completeness of the DEMs
depend on the quality of the acquired data (e.g., image spatial resolution, adequate lighting conditions,
number of images, geometry of acquisition, quality of camera-lens equipment) (Westoby et al., 2012;
Fonstad et al., 2013). The SfM-MVS technique has already been applied to develop numerical fluvial
models (e.g., Javernick et al., 2016), to monitor the erosion of coastal cliffs (e.g., James and Robson,
2012), to study landslides (e.g., Lucieer et al., 2014; Dille et al., 2021), to characterize fault systems
(e.g., Miller et al., 2017), and to describe geysers and geothermal systems (e.g., Walter et al., 2020Db).
It has also been used for active volcano monitoring, for example to track the evolution of volcanic domes
(e.g., James and Varley, 2012; Darmawan et al., 2018; Zorn et al., 2020; Carr et al., 2022), dykes (e.g.,
Dering et al., 2019), lava flows (e.g., James and Robson, 2014; Pedersen et al., 2022), or crater
morphology (Hanagan et al., 2020; Walter et al., 2020a; Civico et al., 2021). To the best of our
knowledge, only a few studies have used this technique to study the long-term morphological evolution
of active craters (e.g., Derrien et al., 2015; Hanagan et al., 2020; Barriére et al., 2022) and even fewer

performed it on a crowd-source basis (e.g., Snavely et al., 2008). In this study, the term crowd-sourced
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data refers to open data provided by tourists and data shared through collaborations with scientists from
various fields working on OL volcano. Photogrammetry can provide crucial information on volcanic
activity evolution and facilitate the identification of future potential hazards (e.g., lava overflow, crater
wall collapse, vent migration). Photogrammetric technique relies on image acquisition and is thus
applicable to both remote and highly dynamic environments, while being based on crowd-sourced data.
To demonstrate the benefits of such monitoring, we apply this technique to the case study of Oldoinyo
Lengai (OL) volcano, where series of images were acquired in the field by tourists and scientists without

aiming at performing photogrammetric surveys.

OL is a stratovolcano (2962 m a.s.l) located in northern Tanzania. It is the only active volcano in the
world to have emitted natrocarbonatite lavas historically (Keller et al., 2010). This type of emission has
been ongoing at OL for at least 11 ka (France et al., 2021). Since 1983, activity at OL volcano has mostly
been characterized by effusive lava emissions. However, on 4 September 2007, two explosive events
marked the beginning of a new eruptive phase that persisted until April 2008 (Figure 1). This new phase
was caused by a change in magma composition, from natrocarbonatite to nephelinite melt, and involved
short-lived explosive eruptions that generated volcanic ash plumes up to 15 km above vent at the peak
of activity (Keller et al., 2010; Kervyn et al., 2010; Bosshard-Stadlin et al., 2014). The direct
morphological consequence of this explosive phase was the formation of a pit crater, approximately 300
m wide and 130 m deep, in place of the lava platform that had filled the crater since 1983 (Kervyn et
al., 2010; Laxton, 2020). Following the 2007-08 paroxysm, the deep architecture and source of the
hydrothermal system has not drastically changed with respect to the pre-2007-08 paroxysm period
(Mollex et al., 2018). The normal effusive activity at OL resumed and has been filling the new crater
over the last 14 years, as reported through observations made sporadically by both scientists and tourists.
However, due to the remote location of the volcano (120 km away from the nearest city) and the lack of
scientific instruments on-site, there has been no permanent monitoring of OL’s activity and crater
morphology evolution. Fortunately, the uniqueness of OL volcano’s natrocarbonatite as well as the
neighboring points of interest (e.g., Ngorongoro Lengai Geopark, Lake Natron) attract some tourists and

scientists in the area, generating valuable — though relatively rare - sources of data.
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Figure 1: Oldoinyo Lengai’s a) location and hillshade of 30 m resolution SRTM DEM with overlap of July 2019 high resolution
crater DEM, b) crater in May 2006 (Courtesy of Matthieu Kervyn), c) crater after the main explosive phases in March 2008
(Courtesy of Benoit Wilhelmi), d) picture of one of the main explosive phases in February 2008 (Courtesy of Benoit Wilhelmi),
e) January 2021 DEM of OL summit cone, inset highlights the fissuring process on the west external slope of the cone.

Sporadic reports by tourists and visiting scientists, although mostly based on qualitative observations,
provide useful information on the state of OL’s activity and morphological evolution of the 2008 cone
(Figure 2). Frequent eruptive activity, characterized by small-scale intra-crater lava flows and pools, has
been observed since early 2009 (Global VVolcanism Program, 2013a). The formation of hornitos and the
occurrence of partial crater wall collapses have also been reported (Global Volcanism Program, 2008,
2009). Crater depth has been estimated visually using a handheld laser in 2008 (130 m) and 2010 (120
m), and through photogrammetric reconstruction in 2017 (100-125 m) (Global Volcanism Program,
2008, 2010, 2018). However, these sparse data points do not allow for a quantitative analysis of the



109  evolution of OL’s crater and overall cone structure, and therefore of the intra-crater lava accumulation,
110  eruption rates and surface displacements. In the absence of continuous in situ monitoring, multi-
111 temporal high-resolution topographic reconstructions, using ground-, drone-, and aircraft-based images
112 acquired by scientists, tourists, and pilots represent an invaluable source of data to retrieve OL’s crater
113 evolution. The difficulties in obtaining high-resolution DEMs from satellite data due to regular cloud
114 cover and the small scale of the crater (= 300 m diameter) and its vent structures with respect to metric
115  satellite data resolution further emphasize the need for more creative solutions to data acquisition. Also,
116  higher precision measurements, such as ground-based Lidar, are not available for the period of interest.

117  Consequently, as a complement to photogrammetric data, Interferometric Synthetic Aperture Radar

118  (InSAR) show potential to monitor the surface displacements of the 2008 cone structure.
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120 Figure 2: Picture time-series from April 2008 to September 2012. Pictures a), b) and c) are airborne pictures acquired in
121 April, June and July 2008, respectively (Courtesy of Benoit Wilhelmi). d) February 2009 ground-based picture (Courtesy of
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Ben Beeckmans). e) March 2010 ground-based picture (Courtesy of David Sherrod). f) September 2012 ground-based picture
(Courtesy of Franck Mockel).

