
1.  Introduction
Nyiragongo volcano (D.R. Congo), 3,470 m a.s.l., located in the Virunga Volcanic Province (VVP) along the 
western branch of the East African rift, is one of the few volcanoes on Earth that several times has hosted a lava 
lake with decadal persistence, here inside the ∼1.2-km wide summit crater (Lev et al., 2019; Figure 1a). Flank 
eruptions and associated drainage of its lava lake occurred at least three times, in January 1977, January 2002, 
and May 2021 (Global Volcanism Program, 2021; Komorowski et al., 2002; Pottier, 1978). These drainages led 

Abstract  Nyiragongo is one of the rare volcanoes on Earth hosting a lava lake. However, the understanding 
of its plumbing and lava lake systems remains limited, with, until recently, only sporadic or time-limited 
historical observations and measurements. Combining dense accurate lava lake and crater floor level 
measurements based on 1,703 satellite radar images and topographic reconstructions using photogrammetry, 
we obtain the first reliable picture and time evolution of intra-crater erupted lava volumes between the two last 
flank eruptions in January 2002 and May 2021. The filling of the crater by lava, initiated in 2002 and continued 
up to May 2021, is seen as an evidence of a long-term pressure build up of the magmatic system. This filling 
occurs through irregular pulsatory episodes of rising lava lake level, some of which overflow and solidify on 
the surrounding crater floor. Pauses of stable molten lava lake level and sudden numerous level drops also 
marked the summit's eruptive activity. The joint analysis with seismic records available since 2015 revealed 
that the largest lava lake drops are synchronous with seismic swarms associated with deep magma intrusions, 
generally preceded by an increase of extrusion rate within the crater. The appearance of a spatter cone in the 
summit crater in 2016, most likely superficially branched to the lava lake, was a clear marker of the change in 
eruption dynamics. This first long-term time series of Nyiragongo's crater topography between two hazardous 
flank eruptions might further help to better decipher Nyiragongo's past and future behavior using multi-
parameter observations.

Plain Language Summary  Nyiragongo volcano, in D.R. Congo, stands close to a densely 
populated area (∼1 million inhabitants). Its Hawaiian-style eruptive activity essentially consists in a long-lived 
molten lava lake or lava fountains in the summit crater lasting for weeks to decades, interrupted by effusive 
flank eruptions. Nyiragongo erupted on its southern flank in January 2002 and May 2021, draining the lava 
lake system and opening fissures producing rapid lava flows toward the city of Goma and Lake Kivu. Between 
these two flank eruptions, the continuous summit eruptive activity took the form of a persistent lava lake 
progressively filling in the summit crater. Here, we derive accurate elevation measurements of Nyiragongo's 
crater floor and lava lake surface between the two last flank eruptions from radar satellite instruments and 3D 
photogrammetric reconstruction. The lava lake, of which the level fluctuates, acts as a growing piezometer 
connected to the magmatic system as its rim rose by ∼300 m in about 19 years due to overflowing. A combined 
analysis with seismic records provides important indications on the origins of the observed variations and helps 
to better understand the link between the continuous eruptive activity and the deeper magmatic processes.
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to collapses of the crater floor during the days following the flank eruptions. After the 2002 eruption, effusive 
activity within the crater resumed around May 2002 (Wright & Flynn, 2003) and has persisted and evolved ever 
since to the last May 2021 eruption. The altitude of the crater floor reached before the 2021 eruption is approxi-
mately similar to the level attained more than 6 years before the eruption in 2002 (i.e., ∼3,185 m a.s.l.), and this 
level is about 85 m lower than the level reached before the first documented flank eruption at Nyiragongo in 1977 
(Figure 1b). Despite the importance of understanding these lava lake and crater floor level changes and their 
evident relation with pressure variations in the magmatic system (e.g., Barrière et al., 2019; Burgi et al., 2014), 
height estimates mentioned in the literature were so far only obtained from the summit during short-term expedi-
tions, often through measurements of rough or unknown precision (Figure 1b).

Here, we build high-temporal-resolution time series of lava lake and crater floor level measurements (sub-weekly 
at best) from several SAR (Synthetic Aperture Radar) sensors orbiting the Earth. An essential property of the 
SAR signal is that the radar beam along a line of sight is following a path that can be considered as a straight line 
independent of the time of acquisition, weather conditions, or presence of volcanic gas plume. Like the Sun's 
illumination, the SAR ray paths are obstructed by subvertical man-made or natural structures, and the shadow 
cast by the structure is proportional to its height (e.g., Brunner et al., 2010; Tapete et al., 2016). SAR amplitude 
images are in a specific projection called “slant range plane,” which allows converting shadow length into true 
height changes through a straightforward geometric calculation (Figure 2).

Such a simple methodology has been already applied at African lava lake volcanoes Nyiragongo (Barrière 
et al., 2018) and Erta’ Ale (Moore et al., 2019), giving the depth relative to the rim of the pit crater hosting both 
lava lakes. Following these studies, we have developed a semi-automatic processing that greatly improves the use 

Figure 1.  (a) Picture of Nyiragongo taken from the Goma Volcano Observatory (GVO) in November 2013. The active volcano Nyamulagira (D.R. Congo, ∼3,058 m 
a.s.l.) is also visible at the background. The orientation of this picture is roughly South to North. An aerial view of Nyiragongo's crater in April 2014 is depicted on 
the right. (b) Lava lake elevation (in m a.s.l.) from historical field records and recent expeditions (1948–2020) and from the continuous estimates obtained in the 
present study (red line). Details about the references before 2016 can be found in Smets (2016). Comments marked by an asterisk come from the review paper by 
Durieux (2002). The new estimate of the crater floor after the 2002 eruption (∼2,880 m a.s.l.) is taken into account (Section 3.1). Batches of former crater floor left 
after the 1977 eruption are named �1 platform (∼3,270 m a.s.l), while batches of level reached before the 2002 eruption are named �2 platform (∼3,185 m a.s.l). �3 
platform is the crater floor hosting the lava lake.



Journal of Geophysical Research: Solid Earth

BARRIÈRE ET AL.

10.1029/2021JB023858

3 of 22

of SAR shadows for detecting Nyiragongo's lava lake and crater topography changes, leading to a comprehensive 
time series encompassing 15 years (May 2006–2021). The continuous SAR data set (1,703 images since 2006) is 
complemented by an isolated SAR image on December 26, 2003 and photogrammetry measurements on January 
31, 2002 (14 days after the eruption on January 17, 2002) and August 8, 2016. Adding the in-field information of 
seismicity beneath Nyiragongo to this dense SAR-based time series allows us to unravel the origins and dynam-
ics of the major pressure changes by connecting the surface lava accumulation and lava-lake-level fluctuations 
to deep (>10 km b.s.l.) or shallow magmatic processes. While the detailed mechanisms of the most recent May 
2021 eruption remain beyond the scope of this paper, the present work provides an in-depth discussion about the 
magmatic processes behind the main crater topography changes observed during the ∼19-year-long intra-crater 
eruptive activity interrupted by this last flank eruption.

2.  Joint Space-Based and Ground-Based Approach
2.1.  Crater Topography Changes Detected With SAR Shadows

The SAR-based technique SAsha (standing for SAR shadows analysis) has been developed for detecting changes 
in Nyiragongo's crater topography on a sub-weekly basis. The core product of the SAsha method is the length of 
SAR shadows computed along the range direction from SAR amplitude images, which are pre-processed with the 
C/C++/shell-based tool MasTer (InSAR automated Mass processing Toolbox for multidimensional Time series; 
e.g., Derauw et al., 2020; d'Oreye et al., 2021). For each SAR data set (i.e., same SAR sensor in same geometry), 
the two key processing steps are (1) denoising the raw amplitude images and (2) converting shadow lengths into 
height changes. Each image has a variable signal-to-noise ratio (SNR) and the boundaries of shadow areas can 
be more or less blurry, which, in turn, lowers the accuracy of the method consisting in picking the edges between 
illuminated and shadow areas. As the image processing method in step 1, we adopt the popular Rudin-Osher-
Fatemi (ROF) total variation (TV) model (Rudin et al., 1992), which produces the denoised image given by (e.g., 
Micchelli et al., 2011):

arg min
𝑢𝑢

{
1

2
‖𝑢𝑢 − 𝑥𝑥‖2

2
+ 𝜇𝜇 ‖𝑢𝑢‖𝑇𝑇𝑇𝑇

}
,� (1)

where 𝐴𝐴 𝐴𝐴 is the noisy image, 𝐴𝐴 𝐴𝐴 is the denoised image, 𝐴𝐴 𝐴𝐴 is the regularization parameter, and 𝐴𝐴 ‖𝑢𝑢‖𝑇𝑇𝑇𝑇  is the TV of 𝐴𝐴 𝐴𝐴 . 
This optimization problem is solved using the effective iterative Split-Bregman algorithm proposed by Goldstein 
and Osher (2009). In contrast with standard smoothing techniques (e.g., median filtering), this superior process-
ing approach preserves the edges between contrasted regions while the amount of noise removal is tuned with the 
regularization parameter. Step 2 is the final shadow-to-height conversion, where we aim to determine the absolute 

