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Active lava lakes at volcanoes can be regarded as open windows to their magmatic systems. The dynamics
of such lakes may therefore provide decisive insights into deeper magmatic processes, potentially
leading to fundamental theoretical implications and volcano monitoring improvements. Among the rare
volcanoes on Earth hosting a persistent lava lake, Nyiragongo in D.R. Congo directly threatens a massive
population of roughly 1 million inhabitants. Here we analyze close-range (i.e., summit) and distant
(around 17 km) seismic measurements acquired at this African volcano between 2011 and 2018 in order
to better understand the seismic signature of the lava lake activity and how it relates to the deeper
volcanic processes. Both summit and distant seismic records contain a similar continuous tremor pattern
attributable to the lava lake activity. Combining this information with time-lapse camera images and lava
lake level measurements confirms the mechanism of gas pistoning at Nyiragongo, which is characterized
by short-duration (a few minutes long) and meter-scale level variations during the period of observation.
We also characterize the dominant periodicity of this shallow tremor signature of about a few tens
of minutes. Because this marked periodic pattern varies during a significant one-month fluctuation of
SO, emissions (estimated from space), we suggest that this particular seismic periodicity corresponds to
the convective lake movement driven by the persistent degassing typical of active open-vent volcanoes.
Finally, new seismic evidence reveals the effect of deep magmatic intrusion and consequent major
pressure changes in the plumbing system, resulting in sudden and large drops of the lava lake level
associated with strong degassing. Such transient episodes have similar characteristics to total lava lake
drainage associated with flank eruptions already observed at this volcano in 1977 and 2002, or at Kilauea

volcano in 2018.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

At volcanoes with lava lakes of decadal persistence, the lava
lake activity described by geophysical observations at the summit
(e.g., level, degassing, thermal anomaly, seismicity) often exhibits
some repeatable patterns (e.g., Lev et al., 2019) that are gener-
ally explained by variable deep processes, such as regular pulsat-
ing batches of deep-sourced bubbly magma at Erebus, Antarctica
(Molina et al., 2015); variable convective regimes driven by in-
stabilities of magma flow inside or entering the lake at Erta 'Ale,
Ethiopia (Jones et al., 2006); gas pistoning due to foam collapse at
the top of the magma conduit feeding the Halema’'uma'u lava lake
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at Kilauea, Hawaii (Chouet and Dawson, 2015); or foam collapse at
the roof of the shallow magma chamber at Kilauea’s Pu‘u ‘0‘6 and
Mauna Ulu craters (Vergniolle and Jaupart, 1990). Aside from these
“deep models”, Patrick et al. (2016a, 2016b) proposed a very shal-
low mechanism of gas trapping at the top of the lake in order to
explain gas pistoning and spattering observations at Halema'uma'u.

Belonging to this small family of active lava lakes of high
longevity, Nyiragongo volcano is located in the Virunga Volcanic
Province (VVP) in D.R. Congo and has been relatively understud-
ied since the first geophysical expedition to its summit in 1959
(de Magnée, 1959). In recent years, however, several scientific ex-
peditions taking visual/thermal camera images (Burgi et al., 2014;
Smets et al., 2017; Spampinato et al., 2013; Valade et al., 2018),
degassing measurements (Bobrowski et al., 2016, 2017; Sawyer et
al., 2008) or infrasound records (Valade et al., 2018) took place
in Nyiragongo’s crater. Surface observations provided some clues
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Table 1

Hardware installed in each seismic station. Manufacturers of ESPC, Trillium and LE3D sensors are Giiralp, Nanometrics and Lennartz, respectively. DM24 and Centaur are
Giiralp and Nanometrics datalogger, respectively. GAIA is a digitizer system developed by INGV (Istituto Nazionale di Geofisica e Vulcanologica, Italy). The periods analyzed

in this study and the corresponding figures are also indicated.