In this study, we demonstrate the capability of crowd-sourced photogrammetry to reconstruct a high-
resolution topographic time-series of the changing summit crater morphology of OL. From this time-
series, we characterize the geomorphological evolution of the summit crater of OL since the 2007-08
paroxysm and assess the hazard implications. For this, we collated several sources of optical images
including Unoccupied Aircraft Systems (UAS) images, videos and ground-based pictures that have been
collected by scientists or tourists between October 2014 and June 2022 (Figure 3). Using these diverse
datasets, we generated 7 DEMs of OL’s pit crater spanning the past 8 years and estimated the lava
emitted volume and Time Averaged Discharge Rates (TADR) over time (Harris et al., 2007).
Additionally, INSAR data allowed to estimate the larger scale surface displacements related to the 2008

cone.
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Figure 3: Picture time-series from October 2014 to June 2022. a) October 2014 ground-based picture (Courtesy of Dr. France
and Prof. Chazot), b) November 2017 UAS-based picture (Courtesy of Prof. Kervyn), ¢) and d) August 2018 and February
2019 UAS-based pictures, respectively (Courtesy of P. Marcel and M. Caillet), e) July 2019 UAS-based picture (Courtesy of
Dr. Laxton and Dr. Nicholson), f) January 2021 UAS-based picture (Courtesy of M. Dalton-Smith and G. Schachenmann), g)
June 2022 ground-based picture (Courtesy of S. Chermette).

2. Methodology

2.1. Data acquisition
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One of the main challenges of this study was to gather a sufficient number of high-quality images for a
given period in order to reconstruct a complete DEM of OL’s active crater. The data are collated from
6 different sources and allowed the reconstruction of 7 DEMs spanning more than 8 years. The sensors
and acquisition methods vary greatly and include pictures and videos obtained using both UAS and
ground-based Digital Single Lens Reflex cameras. The motivations for each data acquisitions were also
quite diverse. Some images were taken by tourists (e.g., 2018), others by scientists with the objective of
performing 3D reconstructions of the active crater (e.g., 2017 and 2019), and some for film-making
purposes (e.g., 2021). UAS data were obtained by flying over and within the pit crater. Ground-based
data were mostly acquired from the crater rim, except in 2014 when a GoPro camera, fixed on a cable

going across the crater, was used to descend inside the structure.

Various media sources were explored to collect these datasets. First, Global VVolcanism Program bulletin
reports for OL were reviewed to identify individuals who had climbed or flown over the crater since
2008. Each person was contacted individually to assess those with potentially useful data for
photogrammetric reconstruction. Additionally, extensive research was carried out on social media
platforms (e.g., YouTube, Facebook, Twitter) to identify other individuals or groups who had visited
for tourism. The collected data were sorted and some periods were not used due to insufficient numbers
of pictures (i.e., 2008, 2010 and 2012, Figure 2). Detailed information on the data used to reconstruct
the 7 OL DEMs are presented in Table 1.

Table 1: Properties of the pictures used for DEM reconstructions

Nb Resolution . N
Year Month Dates Cameras pictures OX) GPS geotagging Source Institution
GoPro He_r93+ Black 46 1920x1080 Unive_rsité de
edition Dr. Erance and Lorraine and
2014 Oct 12to14 Nikon D7000 12 4928x3264 No P.rof Chazot Université de
Information unavailable 8 4000x3000 ’ Bretagne
Kodak EasyShare DX7590 14 2576x1716 Occidentale
Vrije
2017 Nov  29t030 DJI Phantom 4 344 1920x1080 No Prof. Kervyn Universiteit
Brussels
2018  Aug 4 DJI Mavic Pro 151 1920x1080 No Patrick Marcel
2019 Feb 28 DJI Mavic Pro 190 1920%1080 No and Marc Caillet
DJI Phantom 3 Pro 146 4000x3000 Dr. Laxton and University
AU PumEl G POW"_*{SShOt SX740 79 s5184x3888 U Dr. Nicholson  College London
Michael Dalton-
2021 Jan 24 DJI Mavic 2 Pro 80 5472x3648 Yes Smith and Gian -
Schachenmann
DJI Mavic Pro 93 4000x2250 Sylvain
A dm ey Sony Alpha 7 1iI 64 6000x4000 es Chermette -

2.2.Data processing

Some images had to be extracted prior to the 3D reconstructions. Part of the data for the years 2014,
2017, 2018 and 2019 were video-based, recorded using UAS or hand-held cameras. Frames were
extracted from the videos and a selection made to ensure as many different viewing geometries and as

much images overlap as possible on a case by case basis.
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2.2.1 Photogrammetric 3D reconstruction

The 3D reconstruction was performed using Agisoft Metashape Pro v. 1.7.2 (AMP), a SfM-MVS
photogrammetry software. The reconstructions were obtained following the procedure described in
James and Robson (2014), James et al (2017) and Delhaye and Smets (2021). The first processing step
is an image quality control to detect and remove images that would negatively impact the quality of the
3D reconstruction (e.g., blurred and badly exposed images). The AMP image quality estimation tool
was used for that purpose, and all images having a score lower than 0.7/1 were discarded. The value
provided by this tool is based on the sharpness level of the most in-focus part of the picture. An image
with a score inferior to 0.5/1 is recommended to be excluded from the data processing by the AMP user
manual. This 0.7/1 threshold was arbitrarily set to improve the quality of the dataset while avoiding
missing the necessary image overlap and view angles to perform a proper 3D reconstruction.

The next step is the image alignment, i.e., image matching and interior/exterior orientation estimation.
The output is a point cloud made of tie points (i.e., points visible on at least two images), called sparse
point cloud (SPC), and the estimation of the interior orientation parameters, called “camera calibration”
in AMP. To improve the interior/exterior orientation, the SPC was filtered using filtering options
provided by the software and an optimization of the camera calibration. These filters are based on
specific metrics that allow the operator to remove the less precise tie points. A full description of these
filters is provided in the AMP user manual (https://www.agisoft.com/downloads/user-manuals/).

After georeferencing (see 2.2.2), a dense matching is performed to produce a dense point cloud (DPC)
representing the full 3D reconstruction product. The DPC is eventually cleaned up manually on its edges
and where clusters of useless points are located. The cleaned DPC of each available periods (epoch) is
finally used to produce a DEM (Figure 4). Further processing information are available in the table S1

of the supplementary material.
2.2.2 Georeferencing

None of the 7 datasets included ground control points (GCPs) and 4 had no associated GPS data, yet
georeferencing is essential for cross-model comparison. To perform such comparison, we used a
reference epoch having a good quality of image acquisition and geotagging information. The precision
of this geotagging is equivalent to a unique consumer-grade GNSS receiver (i.e., 5 to 10 m), but provides
centimeter- to decimeter-scale precision for an accurate scaling of the model. The reference epoch is the
July 2019 dataset. It offers the best spatial resolution available in the time-series, with images acquired
during ideal lighting conditions (i.e., no extreme light-shadow contrasts, good visibility and exposure
highlighting well the ground surface texture). As the type of image, geometry of acquisition and
conditions of illumination significantly differ between epochs, multi-epoch co-alignment during the
photogrammetric processing, as commonly suggested for an accurate co-registration (e.g., Feurer and

Vinatier, 2018; Hendrickx et al., 2020; Delhaye and Smets, 2021), was not possible. Consequently, we
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used the fully processed reference epoch July 2019 to manually extract the coordinates of 10 reference
points visible in the final 3D products and use these points as GCPs for the other epochs. Each of these
points is associated with a recognizable feature within OL’s crater that could be identified easily in all

the other epochs. It allowed for a co-registration of all available epochs in our dataset.