Figure 2.  (a) Aerial picture of Nyiragongo's crater taken on 8 March 2013 (courtesy of D. Tedesco) illustrating the view angle from the ascending and descending 
orbits of the SAR satellites. The SAR amplitude image (RADARSAT-2) obtained 4 days later along the descending orbit is plotted. (b) Sketch of the cross section of 
Nyiragongo's crater explaining the principle of the SAsha method. For some unfavorable SAR geometries, the layover effect due to the backscattered signal from the 
opposite crater wall hampers the determination of the targeted points (�3 , 𝐴𝐴 𝐴𝐴𝐴𝐴 , or 𝐴𝐴 𝐴𝐴𝐴𝐴 ).
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altitude of the crater bottom (the platform �3 , the lava lake rim 𝐴𝐴 𝐴𝐴𝐴𝐴 , and the lava lake surface 𝐴𝐴 𝐴𝐴𝐴𝐴 , see Figure 2b). 
To do so, we need to take into account the non-uniform lava accumulation over �3 , due to the irregular effusive 
activity from a spatter cone that formed since February 29, 2016 (Balagizi et al., 2016). Therefore, a differential 
elevation between the illuminated points on �3 and the lava lake rim 𝐴𝐴 𝐴𝐴𝐴𝐴 must be considered. For each SAR data 
set, all 𝐴𝐴 𝐴𝐴 images are sorted by date and processed iteratively to determine the independent rise of both P3 and the 
lava lake rim 𝐴𝐴 𝐴𝐴𝐴𝐴 , and consequently 𝐴𝐴 𝐴𝐴𝐴𝐴 . From Figures 2b and 3, we derive:

for � = 1∶�,

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�3� = Ref − |���| × cos � × resolution,

��� = �31 + |���1| ∕ cos � × resolution,

��� = ��� − |����| × cos � × resolution,

� (2)

Figure 3.  Flowchart (steps 1–6) of the SAsha method. The illustrative SAR image is the one obtained on August 25, 2014 with COSMO-SkyMed in ascending mode. 
On the western side, a remaining piece of platform �2 can be used as reference.
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where the fixed, absolute reference altitude Ref is either �2 or 𝐴𝐴 𝐴𝐴𝐴𝐴 (crater rim) depending on the SAR angle 
(Figure 2b). The main assumption is that the altitudes of �3 and 𝐴𝐴 𝐴𝐴𝐴𝐴 are identical for the first image 𝐴𝐴 (𝑖𝑖 = 1) , 
which seems reasonable since all SAR datasets start well before the appearance of the spatter cone. The flowchart 
presented in Figure 3 summarizes the overall image processing of each SAR image to obtain the final elevation 
estimates � 3 , 𝐴𝐴 𝐴𝐴𝐴𝐴 , and 𝐴𝐴 𝐴𝐴𝐴𝐴 . The simpler equation applied by Barrière et al. (2018) at Nyiragongo and Moore 
et al. (2019) at Erta’ Ale reduces to:

for � = 1∶�, ��� = −|����| × cos � × resolution,� (3)

 where 𝐴𝐴 𝐴𝐴𝐴𝐴𝑖𝑖 is the lake's surface level (differential elevation between the lake rim and the lake surface expressed in 
negative values). In Moore et al. (2019), we note, however, that this equation may not have been formulated using 
the pixel spacing in slant range plane but in the geocoded image (see determination of SAR shadow in Figure 6 
of Moore et al. [2019]). Here we must measure the shadow on images in slant range geometry to avoid propagat-
ing errors related to the geocoding on an outdated DEM, that is, that does not take into account the topographic 
changes that we measure.

The determination of shadow lengths has been automated using a dedicated dictionary-matching algorithm 
(Figure 3), but all results presented here have been manually checked and corrected if needed (about 1/3 of the 
full data set). Most errors consist in a few pixels shift but are sometimes more significant when the lava lake 
is overflowing over successive images. In that case, the automatic determination of 𝐴𝐴 𝐴𝐴𝑖𝑖 (the edge between the 
illuminated platform � 3 and the lava lake shadow) becomes more uncertain (see eq. 2). Finally, depending on 
the diameter of the pit crater hosting the lava lake, the signal backscattered from the opposite crater wall can be 
received before that from the lava lake surface. This so-called “layover” effect (e.g., Pinel et al., 2014) imposes a 
maximum measurable lava lake depth and, depending on the angle and the satellite mode, can also prevent any 
determination of lava lake's attributes 𝐴𝐴 𝐴𝐴𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝐴𝐴 . Over successive SAR images, there is also a potential trade-off 
between the variations of the diameter and the elevation of the pit crater, but we verified that this effect can be 
neglected (see Text S1 in Supporting Information S1).

Using the SAsha method, we processed 1,703 SAR images acquired by the satellites Sentinel-1 A/B, COSMO-
SkyMed, RADARSAT-2, and ENVISAT, along several ascending and descending orbits, using different meter-
scale resolutions and different overlapping time periods (see Table S1 in Supporting Information S1). We used 
the whole data set to estimate the depth of the crater (variations of �3 ) between May 19, 2006 and May 21, 2021. 
Due to the layover effect, 1,189 (70%) and 1,130 (66%) images can be used for estimating the elevation of the lava 
lake's rim 𝐴𝐴 𝐴𝐴𝐴𝐴 and the lava lake's surface 𝐴𝐴 𝐴𝐴𝐴𝐴 , respectively. Only 10 out of 1130 images give an estimate of the 
lava lake depth potentially affected by the layover effect (see Section 3.2 and Figure 4). An additional qualitative 
cross-checking with field pictures available on social networks has also been performed when their dates can be 
confirmed through the visitors' book of Virunga National Park.

2.2.  Topographic Reconstructions Using Photogrammetry Measurements

We apply structure-from-motion photogrammetry principles to multispectral IKONOS satellite images acquired 
on January 31, 2002 and a series of optical unoccupied aerial vehicle (UAV) footages from August 8, 2016 
during an expedition at the summit. The IKONOS-based measurement allows us to determine some essential 
geometrical properties of Nyiragongo's crater only 9 days after the 2002 collapse (Durieux, 2002). The UAV data 
from August 2016 provide optimal coverage of the crater, leading to a high-resolution 3D digital elevation model 
(DEM) for this date.

The photogrammetric processing workflow is performed with Agisoft Metashape Pro v. 1.6.5. The different 
processing steps follow those classically used in Structure-from-Motion photogrammetry, that is, (a) the photo 
alignment during which both interior and exterior orientations are estimated, (b) the georeferencing and the 
optimization of the estimated orientations, using ground control points (GCPs) and the tie point filtering options 
offered by the software, (c) the dense matching that produces a 3D dense point cloud, and (d) the production of 
a DEM based on a manually cleaned dense point cloud. The UAV-based data set was georeferenced with GCPs 
acquired in the field using differential GNSS. For the processing of the IKONOS images, no GCP is available, 
which leads to poor horizontal accuracy of georeferencing. The georeferencing is complemented via the use of 
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the rational polynomial coefficients (RPCs) file as input for the empirical modeling of the IKONOS pushbroom 
sensor (Agisoft LLC, 2020). This approach is often considered as an accurate alternative to a more time-con-
suming and mathematically complex physical modeling of the sensor (e.g., Rupnik et al., 2016, 2018). Table S2 
in Supporting Information S1 provides the technical specifications of the UAV and IKONOS image acquisitions 
and the accuracy of the derived DEMs. The accuracy of georeferencing for the IKONOS DEM was estimated by 
comparing the five similar stable parts of the Nyiragongo crater between the IKONOS DEM and the UAV DEM. 
This comparison shows that we indeed have a poor accuracy of about 250 m in horizontal dimension, while much 
better accuracy of about 22 m in vertical.

2.3.  Seismic Event Locations in the Virunga Volcanic Province

Since October 2015, between 7 and 14 seismic stations from the KivuSNet network (Oth et al., 2017) have been 
operational in the vicinity of Nyiragongo (<50 km). Before the deployment of a permanent seismic station on the 
main crater rim in March 2018, the closest station to the lava lake (KBTI) was located about 6 km away along the 
southeastern flank of the volcano.

