
HAL Id: hal-03474075
https://uca.hal.science/hal-03474075

Submitted on 20 Apr 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Unconventional filling dynamics of a pit crater
P.-Y. Burgi, S. Valade, D. Coppola, G. Boudoire, G. Mavonga, F. Rufino, D.

Tedesco

To cite this version:
P.-Y. Burgi, S. Valade, D. Coppola, G. Boudoire, G. Mavonga, et al.. Unconventional fill-
ing dynamics of a pit crater. Earth and Planetary Science Letters, 2021, 576, pp.117230.
�10.1016/j.epsl.2021.117230�. �hal-03474075�

https://uca.hal.science/hal-03474075
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Earth and Planetary Science Letters 576 (2021) 117230

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Unconventional filling dynamics of a pit crater

P.-Y. Burgi a,∗, S. Valade b, D. Coppola c, G. Boudoire d, G. Mavonga e, F. Rufino f, 
D. Tedesco f,g,h,i

a IT Department, University of Geneva, 1211 Genève, Switzerland
b Departamento de Vulcanología, Instituto de Geofísica, Universidad Nacional Autónoma de México, Mexico City, Mexico
c Dipartimento di Scienze della Terra, Università di Torino, Torino, Italy
d Laboratoire Magmas et Volcans, UCA, CNRS, IRD, OPGC, 63178 Aubière, France
e Observatoire Volcanologique de Goma, Goma, Congo
f Università degli Studi della Campania “Luigi Vanvitelli”, DiSTABIF, 81100 Caserta, Italy
g Istituto Nazionale Geofisica e Vulcanologia, Osservatorio Vesuviano, Via Diocleziano, Napoli, Italy
h European Union Delegation, Kinshasa, DRC – Bruxelles, Belgium
i MONUSCO (United Nations), Goma, Congo

a r t i c l e i n f o a b s t r a c t

Article history:
Received 15 December 2020
Received in revised form 10 September 
2021
Accepted 28 September 2021
Available online 14 October 2021
Editor: J.-P. Avouac

Dataset link: 
https://doi.org/10.26037/yareta:
khivh7h2prgvxauarlckdo7awi

Dataset link: 
https://doi.org/10.26037/yareta:5fut-
givyezdw5gdqqfogybt3ky

Keywords:
volcano
remote sensing
pit crater
lava lake
thermal model
thermal budget

The rise and fall of magma columns is a process commonly observed in volcanoes hosting lava lakes and 
serves as proxy of magmatic reservoir pressure and warning for potential eruptions. This dynamic process 
typically involves the filling and emptying of a “pit crater” - a cylindrical depression usually formed by 
one or more collapses of a structure lying above an emptied surficial reservoir. Between 2016 and 2020, 
the 300 m deep pit crater located within Nyamulagira volcano (Democratic Republic of Congo) underwent 
an unusual filling dynamic. In May 2019 while filled to about 90% the crater floor collapsed by 90 m 
within two months, followed by the rapid emergence of a sub-circular solidified block overlooking the 
crater rim in less than 6 months. Using numerical simulations of models based on thermal energy and 
constrained by multiparametric data, we account for the incremental filling of the crater by successive 
intra-crateric lava flows and the subsequent collapse of the crater floor. We further characterize this 
unconventional filling mode based on thermal budget considerations.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Pit craters are common features on basaltic volcanoes (Harris, 
2009), defined as cylindrical depressions with steeply inward dip-
ping sides usually formed by one or more collapses of a structure 
lying above an associated emptied surficial reservoir. Their evolu-
tion is closely related to near surface magmatic activity (Walker, 
1988). Pit craters may or may not be occupied by lava lakes. Those 
lava lakes may be active, fed from depth and usually persistent 
over substantial period of time. Their level within the crater vary 
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in accordance to pressure changes at the base of a convecting 
magmatic column (Burgi et al., 2020, 2002; Coppola et al., 2016a; 
Duffell et al., 2003; Lev et al., 2019; Patrick et al., 2019; Valade 
et al., 2018). Inactive lava lakes are in turn accounted for by lavas 
erupted from active vents inside or outside the pit crater, spread-
ing intermittent lava flows within it (Harris, 2009; Swanson et al., 
1979). Termination of magma supply will cause the entrapped lava 
layers to gradually cool and solidify.

While the dynamic of active (convective) lava lakes have been 
extensively modelled (e.g., Harris, 2008), the emplacement of in-
active lava lakes still lack a dedicated model able to explain the 
complex dynamics of filling, emptying and solidification operating 
within these structures (e.g., Harris, 2009). The two filling dynam-
ics (active and inactive), may produce similar surface structures 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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making the recognition of one mechanism rather than another not 
trivial. However, the two mechanisms are likely characterized by 
different ratio between the thermal energy radiated by the lake 
surface, and the volumetric growth rate inside the pit crater. In 
fact, active lava lakes radiate much more thermal energy than that 
contained in the lava that eventually accumulates on the surface 
(Coppola et al., 2013). This is because the convective magma col-
umn allows the hot magma to rise, degas and loose heat, before 
most of it is cycled back into the system (Burgi et al., 2020, 2002). 
The extreme case is visible in stable, long-lived lava lakes that emit 
a considerable amount of heat without increasing its volume (e.g. 
Erta Ale, Erebus, Nyiragongo during stable phases, Harris et al., 
1999). On the contrary, inactive lava lakes, being basically fed by 
an effusive activity, are characterized by thermal emissions that are 
proportional to the volume of erupted lava (Coppola et al., 2013; 
Harris and Baloga, 2009), without any additional contribution due 
to convective processes.

In this study we report the evolution of a new lava lake which 
appeared inside a summit pit crater of Nyamulagira (Democratic 
Republic of Congo) in 2014 (Fig. 1c). Ground and satellite observa-
tions (see methodology) have made it possible to track the filling 
dynamic of the pit crater by measuring the volume of lava accumu-
lating inside, as well as the net discharge rate (Q out ) and the vol-
canic radiant power associated to the surface activity (VRP). These 
observations highlight the occurrence of distinct phases of rise of 
the pit-crater floor, that cannot be accounted exclusively by one of 
the above-mentioned models, but rather by a transition from ac-
tive to inactive filling mechanism. Moreover, during the phase of 
inactive lava lake emplacement, we observe the subsidence of the 
pit-crater floor, followed by the uplift of a solidified basaltic block 
whose dynamics shares typical aspects of both the subsidence and 
resurgence of solid blocks observed in caldera-forming eruptions.

We thus focus on the peculiar filling-emptying-filling dynam-
ics characterizing the inactive lava lake stage between 2016 and 
2020, and we propose a thermal model (fed by remote-sensed 
data) whereby successive intra-crater lava flows pile up at different 
rates to produce layers of lava with different states of solidification. 
On this basis, our model is able to explain the complex pit-crater 
evolution recently observed at Nyamulagira which include the un-
usual subsidence and block uplift, rarely observed at mafic calderas 
(Galetto et al., 2019; Geist et al., 2006).

2. Nyamulagira setting

Nyamulagira is the westernmost volcano of the Virunga Vol-
canic Province (Democratic Republic of Congo - DRC) in the west-
ern branch of the East African Rift System (EARS) (Fig. 1a). It is 
a predominantly mafic shield volcano with a 3058-m-high sum-
mit caldera, a diameter of more than 2 km, and one of the most 
active volcanoes of the EARS (Bluth and Carn, 2008). As many 
basaltic shield volcanoes, Nyamulagira is mostly characterized by 
frequent flank eruptions, with a total of 40 occurrences from the 
summit crater and from its flanks over the last 120 years (Michel-
lier et al., 2020; Pouclet and Bram, 2021). The presence of a lava 
lake has also been documented in 1930-1938 (Wadge and Burt, 
2011) and its drainage in 1938 has led to the longest (more than 
2 years) and most voluminous (>200 x 106 m3) historical erup-
tive event (Pouclet, 1975; Wadge and Burt, 2011), with lava flows 
rapidly reaching Lake Kivu located 25 km downstream. The very 
end of the 2011–2012 peripheral eruption was marked by a co-
eruptive explosive collapse of a pit crater floor in the caldera’s 
north-eastern sector. After a period of 74 years (R. Hoier, 1939) 
a new lava lake was firstly observed in 2014 (Campion, 2014; Cop-
pola et al., 2016a; Smets et al., 2015, 2014), occupying the bottom 
of this pit crater estimated between 400 and 500 m deep. This pit 
crater has now almost (not always) lost its frequent use as a lava 
2

lake container and seems to represent the central (superficial) part 
of Nyamulagira’s plumbing system (Pouclet and Bram, 2021; Wau-
thier et al., 2013).

3. Methodology

3.1. Data acquisition

Periodic field surveys inside the Nyamulagira caldera were car-
ried out between November 2014 and February 2020 with the 
support of the Observatoire Volcanologique de Goma (OVG) and 
the MONUSCO (United Nations Organization Stabilization Mission 
in DRC). During each mission (from a few hours to several days), a 
comprehensive series of field observations and measurements were 
conducted to document the physical configuration of the active 
pit crater, using Laser Range Finder Binoculars. These field cam-
paigns were supplemented by helicopter observations performed 
by MONUSCO whenever they could fly over this region, which 
made it possible to estimate the pit-crater floor level at different 
states of its evolution with an accuracy of about 10% of the abso-
lute value.

These estimations were complemented by Sentinel-1 Synthetic-
Aperture Radar (SAR) images processed by the MOUNTS volcano 
monitoring system (Valade et al., 2019) (www.mounts -project .
com) to measure both the pit-crater depth evolution and the 
caldera deformation, from January 2018 to June 2020. Depth is cal-
culated from the intensity image, by measuring the length of the 
shadow casted by the pit crater walls in radar geometry, and mul-
tiplying it by the cosine of the radar incidence angle (Wadge et 
al., 2011). The method has successfully been applied to track lava 
lake level variations (Barrière et al., 2018; Moore et al., 2019), and 
here provides continuous variations of the pit-crater floor, which 
are validated by sporadic field measurements. Deformation is cal-
culated from standard differential SAR interferometry analysis (D-
InSAR), with interferograms computed with the shortest temporal 
baseline, i.e., between two consecutive acquisitions (typically 6-day 
interval on the ascending track, and 12-days interval on the de-
scending track). Unwrapping of the interferograms was done with 
SNAPHU to recover ground deformation in the radar line-of-sight 
(LOS) in meters. The ground and satellite data relating to the depth 
of the pit crater were used to calculate the volume of lava accumu-
lating inside the pit crater (assuming an inverted truncated cone 
geometry with rmin= 113 m and rmax= 250 m; Fig. 2a). Volumetric 
estimates have been finally used to calculate growth rate (Q out ) 
for each analyzed period (Fig. 2b).