To assess the quality of the co-registration, we used the CloudCompare M3C2 plugin (Lague et al.,
2013; Girardeau-Montaut, 2016). For each DPC, regions assumed to be stable around the crater were
selected and compared to the reference July 2019 model. These DPC samples correspond to cone slopes
with no evidence of volcanic activity (e.g., tephra accumulation, collapse) or vegetation. The use of cone
slopes to assess the co-registration enables both vertical and horizontal registration (Delhaye and Smets,
2021). Results are reported in table 2.

All the co-registration differences are between 0.1 and 1.1 m with an average standard deviation of 0.3
m. These results indicate that all elevation changes measured between DEMs superior to 1.5 m are
significant and correspond to real elevation changes in the pit crater. This value is conservative and is

lower for all dates but August 2018.

Table 2: 3D reconstruction properties

DEM Ground resolution RMS reprojection Max reprojection Average co-registration Average co-registration

(cm/px) error (m) @ error (m) difference (m) standard deviation (m)
2014 13.88 0.22 531 0.11 0.51
2017 23.76 0.34 18.33 0.73 0.31
2018 20.97 0.20 6.30 111 0.38
2019 Feb 28.93 0.17 2.05 0.46 0.24
2019 Jul 11.87 0.25 0.89 NaN NaN
2021 21.36 0.21 0.70 0.40 0.22
2 18.54 0.21 0.56 e ey

(a) The RMS reprojection error is provided by the Agisoft Metashape software and correspond to the root mean square of normalized
reprojection error.



215

a) N D
10/2014 11/2017
C) d)

02/2019 e

07/2019
g)

06/2022 o




216
217
218

219

220
221

222
223

224
225
226

227
228
229

230
231
232

233

234

235

236
237
238
239
240
241
242

243

244

245

246

Figure 4: Overview of the 7 DEMs reconstructed in this study: a) October 2014, b) November 2017, c) August 2018, d)
February 2019, e) July 2019, f) January 2021, g) June 2022. The bottom right picture, taken on 26" of June 2022, shows the
current state of OL’s crater morphology (Courtesy of Sylvain Chermette).

2.2.3 Depth and volume change estimates

Parameters related to the morphology of the crater (e.g., depth, surface, volume) as well as to the

dynamics of the activity have been extracted from the DEM time-series (Figure 4).

The DEMs were subtracted from each other to map the elevation differences across the entire crater area
(Figure 5) allowing both a qualitative and quantitative appraisal of OL crater morphological evolution.

As OL crater rim elevation is constant in time but variable around the crater, with minimum and
maximum elevation around 2887 and 2908 m in the W-NW and S-SE area respectively, the average rim

altitude (2895 m) was retrieved from the July 2019 reference model and used as the crater rim elevation.

The crater depth has been retrieved by manually contouring and measuring the average elevation of the
young lava platform (i.e., crater floor elevation) in each DEM, which was then subtracted from the

average crater rim elevation.

The crater volume is the volume of lava needed to completely fill OL’s crater. This parameter was
obtained by measuring the empty volume below a virtual platform at the average crater rim elevation..

Using the obtained crater volume, we derived the TADR in m*/month:

vV, — V.
rapr = V2~ "l (1)
=t

with V2 and V1 being the crater volumes of two successive epochs and t; —t; the time difference between

the two epochs of interest.

In order to retrieve the error associated to Volume and TADR calculations it was first necessary to verify
the error distribution in the M3C2 results. Quantile-Quantile (Q-Q) plots were used to identify potential
deviation from a normal distribution (supplementary material Figure S1). A strong deviation from a
straight line was observed indicating a non-normal distribution of the error. We thus followed the same
procedure as in Hohle and Hohle, (2009) and Pedersen et al., (2022) consisting in using the Normalized
Median Absolute Deviation (NMAD) an estimate for standard deviation less sensitive to outliers in the

datasets, to estimate the error associated to Volume and TADR estimates:
oy =A-NMAD (2)

where gy, is the Volume uncertainty and A is the area that experienced an elevation change.

A
T \/NMADlz + NMAD,? 3)

where t, — t; is the time difference between 2 DEMs.
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2.3.Surface displacements (INSAR data)

Surface displacements have also been quantified using INSAR to provide insights on the larger scale
motion of the 2008 cone. Surface displacements were quantified using differential INSAR on three SAR
datasets: 100 descending COSMO-SkyMed X-band (wavelength = 3.1 cm) SAR images spanning 2
February 2013 — 28 November 2014 provided by the Italian Space Agency (ASI), 35 descending
Sentinel-1 C-band (wavelength = 5.55 cm) SAR images spanning 21 July 2018 — 12 January 2020, and
44 ascending Sentinel-1 C-band SAR images spanning 25 July 2018 — 4 January 2020 provided by the
Alaska Satellite Facility (ASF). The COSMO-SkyMed dataset was multi-looked at 5 looks in range and
5 looks in azimuth, while the Sentinel-1 datasets were multi-looked at 10 looks in range and 2 looks in
azimuth. 510 descending COSMO-SkyMed interferograms were made using a baseline threshold of 200
m and a maximum of 200 days between acquisitions. A baseline threshold of 300 m and a temporal
threshold of 50 days were used to generate 95 descending and 162 ascending Sentinel-1 interferograms.
Differential INSAR processing and unwrapping were completed using the GAMMA software (Werner
et al., 2000). Topographic phases were removed using a digital elevation model of OL edifice with a 12

m spatial resolution from TanDEM-X (Krieger et al., 2007).