The local KivuSNet seismic network, initially developed through research-based initiatives, rapidly emerged as 
the main monitoring tool for the Goma Volcano Observatory (GVO) since its design allows for efficient real-time 
seismic data access and routine analysis. For the particular periods of large fluctuations of the lava lake level, we 

Figure 4.  (a) A single IKONOS image acquired on January 31, 2002, 9 days after the crater collapse, and 14 days after the flank eruption. Two pictures of 
Nyiragongo’s inner crater over a span of 13 years, on May 27, 2006 (courtesy of J. Durieux) and November 10, 2019 (courtesy of T. Nyandwi). (b) Topographic 
changes at Nyiragongo's crater: altitude of crater floor (�3 ), lava Lake Rim (𝐴𝐴 𝐴𝐴𝐴𝐴 ), and lava Lake Surface (𝐴𝐴 𝐴𝐴𝐴𝐴 ). Shaded area around satellite measurements' curves 
corresponds to error margins. Photogrammetry-based lava lake and �3 level measurements (Smets, 2016; this study) are plotted with blue triangles and cross symbols, 
respectively. The elevations of the crater bottom estimated on January 31, 2002 and December 26, 2003 (see Section 3.1) are depicted as round and square green 
markers with error bars, respectively. Estimates from Burgi et al. (2014, 2020) are plotted with yellow inverted triangles and a black round marker (note that four of the 
six points from 2006 to 2010 have a coarse monthly temporal resolution, see also Text S3 in Supporting Information S1).
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analyze later, in Sections 3.5 and 4.1, seismic events in the VVP are detected and located using a source-scanning 
method, providing automatic location solutions adapted to low SNR and low magnitude events typical of volcanic 
environments (e.g., Barrière et al., 2018; Poiata et al., 2016). Traditional routine location methods are based on 
iterative linearized inversion of travel-time data using manual or automatic arrival time picking of P-wave and/
or S-wave onsets. In contrast, the “picking-free”, cross-correlation-based technique we apply here uses a direct 
grid-search strategy, the details of which are provided in the Supporting Information (Text S2 in Supporting 
Information S1). An example of automatic location of a seismic event beneath Nyiragongo obtained with this 
dedicated location method (XCloc, standing for cross-correlation locator) is also given in Figure S3 in Supporting 
Information S1.

3.  Time-Dependent Record of Intra-Crater Topography and Lave Lake Level
3.1.  How Deep Was the Inner Crater After the 2002 Collapse?

It is well-known that the crater floor altitude prior the flank eruption on 17 January 2002 was about 3,185 m a.s.l. 
(platform � 2 , see Figure 1) but there are still large uncertainties about its depth after the crater collapsed 5 days 
later on January 22 (Durieux, 2002). Here, we incorporate into the analysis an isolated SAR amplitude image 
from December 26, 2003 (ENVISAT satellite) and the space-based photogrammetric result from January 31, 
2002 (IKONOS satellite). Since no major changes occurred inside the crater between January 2002 and August 
2005 (Balagizi et al., 2016), these two observations may give us a reliable estimate of the minimum altitude of the 
crater bottom right after the large collapse on January 22, 2002. Both SAR and photogrammetric measurements 
lead to a similar altitude of 2,872 ± 12 m a.s.l. (Figure S2 in Supporting Information S1) and 2,880 ± 22 m a.s.l 
(Table S2 in Supporting Information S1), respectively. Using the value of 2,880 m a.s.l, the 2002 collapse thus 
resulted in a ∼590-m deep subconical crater from the maximum elevation of the crater rim (3,470 m a.s.l.).

That depth allows estimating extruded volumes of lava within the crater since the 2002 eruption (see Section 3.3). 
This new measurement, confirmed by two independent observations, also answers to a long-standing debate 
that was at the origin of large and recurrent discrepancies found in the literature, for example, Durieux (2002), 
Tedesco et al. (2007), followed by Burgi et al. (2014, 2018, 2020) and relayed in a recent review article of Pouclet 
and Bram (2021). Presumably based on visual inspection, no information about the measurement methods nor 
uncertainty are given in the above-mentioned studies. Durieux (2002) indeed suggests a depth of 810 m compared 
to the maximum summit point (3,470 m a.s.l.) following the 2002 eruption or a depth of 835 m in July 2003, while 
Tedesco et al. (2007) estimate a depth of 945 m compared to the same maximum altitude (i.e., 2,525 m a.s.l), that 
is 355 m deeper than the maximum crater depth measured here (see Figure 1b).

3.2.  Deriving Consistent Crater Topography Changes

With the available SAR data set, we are able to provide a precise picture of Nyiragongo's crater topography 
changes since May 2006. Considering the set of eq. 1, a final decisive step is to merge the total of 34 individual 
time series for � 3 , 𝐴𝐴 𝐴𝐴𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝐴𝐴 obtained from different satellites (Table S1 in Supporting Information S1). First, 
we have to define the reference altitudes 𝐴𝐴 Ref (either the crater rim 𝐴𝐴 𝐴𝐴𝐴𝐴 or the platform �2 , Figure 2). Typical 
values for the crater rim range between 3,425 m (south-east reference, summit camp of Virunga National Park) 
and 3,470 m a.s.l. (highest point), while �2 is generally considered to be between ∼3,180 and 3,190 m on the 
eastern side and ∼3,190 m for pieces of the remaining platform on the western side (Smets, 2016). Accurate 
photogrammetric field measurements taken between September 2011 and March 2018 are useful for constraining 
our results (Smets, 2016; this study, Figure 4). We define the following reference values ranging in these inter-
vals, best fitting this set of field measurements:

1.	 �C R (crater rim): Between 3,445 and 3460 m a.s.l. in ascending (West) mode. Not used in descending mode.
2.	 �P2 (edge of platform): 3,190 m a.s.l. for ascending mode (West), 3,180 m a.s.l. for descending mode (East).

It is noteworthy that the same values are used for satellites sharing the same reference points on �2 (e.g., 
� 2  = 3,180 m for the five time series using satellite sensors in descending mode). Reference values for 𝐴𝐴 𝐴𝐴𝐴𝐴 
correspond to time series with the poorest range/height resolution (>5 m, ENVISAT, see Table S1 in Supporting 
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Information S1) and are adjusted accordingly to overlapping timeseries using �2 as reference points. This leads 
to a shift in the reference points for 𝐴𝐴 𝐴𝐴𝐴𝐴 within an interval of 15 m (3,445–3,460 m) for four ENVISAT time 
series acquired on the ascending orbit (western side). For each set of similar measurements (i.e., �3 western 
side, � 3 eastern side, 𝐴𝐴 𝐴𝐴𝐴𝐴 ), we apply a uniformization of all single curves (including error margins) using a 
nearest-neighbor interpolation. The merging of all individual SAR-based measurements from different sensors is 
done by averaging these interpolated time series. As final conservative error margins, the uncertainty displayed in 
Figure 4b as shaded areas corresponds to the overall uncertainty (i.e., minimum to maximum) encompassing all 
individual SAR measurements that must be merged together. These errors might be potentially significant since, 
for the same target (i.e., � 3 or 𝐴𝐴 𝐴𝐴𝐴𝐴 ), each SAR sensor illuminates different points on a nonplanar surface and at 
irregular (non-daily) time intervals. However, after the daily interpolation of the maximum and minimum bounds, 
the final result displayed in Figure 4 shows a total daily error for �3 western side, �3 eastern side and 𝐴𝐴 𝐴𝐴𝐴𝐴 below 
10 m on average. This satisfactory uncertainty is an important confirmation of the quality of the results thanks 
to a very good agreement between the 23 time series (�3 and 𝐴𝐴 𝐴𝐴𝐴𝐴 ) during overlapping periods. Since 2016, the 
largest uncertainty on the descending side for �3 (up to 30 m) is due to the appearance of the spatter cone, where 
the SAR signal from COSMO-SkyMed, Sentinel-1, and RADARSAT-2 illuminate slope points on the cone at 
different elevations.

Because we subtract the height corresponding to the lake shadow from 𝐴𝐴 𝐴𝐴𝐴𝐴 to determine the absolute lava-lake 
level 𝐴𝐴 𝐴𝐴𝐴𝐴 , we cannot have two (western and eastern) estimates for 𝐴𝐴 𝐴𝐴𝐴𝐴 . This would indeed imply that we have two 
different estimates for the lava lake's surface 𝐴𝐴 𝐴𝐴𝐴𝐴 . Thus, we also average the two time series for 𝐴𝐴 𝐴𝐴𝐴𝐴 and keep the 
minimum and maximum estimates as error margins. After the cone's appearance in March 2016, we only keep 
the western estimate of 𝐴𝐴 𝐴𝐴𝐴𝐴 , which remains largely unaffected by the bulging of the rim on the eastern side due to 
cone's lava flows and thus best corresponds to the true elevation of the lava-lake rim (i.e., 𝐴𝐴 𝐴𝐴𝐴𝐴 − 𝐿𝐿𝐿𝐿  = 0 when  the 
lava lake is entirely filled). Contrary to �3 and 𝐴𝐴 𝐴𝐴𝐴𝐴 , 𝐴𝐴 𝐴𝐴𝐴𝐴 often varies substantially between two SAR measure-
ments, so we neither interpolate nor smooth the estimates obtained from different satellites. We can observe that 
the final 𝐴𝐴 𝐴𝐴𝐴𝐴 time series (red curve in Figure 4b) exhibits coherent level estimates when results from multiple 
satellite sensors are mixed (e.g., the “quiescent” period 2013–2015). To summarize, the final composite result is 
depicted in Figure 4b as four elevation estimates:

1.	 �� 3 measured on its eastern side (where the spatter cone appeared in 2016),
2.	 �� 3 measured on its western side,
3.	 �𝐴𝐴 𝐴𝐴𝐴𝐴 , which is an average between the western and eastern sides of the rim before March 2016, and
4.	 �𝐴𝐴 𝐴𝐴𝐴𝐴 , the lava-lake surface.