Thermal emissions have been detected using infrared data 
provided by the moderate resolution imaging spectroradiometer 
(MODIS), compiled within the Middle InfraRed Observation of Vol-
canic Activity (MIROVA) system (Coppola et al., 2016b; www.
mirovaweb .it) to facilitate their analysis and determine the volcanic 
radiative power (VRP; Fig. 2c). The MODIS data were supported by 
the images acquired from the Copernicus Sentinel 2 sensors (res-
olution of 20 m in the short-wave infrared - SWIR bands), which 
made it possible to identify in greater spatial detail the high tem-
perature areas at the origin of the measured heat flux.

4. Observations and measurements

4.1. Pit-crater filling dynamic between 2014 and 2020

First observations of a lava lake inside the summit pit-crater of 
Nyamulagira date back to mid-2014 (Coppola et al., 2016b) when 
visual observations confirmed the presence of fresh magma (∼50 
m diameter) lava lake at the bottom of the pit-crater (∼500 m 
depth). In July 2015, the lava lake displayed an elliptical shape, 
150 m long and 100 m wide, and was located at a depth of 310 m 

http://www.mounts-project.com
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Fig. 1. Setting of the pit crater. (a) Location of Nyamulagira and Nyiragongo (another active volcano), and the City of Goma. Digital Elevation Model (DEM) computed from 
the Shuttle Radar Topography Mission (SRTM, 2000) data extracted from USGS Earth Explorer. (b) Aerial image on February 18, 2019 pointing out the morphology of the pit 
crater at Nyamulagira along with cross section schematically illustrated (vertical scale exaggerated). At this time the pit crater was about 600 m long and 400 m wide and 
was almost completely filled. (c) The pit crater in July 2015. Pictures from the authors.
below the crater rim (Fig. 1c). This initial phase of activity (volume 
less than 2 x 106 m3) was followed by a period without any ev-
idence of lava lake activity (Supp. Fig. S1a) until December 2016, 
when the pit crater started to be filled by fresh lava. The new vig-
orous filling phase led the pit crater floor to rise at a depth of 
160 m below the crater rim, with a diameter of ∼190 m and a 
volume of ∼14 x 106 m3 by May 2017 (Supp. Fig. S1b). A new 
phase of rest occurred between June 2017 and May 2018 when the 
third filling phase started (see next section). Overall, the volume of 
lava accumulated in the pit-crater from April 2014 to April 2020 
amounts to approximately 37 x 106 m3 with an average magma 
output rate of 0.18 m3/s (Fig. 2a). This volume of lava accounts for 
only 12% of the long-term magma output rate of Nyamulagira be-
tween 1980 and 2012 (∼1.5 m3/s; Coppola et al., 2016a; Fig. 2b).
3

The three main phases of lava lake growth are well highlighted 
by the cumulative volume trend as well as by the evolution of 
the lava discharge rate (Qout) and by the VRP (Fig. 2). As antici-
pated in the introduction the ratio between thermal flux (VRP) and 
volumetric growth rate (Q out ), hereby defined as crad= VRP/Q out

(Coppola et al., 2013) is a parameter representing the amount of 
heat radiated into the atmosphere for each cubic meter of lava 
erupted or accumulated inside the crater (Fig. 2d). crad outlines 
how the three phases represented in Fig. 2a, were characterized 
by markedly different values (Fig. 2d), likely associated to dis-
tinct mechanism of lava lake formation (see Introduction). The first 
phase (May 2014 to May 2016) was characterized by crad> 109

J/m3 (Fig. 2d), a value much higher than the one typically mea-
sured during the flank lava-flow-forming eruption of Nyamulagira 
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Fig. 2. (a) Cumulative volume of lava emplaced inside the summit crater of Nyamulagira between the first appearance of a lava lake, in 2014 (Coppola et al., 2016a) and 
mid-2020. Three main growth phases (grey fields) are defined by the respective time-averaged lava discharge rate (in parentheses). (b) The lava output rate (Q out ) associated 
to each phase is compared to the long-term magma output rate (1.5 m3/s) that characterized Nyamulagira effusive activity between 1980-2012 (Aoki et al., 1985; Coppola 
et al., 2016a). (c) Volcanic Radiative Power (VRP) associated to the three phases, as measured by the MIROVA system. (d) Ratio between the radiant and volumetric flux 
(crad=VRP/Q out ) throughout the analyzed period. Yellow and blue colored fields refer to active and inactive lava lake mechanisms, respectively.
2-5 x 108 J/m3 (Coppola and Cigolini, 2013; red field in Fig. 2d). 
We ascribe this phase to the development of an active lava lake, 
whereby the excess of radiation is associated to the convective 
circulation of magma at shallow depth. Conversely the second (De-
cember 2016 to May 2017) and third (April 2018 to April 2020) 
filling phases were characterized by a crad similar to, if not even 
smaller than, the typical value characterizing the effusive regime. 
This is likely due to the absence of magma convection and to 
the limited surface area of lava flows confined within the pit, the 
thickness of which is controlled by geometric, rather than rheo-
logical, factors (Harris and Baloga, 2009). Accordingly, we ascribe 
these two phases to the intermittent growth of an inactive lava 
lake (blue field in Fig. 2d) whose detailed morphological evolution 
is described in the next section and modelled in section 5.

4.2. Pit-crater activity between 2018-2020

The third phase of growth (2018-2020), on which we focus in 
this study, was characterized by a complex dynamic which we sub-
divided into three stages.

4.2.1. Filling of the pit-crater (May 2018 – April 2019: rise 1 phase)
In May 2018 MIROVA thermal anomalies were suddenly de-

tected after a nearly 1-year hiatus, and the level of the pit-crater 
floor began to rise at a steady rate, as evidenced by the Sentinel-1 
SAR analysis (Fig. 3a,d) and field measurements.

Ground observations in July and November 2018 put in ev-
idence intra-crateric lava flows taking their origin either from a 
small lava lake (when present) or from hornitos (Fig. 4a,b & Supp. 
Fig. S2). In February 2019, the small lava lake was located at the 
top of a convex surface that occupied the whole crater and domi-
nated the bottom of the cliffs from a height of about 15 m (Figs. 1b 
& 4b). At this time, lava flows could be observed at the base of the 
pit-crater cliffs and occurred nearly continuously during our 5-day 
stay (Fig. 4b).

From January 2019 to June 2019, tectonic seismicity around the 
Nyamulagira area shallower than 20 km was recorded by the seis-
4

mic network of the Goma Volcanology Observatory (GVO). Many 
inhabitants have reported experiencing earthquakes in the North 
(mostly from the City of Rutchuru, located 35 km from Nyamula-
gira), and South of Nyamulagira, particularly in the lake Kivu area, 
including the Goma City, with magnitudes up to 4.5. In February 
2019, deformation inside the crater was detected in three dis-
tinct interferograms, spanning from February 13 to March 9, 2019 
(Fig. 3e). The InSAR deformation pattern suggests that a dyke firstly 
propagated from the pit crater towards the South-East and accu-
mulated under the most eastern-side of the caldera floor (Supp. 
Fig. S3). No lava emissions were associated with this deformation 
episode, which resulted in a maximum deformation in the radar 
line-of-sight of 8.4 cm. Shortly afterwards, the thermal activity 
within the crater dropped significantly from April 12, 2019 to early 
May 2019 (Fig. 3f), as testified by the decrease in VRP detections. 
Notably, the decrease in the lava lake size (which was 50 m long 
and 30 m wide at the end of February 2019), and the disappear-
ance of lava flows surrounding the crater floor, visible already in 
July 2018 (Fig. 3b) were not accompanied by the subsidence of the 
pit-crater floor but rather, by a slow upward rise (Fig. 3d).

4.2.2. Subsidence of the pit-crater (May 2019 – June 2019: fall phase)
A radical change in the crater activity occurred in May 2019 

with a large subsidence of the pit-crater floor lasting 2 months 
(Fig. 3d, “Fall” phase). The first ground-based observation of this 
phenomenon dates back to May 2019 with a floor subsiding by 
about 10 m with respect to its level two months before. While no 
direct observations were reported, both MONUSCO, which makes 
regular reconnaissance flights in this area, and local inhabitants 
reported rumbling and smoke from inside the crater, that could 
correspond to the floor’s detachment. MONUSCO also reported that 
a camp inhabited for more than 10 years by a rebel group on the 
southern upper flank of the volcano was suddenly abandoned in 
the second half of May 2019. However, as the closest seismic sta-
tion is 25 km away, the event did not yield discernible seismic 
signals, with the exception of two long-period (LP) seismic swarms 
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Fig. 3. Multiparametric data analysis. (a) Sentinel-1 SAR acquired in descending orbit (orbit 21, line-of-sight LOS represented by white arrow), geocoded and speckle-filtered. 
The variations of the shadow casted inside the pit crater (dashed yellow lines) highlight the variations of the crater depth. (b) Sentinel-2 SWIR bands 12-11-8A. (c) Volcanic 
Radiative Power (VRP) measured from MODIS TIR images (processed by MIROVA). (d) Pit crater depth estimated from field measurements (red markers), Sentinel-1 SAR im-
ages with ascending and descending orbits in black and gray respectively (processed by MOUNTS), and lava layers thickness modeling (blue line). The 3 phases corresponding 
to the filling (Rise 1), emptying (Fall), and re-filling (Rise 2) of the pit-crater are highlighted in red, blue and green respectively (as in Fig. 4). (e) Timespan indicating when 
deformation was measured by InSAR following a dyke intrusion under the caldera (Supp. Fig. S3). (f) Timespan indicating a period when the thermal radiation decreased 
significantly, evidenced by a drop in the VRP values and a decrease of the active lava lake dimensions.
in May 8-9, 2019 and in May 16-19, 2019, which could be linked 
to the first phases of the sinking of the pit-crater floor.