Cumulative surface displacement maps and time-series of displacements were generated using the
Multidimensional Small Baseline Subset (MSBAS) version 3, a software that uses the least squares
method on a differential INSAR dataset to produce one-dimensional Line-Of-Sight (LOS) time-series,
or a combination of ascending and descending datasets to produce two-dimensional, vertical and
horizontal east-west, time-series (Samsonov, 2019). Compared to conventional INSAR, MSBAS can
detect smaller ground displacements over longer timespans and has been successfully used to analyze
deformation related to volcanic processes (Samsonov and d’Oreye, 2012; Smets et al., 2013; Stephens
and Wauthier, 2022; Gonzalez-Santana et al., 2022). The areas of interest at the crater were sampled at
10 x 10 pixels (120 m x 120 m). The InSAR time-series reference (10 x 10 pixels) is centered on the
location of the OLO3 GPS station (-2.754°, 35.871°) from the TZVOLCANO GNSS Network (Stamps
et al., 2016). The location is relatively stable based on GPS time-series spanning 2016-2021, which is
detrended using MIDAS (Blewitt et al., 2018) and available through the Nevada Geodetic Laboratory
database. No GPS data are available from 2013-2014, so we assume that the location of station OLO3

was also stable during this period for consistency.
3. Results

The explosive activity that took place between September 2007 and April 2008 excavated a 130 m deep
pit crater, around which a new pyroclastic cone formed and now sits atop the older active platform
(Figure 1c and e). The pyroclastic cone is easily distinguishable from the older structures due to its
smooth texture (Figure 1e). In this study, the pit crater within the cone is divided into two sections, a

steep-sided inner crater (=~ 200 m diameter) from the crater floor to 2866 m elevation that will be referred
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to as the lower crater section and a wider upper section (= 300 m diameter) from 2866 to 2895 m
elevation with a slope mainly at the repose angle with an average angle of 33°, referred to as the upper
crater section (Figure 6a). The lower crater section is approximately circular while the upper crater
section is slightly elongated in the NE-SW direction. The upper crater section displays several features
on the inner eastern slopes corresponding to collapses that occurred in the months following the
paroxysm (Figure 2). On the external section of the cone, one of the most noticeable features on our

DEMs is the = 100 m long fissure running parallel to the cone base on the western slopes (Figure 1e).

Since 2014, OL’s crater has undergone further significant morphological changes, including progressive
filling of the crater with new lava, hornitos growth and collapses, and partial collapses of the crater walls
(Figure 5). We describe the main features of each of these processes in the sections below. For clarity,
vents or clusters of vents are referred to using an associated number (e.g., V1, V2,...; Figure 5). When
a vent does not significantly change location or size, its name is carried out to the next time step. On the
other hand, if the location and/or dimension of a vent has changed, if several vents merged, or if vents

are visible in an area previously devoted of any vent then a new name is attributed to it.
3.1.Crater filling
3.1.1 Lava field

The progressive filling of the crater is clearly visible throughout the 2017 to 2022 reconstructed DEMs,
distinguishable from the smooth unaltered texture that the fresh lava generates (Figure 5, dashed purple
contours). In 2017, a young lava field is noticeable in the north and central part of the crater at a depth
of 110 m, relative to the average crater rim elevation (Figure 3b and Figure 5b). A large hornito in the
west (V1) and four main vents (V2-5) are identified, including a 12 m diameter lava pool (V2). In 2018,
the lava field displays a 27% increase in surface area and a 3-4 m increase in elevation (107 m depth)
with respect to 2017 (Figure 5¢ and Table 3). Several vents are observed, including a lava pool (V5) on
the eastern part of the field. The pool was active at the time of data acquisition. In both 2017 and 2018,
the active vents are located in the northern half of the lava field. From February 2019 onwards, all active
vents appear confined to the center of the lava field, which had expanded in area by 50% and increased
in elevation by 4-5 m (99 m depth) with respect to August 2018 (Figure 5d). A similar vent layout is
noticeable in July 2019 with 5 active structures (V12-16) developing in the center of the field (Figure
5e). The main structure (\V14) consists of an elliptical pool measuring 24 x 14 m along its major and
minor axis, respectively. The lava field surface area expanded by a further 14% with respect to the
previous DEM, while its depth relative to the crater rim decreased to 97 m. Between July 2019 and
January 2021, the active vents continued to converge towards the center of the crater, resulting in the
formation of a single tall hornito (V17) measuring 55 m in height relative to the crater floor level (88 m
depth) (Figure 3f). A 30% increase in the lava field surface area is also observed during this time period

(Figure 5f). In June 2022, the main central hornito collapsed creating a E-W elongated lava pool (V17)



317  associated with several secondary vents (\V18-21) aligned in the same orientation (Figure 5g). The lava
318  field surface area increased by 14% and its average elevation reached 2822 m (73 m depth), almost
319  entirely covering the remnants of V1 hornito. Cumulatively, between 2017 and 2022, the lava field
320  surface increased from 8.4x10° m? to 2.7x10* m?2, while its average elevation rose by 37.2 m (from
321  2785.2 to 2822.4 m, respectively). Furthermore, a west-east alignment of the active vents appears from
322 2018 and remains visible until 2022.

323
Table 3: Parameters extracted from DEMs and field estimates
Years Depth (m) Lava (frﬁzl)d area Crate(rmv3c;Iume ov (M®) TADR (m®¥month)  orapr (M¥month) Months
2008 130" NaN 3.58E+06* NaN NaN NaN NaN
2010 120" NaN 3.56E+06* NaN 9.60E+02* NaN 22
2014 115.7 NaN 3.52E+06 6.42E+03 6.00E+02 NaN 55
2017 110.3 8392 3.38E+06 4.60E+03 3.80E+03 1.98E+02 37
2018 106.7 10679 3.37E+06 3.02E+03 8.00E+02 6.85E+02 9
2019 Feb 98.6 15887 3.31E+06 2.82E+03 1.10E+04 6.65E+02 6
2019 Jul 96.8 18062 3.27E+06 NaN 8.40E+03 NaN 5
2021 87.8 23417 2.96E+06 7.81E+03 1.70E+04 4.34E+02%* 18
2022 73.1 26728 2.60E+06 1.73E+04 2.10E+04 1.13E+03 17
Note. Depth = Crater depth with respect to average lava platform and crater rim elevation, Crater volume = VVolume available below a plane at the crater rim
elevation, Months = number of months elapsed with respect to previous DEM, NaN = Not a Number (No data available). "2008 and 2010 depth values come
from estimates determined by Chris Weber and Dr. David Sherrod, respectively (Global Volcanism Program, 2008, 2010). **This orapr Uncertainty value
could not be calculated based on the described method and thus was obtained by dividing oy by the number of months elapsed between July 2019 and 2021
surveys.
324
325 3.1.2 Hornitos