Note that the resolution for the (relative) lava lake depth (i.e., 𝐴𝐴 𝐴𝐴𝐴𝐴 in eq. 3) is about ±1.5  m (i.e., ±1 pixel) since 
2012. For both � 3 and 𝐴𝐴 𝐴𝐴𝐴𝐴 , the fit to the photogrammetric data is very satisfying, while very short-term variations 
(<1 day) measured in 2011 and 2012 (Smets, 2016) cannot be captured by the SAR method. Lava-lake-level data 
coming from different sources are reported by Burgi et al. (2014, 2018, 2020) for constraining a magma flow 
model at Nyiragongo. Between 2002 and 2003, these estimates are, by far (>150 m), below the minimum crater 
altitude measured in this study (see Figures 1b and Section 3.1). Between 2006 and 2011, six measurements agree 
with the SAR time series provided in our study. Among these six points, three were obtained by infrared laser 
rangefinder during expeditions in 2010 and 2011 (Burgi et al., 2014). From a field survey in February 2020, Burgi 
et al. (2020) estimated an altitude for the lava lake of 3,155 m a.s.l, which agrees well with our measurement for 

𝐴𝐴 𝐴𝐴𝐴𝐴 at the same date. Other data points reported by Burgi et al. (2018, 2020) exhibit numerous discrepancies, so 
we decided to not consider these data in the present study (they are plotted in Figure 5c alongside our results for 
comparison purpose only). We provide, however, a more detailed investigation of these data issues in Text S3, 
Figure S4, Tables S3–S4 in Supporting Information S1.

3.3.  Temporal Evolution of Extruded Magma Volumes

Combining information retrieved from the space-based SAR and photogrammetry results (Sections 3.1 and 3.2) 
with the DEM obtained from the UAV-based photogrammetry in 2016, we can attempt a first cross-section 
representation of Nyiragongo's crater as presented in Figures 5a and 5b. For the sake of simplification, the lava 
lake shape is plotted along a fixed centered position even though it has probably deviated to a small extent over 
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the course of the years (e.g., Balagizi et al., 2016; Burgi et al., 2020; see also Figures 4 and S5 in Supporting 
Information S1). To consider a realistic evolution of the lava lake, we calculate its time-varying surface under the 
assumption of a permanent elliptical shape (e.g., Balagizi et al., 2016). To do so, we use, again, the amplitude 
information from SAR images, along the azimuth direction to avoid the layover effect. We directly convert pixels 
into meters using the azimuthal resolution of the sensor (see Text S1 and Table S1 in Supporting Information S1). 
Between 2006 and 2020, the N-S lake's width varies from ∼140 to ∼230 m and up to ∼260 m along the E-W 
direction. Assuming the arrangement of five conical frustums as an accurate representation of the crater morphol-
ogy (with bases located at 2,880, 3,025, 3,070, 3,180, and 3,190 m a.s.l., respectively; Figure 5a), we compute the 
volume of the lava lake (Figure 5c) and the total intra-crater extruded magma (Figure 5d).

Figure 5.  Evolution of Nyiragongo's crater between 2002 and 2021. (a) DEM cross-section from UAV-based photogrammetry model taken on August 8, 2016 (brown 
surface). The shape of the crater's bottom from 2,880 to 3,070 m a.s.l (�3 altitude in 2016 DEM) is inferred from the photogrammetry result using IKONOS images on 
January 31, 2002 (see Section 3.1). Its filling by lava since the last eruption until August 2016 is illustrated by blue-to-red colors corresponding to estimates as plotted 
in time series in panels (c) and (d). (b) Same as in (a) with crater filling measures extended up to March 2021 following SAR data. (c) Lava lake volume (up to the lake's 
rim 𝐴𝐴 𝐴𝐴𝐴𝐴 or to the lake's surface 𝐴𝐴 𝐴𝐴𝐴𝐴 ) for the period 2002–2021 according to the SAR-based measurements. Burgi et al.’s model and data (computed from supplementary 
code provided in Burgi et al., 2020, see Text S3 in Supporting Information S1) based on a simplified lava lake shape (inverted gray cone in inset) are plotted for 
comparison as a gray line and round markers, respectively. (d) Time series of the total intra-crater cumulated volume (including the lava lake). Error bars correspond 
to the uncertainty about the volume accumulated between the western and the eastern sides of the crater, which are large between 2016 and 2019 since only the highest 
section of the cone is illuminated on the eastern side.
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In Figure 5c, SAR-based results show that the total volume of molten lava contained in the lake reached only 
∼0.63 × 10 6 m 3 between the January 2002 eruption and July 2006. The lava lake then evolved quickly during 
the 2 following years to contain up to ∼2.3 × 10 6 m 3 in 2008. Over the next 8 years (2008–2016), the volume 
increased by only 1 × 10 6 m 3 and reached ∼3.3 × 10 6 m 3. The appearance of the cone in early 2016 marks the 
beginning of several time-limited pressure increases, leading to an overall volume of ∼7.5 × 10 6 m 3, which is 
the maximum estimate in May 2021 at full capacity (i.e., when the lava lake surface 𝐴𝐴 𝐴𝐴𝐴𝐴 is at the level of the lava 
lake rim 𝐴𝐴 𝐴𝐴𝐴𝐴 ).

Similarly, we compute the first reliable time series of total volume of lava accumulated in the crater (including the 
lava lake) in the period 2002–2021 (Figure 5d). Taking into account the crater's conical shape, the amount of lava 
accumulated since the appearance of the cone in early 2016 is about 2.5 times greater than the volume accumu-
lated between 2002 and 2016, that is, ∼50 × 10 6 m 3 versus ∼20 × 10 6 m 3, respectively. The alternating plateaus 
and pulsatory growths are obvious for the period 2016–2020. It is worth noting that the overall intra-crater accu-
mulation rate observed since 2016 is similar to the 2006–2008 rate, that is, about 10 × 10 6 m 3/year. It should also 
be noted that the lava flows from the spatter cone inundating the platform �2 on the Eastern side from mid-2020 
until May 2021 (see Figure S5 in Supporting Information S1) cannot be retrieved because this amount of lava did 
not exceed one pixel at the illuminated point on the SAR image in slant range plane (i.e., point B in Figure 2b). A 
uniform inundation over an entire unified bottom platform (i.e., �3 reaching �2 ) detected with a height resolution 
of about 1.8 m (Sentinel S1) would give an additional volume of around 1.3 × 10 6 m 3.

We compare here the lava-lake volumes with the ones from the last iteration of Burgi et al. (2020) model, which 
applied closed-system numerical simulations of magma flows and accumulation between the lava lake and the 
shallow magma chamber (e.g., Huppert & Hallworth, 2007). The set of 20 field estimates of 𝐴𝐴 𝐴𝐴𝐴𝐴 and/or �3 eleva-
tions coming from different sources used for constraining their model is also plotted. As stated earlier, a detailed 
discussion about these data and model is provided in the Supporting Information (Text S3, Figure S4, Tables 
S3–S4 in Supporting Information S1). The modeled extruded volumes agree qualitatively with the SAR-based 

Figure 6.  (a–c) Differential magma budget (i.e., between two successive measurements) inside Nyiragongo's crater calculated between May 19, 2006 and May 21, 
2021 (on left) and zoomed in between January 1, 2015 and May 21, 2021 (on right). A positive magma budget (a, b) is due to either an increase of the platform �3 and 
lake rim LR lave or an increase of the lake surface LS, respectively. A negative magma budget (c) only occurs during a drop of the lava lake level. Absolute differential 
magma budget lower than 0.1 × 10 6 m 3 are not plotted and values exceeding 0.75 × 10 6 m 3 are highlighted with shaded lines behind the corresponding markers. This 
allows to identify the main drops D2–D11 on the right panel (2015–2021) (D1 corresponds to the drop following the appearance of the spatter cone). (d) Absolute 
elevations of lava lake rim (𝐴𝐴 𝐴𝐴𝐴𝐴 ) and lava lake surface (𝐴𝐴 𝐴𝐴𝐴𝐴 ) as displayed in Figure 4.
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results, both showing an overall increase, but this remains the only common feature between the present results 
and the Burgi et al. (2020) model.

Assuming a deep inverted conical lava lake, which strongly differs from the shape derived here (Figure 5c, inset), 
Burgi et al. (2020) indicate that the lava lake's pit crater would contain a minimum of 16 × 10 6 m 3 of molten 
lava in 2020, which is more than two times the result derived from the SAR-based measurements (Figure 5c). 
We see no sign of an important discontinuity (i.e., a lava-lake-level drop) in 2015 as imposed in the Burgi et al. 
model. The underlying assumption behind this drop, though unconfirmed by field measurements as stated by 
the authors (see data points in Figure 5c), would be the depressurization of the shallow magma chamber related 
to the opening of a new dyke linking the shallow reservoir to the spatter cone appearing in early 2016 (see 
Section 3.6 for a different origin of this spatter cone supported by our results). Burgi et al.’s model also predict a 
decreasing extrusion rate and stabilization of the lave-lake level in the course of the years 2020–2021, which was 
not observed before the flank eruption in May 2021. Based on the data presented here, about 30 × 10 6 m 3 did 
accumulate within the crater between 2017 and 2020, which is 60% of the volume estimated by Burgi et al. (2020) 
(i.e., 50 × 10 6 m 3 after assuming a constant diameter of 800 m for �3 ).