This subsidence reached -90 m at the end of July 2019 (Fig. 4c), 
representing a loss of a volume of lava of about 8 x 106 m3. No 
fractures of the pit-crater floor nor at its surroundings or outside 
the crater on its flanks were observed, as it usually occurs during 
caldera collapses at basaltic shield volcanoes (Derrien et al., 2020; 
Neal et al., 2019). The morphology of the pit crater floor with the 
hornito in its center stayed surprisingly intact and kept degassing 
(Fig. 4c). Two platforms located in the northern part of the pit 
crater (P1 and P2, Fig. 4a), which had been covered with a lava 
layer estimated to be 35 m thick during the filling of the pit crater 
in 2018, were cleared and became partly visible again (Fig. 4c).

4.2.3. Re-filling of the pit-crater and uplift of a solidified block (July 
2019 – February 2020: rise 2 phase)

Following the subsidence phase, the pit-crater floor resumed 
rising at the end of July 2019 (Rise 2 phase), with the emplace-
ment of lava flows at the bottom of the pit (Fig. 4c). Shortly after, 
the bottom of the pit-crater appeared as a sub-circular 290 m x 
390 m solidified block as attested by the development of a large 
fracture (Fig. 4d & Supp. Fig. S4). This solidified block stayed in-
tact throughout this re-filling phase (fracture still visible in the 
2020-03-03 satellite image, Fig. 4e & Supp. Fig. S5a), suggesting 
that the block was being pushed from below similar to a piston-
mechanism, with an uplift rate in the order of cm per hour. In 
February 2020, the pit crater was completely filled and lava was 
overflowing from its periphery onto the main caldera floor (Fig. 4e 
5

& Supp. Fig. S5). At this time, the emergent solidified block pro-
truded about 10 m above the caldera floor (Fig. 4e). This protruded 
topography was also observable on Sentinel-1 SAR images, as the 
pit-crater edge no longer appeared as a dark shadow (i.e. negative 
topography), but rather as a thin bright edge, indicating the reflec-
tion of the radar electromagnetic wave onto a positive topography 
(Fig. 3a).

5. Numerical models

Based on the above-described multiparametric data, modeling 
was used to explain (i) the filling of the pit crater, (ii) the subsi-
dence that followed without evidence of brittle fracturing, (iii) the 
emergence of a solidified block, and (iv) the state of crystallization 
of the successive layers based on a thermal model. Note that only 
the period preceding subsidence (April 2016 to April 2019, Supp. 
Fig. S1) is considered for the thermal model, as “rise 2” phase in-
volves a piston effect not fully accountable by a thermal model.

5.1. Lava layer thickness

We model the filling of the Nyamulagira crater from April 2016 
to February 2020 not as a rising lava lake, but rather as the stack-
ing of a succession of distinct lava flows detected remotely by 
the MIROVA system. We apply the following relation between the 
radiative energy VRE and the erupted volume V (Coppola et al., 
2013),
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Fig. 4. Evolution of the pit crater morphology from April 2018 to June 2020 based on photographs and satellite images (Sentinel-2, optical and SWIR band combinations). 
The 3 phases corresponding to the pit-crater filling (Rise 1), emptying (Fall), and re-filling (Rise 2) are respectively represented in red, blue, and green (as in Fig. 3). Pictures 
from the authors.
crad = V R E γ

V
(1)

where γ is a correction factor (set to 1.3) for compensating the 
thermal energy attenuation due to the presence of clouds (frequent 
in this region), and crad is the radiant density, which character-
izes several properties of the lava emplacement, such as insulation, 
rheological and topographic conditions. The particular geological 
context of these flow units (lava flows confined in a deep crater) 
implies that, for a fixed effusion rate, these intra-crater lava flows 
will have a smaller surface area than equivalent lava flows that are 
emplaced along the flank of the volcano (free to expand). For the 
case of caldera confined lava emplacement, the thickness of the 
lava layers at day n may be approximated by Hn = Vn/(πr2), with 
r the average pit crater radius. From equation (1), which takes into 
account all radiative sources, including the presence of a small lava 
lake, we can express the layer’s thickness Hn as

Hn = V R En Htot

V R E
(2)

with Htot being the total lava flow thickness, and V R En corre-
sponding to the radiative energy calculated for each specific day 
n. To avoid unrealistic lava flows, a thickness smaller than 10 cm 
is discarded. Consequently, the time separating two lava flows is 
determined by the occurrence of layers thicker than this threshold 
value.
6

5.2. Collapsing conditions

According to visual observations performed in July 2019 (Fig. 4c), 
the floor’s detachment has occurred along a pit-crater segment 
with sub-vertical cliffs. We thus model it as a vertical piston whose 
load is balanced by friction at the wall surrounding it. Also, the 
condition for a solid portion of height Hs in contact with pit-crater 
walls to collapse is satisfied when the vertical load (F v ) (Duputel 
and Rivera, 2019; Kumagai, 2001)

F v = π D2 Hsρg

4
(3)

with D the average pit-crater diameter, ρ the density of degassed 
magma, and g the gravity acceleration, exceeds a critical shear 
force (Fs) given by (Roche and Druitt, 2001)

Fs = τcπ Hs D, (4)

where τc is the critical shear stress for rupture, taken to follow the 
Coulomb fracture criterion (Nicholson, 1994),

τc = τ0 + μ
ν

1 − ν

ρg Hs

2
, (5)

with ν the Poisson’s ratio and μ the sliding friction. Because the 
pit crater was filled by successive lava layers, and that lava may be 
oozing at the edges and thus lubricating some contact points, co-
hesion τ0 is estimated to be 1-2 orders of magnitude lower than 
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Table 1
Parameters employed in the model and their values. Reference values in bold and ranges of values 
explored in parentheses. (1) (Morrison et al., 2020); (2) (Annen and Sparks, 2002; Calkins et al., 
2008; Wright and Pilger, 2008); (3) (Neri, 1998); (4) (Marsh, 1981; Wright and Marsh, 2016); (5) 
(Bosworth et al., 2003; Heap and Violay, 2021; Violay et al., 2014); (6) (Rodríguez-Losada et al., 
2009; Schultz, 1995); (7) (Wauthier et al., 2013). Variations within the ranges we considered have 
no appreciable effect on the lava layer distribution.

Parameter Symbol Units Values

Density of degassed magma1 ρ kg m−3 2700
Magma’s specific heat capacity2 cp J kg−1 K−1 1480 (1150-1550)
Latent heat2 L J kg−1 4.0 (3.0-4.0 x 105)
Thermal conductivity2,3 k W m−1 K−1 2.6 (2.0-2.6)
Stefan-Boltzmann constant σ W m−2K−4 5.670373 x 10−8

Lava surface emissivity ε 0.9
Average ambient air temperature Tair

◦C 20
Liquidus temperature1 Tliq

◦C 1260
Tliq – Tsol (ref. 4) 	T ◦C 200
Gravity acceleration g m s−2 9.81
Correction factor γ 1.3
Initial pit crater radius r0 m 120
Parameters for melt fraction a,b,c,d 10−2, 1.65 x 10−2, -4.8, 4.795
Coefficient of internal friction5 μ 0.6
Cohesion coefficient6 τ0 MPa 1.0
Poisson’s ratio7 ν 0.25
the value for intact basalt (Schultz, 1995). To be conservative, we 
set τ0 = 1 x 106 Pa. Combining the last three equations, the col-
lapse condition F v >Fs is verified for

Hs <
1 − ν

μυ

(
D

2
− 2τ0

ρg

)
(6)

With the parameters reported in Table 1, we estimate a total solid 
layer height Hs < 423 m. Later in Section 4.2 we show that the 
solid layers are all much smaller than this value, which indicates 
that the collapsing condition is always satisfied once the underly-
ing pressure drops.

5.3. Heat equation

Based on ground observations (Fig. 4 & Supp. Fig. S2), we take 
for granted that magma erupts by successive lava flows, the ini-
tial one with thickness H1 at liquidus temperature T liq. By heat 
radiation and convection within the surrounding atmosphere T atm, 
cooling of the lava surface starts and proceeds by conduction to-
ward the lava interior, with latent heat released inside the lava 
layers due to crystallization. A new lava flow covers the previous 
layer with thickness H2, and the process repeats until the crater is 
filled. The layer thickness Hn (equation (2)) and the lava flows’ oc-
currence time tn are both evaluated based on the radiant density 
estimated from MIROVA data.

Temperature and melt fraction of the lava layers are computed 
using the finite difference expression of the heat equation. Given 
the horizontal spatial extent of the pit crater (several hundreds of 
meters) and duration of the considered period, we assume that 
the horizontal heat loss at the crater walls does not affect the ver-
tical temperature distribution, and thus a one-dimensional model 
can be applied. This assumption is at least reasonable for the cen-
tral part of the crater under study. To calculate the temporal and 
spatial evolution of temperature T (X, t) of this central part that 
experiences repeated accumulation of lava flows, we apply the heat 
equation, derived by combining the conservation of energy and 
Fourier’s law

k
∂2T

∂ X2
= ρcp

∂T

∂t
− ρL

∂ fc

∂t
(7)

where (see Table 1) fc is melt fraction (which depends on tem-
perature), k is thermal conductivity, ρ is the density, cp is specific 
7

heat capacity, L is latent heat, t is time, and X is vertical distance, 
which increases after each lava flow.

To best match available data on the rheology of Nyamulagira’s 
lavas (Morrison et al., 2020), variation of the crystallinity with tem-
perature T is approximated by a nonlinear function,

fc = a + bsinh(c
T − Tsol

Tliq − Tsol
+ d) (8)

with Tsol the solidus temperature, which for many magmas is 
observed to correspond to Tliq − 200 (Marsh, 1981; Wright and 
Marsh, 2016), and Tliq is set to 1260 ◦C (Morrison et al., 2020). 
This function yields slow crystallization within the first 80-100 ◦C 
subliquidus, and then changes regime with a fast increase in the 
rate of crystallization. While the absolute temperature of this inter-
val shifts to lower temperatures with decreasing oxygen fugacity, 
the width of this temperature interval remains similar (Kolzenburg 
et al., 2020, 2018a). Substituting this definition for fc in equation 
(7), we get

∂2T

∂ X2
= ∂2T

∂ X2
= ρ

k

[
cp − L b c

Tliq − Tsol
cosh(c

T − Tsol

Tliq − Tsol
+ d)

]
∂T

∂t

(9)

with parameters a, b, c and d in Table 1. With the chosen parame-
ters, the “cut-off” temperature where crystallization exponentially 
increases (Kolzenburg et al., 2016) is at 1180 ◦C. The heat flux 
from the lava surface (X = 0) is described by a boundary condi-
tion, which we take

σε
(

T 4 − T 4
atm

)
− k

∂T

∂x
= 0 (10)

where the first term stands for the radiant heat flux, with σ the 
Stefan-Boltzmann constant and ε the emissivity of the lava sur-
face, and the second term stands for heat transfer by conduction. 
It must be noted that we neglected heat transfer by natural con-
vection in this equation as heat lost by radiant heat flux is several 
orders of magnitude larger for the range of considered tempera-
tures. On the other hand, latent heat, liberated as lava solidifies, 
has a significant effect and provides a large quantity of energy per 
unit mass that delays cooling.