Station name Period of use Figures Seismic sensor & corner period Datalogger
(location) (analyzed in this study)
Nviragoneo 17-20 Sept. 2011 2,3,4,5 ESPC 60 s DM24
yiragong 1 March-30 Nov. 2018 2,56 Trillium 120 s Centaur

3 June 2011 8

17-20 Sept. 2011 2.3,4,5 LE3D 5 s GAIA
Bulengo 12 Nov. 2016

ov. -
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Fig. 1. (a) Map depicting Nyiragongo volcano (and its associated lava field limits, red line) and the seismic stations installed at the locality of Bulengo and at the summit of
Nyiragongo. The district limits (yellow line) of Goma and the extent of the urban area (estimated in 2013) are plotted according to the study of Michellier et al. (2016). The
DEM (Digital Elevation Model) used is SRTM 30-m resolution. Red inverted triangles correspond to temporary installations (now dismantled) and green circles are permanent
stations (operational at the time of writing). (b) Zoom in the DEM inside Nyiragongo’s crater obtained from a photogrammetric survey performed in June 2017, then combined
with the 30-m resolution STRM. The crater topography is characterized by the presence of three platforms here called P1, P2, P3. P1 and P2 are formed by slabs of solidified
lava lake that remained after its drainage during former eruptions while the deepest platform P3, created after the last eruption in January 2002, has evolved regularly due to
the lava lake’s overflows (Smets, 2016). The main contours of platforms P1, P2 and P3 are drawn as light black lines and the thick black line represents the rim of the main
crater. The white lines correspond to the limits of P3 and the lava lake in September 2011. The sensor location at Nyiragongo is slightly different between 2011 (red triangle)
and 2018 (green circle) and spaced by about 140 m along the vertical direction. (c) Picture of the seismic station installed at Bulengo (~17 km away from the summit),
whose location remained unchanged between 2011 and 2018 (credit: N. d’Oreye, 26 Sept. 2015). (For interpretation of the colors in the figure(s), the reader is referred to

the web version of this article.)

about periodic fluctuations of the lake level (Smets et al., 2017),
thermal activity (Spampinato et al., 2013) or plate velocity (Valade
et al., 2018). Stable gas measurements spanning time periods of
several years (Sawyer et al., 2008) or decades (Le Guern, 1987) as
well as noticeable variations linked to a sudden fluctuation of the
lake level (Bobrowski et al., 2017) have been also provided. All to-
gether, these studies help to better gauge the shallow and deep
outgassing mechanisms at Nyiragongo. However, no digital seismic
measurement has been reported in the literature at Nyiragongo’s
summit as yet to our knowledge, although this component is of
significant importance in the field of volcanology. In turn, the con-
nection between the dynamics of the lava lake and the behavior
of the plumbing system remains poorly understood. We address
this question here using a multi-disciplinary approach consisting of
close-range (i.e., Nyiragongo’s summit) and distant seismic obser-

vations, time-lapse camera images and daily space-based estimates
of SO, emissions of the lava lake.

2. Geophysical observations used in this study (2011-2018)
2.1. Preliminary remarks about the seismic measurements

The main time periods studied here are three days in 2011
(17-19 September 2011) and nine months in 2018 (March to
November 2018). Seismic data from the specific days of 3 June
2011 and 12-13 November 2016 are also analyzed. The four dif-
ferent sensors exploited in this study are distributed among two
locations, Nyiragongo’s crater and Bulengo, the latter being a rural
place situated about 17 km SW from the summit on the shore of
the Lake Kivu (see Table 1 and Fig. 1).
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Prior to the recent deployment of the local seismic network
KivuSNet, fully operational since 2015/2016 (Oth et al., 2017), the
seismic monitoring infrastructure was restricted to few tempo-
rary or permanent analog stations (Hamaguchi et al., 1982, 1992)
until 2004. Between 2004 and 2012, 7 digital stations were in-
stalled (Pagliuca et al., 2009), leading to the first network of the
Goma Volcano Observatory (GVO). We exploit some of these old
digital archives, the use of which has been rather limited in the
past for studying the volcanic activity (e.g., Pagliuca et al., 2009;
Mavonga, 2010; Smets et al., 2014) mostly due to technical issues
(e.g., telemetry drop outs or digitizers failures). Moreover, the in-
formation about the settings of the digitizer installed at Bulengo
in 2011 has been unfortunately lost, which prevents adequate cor-
rection of instrumental response. Nonetheless, all sensors have a
flat frequency response above 0.25 Hz, which is a prerequisite for
our study since the lava lake generates seismic tremor with dom-
inant frequency content above 0.3 Hz (Barriére et al., 2017, 2018).
For this reason and for the sake of a consistent analysis between
the 2011 and 2018 records (all sampled at 50 Hz), we do not cor-
rect for the instrumental transfer function but, instead, we analyze
raw waveforms from each seismometer (in digital counts) after
applying standard pre-processing (i.e., demeaning, detrending and
filtering).