3.4.  Temporal Evolution of Intra-Crater Magma Budget

The filling of Nyiragongo's crater by fresh lava since 2002 was a discontinuous and pulsating process. Using 
information from the intra-crater volumes (Figure  5), we compute the temporal evolution of magma budget 
inside Nyiragongo's crater since the first SAR measurement in 2006 (Figure 6a–c). Positive budgets (increase of 
� 3, ��, and/or 𝐴𝐴 𝐴𝐴𝐴𝐴 ) are colored in blue (Figures 6a and 6b), negative in red (decrease of 𝐴𝐴 𝐴𝐴𝐴𝐴 , Figure 6c). The 
first positive budget value in Figure 6a (∼1 x 10 6 m 3) corresponds to the amount of lava accumulated between 
the renewal of lava lake activity in 2002 and the first SAR measurement on May 19, 2006. Nearly 3 × 10 6 m 3 
accumulated into the crater two months later. For lava lake budget (Figures 6b and 6c), each value corresponds to 
a differential measurement between two successive SAR-based results with a median spacing of 4 days (the 95th 
percentile is 19 days since 2006 and 8 days since 2012). Only differential budgets above 0.1 × 10 6 m 3 are plotted. 
As observed in Figure 5, we can identify a nearly steady-state period of about 3 years in 2013–2015 between two 
phases of lava accumulation within the crater (2006–2012 and 2016–2021). Zooming into the last time period 
2015–2021, we can easily identify 10 periods of marked and sudden lava lake drops between November 2016 and 
April 2020 (see red triangles numbered D2 to D11 in red in Figure 6), each of which has a negative magma budget 
lower than −0.75 × 10 6 m 3. Another clear, but lower drop preceding these 10 events initiated between February 
28 and March 4, 2016 (see gray triangle D1 in Figure 6) and is not associated with a significant negative magma 
budget. This event is most likely related to the birth of the spatter cone on the crater floor on February 29, 2016, 
as described by Balagizi et al. (2016) (see Section 3.6).

Plotting in Figure 6d, the daily interpolated evolution of the lava lake's surface and rim (𝐴𝐴 𝐴𝐴𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝐴𝐴 , respec-
tively), as also done in Figure 4, helps to analyze the evolution of the differential (∼weekly) magma budget inside 
Nyiragongo's crater. For (sparser) data obtained before 2013, large drops occurred during a time period marked 
by an overall increase of the bottom platform (i.e., an overall positive magma budget). An increasing temporal 
resolution since 2015 allows for a better evaluation of this potential relation (i.e., positive magma budget and 
lake-level drops). Relying on Figure 6d, we can clearly see that large drops D2–D11 are preceded in the months 
before either by an increase of the lava lake (positive magma budget in Figure 6b) and/or by an increase of the 
bottom platform (lake overflowing and/or spatter cone lava flows, positive magma budget in Figure 6a). Simi-
larly, even if the daily magma budget did not evolve quickly, an overall continuous positive balance has been 
observed since mid-2015, a bit less than 1 year prior the appearance of the spatter cone in March 2016 and the 
synchronous lake drop (D1). Between 2013 and 2015, no significant drops of the lava-lake level occurred during 
a long-term quiescent period indicated by stable lava-lake level (∼50 m below the lake rim).

While explaining the positive magma budget within the crater by an overall overpressure in the magmatic system 
is straightforward, the origins of the sudden large lava lake drops remain less obvious based only on visual or 
surface observations. For instance, Bobrowski et al. (2017) suggested that a sudden ∼20–25 m lava lake drop 
visually observed in June 2011, which is also detected by the SAR-based measurement (Figure 4), was due to a 
pressure drop initiated by the displacement of gas. On another hand, Barrière et al. (2019) showed that the few 
seismic records available at that time (from a station located about 17 km away from the summit) contained 
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evidence of a seismic swarm synchronous with the lava lake drop, thus paving the way for explaining large 
decameter-scale drops of the lava lake level through magma movement at depth.

3.5.  Focus on the Largest Lava Lake Drops and Their Seismic Signature

The appearance of a spatter cone next to the lava lake since March 2016 is a time marker of a new intra-crater 
eruptive sequence characterized by several large drops of the lava lake levels (D1–D11 in Figure  6). Using 
seismic data from KivuSNet, Barrière et al. (2018, 2019) studied the detailed seismic signature (count, type of 
events, and location) of the November 12 and 13, 2016 major pressure drop (D2). They showed that a swarm 

Figure 7.  (a) Histograms of seismic events count at Nyiragongo (transparent bar) and Nyamulagira (gray bar) during ±10-day window around the drops D1–D11 
identified in Figure 6. SAR-based estimates of the lava lake's surface level from its rim (expressed in negative values, 𝐴𝐴 𝐴𝐴𝐴𝐴 in eq. 3) for the corresponding periods are also 
plotted as red square markers. All subplots have the same axis scales. Count peaks for D8 and D10 exceed the maximum value of the left ordinate scale, which is set to 
150 for visual purpose. (b) Normalized events density maps for pre-drop (days −10 to −3 in (a)), drop (days −2 to 5 in (a)), and post-drop periods (days 6–10 in (a)). 
Each map is obtained by stacking all events locations during the ±10-day windows D1–D11.
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of events occurred at depths larger than 10 km during the first hours of the ∼80 m lava lake drop. These seis-
mic  events are characterized by a broad frequency content between 0.5 and 10 Hz. They differ from shallow low 
frequency (<2 Hz) seismo-acoustic events also observed during and after that drop, which reflect the intense 
spattering activity of the lava lake. Such a deep swarm of events with complex waveforms and broad frequency 
content could convey (potentially mixed) source mechanisms from fluid movements (e.g., crack resonance) to 
more classical tectonic processes (i.e., brittle failure). Determining their individual source mechanisms, which 
often are not well constrained for volcanic signals (due to path effects, poor SNR, unknown velocity structure, 
sparse station distribution, etc.), remains beyond the scope of this paper. Our main purpose here is to determine 
whether or not each major drop of the lava-lake level at the surface is associated with a seismic swarm at depth, 
similar to the one that occurred in November 2016.

Figure 7a shows the count of seismic events automatically located in the VVP (see Section 2.3) during a ± 10-day 
time-window around each major drop highlighted in Figure 6 (drops D1–D11). We choose to plot events not 
only associated to Nyiragongo but also to its neighboring active volcano, Nyamulagira. The density of events 
(for a longitude/latitude grid spacing of 0.5 × 0.5 km 2) is plotted in Figure 7b. Three time periods are defined as 
pre-drop, drop, and post-drop periods within the ±10-day windows plotted in Figure 7a. Counts for Nyiragongo 
and Nyamulagira depicted in Figure 7a are thus obtained by compiling events located inside the rectangles drawn 
in dashed lines around each volcano. Depending on the variable station availability between 2016 and 2020, the 
SNR of the seismic records and the location errors introduced by the use of a 1D velocity model, the 2D (longi-
tude/latitude) uncertainty of the final location solutions is about a few kilometers in the worst cases (see Text S2 
in Supporting Information S1). The stacking of 6,873 epicenters in the VVP for the selected periods D1–D11 
(231 days in total) leads to the density maps of earthquakes plotted in Figure 7b. These maps highlight the main 
seismicity patterns before (2052 events), during (3,770 events) and after (1051 events) the drops of the lava lake 
while limiting the influence of single location errors.

The first drop D1 is related to the appearance of the spatter cone on February 29, 2016 (Balagizi et al., 2016). At 
that time, no seismic swarm is detected at Nyiragongo (see next Section 3.6). In contrast, each of the following 
large drops D2–D11 is associated with a seismic swarm, except D7 in April 2019 (also specifically discussed 
later in Section 4.1). The intense seismic activity generally spreads over 3 days at the maximum. In addition to 
the first major drop D2 in November 2016, seismic swarms and lava lake drops are more pronounced for the last 
four events in 2019 and 2020 but, overall, there is no obvious relationship between the number of detected seismic 
events and the amplitude of the lava lake level drops.

One can note that the number of seismic events detected at Nyamulagira is usually much lower than at Nyiragongo, 
except during two time windows, D7 and D8. Nyamulagira is a highly active volcano characterized by frequent 
flank or summit eruptions, and such patterns of increased seismicity are not unusual at that volcano (e.g., Barrière 
et al., 2017). The larger occurrence of seismic events during these two windows slightly influences the density of 
events at this volcano between the pre-drop, drop, and post-drop sequences plotted in Figure 7b. However, there 
is no noticeable seismicity at Nyamulagira for the other selected periods, which in turn excludes a relationship 
between these 10 (+D1) major lava-lake drops at Nyiragongo and the seismic activity at Nyamulagira.