To keep computation time reasonable, equations (9) and (10)
were discretized on a spatial mesh of 2.5 cm (the thinnest lava 
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flow being 10 cm) and time increment fixed to 8 minutes. These 
settings verify the mesh Fourier number criterion (Smith et al., 
1985): for the considered heat equation this criterion is given by 
F = k

ρcp
	t/	x2, which yields 0.49, verifying the stability condition 

F < 0.5. At the occurrence of each lava flow, whose time of occur-
rence and thickness (see above) were derived from the MIROVA 
data, the equation is reinitialized with new initial and boundary 
conditions, which corresponds to instantaneously emplaced lava.

6. A stratified pit crater highlighted by numerical modeling

The numerical solutions of the thermal model (vertical thermal 
profile) during the April 2016 - April 2019 period, reveal that just 
before the subsidence occurred in May-June 2019, the pit crater 
consisted of an alternation of molten and solidified layers (Fig. 5b). 
Of the 290 m of lava piled up during this period, about 160 m 
were solidified (cf. S1 to S5 on Fig. 5b) and 130 m were in a 
molten state (cf. M1-M4 on Fig. 5b). The preservation of molten 
layers results mainly from the effect of the latent heat generated 
during the cooling and solidification of other layers. Without this 
effect, almost the entire pit crater would be solidified (Supp. Fig. 
S6). We argue that molten layers interspersed between solid layers 
promote the collapse of the crater and accelerate the phenomenon 
(by draining the molten layers – Fig. 5c). On contrary, the displace-
ment of a 300 m rock thickness will generate much more friction 
against the wall. While being conservative in the values of equa-
tion (6), a thickness of 300 m is closer to the limit value (423 m), 
which might potentially be overvalued. Moving thinner solid layers 
more easily meets the dropout condition.

The layer thickness evolution (described by equation (2) and 
inferred from MIROVA) closely fits the field and satellite observa-
tions (Fig. 3b & Supp. Fig. S7) although the 2-3 m individual layers 
(middle panel of Fig. 4e) and Supplementary Figure S4a cannot be 
resolved through the heat equation solutions (e.g., Fig. 5b). This 
would have required the inclusion of layer boundary formation 
mechanisms and intra-layer vertical variations (grain size, mineral 
compositions, textures, etc. present in the layers) in the model that 
involve a wide variety of factors (Naslund and McBirney, 1996), 
which was not the focus of this study.

Because thermal parameters are rarely provided for specific vol-
canoes, and Nyamulagira is not an exception, a sensitivity analysis 
was used to confirm the consistency of the results obtained (Ta-
ble 1). No appreciable effect on the distribution of the solid layers 
in the stacked column has been observed (Supp. Fig. S8), and the 
predominant variables turn out to be the timing and thickness of 
the lava flow, both derived from MIROVA data. A similar observa-
tion has been reported for incremental intrusions in sills in which 
the rate of basalt emplacement (represented here by the timing 
and thickness of the lava flows) is an important variable in deter-
mining melt fraction (Annen, 2011; Jackson et al., 2018).

7. Discussion

The morphology of the pit crater and filling mode since April 
2016 have led to the layering of lava with different states of so-
lidification. The numerical solution of the thermal model (Fig. 5) 
shows that before the subsidence of May 2019 (i) a large part of 
the pit crater (∼130 m) was filled with molten lava; (ii) the first 
80 m upper segment of the pit crater is mostly solid, with a melt 
fraction smaller than 40%, and is thus too viscous to flow (Annen, 
2011; Kolzenburg et al., 2018b; Lamy-Chappuis et al., 2020; Leje-
une and Richet, 1995; Marsh, 1981; Sparks et al., 2019); (iii) under 
this solid crust reside several molten lava layers, the largest one 
being over 90 m thick, interspaced by solidified layers up to 25 m 
thick (Fig. 5b). We now discuss how this layer structure impacts 
8

the subsidence of the pit-crater (May – June 2019) and the follow-
ing uplift of a solidified block (July 2019 - February 2020).

7.1. Subsidence and emergence mechanisms

Subsidence of the crater floor, which started in May 2019 and 
lasted 2 months (Fig. 3d), is most probably associated with lava 
draining from the shallow magmatic system. Although the origin of 
such draining is still unclear and outside the scope of this study, it 
is worth noting that this subsidence was preceded, 6 weeks be-
fore (in March 2019), by a small intrusion evidenced by InSAR 
(originating from the pit-crater and extending under the caldera 
floor, Supp. Fig. S3), concomitant to recorded tectonic earthquakes. 
Nevertheless, the intrusive episode was followed by a month-long 
reduction of the thermal flux (Figs. 2c & 3c) possibly indicating a 
break in the magmatic supply or a partial drainage of the magma 
column caused by the intrusion below the caldera floor. It should 
be noted that this decrease of magma supply to the surface did not 
cause the immediate collapse of the crater which began to subside 
only one month later, in early May 2019 (Fig. 3d). The following 
subsidence lowered the pit-crater floor of about 90 m (Figs. 3d & 
4c), a value that can be explained by our model as it corresponds 
to the drainage of almost all the melted layers interspersed in the 
pit crater (Fig. 5c).

Ground observations suggest that the central part of the pit 
crater has sunk as a single solid block (as a piston), a feature 
that makes this subsidence episode similar to a caldera collapse. 
Moreover, the time delay between the observed deformation and 
subsidence is reminiscent of caldera collapses where faulting can 
precede subsidence by several days to weeks (Derrien et al., 2020; 
Shelly and Thelen, 2019).

Caldera collapses, with subsequent resurgence of domes, share 
similar characteristics with those modeled here (Smith and Bailey, 
1968): (i) Nyamulagira follows a piston model with a solid block 
of plane-like and of sub-circular shape, where subsidence begins 
when gravity exceeds the frictional forces with the surrounding 
wall rock (Duputel and Rivera, 2019; Kumagai, 2001; Michon et al., 
2011); (ii) fracturing of the subsiding blocks has been observed to 
depend on the ratio block’s thickness (T) to diameter (D) - in our 
case we estimate T/D=0.35, which tends to favor sagging as a sin-
gle central block subsidence (piston) style with well-defined ring 
faults, which would not be the case for much thinner crust (for 
which T/D<0.3) (Holohan et al., 2013, 2011; Roche et al., 2000). 
With such a thickness (160 m, Fig. 5c), the underlying magmatic 
column remains confined beneath the crust, except for intrusions 
around the block, which was actually observed (panel July 27, 2019 
in Figure S5B); (iii) uplift of a solid block is favored by a crystal-
lized front, which serves as a rheological barrier whereby magma 
intrusions accumulate and exerts an upward pressure (Galetto et 
al., 2017); (iv) any subsequent increase in magma volume poten-
tially causes surface volcanism concomitantly with the uplift of the 
emergent block (or injection of magma into fracture systems); (v) 
low-viscosity magma would tend to dissipate magma pressure ad-
jacent to the emergent block with consequent surface volcanism.

Besides the involved spatial scale much smaller than in caldera 
forming volcanic settings, two main differences can be highlighted: 
(1) subsidence is linked to the drainage of molten layers (Fig. 5c) 
in addition to the piston effect, which could accelerate subsidence; 
(2) uplift of the solid block occurred at a faster and constant rate 
of cm/hour instead of cm/year (Dvorak and Dzurisin, 1997; Geist 
et al., 2006; Métrich et al., 2011; Ukawa et al., 2006).

The uplift of the solid block formed by the compaction of the 
remaining solidified layers (Fig. 5c), which are lighter and cooler 
than the hottest and least differentiated magma (Sparks and Hup-
pert, 1984), could be favored by an increase of the magma flow, 
and thus upward pressure. Taking the hydrostatic pressure ρg H , 
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Fig. 5. Thermal modelling with the resulting collapse and emergence of the solid block scenario. (a) Description of the main principles used in numerical modeling. Equations 
(*) are described in Section 5. (b) Result of the numerical modeling (temperature profile) performed between April 2016 and April 2019 (about 1000 days) to simulate the 
state (S: solid vs. M: molten layers) of the pit crater filled by 290 m of lava before its subsidence. The dashed red line indicates 40% melt fraction (below this line the lava 
is supposed to be static and above it flowing). (c) Interpretative scheme (not at scale) of the evolution of the pit crater before and after the subsidence (May 2019 - March 
2020) together with Sentinel-2 images.
where ρ and H are, respectively, the density and thickness of the 
solid block (Fig. 5c), and taking into account the friction force 
against the cliffs (equation (4)), then about 7 MPa are required 
to make it resurface (the hydrostatic pressure counting for 60%). 
9

This represents an upper bound as most likely molten lava was 
interposed between the cliffs and the block (which explains the 
lava flows on the edge of the crater floor, e.g. Fig. 4), thereby re-
ducing the frictional forces. The uplift of the solid block started 
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Fig. 6. Conceptual models used to explain depth variations of pit-craters. (a) Active lava lake model, whereby the pit-crater hosts an active lava lake with convective cells: 
depth variations are commonly explained by foam accumulation/collapse beneath a thin solid crust, and/or pressure changes in the magma column/reservoir (“piston-
effect”), and/or deep intrusion and magma column drainage (Patrick et al., 2019). (b) Unconventional “streaky” model presented in this study, whereby the pit-crater is filled 
by interleaved solid and molten layers: the depth fluctuations are explained by both the piling of lava flows, and by variations of the magma column/reservoir pressure. (c) 
Passive lava lake, whereby the pit-crater is filled passively by piling of lava flows from vents located inside and/or outside the pit: the pit-crater floor does not fluctuate 
up/down, but only rises depending on the effusive activity alone.
in mid-July 2019 and was again accompanied by LP earthquake 
swarms at depth similar to those recorded in May 2019. Con-
comitant to the block uplift, fresh lavas flooded the area around it 
and finally overflowed the caldera floor in February 2020 (Fig. 4e 
and injection along the margins of the solidified surfaces on Supp. 
Fig. S5b).