326 A west emission center (V1) is noticeable in every DEM (Figure 5). V1 formed a hornito located against
327  the western crater wall (Figure 5b). Between 2014 and 2017, this structure increased in volume, as
328  shown by the yellow/orange color scale in Figure 5b. The volume change of the entire hornito cannot
329  be constrained for each time period as the central lava field progressively covered the base of the hornito
330  and some crater wall collapses exposed parts that were previously hidden. We therefore measured the
331  change in the maximum height of the hornito’s peak area between 2017 and 2022. From November 2017
332 to August 2018, V1 falls by 3.5 m in maximum elevation (Figure 5b, c). These changes in elevation are
333  accounted for by 2 collapses that can be distinguished in Figure 5c, one at the V1 summit and one on
334  the eastern side closer to its base. Between August 2018 and February 2019, V1 decreased by a further
335 2.3 m in maximum elevation. In July 2019, V1 exhibits an increase in maximum elevation of 5.3 m
336  followed by an increase in maximum elevation of 24.8 m by January 2021 (Figure 5e and f). From
337  January 2021, V1 continued to grow, albeit at a slower rate, however its maximum elevation dropped
338 by 1.8 m by June 2022. Figure 5g shows that by June 2022 V1’s summit has again collapsed and instead
339  exhibits a growth around 10 m to the north.
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Until February 2019, large scale hornitos and lava pools such as V2 (> 1000 m?) formed predominantly
in the northern part of the crater, while the central part only contained small-scale structures, such as
V3-12 (< 300 m?). All the vent structures were low in elevation relative to the average elevation of the
crater floor (<10 m). By February 2019, all vents were confined to the central part of the crater and
remained relatively small low elevation edifices (V9-12). From July 2019, larger structures developed
(>10 m), all in the central region of the crater. These structures included a large collapsed hornito (\VV14)
and several smaller ones (V12, 13, 15 and 16). Within the V14 collapsed structure, we observe several
active vents characterized by a notable E-W alignment. In all the DEMs presented in this study, no active
vent was observed in the southern part of the crater. By January 2021, all vents coalesced into one central
55 m tall hornito (V17) with a basal diameter of = 90 m, for a total volume of 6.6x10* m2. The structure
subsequently collapsed, and 5 vents (V17-21) opened around it, forming a network of smaller scale
hornitos (= 15 m high; Figure 5g). From January 2021 onward, the vent structures (V17-21) grew further
to reach higher elevations (> 20 m) compared to previous years and started resembling the structures
observed during the 2000-2008 period (Figure 1) (Kervyn et al., 2008).

3.1.3 Crater volume evolution

A time series of crater depth was obtained by measuring the average elevation of the young
natrocarbonatite lava platform in each DEM. In October 2014, a substantial portion of the lava field is
missing due to the incomplete DEM. In this case, the average elevation along the margin of the missing
area’s contour was used as a depth estimate, assuming a horizontal topography. OL’s crater depth has
been decreasing at different rates over time (Figure 6a). Two main trends are observed, one for the
period between October 2014 and August 2018 during which the crater depth decreased by ~ 9 m,
corresponding to 0.2 m/month, and the second between August 2018 and June 2022, during which the
crater depth decreased by ~ 34 m, corresponding to a higher rate of 0.7 m/month (Figure 6b).

The first trend is in good agreement with previous crater depth measurements acquired in 2010 (Global
Volcanism Program, 2010). Conversely, the depth value obtained in 2008 (Global VVolcanism Program,
2008) appears higher than expected compared to the data presented here. However, one should
remember that, due to the cone-shaped morphology of the original crater following the 2007-08
paroxysm, it is expected that the crater depth decreased at a faster rate in the years immediately following

the resumption of effusive activity.

The remaining volume of the crater was measured for each available DEM using the average crater rim
elevation as a reference (Figure 6c). It is important to note that debris from crater wall collapses that
have occurred over the studied period fell inside the crater and consequently do not impact the overall
volume evolution estimation. Crater volumes were estimated at 3.5x10° m® in 2014 compared to 2.6x10°
m? in 2022 corresponding to a 26% volume decrease in 8 years. As for the crater depth, two evolution

trends are observed in the volume data. The first trend (from October 2014 to August 2018) shows that
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the crater lost ~ 4% of its volume in almost 4 years. In comparison, the crater volume decreased by a
further 23% between August 2018 and June 2022. The TADRs highlight the same two distinct
evolutions over time with an initial steady low emission (< 6x10° m*/month) trend pre-2018 followed

by a constantly increasing trend reaching a maximum emission rate of 2.1x10* m*month by June 2022.

We estimated the pit crater volume for the years 2010 and 2008. In these years the floor of the pit crater
had a cone shape (Figure 2a and c) that got rapidly filled over time. In the absence of DEMs for these
years, the 2014 crater volume was used as a reference to which we added a supplementary volume
calculated separately. To calculate the 2010 supplementary volume, the average slope of the northern
region of the lower crater section was measured on the reconstructed 2014 DEM to be 27.3°. This slope
value was then used to derive a truncated cone volume (Figure 6a, blue dashed lines) below the 2014
lava field area. For 2008, a supplementary cone volume was added with a diameter equivalent to the
2010 truncated cone and a tip reaching the depth measured in 2008 (Figure 6a, dark blue dashed lines).
The corresponding TADR results showed in Figure 6¢ for the periods 2008-2010 and 2010-2014 are

consistent with a steady low emission period pre-2018.
3.2.Collapses

Several crater wall collapses occurred in 2017, February 2019 and 2021 (Figure 5, dashed green
contours). These collapses developed on the top of the lower crater section, in the west to south-west
sectors, at an average elevation of 2866 m. Each wall collapse is distinguished by the dark blue shaded
areas in figure 5, indicating an elevation change after the collapse greater than 45 m. This change agrees
with the altitude difference between the top of the lower crater section and the crater floor in the three
cases (81 min 2017, 69 m in 2019 and 58 m in 2021). Furthermore, we observe the presence of meter-
size blocks on the crater floor below the collapsed area. These collapse areas extend several tens of
meters in length scale and appear to be restricted geographically to the southwestern walls of the lower

crater section.
3.3.Cone subsidence

The InSAR data provided us with cumulative surface displacement maps supporting subsidence at the
cone relative to the surrounding area (Figure 7). LOS displacements of the northern (A) and southern
(B) flanks both have linear rates of -3.4 cm/year according to the descending COSMO-SkyMed dataset
spanning February 2013 — November 2014. Simultaneously processing the ascending and descending
Sentinel-1 datasets spanning July 2018 — January 2020 yields both vertical and horizontal displacements.
The northern (A), southern (B), western (C), and eastern (D) flanks have vertical displacement linear
rates of -2.0, -1.0, -1.3, -0.6 cm/year, respectively, and horizontal displacement linear rates of -0.6, -0.6,
-0.5, -0.4 cmlyear, respectively. The biannual cyclic patterns, which are especially apparent in the
vertical and horizonal displacement time-series, correspond to the wet seasons that occur in the periods