2.2. Expedition in September 2011 (seismic and time-lapse images)

In September 2011, several co-authors of this study led an
11-day expedition to Nyiragongo’s summit. The primary objective
of this mission was to take a series of photogrammetric measure-
ments for detecting morphological changes of the crater as well as
monitoring the lava lake level with high-temporal resolution using
a Stereographic Time-Lapse Camera (STLC) system (Smets, 2016).
The STLC consists of two synchronized time-lapse cameras that ac-
quire stereo-pairs of photographs for the creation of time series
of 3D point clouds at regular interval (here, 2 min), thus allowing
for the first measurements of lava lake fluctuations at Nyiragongo
with high temporal resolution between 18 Sept. 2011 10:51 and
20 Sept. 2011 08:48 UTC (Smets et al., 2017). Synchronous broad-
band seismic data were recorded with a sensor installed on the
same inner platform (called P1, see Fig. 1b) between 16 Sept. 09:30
and 20 Sept. 05:00 UTC. At that time, three digital seismic stations
from the former GVO’s network functioned, but only records from
the Bulengo station fulfilled data completeness and quality crite-
ria for comparison with crater measurements (see Supplementary
Text S1 and Fig. S1).

2.3. Permanent monitoring in 2018 (seismic and SO, emissions)

The two permanent seismic stations “Bulengo” and “Nyi-
ragongo” are part of the local broadband seismic network KivuS-
Net. Bulengo has a nearly complete data archive since its upgrade
in October 2016. Due to the volatile political situation (i.e., Kivu
conflict since 2004) and technical difficulties, a permanent seis-
mic station at Nyiragongo’s summit has been installed only since
March 2018, near the main crater rim (Fig. 1b). Data from both
stations are telemetered via cellular network in near real-time.

In addition to seismic observations in 2018, we exploit satel-
lite measurements of SO, from the TROPOspheric Monitoring In-
strument (TROPOMI), launched in October 2017 on the Sentinel-5
Precursor platform. The SO, vertical column density is retrieved
from each earthshine radiance spectrum using the operational al-
gorithm described by Theys et al. (2017). In order to obtain results
that are representative of SO, emission plumes in the VVP, the ver-
tical columns are calculated for a fixed SO, plume height of 4 km
above sea level. For a latitude-longitude box (4°S-1°N, 26-31°E)
covering the VVP, the total SO, mass is used to monitor the daily

volcanic emissions from Nyiragongo. To do so, all pixels in this box
with vertical columns above 1 Dobson Unit (DU) are selected (1
DU = 2.69 x 10'® mol/cm?), converted in kilotons and summed
while, during this step, isolated pixels are excluded. A similar ap-
proach was performed using OMI data in a recent study (Barriére
et al,, 2017).

Here the use of TROPOMI SO, data has three decisive advan-
tages for tracking subtle changes in degassing: (1) it completely
covers the VVP region on a daily basis, (2) it improves the de-
tection limit of OMI to SO, emissions by a factor 4 (Theys et al.,
2019) and (3) it enables the discrimination on a daily basis of the
volcanic SO, sources thanks to the spatial resolution of TROPOMI
of 3.5 x 7 km? (Nyiragongo and its neighbor, the active volcano
Nyamulagira, are only 13 km from each other). The latter point
is of crucial importance and allows to confirm that the TROPOMI
SO, data used here (March-November 2018) are a direct proxy for
the Nyiragongo’s lava lake outgassing, disregarding Nyamulagira’s
source (see Text S2 and Fig. S2).