On the contrary, at Nyiragongo, the event density depicts a clear change between the three phases. Before and 
after the lava-lake drops, the dominant pattern is a cluster east of Nyiragongo's central crater beneath the edifice. 
This important seismic feature at Nyiragongo conveys a dominant, stable seismic source at large depth (∼11–
15 km b.s.l.) repeating every day (Barrière et al., 2019). This non-destructive source is observed continuously for 
each time window selected here. During the lava-lake-level drops at Nyiragongo, the seismicity rather clusters in 
an elongated pattern extending SW-NE starting from the edifice.

In Figure 8, we plot the hypocenters (longitude, latitude, and depth) of seismic events observed during the 11 time 
windows centered around the major drops highlighted in Figure 7, including the first one linked to the appearance 
of the spatter cone. These events are regrouped into five time clusters (February–March 2016, November 2016 to 
May 2017, February–October 2018, May–August 2019, and April 2020). Compared to events plotted in Figure 7 
(counts and density maps), we focus here on the swarm episodes. Therefore, we apply an additional selection 
criterion in order to ensure keeping the best constrained automatic solutions around Nyiragongo (see Text S2 in 
Supporting Information S1). This new catalog reduces to 970 events over a total of 35 days. The observed swarm-
like and repetitive seismicity is of low magnitude (ML < 2.5), which is typical for volcanic environments. It occurs 
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mostly at a depth ranging between 10 and 20 km, which is in agreement with a former seismological investi-
gation (Tanaka, 1983) and the deep storage zone inferred from petrological analyses (Demant et al., 1994). As 
previously mentioned, Barrière et al. (2019) already relocated the November 2016 seismic swarm using coupled 
master event (e.g., Evernden, 1969) and double-difference (Waldhauser & Ellsworth, 2000) location techniques 
(see Figure S1 in Supporting Information  S1). We confirmed that the automatic locations of the November 
2016 swarm give consistent results with the refined hypocenter solutions in Barrière et al. (2019) (red dots in 
Figure 8b). Some variability can be due to the evolving network layout (e.g., additional station deployments) 
between 2016 and 2020, but the chosen selection criteria should mitigate this effect. For instance, the few events 

Figure 8.  a) Lava lake surface disregarding the absolute elevation of the lava lake rim (i.e., 𝐴𝐴 𝐴𝐴𝐴𝐴-𝐿𝐿𝐿𝐿 , the inverse of the lava-lake level LL (eq. 3) expressed in negative 
values in Figure 7). Five time clusters are selected from Figure 7 from which the corresponding seismic events locations are plotted in (b). (b) NS/EW location maps 
around Nyiragongo and depth sections of seismic events located within the dashed rectangle (projected on AA' profile) for time periods identified in (a) (exact dates are 
indicated at the right of the figure). The gray ellipsoid and the red dots (for the 2016–2017 period 2) correspond to the deep repetitive seismic source and the November 
12 and 13, 2016 located in Barrière et al. (2019), respectively. The best hypocenter solutions of each individual seismic event are plotted as crosses and the associated 
colored shaded areas (2D projected ellipses) correspond to the location uncertainties (see Text S2 and Figure S3 in Supporting Information S1). The color becomes 
more pronounced when several events are located in a similar source area since all location ellipses are stacked.
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automatically located in cluster no. 1 (February 28 to March 1, 2016) would actually correspond to the repetitive 
seismic source relocated in Barrière et al. (2019) which is depicted as the 68% confidence ellipsoid in Figure 8b. 
Despite relatively large total location uncertainties (median values are 3.5 km in longitude/latitude and 9.8 km in 
depth), the SW-NE and deep seismicity pattern first observed in November 2016 repeated at each lava lake drop.

3.6.  The Formation of the 2016 Spatter Cone

As evoked previously, a moderate though clear drop of the lava lake level of ∼20 m occurs synchronously with 
the appearance of the spatter cone in late February/early March 2016 without significant seismic activity detected 
across the local network (D1 in Figures 6–8). This suggests a direct hydraulic connectivity between the cone and 
the lake, in contradiction with a vent formation decorrelated from the lava lake level variations as stated by Burgi 
et al. (2018) and Pouclet and Bram (2021).

The higher elevation of the spatter cone with respect to the lava lake's surface, in conflict with hydrostatic equi-
librium if both were connected, can be explained by a density-driven mechanism: The density of the hot, gas-rich 
lava rising through a narrow conduit branched from the lake's bottom up to the cone is lower than the overall 
molten lava contained in the lake, which is partly cooled and degassed. Neglecting additional dynamic pressure 
and temperature effects, a simple derivation from hydrostatic pressure formula at this bottom level would lead to:

ℎ𝐶𝐶 =
[
ℎ𝐿𝐿 × Δ𝜌𝜌

]
∕𝜌𝜌𝐶𝐶� (4)

where 𝐴𝐴 𝐴𝐶𝐶 is the height of the cone relative to 𝐴𝐴 𝐴𝐿𝐿 , the depth of the lake, 𝐴𝐴 𝐴𝐴𝐶𝐶 is the average density of lava inside the 
cone's conduit, and 𝐴𝐴 Δ𝜌𝜌 is the positive density contrast between lake and cone lavas.

From available SAR-based results (Figure 4, see also Text S4 and Figure S6 in Supporting Information S1) and 
field observations (e.g., Burgi et al., 2018, 2020), the total cone's height ranges mostly between 20 and 60 m (and 
never exceeded 70 m). The cone height is shaped by fountaining-style eruptive activity where gas-rich lava jets, 
as observed in the field (e.g., lava fountains of about 5–20 m high observed by Burgi et al., 2018) could reach 
heights up to 50 m (e.g., La Spina et al., 2021). The main lava extrusion points feeding lava flows from the cone to 
the lake do not correspond to the uppermost altitude of the cone but are actually located closer to its base (Figure 
S7 in Supporting Information S1). Based on field observations in February 2020, Burgi et al. (2020) estimated a 
cone height of about 45–50 m and a slope of 7° for a lava tunnel of about 180-m length between the base of the 
cone and the eastern side of the lake rim (𝐴𝐴 𝐴𝐴𝐴𝐴 ; see also Figure 5a for visualizing the lake-cone distance). This 
implies a differential height of about 20–25 m between the lava extrusion point at the base of the cone and the 
lava lake's rim.

In order to estimate the density of the ascending fresh lava 𝐴𝐴 𝐴𝐴𝐶𝐶 inside the cone's conduit, one has to take into account 
the important effect on density of bubble content. Indeed, density measurements of remelted rock samples (i.e., 
without any gas and crystal) lead to a value of 2,833 kg.m −3 at Nyiragongo (Morrison et al., 2020). However, the 
estimates of lava-lake density by Carbone et al. (2013) using gravity data at Kīlauea suggest a very low density 
of 950 𝐴𝐴 ± 300 kg.m −3, which indicates a very high gas content in the upper 100 m of that lake system. Therefore, 
if we also reasonably consider both lake and cone lava densities at Nyiragongo to be around 1,000 kg.m −3, a 
density contrast of ∼250 kg.m −3 would be enough to explain a height 𝐴𝐴 𝐴𝐶𝐶 up to about 75 m (i.e., differential height 
between the lava extrusion point at the base of the cone and the lava lake's surface). One should also note that the 
main growing stages of the spatter cone are associated with high lava lake levels, which indicates that the cone 
and the lake evolve simultaneously in response to a deeper pressure buildup and that a low differential height 𝐴𝐴 𝐴𝐶𝐶 
is maintained (Text S4 and Figure S6 in Supporting Information S1). Hence, the density contrast between the lake 
and the cone's conduit might be smaller than expected to allow lava escaping from the cone (i.e., <100 kg.m −3). 
The hypothesis of a spatter cone of a common shallow origin with the lake and shaped by a lower (gas-rich) lava's 
density appears therefore strengthened.

Instead, Burgi et al. (2018) suggested a deep source for the cone's lava through the fracturing of the rock over 
several km (>4 km) from the shallow reservoir to the summit, without connection to the existing nearby open 
conduit of the lava lake. However, according to Balagizi  (2016), neither soil temperature nor CO2 degassing 
measurements would support a magmatic intrusion from deep levels. Furthermore, the authors assume an 
overpressure larger than 10 MPa for supporting this dyke intrusion scenario, which would logically result in 
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significant seismicity (e.g., Bakker et al., 2016). This value exceeds the upper bound of the stress range inferred 
by Wauthier et al. (2012) from InSAR analysis for the opening of deep and shallow eruptive dykes in 2002, which 
were associated with noticeable seismicity detected by then only two analog seismographs in the VVP (Kavo-
tha et al., 2002). However, there is no clear seismic pattern before, during, or after the appearance of the 2016 
spatter cone (Figures 7 and 8). In particular, the closest stations (<25 km) did not exhibit any specific signals 
on February 29, 2016 at 01:00 a.m. UTC, which is the date associated to the opening of the cone according to 
Balagizi et al. (2016), who mention, however, a seismic signal that we cannot trace back (Figure S8 in Supporting 
Information S1). The timing of this new vent opening is thus mainly based on the testimony of rumbling and 
explosions (without felt earthquakes) by Virunga National Park guards posted close to Nyiragongo's rim during 
that night. Finally, it should be noted that a pre-existing ring of fissures in the crater floor was observed from 
2012 to 2015 while the lava lake stayed at low level (Balagizi et al., 2016, see also Figure S5 in Supporting Infor-
mation S1). This fracturing during a quiescent period of stable lava-lake level supports the role of subsidence 
(Smets, 2016) and thermal contraction (e.g., Browning et al., 2016) for explaining the shallow cracking of the lava 
rock formation inside the crater before the appearance of the spatter cone.