According to Fig. 5c, there are no more interspaced molten lay-
ers and the whole piston is in contact with the magma column.

7.2. Towards an unconventional model of pit crater filling

The thermal model reveals a filling mechanism of the pit crater 
by successive solid and liquid layers whose thickness depends on 
frequency and size of the lava flows and size of the pit crater. This 
filling pattern characterizes the inactive lava lakes and is uncon-
ventional in the sense that it can be defined as alternative to both 
(1) a purely convective mode, where the convection disrupts solid 
layers (active lava lake, yellow zone on Fig. 2d) and (2) an effusive 
mode, where single flow units have time to solidify before stack-
ing up (blue zone on Fig. 2d). This unconventional mode, which 
we call “streaky”, is represented schematically in Fig. 6. Our model 
further highlights a filling mechanism that could occur in other 
craters. For example the neighboring Nyiragongo volcano, whose 
crater has been filled both by overflows of the lava lake (which also 
occupies only a portion of its floor surface) and by intra-crateric 
eruptions that began in 2016 with the formation of a new spatter 
cone (Burgi et al., 2020, 2018), shows great similitudes with Nya-
mulagira. However, no similar subsidence or block uplift has been 
observed, probably due to the different physical configuration of 
the crater and the underlying convective magma column.

Thermal models of discrete emplacement units of magma have 
previously been proposed to explain the formation of magma 
reservoirs and plutons (Annen, 2011; Annen and Sparks, 2002; 
Biggs and Annen, 2019; Blundy and Annen, 2016; Jackson et al., 
2018; Michaut and Jaupart, 2011; Sparks et al., 2019). A common 
feature of these models is the magma emplacement modality, as-
sumed to occur piecemeal with small increments rather than in 
a single large event. However, these thermal models are based on 
the following assumptions that are not applicable in our case: (i) 
successive magma injection through sills occurring upwards and 
downwards (Annen, 2011); (ii) the layers being intruded are not 
subject to radiative heat loss and cooling is mainly done by con-
ductive loss; (iii) thick magma bodies may develop convective in-
stabilities which accelerate cooling (Simakin and Trubitsyn, 1995); 
(iv) timescales are tens to hundreds of thousands of years, and 
spatial dimensions range on kilometer scale.
10
Solidification of lava lakes (Colp, 1982; Helz et al., 2014; 
Worster et al., 1993; Wright et al., 1976; Wright and Marsh, 2016), 
which starts once the magma influx needed to keep the molten 
state strongly decreases or ceases, represents another situation 
governed by thermal equations similar to those applied in our 
model. However, in the case of lava lake, the solidified surface 
crust preventing further radiative heat loss and cooling is mainly 
controlled by heat transfer by conduction to the host rocks, and 
through the upper crust of the lake to the air, corresponding to ε=0 
in equation (10). For stagnant lava ponds, such as the Kilauea in-
active lava lakes (Wright et al., 1976), lava is accumulated through 
successive eruptive phases. Also, crust solidification is much slower 
in lava ponds than in our case: more than 7 years to solidify 80 m 
against less than 6 months in our case (Helz et al., 2014; Wright 
et al., 1976). A common feature though is the density profile with 
depth, where the cooled crust is lighter than the underlying hot 
melt.

8. Conclusions

This case study, based on field and satellite measurements, and 
numerical modelling, shows a new crater filling dynamic: while 
being in close contact with a magma column, Nyamulagira’s pit 
crater fills up incrementally by the overlapping of intra-crateric 
lava flows. This mechanism results in the formation of solidified 
layers, interspersed with partially molten flow units, whose char-
acteristics depend on the temporal spacing between each emission 
of lava. Such an incremental filling of the crater creates the con-
ditions for the unconventional collapse and buoyant ascent of the 
solidified layers, both of which constitute novel processes within 
pit craters. Our model thus contributes to extend and improve our 
knowledge on processes underlying the dynamics of pit craters 
containing lava lakes.

While the volcanic phenomena reported here are confined to 
the caldera, the underlying pressure variations of the magmatic 
reservoir should be acknowledged as serious hazard for the re-
gion’s continuous population growth in the most western side of 
the Virunga Volcanic Province. Indeed, lava flows generated by 
Nyamulagira directly threaten the city of Sake with a population 
of over 100,000 inhabitants (located 25 km from the volcano), and 
potentially lead to severe logistical supply problems by cutting the 
only road that links Goma (the capital of North Kivu, population >1 
million, located at about 30 km south east of the volcano) to the 
western and southern territories of north and south Kivu (Balagizi 
et al., 2018; Patrick et al., 2019; Tedesco et al., 2007), as shown by 
the recent event of the nearby Nyiragongo in May 2021.



P.-Y. Burgi, S. Valade, D. Coppola et al. Earth and Planetary Science Letters 576 (2021) 117230
CRediT authorship contribution statement

P.-Y.B. wrote the original draft, did the editing work, conceived 
the model and developed the software for the numerical simula-
tions. S.V., D.C., G.B., F.R., G.M. and D.T. participated to the method-
ology, investigation, and to the writing and reviewing processes. 
D.T. supervised the research work.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Code and data availability

All data generated or analyzed during this study are provided 
with this article, and are available at https://doi .org /10 .26037 /
yareta :khivh7h2prgvxauarlckdo7awi.

MIROVA data, and the associated codes for computing the 
thickness and time of occurrence of the lava flows, as well as ther-
mal evolution of the lava layers are available at https://doi .org /10 .
26037 /yareta :5futgivyezdw5gdqqfogybt3ky.

Acknowledgements

This mission could not be done without the invitation of the 
Goma Volcano Observatory (OVG), their logistic help and their in-
formation provided on the activity of Nyamulagira. MONUSCO is 
warmly thanked for providing crucial support in several field de-
ployments by helicopter in areas of unrest that are highly insecure. 
The Virunga National Parc (ICCN Institut Congolais pour la Con-
servation de la Nature) provided logistics inside the National Parc 
of Virunga and provided full assistance with their very profes-
sional rangers in the field. We also wish to thank Andrew Harris, 
Robin Campion, and Thomas Walter for their helpful comments 
on an early version of the manuscript, Hervé Sthioul and Fabien 
Cruchon for their contributions in 3D photogrammetry. We also 
warmly thank the reviewer Stephan Kolzenburg and an anony-
mous reviewer for their constructive comments. We acknowledge 
the INGV initiative LakeCarb, the French government IDEX-ISITE 
initiative 16-IDEX-0001 (CAP 20-25), as well as UNAM PAPIIT fund-
ing (project IA102221). The development of MOUNTS was funded 
by Geo.X (Research Network for Geosciences in Berlin and Pots-
dam), and Prof. Hellwich (Computer Vision and Remote Sensing, 
TU-Berlin) is warmly thanked for hosting the server in his depart-
ment.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2021.117230.

References

Annen, C., 2011. Implications of incremental emplacement of magma bodies for 
magma differentiation, thermal aureole dimensions and plutonism–volcanism 
relationships. Tectonophysics 500, 3–10. https://doi .org /10 .1016 /j .tecto .2009 .04 .
010.

Annen, C., Sparks, R.S.J., 2002. Effects of repetitive emplacement of basaltic intru-
sions on thermal evolution and melt generation in the crust. Earth Planet. Sci. 
Lett. 203, 937–955. https://doi .org /10 .1016 /S0012 -821X(02 )00929 -9.

Aoki, K.-I., Yoshida, T., Yusa, K., Nakamura, Y., 1985. Petrology and geochemistry of 
the Nyamuragira volcano, Zaire. J. Volcanol. Geotherm. Res. 25, 1–28. https://
doi .org /10 .1016 /0377 -0273(85 )90002 -2.

Balagizi, C.M., Kies, A., Kasereka, M.M., Tedesco, D., Yalire, M.M., McCausland, W.A., 
2018. Natural hazards in Goma and the surrounding villages, East African Rift 
system. Nat. Hazards 93, 31–66. https://doi .org /10 .1007 /s11069 -018 -3288 -x.
11
Barrière, J., d’Oreye, N., Oth, A., Geirsson, H., Mashagiro, N., Johnson, J.B., Smets, 
B., Samsonov, S., Kervyn, F., 2018. Single-station seismo-acoustic monitoring of 
Nyiragongo’s lava lake activity (D.R. Congo). Front. Earth Sci. 6, 82. https://doi .
org /10 .3389 /feart .2018 .00082.

Biggs, J., Annen, C., 2019. The lateral growth and coalesence of magma systems. 
Philos. Trans. - Royal Soc., Math. Phys. Eng. Sci. 377, 20180005. https://doi .org /
10 .1098 /rsta .2018 .0005.

Blundy, J.D., Annen, C.J., 2016. Crustal magmatic systems from the perspective of 
heat transfer. Elements 12, 115–120. https://doi .org /10 .2113 /gselements .12 .2 .
115.

Bluth, G.J.S., Carn, S.A., 2008. Exceptional sulfur degassing from Nyamuragira vol-
cano, 1979–2005. Int. J. Remote Sens. 29, 6667–6685. https://doi .org /10 .1080 /
01431160802168434.

Bosworth, W., Burke, K., Strecker, M., 2003. Effect of stress fields on magma chamber 
stability and the formation of collapse calderas. Tectonics 22. https://doi .org /10 .
1029 /2002TC001369.

Burgi, P.-Y., Boudoire, G., Rufino, F., Karume, K., Tedesco, D., 2020. Recent activity 
of Nyiragongo (Democratic Republic of Congo): new insights from field obser-
vations and numerical modeling. Geophys. Res. Lett. 47. https://doi .org /10 .1029 /
2020GL088484.

Burgi, P.-Y., Caillet, M., Haefeli, S., 2002. Field temperature measurements at Erta’Ale 
lava lake, Ethiopia. Bull. Volcanol. 64, 472–485. https://doi .org /10 .1007 /s00445 -
002 -0224 -3.

Burgi, P.-Y., Minissale, S., Melluso, L., Mahinda, C.K., Cuoco, E., Tedesco, D., 2018. 
Models of the formation of the 29 February 2016 new spatter cone inside 
mount Nyiragongo. J. Geophys. Res., Solid Earth 123, 9469–9485. https://doi .org /
10 .1029 /2018JB015927.