3. Results: the lava lake’s seismic tremor
3.1. A persistent seismic source

Fig. 2a depicts two pictures of the lava lake taken from the
crater’s rim spanning a time difference of 61/2 yr between 2011
and 2018. Since early March 2016, an eruptive cone has devel-
oped on platform P3. The level of P3 has increased asymmetrically
by ~20-40 m between September 2011 and March 2018, mostly
due to the cone activity since 2016 because lava flows inundate
the crater floor. In Figs. 2b and 2c, 3 days of seismic recordings
and corresponding spectrograms are plotted for the stations at Nyi-
ragongo’s summit and Bulengo, respectively.

Each record shows a continuous tremor pattern attributed to
the lava lake activity above 0.3 Hz (Barriére et al., 2017, 2018).
At Nyiragongo’s summit, this tremor covers almost the entire fre-
quency band up to 10 Hz (see also Fig. S1) but has dominant
amplitude values for frequencies below 2 Hz in 2011. In 2018, dis-
tinct tremor signals with similar peaks below 1 Hz are noticeable,
but higher frequency components above 2 Hz are amplified, most
likely due to the particular station location on the crest of the
main crater (e.g., Ashford et al., 1997). A similar topographic ef-
fect is seen on records performed on the main rim in 2011 (see
Fig. S1), thus excluding a potential signature of the intermittent
activity of the new spatter cone. In the band [0.3-2] Hz, the fre-
quency content of the seismic waveforms at Bulengo remarkably
shows identical tremor patterns between 2011 and 2018, some-
times masked by hour-long perturbations most likely attributable
into this frequency range to the microseisms from the nearby Lake
Kivu (e.g., Xu et al., 2017). The analogy of the 2011 and 2018 seis-
mic signals at Bulengo and Nyiragongo summit confirm that the
lava lake generates a highly stable and persistent seismic tremor,
even detectable at large distance. Because this seismic signal has
an infrasonic counterpart (Barriére et al., 2018), the source process
is connected to a shallow degassing mechanism, as discussed in
the following section.

3.2. Seismically detected meter-scale variations of the lave lake level

Smets et al. (2017) attributed the minor variations of the lava
lake level observed during the 2011 expedition to a gas piston ef-
fect due to gas trapping below the lake’s crust, such as inferred at
the multiple open vents of Kilauea volcano for more than a cen-
tury (e.g., Perret, 1913; Swanson et al., 1979; Patrick et al., 2016a).
More specifically, observations at the Halema’'uma'u lava lake are
an important starting point for better understanding Nyiragongo
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Fig. 2. - 2011 and 2018 - (a) Two pictures of Nyiragongo’s lava lake spanning 6'/2 yr (12 September 2011 and 12 March 2018), which were taken from the southern side
of the rim (credit: B. Smets and N. d’Oreye). Approximate dimensions of the height of the platform P2 (with respect to P3) and the diameter of the lava lake are given. (b
and c) Three days of seismic records at Nyiragongo's summit and Bulengo, respectively, during time periods associated to the pictures above (17-19 Sept. 2011 and 10-12
March 2018). The seismograms are raw waveforms (digital counts) filtered between 0.1 and 10 Hz and corresponding spectrograms into this frequency range are computed
using the same parameters (50% overlapping Hamming window of 655-s length). The long-range continuous lava lake tremor signature is well detectable among all records

between the dashed lines (frequencies ranging from approx. 0.3 to 2 Hz).

because of their similarity, be it in terms of lava viscosity, lake sur-
face plate motions or lake dimensions (e.g., Patrick et al., 2016b;
Valade et al., 2018). In addition to notable variations in infrasound
records, degassing measurements and thermal imagery, Patrick et
al. (2016a) showed that gas pistoning at Kilauea is likely due to
a shallow gas trapping process also detectable by the amplitude
modulation of the seismic tremor generated at the active vent. If
such a phenomenon is applicable for Nyiragongo, then we should
observe low tremor amplitude while the lake level rises and high
amplitude tremor during periods of dominant spattering.