4.  Discussion
4.1.  A Years-Long Deep Dyke Intrusion Beneath Nyiragongo

One of the main findings previously highlighted is that each of the 11 main drops of the lava lake level (D1–D11) 
between 2016 and 2020 is generally preceded by a significant positive magma budget (Section 3.4), and this 
observation is also true for the period 2006–2012 (Figure 6). All drops (D2–D11) are associated with a clear 
crater filling (2, 6, 7, 11—Figure 6a) or a clear increase of the lava lake level (1, 3, 4, 8, 9, 10—Figure 6b) in 
the weeks/months before the drops. Although less obvious, even the drop D5 is preceded by a small filling of 
the inner crater (Figure 6a), which actually occurs during a decreasing trend of the lake level (Figure 6d). The 
first drop D1 is a peculiar case. Linked to the spatter cone formation, it is most likely a response to a long-term 
pressure buildup highlighted by the continuous rise of the lava lake initiated almost 1 year before in 2015. This 
behavior strongly suggests that surface manifestations (large drops of the lava lake level, appearance of the spat-
ter cone) preceded by significant positive magma budget are connected by a causal mechanism. The intra-crater 
magma budget inferred from space-based SAR measurements could thus be considered a proxy for overpressure 
in the magmatic system.

However, we cannot define any systematic pattern of duration/amount of positive magma budget before each 
drop.  For instance, in April 2020, a relatively quiescent period of at least 1 month preceded the lava lake 
drop.  These overpressure regimes are obvious when the lava reaches the lake rim and accumulates within 
the crater by inundating P3 and/or during episodes of spatter cone activity (lava fountaining, lava flows; see 
Figure 6a). These periods of marked overpressure are noticeable in late 2018 and in the course of the year 2019. 
The first drop in November 2016 is also preceded by noticeable effusive activity from the spatter cone (see Figure 
S7 in Supporting Information S1), even though to a lesser extent than the ones leading to major extruded volumes 
between 2018 and 2020. Less obvious overpressures in the plumbing system are also detectable thanks to the 
monitoring of the lava lake level. Following the 2016 initial drop, two successive lava lake drops occurred in 2017 
during the progressive rising limb of the lava lake level. In these cases, there was no clear surface manifestation 
(i.e., no lake overflowing, no cone effusive activity).

Here, we notice that the seismic swarm events spread over a continuously enlarging area from Nyiragongo since 
the first drop in November 2016 and depict a clear progression toward the NE direction until 2020. A rough 
estimate of the maximum extent of these successive swarm episodes would be up to about 10 km. Hence, we 
show that the origins of the main pressure drops between 2016 and 2020 lie in several successive deep magmatic 
intrusions occurring along a path that shares the orientation of the principal rift faults of the Precambrian base-
ment in the VVP (Smets, 2016), leading each time to a partial siphoning of the lava lake system. Only one period 
out of the 10 major drops does not exhibit a clear synchronous seismic swarm, that is D7 in April 2019. As the 
seismic network has been continuously operational since late 2015, we suggest that this specific intrusion period 
behaved more aseismically than others because, at such large depth, the dyke could cool over periods of months 
and remain open between successive phases of progression (e.g., Buck et al., 2006).
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As already pointed out by Barrière et al. (2018) in their study of the November 2016 drop (D2 in this study), such 
a swarm-drop relation was also observed at Kīlauea (Halema'uma'u crater) by Patrick et al. (2015). Between 2010 
and 2011, inflation episodes measured by GPS and tilt stations at Kīlauea's summit were accompanied by seismic 
swarms and a rise in lake levels. These clear observations indicated an increase of the pressure within the magmatic 
system before three large lava lake drops (∼200 m for the largest), which were all associated with eruptive events 
on the East Rift Zone (ERZ). Relatively small short-term precursors from the same type of observations (defor-
mation, lava-lake level) were observed before the 2018 eruption and the draining of the Halema'uma'u lava lake. 
This major intrusive and eruptive event was also preceded by an increase of earthquake rates commonly linked to 
summit pressurization (<5 km b.s.l.; Patrick et al., 2020). In contrast, Barrière et al. (2018, 2019) noted that the 
deep seismic swarm at Nyiragongo on November 12 and 13, 2016 was synchronous, not precursory, to the drop 
of the lava-lake level (see also Figure S1 in Supporting Information S1). This implies a very efficient hydraulic 
connectivity between the shallow and deep parts of the magmatic system at Nyiragongo. We confirm here the 
same synchronicity between lava-lake-level drops and seismic swarms during the major episodes between 2016 
and 2020. In absence of precursory seismicity and without long-term high-resolution ground deformation meas-
urements at the summit of Nyiragongo (as available at Kīlauea), Barrière et al. (2018) pointed out the difficulty 
with inferring any signs of pressurization before the November 2016 drop.

The continuous time series of crater topography changes and lava-lake-level variations derived here from SAR 
measurements are the first evidence of repetitive pulsatory pressure buildup sequences at Nyiragongo, followed 
by deep magmatic intrusions along the same path and associated with sudden drops of its lava-lake level. It is also 
worth noting that the major lava-lake-level drops between 2016 and 2020 occur at progressively higher altitudes 
with time (Figures 4b, 5c, and 6d). The pressure increases in the magmatic system cause the level rise until the 
pressure becomes large enough to initiate a magmatic intrusion at depth. The longer the dyke, the higher must 
be the breakout pressure to initiate the next step. Although the pressure started rising slowly a few months prior 
the 2021 eruption, as it did for instance at the end of 2019-beginning of 2020 (see magma budget in Figure 6a), 
the  May 2021 eruption started without such a deep swarm. This means that this flank eruption was not associated 
with one of these deep intrusions below the edifice (Smittarello et al., 2021).

4.2.  Toward a Deeper Understanding of Nyiragongo's Plumbing System

Like most volcanoes, Nyiragongo's plumbing system is poorly constrained. As shown in the present study, its 
open-vent crater and persistent eruptive activity is nonetheless a remarkable source of information to understand 
magmatic pressure changes. The combined use of seismicity and lava-lake-level allows us to infer a remarkable 
connectivity between the shallow lava-lake system and the deep plumbing system (>10 km b.s.l.) since the lava-
lake level reacts synchronously with deep magmatic intrusions. However, open systems do not favor ground 
inflation due to a limited pressurization in the shallowest part of the magma plumbing system (e.g., Chaussard 
et al., 2013). Compared to closed volcanic systems, this is a drawback to inverting ground deformation for esti-
mating source parameters, yet this remains a prerequisite for investigations of magma storage volumes and supply 
rates (beyond other exploratory approaches, for example, using thermal and SO2 monitoring data from space as 
done by Coppola et al., 2019). However, at Kīlauea, repetitive deflation-inflation (DI) events lasting for hours 
to days were reported for decades without leading to eruptive events or intrusions in the ERZ or at the summit 
(Anderson et al., 2015), notably since 2008 through the observation of decameter-scale rises and drops of the 
Halema'uma'u lava lake (Patrick et al., 2019). These numerous short-lived events desynchronized from eruptive 
events are associated with transient pressurization of a shallow magma reservoir (Anderson et al., 2015). Based 
on high-temporal-resolution tilt and lava-lake-level measurements during one of these large DI events, Ander-
son et al. (2015) obtained a reservoir volume of about 1 km 3 (0.2–5.5 km 3 at 95% confidence) while Anderson 
et al. (2019) estimated the volume of magma stored before the May 2018 eruption to 2.5–7.2 km 3 (at 68% confi-
dence) using high-quality multiparameters geodetic observations (tilt, GPS, and InSAR interferograms).

Based on sparse lava-lake elevation measurements (20 data points in ∼18 years, see Figure 5c), the simulations 
proposed by Burgi et al. (2014, 2018, 2020) are the first attempts for estimating intruded volumes after assum-
ing a simplified geometry, that is, a vertical cylindrical conduit (4 km long, diameter of 15 m) linking a conical 
lava lake to a shallow magma chamber. They explained the continuous surface activity at Nyiragongo from the 
convective magma movement controlled by density and viscosity differences between the gas-rich ascending 
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magma and the descending cooled and degassed magma (e.g., Stevenson & Blake, 1998). The diameter value 
of 15 m was chosen to be representative of basaltic volcanoes and should explain the visual testimony of a lava 
lake drop of ∼25 m occurring in less than 1 min on June 3, 2011 (Burgi et al., 2014). For the same drop event, 
Bobrowski et al. (2017) indicated a timing of seconds to minutes and fixed an upper limit of 5 min. According to 
fluid-flow equations applied by Burgi et al. (2014), such timing variability implies, however, a very large error 
margin around the choice of 15 m (the diameter of the conduit could be two times or half this value as well). To 
date, measurements at the summit with high accuracy and temporal resolution are still needed to better constrain 
such an estimate. According to the physical framework applied by Burgi et al. (2014), the conduit's length has a 
minor effect on the modeled magma supply rate compared to the conduit's diameter. However, the chosen depth 
for the magma chamber roof (i.e., 1–4 km) should have a strong influence on deformation expected at the surface, 
which was not considered in this set of studies. In line with extruded volumes as predicted by their model (see 
Figure 5c), Burgi et al. (2018) suggested a ∼10 km 3 spheroidal shallow reservoir (6 km long and 0.6 km high) 
beneath the volcano, and mentioned an intruded volume of 0.9 km 3 in 2018. Burgi et al. (2020) forecast (before 
the occurrence of the May 2021 eruption) a 2 km 3 intruded volume in 2025.