March — May and October — December, when the ground swells with rainwater (Rey et al., 2021).
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Figure 5: Morphological evolution of OL’s crater obtained by DEM subtraction: a) October 2014 DEM, b) November 2017 —
October 2014, c) August 2018 — November 2017, d) February 2019 — August 2018, e) July 2019 — February 2019, f) January
2021 — July 2019, g) June 2022 — January 2021. In each case, the colormap of elevation differences is overlapping the most
recent DEM: b) November 2017, c) August 2018, d) February 2019, e) July 2019, f) January 2021 and g) June 2022. The red
line corresponds to the N-S profiles presented in figure 6a.
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Figure 6: a) N-S profile of each reconstructed DEM (Profile drawn on figure 5a). Purple dashed line represents the base level
used to fill in the October 2014 missing data. Blue and dark blue dashed lines represent the assumed shapes used to estimate
the 2010 and 2008 crater volumes, respectively. B) Crater depth evolution over time. Dark blue and blue colors correspond to
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estimates performed by Chris Weber in 2008 and David Sherrod in 2010, respectively (Global Volcanism Program, 2008,
2010). The error associated with these measurements is unknown and represented by the error bar with a question mark. C)
Crater remaining volume (blue dashed line, blue axis) and emission rate (solid lines, black axis) evolution over time (shaded
areas correspond to the error). Error bars associated to the crater volume estimate are displayed but in most cases are
comprised within the size of the data point.
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Figure 7: a) Cumulative surface displacement maps from COSMO-SkyMed (February 2013 — November 2014) and Sentinel-1
(July 2018 — January 2020) data and b) time-series plots for points A through D. The red triangle represents the Oldoinyo
Lengai summit, and the black outline represents the observed fissure on the western cone flank. The InSAR time-series reference
coordinates are -2.754°, 35.871°.

4. Discussion

4.1. Morphological evolution and shallow plumbing system

Numerous morphological changes are observable over time within the crater formed by the 2007-08
eruption at Oldoinyo Lengai. A new natrocarbonatite lava platform has developed, progressively
covering the older formations and filling the crater (Figure 5). We show that, within this platform the
location of the active centers migrates over time from the northern region of the crater towards the
center. This observation suggests subsurface changes in the geometry of OL’s shallow plumbing system
feeding lava emission at the surface. This interpretation is supported by other morphological changes
including the formation and destruction of pools and hornitos on the lava platform. It appears that the
largest structures were localized in the north part of the crater prior to July 2019, after which, large-scale



441
442
443
444
445
446
447
448
449
450
451
452
453

454
455
456
457
458
459
460
461
462
463
464
465
466

467
468
469
470
471
472
473
474
475
476

structures developed solely within the center of the platform. This behavior indicates that the lava flux
has been progressively redirected towards the center of OL’s crater and has remained stable in this area
since. This observation is confirmed by the data presented in Reiss et al., (2023) that show a thermal
signal localized in the central part of the crater during the year 2019. The observed vent alignment on
the DEMs also suggests an E-W oriented shallow feeding system. Interestingly, Kervyn et al., (2008)
made similar observations of vent alignments at OL but oriented in a N-S direction at that time. Kervyn
et al., (2008) also reported very shallow interconnected magma reservoirs directly below the collapsed
remnants of large hornitos structures, as observed in June 2022. We also observe an evolution in the
eruptive style at OL over time. Vent structures were low in elevation (<10 m) prior to January 2021.
This suggests an eruptive activity composed mostly of lava flows as it will tend to direct the flux in the
main slope direction and propagate over a long distance (several tens of meters). On the other end, our
data suggest that the more recent activity has been dominated by spattering that favor a radial short range
distribution of the erupted products, hence allowing the formation of higher structures.

These observations tend to indicate that an E-W feeding system has been created or reactivated in OL’s
pit crater and that the magma flux has been migrating through this system and increasing over time. A
potential explanation for an E-W oriented feeding system is related to the morphology of OL summit
area. The 2008 cone rests on a relatively flat platform composed of natrocarbonatites formed north of
the summit over the last century (Klaudius and Keller, 2006). The southern part of the 2008 cone is
bounded by the topography of the volcano’s summit which provides stability to the cone structure. On
the other hand, the northern part of the cone is directly built up on lava flows accumulated (Figure 2 in
Klaudius and Keller, 2006) on the northern edge of that flat platform overlying the steep outer flank
(Figure 1c, d and e). Furthermore, fumaroles are regularly observed on the upper flanks of the volcano,
especially close to the 100 m fissure on the west part of the 2008 cone and on the northern flanks, likely
generating an alteration of the natrocarbonatites in these areas. Such differences of stability between the
northern and southern parts of the 2008 cone could impact the stress field within the pit crater, favoring

N-S extension stress field that would favor an E-W oriented feeding system at shallow level.

The central part of the crater is one of two primary regions of localized eruptive activity in OL’s crater.
An active vent on the western edge of the crater (V1) has been active since before October 2014. Figure
2e displays a view of the western side of the crater in March 2010. At that time the western hornito (V1)
was not formed but a small cone with a large vent at its summit is visible. This structure is most likely
one of the first stages of V1 formation. From November 2017 until at least February 2019, V1 stopped
emitting, before reactivating. Interestingly, the activity of the central lava field and the vent V1 appear
to be anti-correlated (Figure 5). During the 6 months period August 2018 — February 2019 when V1 was
in quiescence, the lava field volume increased by = 8.4x10* m3, twice as much as during the 9 months
period November 2017 — August 2018. During the 5 months period February 2019 to July 2019 the lava

field volume only increased by = 5.2x10%m?3, when V1 was being reactivated. Thermal InfraRed satellite
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data confirm V1 reactivation by showing an absence of thermal signal on the western part of OL’s crater
between March and May 2019 and then the presence of a hotspot in June 2019 (Reiss et al., 2023). After
this, V1 appears to be quiescent again at least until March 2020 according to MSI-Sentinel 2 and OLI-
Landsat 8. However, we can observe that V1 increased again in volume in January 2021 and June 2022
indicating a new activation of the vent between March 2020 and January 2021. From July 2019, the lava
field volume steadily increased again until June 2022. It appears that lava emission at the western vents
ceased while the central vents were migrating from the northern part to the central region of the crater
from November 2017 to February 2019. From February 2019 onwards, both areas were active
simultaneously. After the merging of all central vents into one main hornito (V17) in January 2021,
OL’s crater displayed only two main active vents, the central (V17) and western (V1) vents (Figure 5f).
In June 2022, we show that the number of vents increased again and spread along an E-W axis between
the central and west active areas. We explain this observation by considering that the collapse of V1 and
V17’°s summits likely clogged their main conduits. The result of this is a stress distribution change within
the hornitos plumbing systems, consequently forcing lateral magma migration and the formation of new
vents in the vicinity of V1 and V17 (Figure 5g).