In order to detect amplitude variations of the lava lake seismic
tremor, we calculate the root-mean-square (RMS) seismic ampli-
tude filtered in the band [0.3-2] Hz using sliding 1-min windows
overlapped every 6 s (i.e., 90% overlap). Fig. 3 shows the results

for 30 h on 18 and 19 September 2011 (Fig. 3a). The clear correla-
tion between signals at Bulengo and Nyiragongo indicates that we
can robustly characterize short-duration variations of the lava lake
tremor over this large distance. The increases at Bulengo occurring
at the end of each day during several hours correspond to local
perturbations as explained previously for Fig. 2c¢ (see section 3.1).
The 3-h zoom window on 19 Sept. reveals long-term modulations
of several tens of minutes to one hour. The apparent periodicity of
these patterns is analyzed in the following section 3.3.

From almost two days of STLC recordings, Smets et al. (2017)
were able to isolate six short sequences with sufficient visibility
for estimating lake level variations (roughly 15 min to 1 h). Two
out of these six time windows capture a significant and sudden
increase of the lava lake level, and for one of these (on 19 Septem-
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Both curves are normalized with respect to the maximum and the minimum of the time period zoomed in (b), which is the single short-term period with available
information about the lava lake level and simultaneous seismic records at Nyiragongo and Bulengo. Lava lake level variations are estimated from the STLC images using the
technique developed in Smets et al. (2017) with a standard error of about half a meter on average. RMS seismic amplitudes are downsampled to a similar sampling rate of 2
min (each point corresponds to the £1 min average of Fig. 3a) (round and diamond markers). A slightly better correlation with the lake level is obtained after removing the
long-term trend (assumed to be linear), which seems independent of the level variations in this particular time window (thick solid lines). (c) The corresponding raw vertical

seismogram at Nyiragongo’s summit is plotted for visual purpose (normalized units,

clipped below and above the 15t and 99" percentiles respectively). (d) Six pictures

corresponding to instants T1-T6 in (b), illustrating the transition from the spattering to gas pistoning regimes, and vice versa.

ber, Fig. 3b, c), simultaneous seismic measurements at Nyiragongo
and Bulengo are available. As expected from a gas pistoning effect,
the amplitude at both seismic stations decreases during phases of
rising level and vice-versa. When the level rises by about 2.5 m in
8 min (between 06:52 and 07:00), the surface activity is markedly
weaker (reduced spatter sources and thickness of the gas plume),

and the seismic amplitude decreases. This phenomenon is well
illustrated by 6 consecutive images before, during and after this
short-duration event (Fig. 3d).

The second time window with an apparent pistoning captured
by Smets et al. (2017) occurred the following day on 20 September
(Fig. 4). In this case, seismic records at Bulengo were useless due
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Fig.4. - 2011 - (a) Four pictures (and associated zooms in the rim of the pit crater) with 4 min interval (T1-T4, 04:36 to 04:48) on 20 Sept. 2011 during a pistoning event.
(b) Similarly to Fig. 3a, sliding normalized RMS amplitude using 6-s overlapping windows of 1 min duration (red line) of the vertical seismic records at Nyiragongo's crater.
The corresponding seismogram is plotted in gray at the background, (normalized units, clipped below and above the 1st and 99th percentiles). The blue square markers

correspond to the estimates of the lake level obtained by Smets et al. (2017).

to the many data gaps but the seismometer at the summit was
only dismantled just after the rising phase of that pistoning event
lasting again around 8 min. Alike in Fig. 3, Fig. 4a shows four pic-
tures of the lava lake with additional zooms on the rim of the pit
crater for visualizing the increase of the lake level by about 3 m.
Fig. 4b shows that the main decrease of the seismic amplitude is
once again attributable to the gas piston effect (see for instance
picture T3 at 04:44 in Fig. 4a). The intensity, number and location
of spatter sources most likely explain the high variability of the
seismic amplitude at second/minute resolution.