Calkins, J., Oppenheimer, C., Kyle, P.R., 2008. Ground-based thermal imaging of 
lava lakes at Erebus volcano Antarctica. Volcanol. Erebus Volcano Antarct. 177, 
695–704. https://doi .org /10 .1016 /j .jvolgeores .2008 .02 .002.

Campion, R., 2014. New lava lake at Nyamuragira volcano revealed by combined 
ASTER and OMI SO 2 measurements. Geophys. Res. Lett. 41, 7485–7492. https://
doi .org /10 .1002 /2014GL061808.

Colp, J.L., 1982. Magma Energy Research Project. Sandia Report SAND82-2377 42. 
Sandia Natl. Lab. Albuq. N.M.

Coppola, D., Campion, R., Laiolo, M., Cuoco, E., Balagizi, C., Ripepe, M., Cigolini, C., 
Tedesco, D., 2016a. Birth of a lava lake: Nyamulagira volcano 2011–2015. Bull. 
Volcanol. 78, 20. https://doi .org /10 .1007 /s00445 -016 -1014 -7.

Coppola, D., Cigolini, C., 2013. Thermal regimes and effusive trends at Nyamuragira 
volcano (DRC) from MODIS infrared data. Bull. Volcanol. 75, 744. https://doi .org /
10 .1007 /s00445 -013 -0744 -z.

Coppola, D., Laiolo, M., Cigolini, C., Donne, D.D., Ripepe, M., 2016b. Enhanced vol-
canic hot-spot detection using MODIS IR data: results from the MIROVA system. 
Geol. Soc. (Lond.) Spec. Publ. 426, 181–205. https://doi .org /10 .1144 /SP426 .5.

Coppola, D., Laiolo, M., Piscopo, D., Cigolini, C., 2013. Rheological control on the 
radiant density of active lava flows and domes. J. Volcanol. Geotherm. Res. 249, 
39–48. https://doi .org /10 .1016 /j .jvolgeores .2012 .09 .005.

Derrien, A., Peltier, A., Villeneuve, N., Staudacher, T., 2020. The 2007 caldera collapse 
at Piton de la Fournaise: new insights from multi-temporal structure-from-
motion. Volcanica 3, 55–65. https://doi .org /10 .30909 /vol .03 .01.5565.

Duffell, H.J., Oppenheimer, C., Pyle, D.M., Galle, B., McGonigle, A.J.S., Burton, M.R., 
2003. Changes in gas composition prior to a minor explosive eruption at Masaya 
volcano, Nicaragua. J. Volcanol. Geotherm. Res. 126, 327–339. https://doi .org /10 .
1016 /S0377 -0273(03 )00156 -2.

Duputel, Z., Rivera, L., 2019. The 2007 caldera collapse of Piton de la Fournaise vol-
cano: source process from very-long-period seismic signals. Earth Planet. Sci. 
Lett. 527, 115786. https://doi .org /10 .1016 /j .epsl .2019 .115786.

Dvorak, J.J., Dzurisin, D., 1997. Volcano geodesy: the search for magma reservoirs 
and the formation of eruptive vents. Rev. Geophys. 35, 343–384. https://doi .org /
10 .1029 /97RG00070.

Galetto, F., Acocella, V., Caricchi, L., 2017. Caldera resurgence driven by magma 
viscosity contrasts. Nat. Commun. 8, 1750. https://doi .org /10 .1038 /s41467 -017 -
01632 -y.

Galetto, F., Bagnardi, M., Acocella, V., Hooper, A., 2019. Noneruptive Unrest at 
the Caldera of Alcedo Volcano (Galápagos Islands) Revealed by InSAR Data 
and Geodetic Modeling. J. Geophys. Res. Solid Earth 124, 3365–3381. https://
doi .org /10 .1029 /2018JB017103.

Geist, D., Chadwick, W., Johnson, D., 2006. Results from new GPS and gravity 
monitoring networks at Fernandina and Sierra Negra volcanoes, Galápagos, 
2000–2002. J. Volcanol. Geotherm. Res. 150, 79–97. https://doi .org /10 .1016 /j .
jvolgeores .2005 .07.003.

Harris, A.J.L., 2009. The pit-craters and pit-crater-filling lavas of Masaya volcano. 
Bull. Volcanol. 71, 541–558. https://doi .org /10 .1007 /s00445 -008 -0241 -y.

Harris, A.J.L., 2008. Modeling lava lake heat loss, rheology, and convection: modeling 
lava lake heat loss, rheology, and convection. Geophys. Res. Lett. 35. https://
doi .org /10 .1029 /2008GL033190.

Harris, A.J.L., Baloga, S.M., 2009. Lava discharge rates from satellite-measured heat 
flux. Geophys. Res. Lett. 36, L19302. https://doi .org /10 .1029 /2009GL039717.

Harris, A.J.L., Flynn, L.P., Rothery, D.A., Oppenheimer, C., Sherman, S.B., 1999. Mass 
flux measurements at active lava lakes: implications for magma recycling. J. 
Geophys. Res., Solid Earth 104, 7117–7136. https://doi .org /10 .1029 /98JB02731.

https://doi.org/10.26037/yareta:khivh7h2prgvxauarlckdo7awi
https://doi.org/10.26037/yareta:khivh7h2prgvxauarlckdo7awi
https://doi.org/10.26037/yareta:5futgivyezdw5gdqqfogybt3ky
https://doi.org/10.26037/yareta:5futgivyezdw5gdqqfogybt3ky
https://doi.org/10.1016/j.epsl.2021.117230
https://doi.org/10.1016/j.tecto.2009.04.010
https://doi.org/10.1016/j.tecto.2009.04.010
https://doi.org/10.1016/S0012-821X(02)00929-9
https://doi.org/10.1016/0377-0273(85)90002-2
https://doi.org/10.1016/0377-0273(85)90002-2
https://doi.org/10.1007/s11069-018-3288-x
https://doi.org/10.3389/feart.2018.00082
https://doi.org/10.3389/feart.2018.00082
https://doi.org/10.1098/rsta.2018.0005
https://doi.org/10.1098/rsta.2018.0005
https://doi.org/10.2113/gselements.12.2.115
https://doi.org/10.2113/gselements.12.2.115
https://doi.org/10.1080/01431160802168434
https://doi.org/10.1080/01431160802168434
https://doi.org/10.1029/2002TC001369
https://doi.org/10.1029/2002TC001369
https://doi.org/10.1029/2020GL088484
https://doi.org/10.1029/2020GL088484
https://doi.org/10.1007/s00445-002-0224-3
https://doi.org/10.1007/s00445-002-0224-3
https://doi.org/10.1029/2018JB015927
https://doi.org/10.1029/2018JB015927
https://doi.org/10.1016/j.jvolgeores.2008.02.002
https://doi.org/10.1002/2014GL061808
https://doi.org/10.1002/2014GL061808
http://refhub.elsevier.com/S0012-821X(21)00486-6/bibAF845849A463C9C7B03E330545809FF7s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bibAF845849A463C9C7B03E330545809FF7s1
https://doi.org/10.1007/s00445-016-1014-7
https://doi.org/10.1007/s00445-013-0744-z
https://doi.org/10.1007/s00445-013-0744-z
https://doi.org/10.1144/SP426.5
https://doi.org/10.1016/j.jvolgeores.2012.09.005
https://doi.org/10.30909/vol.03.01.5565
https://doi.org/10.1016/S0377-0273(03)00156-2
https://doi.org/10.1016/S0377-0273(03)00156-2
https://doi.org/10.1016/j.epsl.2019.115786
https://doi.org/10.1029/97RG00070
https://doi.org/10.1029/97RG00070
https://doi.org/10.1038/s41467-017-01632-y
https://doi.org/10.1038/s41467-017-01632-y
https://doi.org/10.1029/2018JB017103
https://doi.org/10.1029/2018JB017103
https://doi.org/10.1016/j.jvolgeores.2005.07.003
https://doi.org/10.1016/j.jvolgeores.2005.07.003
https://doi.org/10.1007/s00445-008-0241-y
https://doi.org/10.1029/2008GL033190
https://doi.org/10.1029/2008GL033190
https://doi.org/10.1029/2009GL039717
https://doi.org/10.1029/98JB02731


P.-Y. Burgi, S. Valade, D. Coppola et al. Earth and Planetary Science Letters 576 (2021) 117230
Heap, M.J., Violay, M.E.S., 2021. The mechanical behaviour and failure modes of vol-
canic rocks: a review. Bull. Volcanol 83, 33. https://doi .org /10 .1007 /s00445 -021 -
01447 -2.

Helz, R.T., Clague, D.A., Sisson, T.W., Thornber, C.R., 2014. Petrologic insights into 
basaltic volcanism at historically active Hawaiian volcanoes (USGS Numbered 
Series No. 1801-6), Petrologic insights into basaltic volcanism at historically ac-
tive Hawaiian volcanoes. Professional Paper. U.S. Geological Survey, Reston, VA.

Holohan, E.P., Schöpfer, M.P.J., Walsh, J.J., 2011. Mechanical and geometric controls 
on the structural evolution of pit crater and caldera subsidence. J. Geophys. 
Res. 116, B07202. https://doi .org /10 .1029 /2010JB008032.

Holohan, E.P., Walter, T.R., Schöpfer, M.P.J., Walsh, J.J., van Wyk de Vries, B., Troll, 
V.R., 2013. Origins of oblique-slip faulting during caldera subsidence: oblique-
slip faulting at calderas. J. Geophys. Res., Solid Earth 118, 1778–1794. https://
doi .org /10 .1002 /jgrb .50057.

Jackson, M.D., Blundy, J., Sparks, R.S.J., 2018. Chemical differentiation, cold storage 
and remobilization of magma in the Earth’s crust. Nature 564, 405–409. https://
doi .org /10 .1038 /s41586 -018 -0746 -2.

Kolzenburg, S., Di Genova, D., Giordano, D., Hess, K.U., Dingwell, D.B., 2018a. The 
effect of oxygen fugacity on the rheological evolution of crystallizing basaltic 
melts. Earth Planet. Sci. Lett. 487, 21–32. https://doi .org /10 .1016 /j .epsl .2018 .01.
023.

Kolzenburg, S., Giordano, D., Cimarelli, C., Dingwell, D.B., 2016. In situ thermal 
characterization of cooling/crystallizing lavas during rheology measurements 
and implications for lava flow emplacement. Geochim. Cosmochim. Acta 195, 
244–258. https://doi .org /10 .1016 /j .gca .2016 .09 .022.