Temporal vent migration, successive vent activation and deactivation as well as simultaneous emission
from multiple vents is well known and regularly observed at other open vent volcanoes, including
Stromboli in Italy and Yasur in Vanuatu (Nabyl et al., 1997; Oppenheimer et al., 2006; Harris and
Ripepe, 2007; Gaudin et al., 2014, 2017; Simons et al., 2020). This phenomenon is often explained by
interconnected conduits and shallow reservoirs typically no more than a few hundred meters deep, e.g.,
~ 300 m depth in the case of Stromboli volcano (Harris and Ripepe, 2007). Despite further geophysical
constraints on OL’s deep plumbing system (Reiss et al., 2022), substantial knowledge gaps remain
regarding its shallow plumbing system. It has been suggested in Kervyn et al., (2008) that vent
migrations at OL were related to extremely shallow magma reservoirs (i.e., few tens of meters depth).
The observed shifts in active area within OL’s crater suggest regular reconfiguration of the shallow
plumbing system associated to the formation and clogging of preferential eruption pathways between
magma storage and surface. Thermal erosion is also a phenomenon observed at OL that could play a
significant role in the motion of active vents (Dawson et al., 1990; Kervyn et al., 2008). It also appears
that higher hornitos, associated with spattering, form when less vents are active. It could be explained

by the flow being concentrated on fewer vents, hence, building a higher pressure.

The overall TADR at OL exhibits a steady increase since August 2018, culminating at 2.1x10* m%month
(8x10 m¥/s) in June 2022. Over the past 4 years, the TADR was 7 times greater than the average value
obtained for the steady period 2010-2018 (10 m®/s), in good agreement with previously documented
emission rates of 2x10° m®s reported by Dawson et al., (1990). A distinct change in the TADR has
occurred during the studied period, with a stable, low rate in the period 2010-2018 and an increasing

rate in the period 2018-2022. Thus, it appears that somewhere between August 2018 and February 2019,
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OL volcano experienced a change in its magma feeding system that modified both the lava flux and the
conduit geometry. This is a crucial finding with a direct implication on the remaining time before a new

overflow event may initiate.
4.2. Instabilities

At least 4 major crater wall collapses took place during the studied period, 2 during the period October
2014 — November 2017, 1 between August 2018 and February 2019 and 1 between July 2019 and
January 2021. The presence of meter-size blocks accumulated on the crater floor in these areas confirms
the occurrence of these events. Collapses appear restricted to the SW crater wall and we explain this in
the context of the crater geometry. The observed collapses affect the sub-vertical walls of the lower part
of the crater. While most of the steep-sided walls of the crater are vertical, in the SW region, the crater
walls are overhanging with an angle of =~ 70° to the horizontal. These overhanging crater walls are
therefore less stable than the rest of the lower crater section. Based on images taken during and after the
2007-08 paroxysm we can see that the newly formed crater experienced multiple collapses (Figure 2).
These collapses appear to have taken place mostly in the eastern and northern sections of the crater,
some of which impacted the crater up to its upper section. Based on our data we know that these
collapses occurred between July 2008 and February 2009. Interestingly, climbers reported hearing
“strong thundering noises” and sensed tremors on 12 October 2008, while being close to the summit
(Global Volcanism Program, 2009). Thick steam from the crater was also reported on 26 October 2008.
These two events could be related to the aforementioned collapses. The northern and eastern pit crater
walls have remained stable since. However, in the case of the SW overhanging walls, it took many years
to collapse. One possible explanation could be that the activity migration from the north to the center of
the crater over the years, together with the increase in TADR, have generated new instabilities within

OL crater through shaking and fracturing.

An additional sign of instability is noted on the outer part of the cone formed in 2008, where a 100 m
long-fissure formed on the western flank very close to the contact between the newly formed cone and
previous deposits (Figure 1e). Based on our dataset and previous studies, we can confirm that this fissure
dates back to at least 2013 (Global Volcanism Program, 2013b). This feature presents a future potential
hazard. Should this fissure weakens the integrity of the cone, the flanks could ultimately fail and generate
collapse within the pit crater. This would be a significant hazard for any climbers on the edifice at that
time. No clear evolution of the fissure is observable over the years in our data but observations on the
field suggest that the fissure is getting larger. Based on our DEM comparison, the overall crater flanks
and inner walls do not show any motion that could be related to it. However, the INSAR data clearly
indicate a subsidence of the 2008 cone area (Figure 7). This subsidence appears to be of larger magnitude
during the February 2013 — November 2014 period with a displacement of ~ -3.4 cm/year compared to
the period July 2018 — January 2020 with a vertical displacement between -0.6 and -2.0 cm/year. The
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observed surface displacement is most certainly a gravitational subsidence that can potentially be
associated with a ring fault system as observed at Sierra Negra (Amelung et al., 2000; Jonsson et al.,
2005; Jonsson, 2009), Tendlrek (Bathke et al., 2013) and Okmok (Johnson et al., 2010) volcanoes. The
decrease of subsidence rate between the periods February 2013 — August 2014 and August 2018 —
December 2019 could be partially related to the increase of filling rate observed since 2018 that is
limiting inward dipping movement by stabilizing the inner crater wall. Furthermore, the western flank
fissure could result from this subsidence and is likely accommodating some of it. The fissure could
indeed be related to a destabilization of the young cone towards the pit crater. Considering that the SW
walls of the lower crater section display a 70° inclination to the horizontal and that the 100 m fissure on
the outer part of the cone covers the west area, we could assume that these two features are related.
These features could be part of a slow destabilization of the western flank of the cone towards the pit
crater. No motion of the western flank towards the crater’s center is observed with the DEM comparison

which could be explained if the said motion is very slow (< 2-3 cm/month).
4.3. Historical behavior and future implications

Phases of effusive natrocarbonatite emissions refilling progressively OL’s crater, as observed over the
past decade, have been described repeatedly in the recent history of this volcano. The 1917, 1966 and
2007 paroxysmal eruptions were all preceded by several years of effusive activity confined to the crater
(Dawson et al., 1968; Nyamweru, 1990; Dawson et al., 1995; Kervyn et al., 2010). Progressive filling
of the crater led to lava overflows and, ultimately, to the lava platform being removed by violent
explosive activity. During these effusive phases, the formation and destruction of large hornitos (or
needles) have also been reported, for example in 1910, a 40 to 50 m tall hornito located on the northern
rim of the crater (Dawson et al., 1995) and in 2006, a 60 m tall hornito located at the northwest overflow
(Global Volcanism Program, 2006). Migration in the location of active vents and the opening of new
vents have been described extensively at OL (e.g., Dawson et al., 1994; Global Volcanism Program,
2013a). The TADRs calculated in this study are of similar magnitude to literature values from other
periods (Dawson et al., 1990). A marked difference between the 2007-08 paroxysm compared to
previous ones is the absence of a subsequent hiatus in OL’s activity. The 1917, 1940 and 1966
paroxysmal events were followed by a quiescent period that, in some cases, lasted several years (Dawson
etal., 1995; Kervyn et al., 2010). It is however important to remain careful with this information as the
number of observations historically may not have been as numerous as in recent years and the lack of
observational tools (e.g., thermal cameras, satellite, UAS) may have limited the detection of activity and

contributed to an observational bias.