Qualitative information about the influence of a deformation source at shallow depth can be obtained using a 
point source model (Beauducel, 2019). We acknowledge that this approach is too simplistic and could encom-
pass large uncertainties. Nonetheless, during short inflationary/deflationary episodes linked to Halema'uma'u 
lake level variations, a point source model proved a useful approach for interpreting tilt measurement related to 
volume variations in the shallow magma chamber of Kīlauea (Anderson et al., 2015). At Nyiragongo, a volume 
dilatation of 1 km 3 at 4 km depth (approx. the lower bound of intruded volume predicted by Burgi et al. models) 
would produce vertical displacements from about 0.1 to 15 m within a distance of 20 km around the edifice (see 
Figure S9 in Supporting Information S1). Using measurements between 2009 and 2016 from the continuous 
GNSS monitoring network KivuGNet in the VVP, Geirsson et al. (2017) showed that the main surface deforma-
tions are associated with the eruptive activity of the large Nyamulagira shield volcano (only ∼14 km northwest of 
Nyiragongo). Inter-eruptive deformations (with respect to Nyamulagira's activity) never exceeded a few centim-
eters and could be associated with magma accumulation under the Nyamulagira-Nyiragongo volcanic system. 
To date, preliminary investigations of available InSAR and GNSS observations (e.g., Geirsson et al., 2019) do 
not suggest any long-term significant inflation of Nyiragongo's edifice or short-term DI episodes of the shal-
low magma chamber linked to lava-lake-level variations. Applying a point source model to Villarica lava-lake 
volcano, Witter et al. (2004) suggested endogenous growth deeper than the shallow volcanic edifice to explain 
the imbalance between extruded and intruded volumes without significant surface deformation, as proposed for 
other persistently active volcanoes (e.g., Allard, 1997; Francis et al., 1993).

A more detailed investigation of these questions remains beyond the scope of this article and will be the subject 
of future dedicated studies. For instance, in the absence of continuous summit deformation measurements at 
Nyiragongo, the use of seismic ambient noise interferometry for monitoring seismic velocity changes beneath the 
edifice, such as done by Donaldson et al. (2017) at Kīlauea, could be a promising tool to detect potential signs 
of short- and long-term (de-)pressurization with high temporal resolution within the shallow plumbing system at 
Nyiragongo. It is also clear at this point that a deeper understanding of magma supply and storage at  such a persis-
tently active open-vent volcano would strongly benefit from the analysis of the first ever well-monitored flank 
eruption at Nyiragongo in May 2021 (e.g., Global Volcanism Program, 2021) while integrating other multi-pa-
rameter observations beyond crater topography changes only, such as InSAR, GNSS, SO2 degassing, thermal 
anomalies, and seismic measurements.

Conclusions and Perspectives: What Does the Amount of Extruded Lava Could Tell 
Us About the Level of Unrest at Nyiragongo ?
The SAR-based method SAsha detailed in this article allows us to obtain the first decades-long time series of 
accurate lava-lake level and accumulated volume within the crater of Nyiragongo. Incremental lava accumula-
tion within Nyiragongo's crater obviously indicates a sustained internal pressure of the magmatic system. A key 
observation is that the bottom platform �3 prior the 2021 eruption was as high as before the 2002 flank eruption.

While periods of significant magma supply (e.g., 2007) have alternated with nearly steady-state conditions (e.g., 
2014), a noticeable change in eruption dynamics has been observed since 2016. This change was characterized 
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at the surface by the appearance of a spatter cone and multiple, time-limited supply events of fresh magma accu-
mulating within the crater. In the present study, we show that the largest drops of the lava-lake level were often 
preceded by noticeable pulsatory increases of extrusion rate and are accompanied, but not preceded, by signifi-
cant seismicity. The combination of seismic observations with SAR-based lava lake level measurements allows 
us to infer the magmatic processes behind these repetitive patterns as multiple failures occurred at large depths 
(>10 km b.s.l) between 2016 and 2020 (and most likely before, e.g., in June 2011). There is no clear precursory 
signal to such deep failure that is detectable from surface observations, but it is remarkable that observing changes 
in extrusion rate within the crater provides clues on the changing stress conditions before and after the intrusions.

The absence of noticeable seismicity during the appearance of the 2016 eruptive cone, which is correlated with 
a drop of the lava-lake level, indicates that the spatter cone is most likely shallowly connected to the lava lake. 
This interpretation only requires the assumption of a reasonable density contrast between the lava lake and the 
lava feeding the cone and explains the simultaneous response of the cone eruptive activity and lava-lake level to 
deeper pressure drop or build up. Although being of shallow origin, its appearance was a clear marker of a change 
in summit eruption dynamics initiated since mid-2015 and stopped by the flank failure in May 2021.

The last months studied here (November 2020 to May 2021) experienced a renewal of lava flows from the cone 
and/or lake overflows inundating the bottom platform. As inferred from the analysis of the 2016–2020 time 
period, a new lava lake drop could have happened anytime in response to this pressure buildup, provided that 
the overpressure would have reached the required value to initiate the intrusion, which is increasing in  time as 
we have  shown. On May 22, 2021, magma movements did not follow the deep intrusion path at large depth as 
observed in the past years. Instead, magma flowed through the fractured top of the edifice toward the surface, 
leading to the drainage of the superficial lava lake system and the partial collapse of the inner crater (roughly 
along the separation between the former platforms �2 and �3 ). Intermittent lava-lake activity reappeared 
inside Nyiragongo's crater about 4 months after this May 2021 eruption (GVO's personal communication and 
Georiska [2021]).

As observed for the 2002 and 2021 eruptions, the timing of such failures does not obey a simple level/pressure 
threshold. At Nyiragongo, the sole use of lava lake and/or platform elevation as time marker for forecasting 
a future eruption would indeed put aside the drastically different pre-eruptive states of the volcano. During 
about 6 years before the 2002 eruption, a cooled platform and encrusted lava lake were at steady altitude around 
3,185 m a.s.l, which was not the case before the 2021 eruption. Moreover, the notion of maximum height of lava 
conveying a critical pressure equilibrium (e.g., Pouclet & Bram, 2021) is ambiguous since a 1977 critical setting 
exceeds by far the 2002/2021 threshold (see Figure 1b). While the 2002 eruptive sequence was most likely trig-
gered by a regional rifting event (e.g., Komorowski et al., 2002; Wauthier et al., 2012, 2015), the 2021 eruption 
seems both controlled by sustained magmastatic pressure and a structural weakness resulting from the 2002 
eruption (Smittarello et al., 2021). In the different geological contexts of Hawaii, similar conclusions were drawn 
by Patrick et al. (2019) when comparing old (1910–1930) and more recent (2008–2018) level variations of the 
Halema'uma'u lava lake before each eruption. High or rapidly rising levels of the lava lake confirmed a posteriori 
the greater chance to get a rift zone eruption but, as highlighted by the 2018 eruption at Kīlauea, the detection 
of a possibly impending eruption cannot rely on the unique use of such observations after defining a static level 
threshold.

In addition to such valuable information derived from changes of the crater topography and variations of the 
lava-lake level, the joint analysis of spatially and temporally dense ground- and space-based data (seismicity, 
deformation, degassing, etc.) remains essential for a better understanding of the intracrateral eruptive pattern, 
especially for a volcanic system like Nyiragongo with limited historical data. From that perspective, this study 
provides fundamental insights into Nyiragongo intra-crater eruptive behavior and origins from one flank eruption 
to another, of which trigger mechanisms must be specifically addressed in further investigations.

Data Availability Statement
B. Smets bought the couple of IKONOS images (DigitalGlobe). The authors are grateful to ESA for providing the 
Sentinel-1 and ENVISAT products for free, to Belspo and the Virunga Supersite Initiative for funding COSMO-
SkyMed images (Italian Space Agency) and to Natural Resources Canada (NRCan) for sharing RADARSAT-2 
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images (Canadian Space Agency). Seismic data archiving and accessibility are ensured through the GEOFON 
program of the GFZ German Research Centre for Geosciences (http://dx.doi.org/doi:10.14470/XI058335) and 
KivuSNet is registered within the FDSN with network code KV (http://www.fdsn.org/networks/detail/KV/). All 
time series and seismic catalogs presented here are available as Supporting Information.
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