Kolzenburg, S., Giordano, D., Hess, K.U., Dingwell, D.B., 2018b. Shear rate-dependent 
disequilibrium rheology and dynamics of basalt solidification. Geophys. Res. 
Lett. 45, 6466–6475. https://doi .org /10 .1029 /2018GL077799.

Kolzenburg, S., Hess, K.-U., Berlo, K., Dingwell, D.B., 2020. Disequilibrium rheology 
and crystallization kinetics of basalts and implications for the Phlegrean vol-
canic district. Front. Earth Sci. 8, 187. https://doi .org /10 .3389 /feart .2020 .00187.

Kumagai, H., 2001. Very-long-period seismic signals and caldera formation at 
Miyake island, Japan. Science 293, 687–690. https://doi .org /10 .1126 /science .
1062136.

Lamy-Chappuis, B., Heinrich, C.A., Driesner, T., Weis, P., 2020. Mechanisms and pat-
terns of magmatic fluid transport in cooling hydrous intrusions. Earth Planet. 
Sci. Lett. 535, 116111. https://doi .org /10 .1016 /j .epsl .2020 .116111.

Lejeune, A.-M., Richet, P., 1995. Rheology of crystal-bearing silicate melts: an exper-
imental study at high viscosities. J. Geophys. Res., Solid Earth 100, 4215–4229. 
https://doi .org /10 .1029 /94JB02985.

Lev, E., Ruprecht, P., Oppenheimer, C., Peters, N., Patrick, M., Hernández, P.A., Spamp-
inato, L., Marlow, J., 2019. A global synthesis of lava lake dynamics. J. Volcanol. 
Geotherm. Res. 381, 16–31. https://doi .org /10 .1016 /j .jvolgeores .2019 .04 .010.

Marsh, B.D., 1981. On the crystallinity, probability of occurrence, and rheology of 
lava and magma. Contrib. Mineral. Petrol. 78, 85–98. https://doi .org /10 .1007 /
BF00371146.

Métrich, N., Allard, P., Aiuppa, A., Bani, P., Bertagnini, A., Shinohara, H., Parello, F., Di 
Muro, A., Garaebiti, E., Belhadj, O., Massare, D., 2011. Magma and volatile supply 
to post-collapse volcanism and block resurgence in Siwi Caldera (Tanna Island, 
Vanuatu Arc). J. Petrol. 52, 1077–1105. https://doi .org /10 .1093 /petrology /egr019.

Michaut, C., Jaupart, C., 2011. Two models for the formation of magma reservoirs 
by small increments. Tectonophysics 500, 34–49. https://doi .org /10 .1016 /j .tecto .
2009 .08 .019.

Michellier, C., Katoto, P. de M.C., Dramaix, M., Nemery, B., Kervyn, F., 2020. Respira-
tory health and eruptions of the Nyiragongo and Nyamulagira volcanoes in the 
Democratic Republic of Congo: a time-series analysis. Environ. Health 19, 62. 
https://doi .org /10 .1186 /s12940 -020 -00615 -9.

Michon, L., Massin, F., Famin, V., Ferrazzini, V., Roult, G., 2011. Basaltic calderas: 
collapse dynamics, edifice deformation, and variations of magma withdrawal. J. 
Geophys. Res. 116, B03209. https://doi .org /10 .1029 /2010JB007636.

Moore, C., Wright, T., Hooper, A., Biggs, J., 2019. The 2017 eruption of Erta ’Ale 
volcano, Ethiopia: insights into the shallow axial plumbing system of an in-
cipient mid-ocean ridge. Geochem. Geophys. Geosyst. 20, 5727–5743. https://
doi .org /10 .1029 /2019GC008692.

Morrison, A., Whittington, A., Smets, B., Kervyn, M., Sehlke, A., 2020. The rheology of 
crystallizing basaltic lavas from Nyiragongo and Nyamuragira volcanoes, D.R.C. 
Volcanica 3, 1–28. https://doi .org /10 .30909 /vol .03 .01.0128.

Naslund, H.R., McBirney, A.R., 1996. Mechanisms of formation of igneous layering. 
In: Cawthorn, R.G. (Ed.), Developments in Petrology. Elsevier, pp. 1–43.

Neal, C.A., Brantley, S.R., Antolik, L., Babb, J.L., Burgess, M., Calles, K., Cappos, M., 
Chang, J.C., Conway, S., Desmither, L., Dotray, P., Elias, T., Fukunaga, P., Fuke, 
S., Johanson, I.A., Kamibayashi, K., Kauahikaua, J., Lee, R.L., Pekalib, S., Mik-
lius, A., Million, W., Moniz, C.J., Nadeau, P.A., Okubo, P., Parcheta, C., Patrick, 
M.R., Shiro, B., Swanson, D.A., Tollett, W., Trusdell, F., Younger, E.F., Zoeller, M.H., 
Montgomery-Brown, E.K., Anderson, K.R., Poland, M.P., Ball, J.L., Bard, J., Coombs, 
M., Dietterich, H.R., Kern, C., Thelen, W.A., Cervelli, P.F., Orr, T., Houghton, B.F., 
Gansecki, C., Hazlett, R., Lundgren, P., Diefenbach, A.K., Lerner, A.H., Waite, G., 
Kelly, P., Clor, L., Werner, C., Mulliken, K., Fisher, G., Damby, D., 2019. The 2018 
rift eruption and summit collapse of Kı̄lauea volcano. Science 363, 367–374. 
https://doi .org /10 .1126 /science .aav7046.
12
Neri, A., 1998. A local heat transfer analysis of lava cooling in the atmosphere: appli-
cation to thermal diffusion-dominated lava flows. J. Volcanol. Geotherm. Res. 81, 
215–243. https://doi .org /10 .1016 /S0377 -0273(98 )00010 -9.

Nicholson, R., 1994. Structural Geology by R. J. Twiss and E. M. Moores. W. H. Free-
man & Co., San Francisco, 1992. No. of pages: 532. Price: $47.95 (hardback). ISBN 
0 7167 2252 6. Geol. J. 29, 382–383. https://doi .org /10 .1002 /gj .3350290408.

Patrick, M., Swanson, D., Orr, T., 2019. A review of controls on lava lake level: in-
sights from Halema‘uma‘u Crater, Kı̄lauea Volcano. Bull. Volcanol. 81, 13. https://
doi .org /10 .1007 /s00445 -019 -1268 -y.

Pouclet, A., 1975. Activités du volcan Nyamuragira (Rift ouest de l’Afrique Centrale), 
évaluation des volumes de matériaux émis. Bull. Volcanol. 39, 466–478. https://
doi .org /10 .1007 /BF02597267.

Pouclet, A., Bram, K., 2021. Nyiragongo and Nyamuragira: a review of volcanic ac-
tivity in the Kivu rift, western branch of the East African Rift system. Bull. 
Volcanol. 83, 10. https://doi .org /10 .1007 /s00445 -021 -01435 -6.

Hoier, R., 1939. Contribution à l’étude de la morphologie du volcan Nyamuragira. Ex-
ploration du Parc National Albert: Institut des parcs nationaux du Congo Belge.

Roche, O., Druitt, T.H., 2001. Onset of caldera collapse during ignimbrite eruptions. 
Earth Planet. Sci. Lett. 191, 191–202. https://doi .org /10 .1016 /S0012 -821X(01 )
00428 -9.

Roche, O., Druitt, T.H., Merle, O., 2000. Experimental study of caldera formation. J. 
Geophys. Res., Solid Earth 105, 395–416. https://doi .org /10 .1029 /1999JB900298.

Rodríguez-Losada, J.A., Hernández-Gutiérrez, L.E., Olalla, C., Perucho, A., Serrano, 
A., Eff-Darwich, A., 2009. Geomechanical parameters of intact rocks and rock 
masses from the Canary Islands: Implications on their flank stability. J. Volcanol. 
Geotherm. Res. 182, 67–75. https://doi .org /10 .1016 /j .jvolgeores .2009 .01.032.

Schultz, R.A., 1995. Limits on strength and deformation properties of jointed 
basaltic rock masses. Rock Mech. Rock Eng. 28, 1–15. https://doi .org /10 .1007 /
BF01024770.

Shelly, D.R., Thelen, W.A., 2019. Anatomy of a caldera collapse: Kı̄lauea 2018 summit 
seismicity sequence in high resolution. Geophys. Res. Lett. 46, 14395–14403. 
https://doi .org /10 .1029 /2019GL085636.

Simakin, A.G., Trubitsyn, V.P., 1995. Structural evolution of a cooling magma cham-
ber. Izv. Phys. Solid Earth CC Fiz. Zemli-Ross. Akad. Nauk 31, 132–144.

Smets, B., D’Oreye, N., Kervyn, F., 2014. Toward another lava lake in the Virunga vol-
canic field? Eos Trans. AGU 95, 377–378. https://doi .org /10 .1002 /2014EO420001.

Smets, B., Kervyn, M., d’Oreye, N., Kervyn, F., 2015. Spatio-temporal dynamics of 
eruptions in a youthful extensional setting: insights from Nyamulagira volcano 
(D.R. Congo), in the western branch of the East African rift. Earth-Sci. Rev. 150, 
305–328. https://doi .org /10 .1016 /j .earscirev.2015 .08 .008.

Smith, G.D., Smith, G.D., Smith, S., Dennis, Gordon, 1985. Numerical Solution of Par-
tial Differential Equations: Finite Difference Methods. Clarendon Press.

Smith, R.L., Bailey, R.A., 1968. Resurgent cauldrons. In: Geological Society of America 
Memoirs. Geological Society of America, pp. 613–662.

Sparks, R.S.J., Annen, C., Blundy, J.D., Cashman, K.V., Rust, A.C., Jackson, M.D., 2019. 
Formation and dynamics of magma reservoirs. Philos. Trans. - Royal Soc., Math. 
Phys. Eng. Sci. 377, 20180019. https://doi .org /10 .1098 /rsta .2018 .0019.

Sparks, R.S.J., Huppert, H.E., 1984. Density changes during the fractional crystalliza-
tion of basaltic magmas: fluid dynamic implications. Contrib. Mineral. Petrol. 85, 
300–309. https://doi .org /10 .1007 /BF00378108.