If the 2022 emission rate (Table 3) is sustained in the coming years, the crater lower section could be
filled within 5 years allowing again climbers to go down in OL’s crater. About 8.7 years would be

required for the crater floor to reach once again the crater rim’s lowest elevation point (2887 m in the
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W-NW area) and to have natrocarbonatite overflow the crater onto the outer flanks. However, assuming
an increasing emission rate following the same trend it has since 2018, the crater could be filled in as

little as 6 years.

In terms of hazard implications, further collapses at the level of the lower crater section are to be
expected in the coming years, especially in the SW area, until the lower section is filled with lava.
Indeed, the overhanging walls of this crater section are likely to be still unstable. Once the lower section
has been filled and the lava level approaches the crater rim, hazards for climbers will include hornitos
and crater floor collapses as well as small-scale explosions and lava flows. Comprehensive management
plans and scenario-based risk assessments will be required to safely manage volcano tourism. Lava
overflows may resume at OL once the lava platform reaches the crater rim level, as previously reported
prior to the 1917 and 2007 paroxysms. These overflows will most likely take place in the W-NW area
of the crater where the rim elevation is lowest. As this is the area where the current climbing path is
reaching the crater rim, any lava overflow could potentially disturb or prevent reaching the summit with
the current path. Finally, the 2008 cone stability should be monitored in the future as we observed a
subsidence of the whole structure over the years and the presence of a fissure on the western flank. It is
important to follow this evolution in the coming years to anticipate potential destabilization of the cone

leading to flank collapses.

Although data collected as part of this study do not allow us to get insights into when OL volcano may
experience a new paroxysm, based on the knowledge gained from past events, the time span between
two paroxysms varies from 9 to 40 years. With only 15 years having elapsed since the last paroxysm,
OL is therefore still towards the lower end of inter-eruption period duration. It is also important to
highlight that even the maximum TADR of 2.1x10* m®month remains an order of magnitude lower with
respect to the estimate of 2x10° m3/month obtained for August 2007, just prior to the 2007-08 paroxysm
(Kervyn et al., 2010). Despite this, the recent dynamic evolution of OL’s shallow plumbing system and
the abrupt increase in emission rate emphasize the need to monitor this volcano closely and regularly —

even through simple photographic techniques.
4.4. The potential in crowd-sourced data

In this study, we evidence the potential that resides in videos and pictures captured by volcanologists,
locals and tourists, to not only document visual changes in activity but also to reconstruct quantitatively
the morphological evolution of a remote volcanic crater where in situ monitoring is challenging and
therefore limited. This study also highlights the value of open collaboration between scientists from
different fields, allowing this study to benefit from other researchers’ field work by getting access to

data acquired for other purposes than photogrammetry.

The use of crowd-sourced data is becoming increasingly common and has recently enabled the

reconstruction of the chronology of the 2013 eruption of San Miguel volcano, EI Salvador (Brown et
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al., 2022). The addition of crowd-sourced data revealed phenomena that would not have been detected
based on analysis of the deposits alone (Brown et al., 2022). Technological development over the past
two decades has provided most individuals with miniaturized cameras (phones, compact cameras) and
this becomes a crucial data source for scientists, especially at remote and unmonitored volcanoes such
as in East Africa (Fontijn et al., 2018; Biggs et al., 2021). The drawback of such data is the added
complexity of pre-processing and integration. These data are not acquired under the same conditions
(point of view, lighting conditions, number of images, camera type), have different properties, and thus
can be challenging to compile in a coherent dataset for photogrammetric analysis and comparison. For
example, several retrieved datasets in this study were inadequate and we were unable to reconstruct
DEMs at sufficiently high resolution (2008, 2010 and 2012). Another, DEM turned out incomplete, i.e.,
the 2014 DEM. However, in most cases it was possible to produce high-resolution DEMs accurately co-
registered. Although the data were from various origins, robust quantitative assessments of crater depth,
lava surface areas and emission rates were performed, providing a unique insight into the activity of OL
over the years.

To further improve the results of future studies based on crowd-sourced data some straightforward and
practical guidelines could be provided for locals and tourists willing to collect and share data during
visits to remote volcanoes. The photogrammetric technique used in this study requires to follow only 4
basic principles. First, a minimum number of pictures is necessary depending on the size of the area of
interest (in our case 80 pictures was the lower limit). Second, the pictures need to be taken from as many
different viewing geometries as possible. Third, pictures need to partially overlap to facilitate the SfM-
MVS processing. Fourth, the pictures need to be taken during even lighting conditions, ideally around
midday to avoid shadows. Finally, for people remaining over several days, acquiring the data in the

same conditions every day would facilitate comparisons.
5. Conclusion

Using crowd-sourced image data acquired at OL and analyzing these datasets with SfTM-MVS, we have
reconstructed 7 DEMs of the pit crater to evaluate its spatial and temporal morphological changes
occurring since the 2007-08 paroxysm. Many instabilities in OL’s crater are highlighted in this study,
including crater walls and hornitos collapses as well as the presence of a 100 m long fracture on the
western outer cone flank. Our results document several fundamental changes in the shallow plumbing
system, including vent migration and a succession of active and quiet phases. We observe that OL’s
active vents have migrated from the northern crater area towards its center, while the southern area never
displayed any activity. The vents have merged into tall hornitos before again scattering after the hornitos
collapses suggesting significant changes in the stress field over time. We also observe an E-W vent
alignment since 2019 combined with the formation of taller and larger hornitos suggesting an increase

in spattering in OL eruptive style. The refill rate of the pit crater displays a permanent increase over
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time, with a distinct acceleration occurring since 2018 and culminating at a maximum rate of 2.1x10*
m3/months in 2022. Assuming a similar emission rate is maintained in the coming years, the crater could
be filled entirely and start to again overflow within 8 years. Regular monitoring of the OL pit crater is
therefore critical to accurately forecast its future evolution in order to mitigate the risk to nearby

populations and tourists.

By combining pictures taken by tourists and scientists we were able to generate an unprecedented dataset
spanning the past 8 years of activity at OL volcano. Further, this study confirmed that, when used
correctly, crowd-sourced images represent an extensive and cost-effective source of data for scientists
that could provide invaluable qualitative and quantitative constraints on activity at volcanoes that are
not permanently monitored, such as OL. With respect to the STM-MV'S methodology, only a few criteria
(pertaining to the number of images, viewing geometries, overlap and lighting conditions) must be
respected to acquire useful data in the form of high-quality images. Consequently, if such information
is passed on to travel agencies and local populations, this presents a collaborative opportunity to involve
both community members and tourists in the acquisition and sharing of scientific data whilst at the same

time promoting a forum for effective and sustained two-way knowledge exchange.
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