Swanson, D.A., Duffield, W.A., Jackson, D.B., Peterson, D.W., 1979. Chronological nar-
rative of the 1969-71 Mauna Ulu eruption of Kilauea volcano, Hawaii. (Report 
No. 1056), Professional Paper. https://doi .org /10 .3133 /pp1056.

Tedesco, D., Vaselli, O., Papale, P., Carn, S.A., Voltaggio, M., Sawyer, G.M., Durieux, 
J., Kasereka, M., Tassi, F., 2007. January 2002 volcano-tectonic eruption of Nyi-
ragongo volcano, Democratic Republic of Congo. J. Geophys. Res. 112, B09202. 
https://doi .org /10 .1029 /2006JB004762.

Ukawa, M., Fujita, E., Ueda, H., Kumagai, T., Nakajima, H., Morita, H., 2006. Long-term 
geodetic measurements of large scale deformation at Iwo-jima caldera, Japan. J. 
Volcanol. Geotherm. Res. 150, 98–118. https://doi .org /10 .1016 /j .jvolgeores .2005 .
07.008.

Valade, S., Ley, A., Massimetti, F., D’Hondt, O., Laiolo, M., Coppola, D., Loibl, D., 
Hellwich, O., Walter, T.R., 2019. Towards global volcano monitoring using mul-
tisensor sentinel missions and artificial intelligence: the MOUNTS monitoring 
system. Remote Sens. 11, 1528. https://doi .org /10 .3390 /rs11131528.

Valade, S., Ripepe, M., Giuffrida, G., Karume, K., Tedesco, D., 2018. Dynamics of 
mount Nyiragongo lava lake inferred from thermal imaging and infrasound ar-
ray. Earth Planet. Sci. Lett. 500, 192–204. https://doi .org /10 .1016 /j .epsl .2018 .08 .
004.

Violay, M., Di Toro, G., Gibert, B., Nielsen, S., Spagnuolo, E., Del Gaudio, P., Azais, 
P., Scarlato, P.G., 2014. Effect of glass on the frictional behavior of basalts 
at seismic slip rates. Geophys. Res. Lett. 41, 348–355. https://doi .org /10 .1002 /
2013GL058601.

Wadge, G., Burt, L., 2011. Stress field control of eruption dynamics at a rift volcano: 
Nyamuragira, D.R. Congo. J. Volcanol. Geotherm. Res. 207, 1–15. https://doi .org /
10 .1016 /j .jvolgeores .2011.06 .012.

Wadge, G., Cole, P., Stinton, A., Komorowski, J.-C., Stewart, R., Toombs, A.C., Legen-
dre, Y., 2011. Rapid topographic change measured by high-resolution satellite 
radar at Soufriere Hills volcano, Montserrat, 2008–2010. J. Volcanol. Geotherm. 
Res. 199, 142–152. https://doi .org /10 .1016 /j .jvolgeores .2010 .10 .011.

https://doi.org/10.1007/s00445-021-01447-2
https://doi.org/10.1007/s00445-021-01447-2
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib14E474EFFE29F4F7D22BE6384A4DEE83s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib14E474EFFE29F4F7D22BE6384A4DEE83s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib14E474EFFE29F4F7D22BE6384A4DEE83s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib14E474EFFE29F4F7D22BE6384A4DEE83s1
https://doi.org/10.1029/2010JB008032
https://doi.org/10.1002/jgrb.50057
https://doi.org/10.1002/jgrb.50057
https://doi.org/10.1038/s41586-018-0746-2
https://doi.org/10.1038/s41586-018-0746-2
https://doi.org/10.1016/j.epsl.2018.01.023
https://doi.org/10.1016/j.epsl.2018.01.023
https://doi.org/10.1016/j.gca.2016.09.022
https://doi.org/10.1029/2018GL077799
https://doi.org/10.3389/feart.2020.00187
https://doi.org/10.1126/science.1062136
https://doi.org/10.1126/science.1062136
https://doi.org/10.1016/j.epsl.2020.116111
https://doi.org/10.1029/94JB02985
https://doi.org/10.1016/j.jvolgeores.2019.04.010
https://doi.org/10.1007/BF00371146
https://doi.org/10.1007/BF00371146
https://doi.org/10.1093/petrology/egr019
https://doi.org/10.1016/j.tecto.2009.08.019
https://doi.org/10.1016/j.tecto.2009.08.019
https://doi.org/10.1186/s12940-020-00615-9
https://doi.org/10.1029/2010JB007636
https://doi.org/10.1029/2019GC008692
https://doi.org/10.1029/2019GC008692
https://doi.org/10.30909/vol.03.01.0128
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib983406CAD9B2C516293A1A94BABDE099s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib983406CAD9B2C516293A1A94BABDE099s1
https://doi.org/10.1126/science.aav7046
https://doi.org/10.1016/S0377-0273(98)00010-9
https://doi.org/10.1002/gj.3350290408
https://doi.org/10.1007/s00445-019-1268-y
https://doi.org/10.1007/s00445-019-1268-y
https://doi.org/10.1007/BF02597267
https://doi.org/10.1007/BF02597267
https://doi.org/10.1007/s00445-021-01435-6
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib505F2C3603E2FAF4DAB01A0EA6FC4BE7s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib505F2C3603E2FAF4DAB01A0EA6FC4BE7s1
https://doi.org/10.1016/S0012-821X(01)00428-9
https://doi.org/10.1016/S0012-821X(01)00428-9
https://doi.org/10.1029/1999JB900298
https://doi.org/10.1016/j.jvolgeores.2009.01.032
https://doi.org/10.1007/BF01024770
https://doi.org/10.1007/BF01024770
https://doi.org/10.1029/2019GL085636
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib402D87343C6CA82295BC27BA93DCC386s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib402D87343C6CA82295BC27BA93DCC386s1
https://doi.org/10.1002/2014EO420001
https://doi.org/10.1016/j.earscirev.2015.08.008
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib1FA09328CF4BC7DDBDA03DD14BC9EC90s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib1FA09328CF4BC7DDBDA03DD14BC9EC90s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bibFC5A3A7ECC60CE1A3BD8700D0C550853s1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bibFC5A3A7ECC60CE1A3BD8700D0C550853s1
https://doi.org/10.1098/rsta.2018.0019
https://doi.org/10.1007/BF00378108
https://doi.org/10.3133/pp1056
https://doi.org/10.1029/2006JB004762
https://doi.org/10.1016/j.jvolgeores.2005.07.008
https://doi.org/10.1016/j.jvolgeores.2005.07.008
https://doi.org/10.3390/rs11131528
https://doi.org/10.1016/j.epsl.2018.08.004
https://doi.org/10.1016/j.epsl.2018.08.004
https://doi.org/10.1002/2013GL058601
https://doi.org/10.1002/2013GL058601
https://doi.org/10.1016/j.jvolgeores.2011.06.012
https://doi.org/10.1016/j.jvolgeores.2011.06.012
https://doi.org/10.1016/j.jvolgeores.2010.10.011


P.-Y. Burgi, S. Valade, D. Coppola et al. Earth and Planetary Science Letters 576 (2021) 117230
Walker, G.P.L., 1988. Three Hawaiian calderas: an origin through loading by shal-
low intrusions? J. Geophys. Res., Solid Earth 93, 14773–14784. https://doi .org /
10 .1029 /JB093iB12p14773.

Wauthier, C., Cayol, V., Poland, M., Kervyn, F., d’Oreye, N., Hooper, A., Samsonov, 
S., Tiampo, K., Smets, B., 2013. Nyamulagira’s magma plumbing system inferred 
from 15 years of InSAR. Geol. Soc. (Lond.) Spec. Publ. 380, 39–65. https://doi .
org /10 .1144 /SP380 .9.

Worster, M.G., Huppert, H.E., Sparks, R.S.J., 1993. The crystallization of lava lakes. J. 
Geophys. Res. 98, 15891. https://doi .org /10 .1029 /93JB01428.

Wright, T.L., Marsh, B., 2016. Quantification of the intrusion process at Kı̄lauea vol-
cano, Hawai’i. J. Volcanol. Geotherm. Res. 328, 34–44. https://doi .org /10 .1016 /j .
jvolgeores .2016 .09 .019.

Wright, R., Pilger, E., 2008. Radiant flux from Earth’s subaerially erupt-
ing volcanoes. Int. J. Remote Sens. 29, 6443–6466. https://doi .org /10 .1080 /
01431160802168210.

Wright, T.L., Peck, D.L., Shaw, H.R., 1976. Kilauea Lava Lakes: Natural Laboratories 
for Study of Cooling, Crystallization, and Differentiation of Basaltic Magma. Geo-
phys. Monogr. Ser., vol. 19. Am. Geophys. Union, Wash., DC, pp. 375–390.
13

https://doi.org/10.1029/JB093iB12p14773
https://doi.org/10.1029/JB093iB12p14773
https://doi.org/10.1144/SP380.9
https://doi.org/10.1144/SP380.9
https://doi.org/10.1029/93JB01428
https://doi.org/10.1016/j.jvolgeores.2016.09.019
https://doi.org/10.1016/j.jvolgeores.2016.09.019
https://doi.org/10.1080/01431160802168210
https://doi.org/10.1080/01431160802168210
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib6765F633FE46FF3CABF8DC3A4668D5EBs1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib6765F633FE46FF3CABF8DC3A4668D5EBs1
http://refhub.elsevier.com/S0012-821X(21)00486-6/bib6765F633FE46FF3CABF8DC3A4668D5EBs1

	Unconventional filling dynamics of a pit crater
	1 Introduction
	2 Nyamulagira setting
	3 Methodology
	3.1 Data acquisition

	4 Observations and measurements
	4.1 Pit-crater filling dynamic between 2014 and 2020
	4.2 Pit-crater activity between 2018-2020
	4.2.1 Filling of the pit-crater (May 2018 -- April 2019: rise 1 phase)
	4.2.2 Subsidence of the pit-crater (May 2019 -- June 2019: fall phase)
	4.2.3 Re-filling of the pit-crater and uplift of a solidified block (July 2019 -- February 2020: rise 2 phase)


	5 Numerical models
	5.1 Lava layer thickness
	5.2 Collapsing conditions
	5.3 Heat equation

	6 A stratified pit crater highlighted by numerical modeling
	7 Discussion
	7.1 Subsidence and emergence mechanisms
	7.2 Towards an unconventional model of pit crater filling

	8 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Code and data availability
	Acknowledgements
	Appendix A Supplementary material
	References