3.3. Periodic patterns of the lava lake tremor

Beyond the short-term seismic amplitude variations reflecting
the unsteady activity in the upper layer of the lake, the calcu-
lation of the 1-min sliding RMS amplitude provides indications
for a more regular pattern of longer periods up to several tens
of minutes (see Fig. 3a). In the framework of time-frequency (or
equivalently time-period) analysis, a well-established method is
the Continuous Wavelet Transform (CWT), which has been repeat-
edly used in volcanology, e.g., for studying the variations of the
degassing patterns at Ambrym volcano (Allard et al., 2016) or the
lava lake level at Halema'uma'u (Patrick et al., 2019).

Using the CWT, we aim to establish a representation of the
dominant periods of the 1-min sliding RMS seismic amplitude,
or in other words, the periodogram of the lava lake tremor. Our
processing approach, which is detailed in the Supplementary Ma-
terial (see Text S3 and Fig. S3), allows to construct a probability
density plot of the global periodogram from local (instantaneous)
estimates extracted from the wavelet transform. Fig. 5 shows such
global periodograms obtained for 20 days between 5 and 24 March
2018 and for the 3 continuous days available in 2011 (17-19

September). In this latter case, the length of 3 days is too short
for obtaining a robust probabilistic estimate and we directly plot
the mean periodogram for the entire period (green line).

For the 2018 records, the mode of continuous maximum prob-
ability (black line) exhibits, both for Nyiragongo and Bulengo, a
clear dominant periodicity Tp at around 25 min. In 2011, a domi-
nant period is distinguishable at values two times greater than in
2018. Secondary components are also noticeable at shorter periods
down to few minutes for both 2011 and 2018 records and cor-
respond to intermittent and variable surface degassing processes
(spattering and pistoning). For periods longer than about 120 min,
no noticeable pattern stands out at Nyiragongo, while Bulengo is
affected by strong and highly variable long-term components (e.g.,
Lake Kivu). Because similar shapes of periodograms are obtained at
both locations (summit and Bulengo), the seismic amplitude vari-
ations up to periods of about 120 min reflect the (long-distance)
lava lake tremor signature.

The dominant period Tp being well marked, we can easily
track the variations of this peak value between March and Novem-
ber 2018 in order to better understand this particular property
of the seismic tremor. Fig. 6a shows the continuous estimate of
the dominant periodicity at Nyiragongo and Bulengo using slid-
ing 20-days windows with 1-day overlap. The dominant period
usually fluctuates around 20 min. However, early in September
2018, Tp suddenly increases up to 40-50 min. This longer peri-
odicity lasting for about a month is associated with a decrease of
the seismic amplitude in the frequency band [0.3-2] Hz (Fig. Gb).
The simultaneous variations observed at the summit and at Bu-
lengo confirm again that both recordings characterize a similar
dominant source originating from the lava lake activity. This con-
trasts with the periodicity drop and amplitude increase observed
only at Bulengo in July, conveying a seasonal effect due to the
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stronger amplitude of Lake Kivu’'s microseisms (see Fig. S4). In ad- 4. Discussion: the outgassing mechanisms
dition, we plot the space-based daily estimates of the total amount

of SO, emissions originating from the lava lake on Fig. 6a (see In 1959, D. Shimozuru and E. Berg performed the first seis-

section 2.3). Here, the most significant variation occurs early in
September 2018 as well, as a sudden drop of degassing down to
about one order of magnitude smaller than the maximum mea-
sured in May-July 2018 (i.e., 0.5 to 0.05 kT). The degassing remains
at low level during a similar 1-month period, while the lava lake
level remains unchanged (see Text S4 and Fig. S5). We interpret
in the following section the close relationship between the varia-
tions of SO, and seismic tremor periodicity in terms of outgassing
processes.

mic measurements of Nyiragongo’s lava lake activity and, to our
knowledge, the only seismic dataset acquired at the summit crater
reported in the literature. One of their main results is the detec-
tion of a periodic tremor signature of about 7 min comparable
to our observations, even though we notice peak components at
longer periods. This difference could be explained by the higher
frequency band analyzed (the natural frequency of the geophone
used is 4 Hz) and the substantially different configuration of the
lava lake at that time. Sixty years later, this study remains one of
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the best indications for the periodic nature of the lava lake activity,
potentially linked to the dynamics of the shallow reservoir as sug-
gested by these authors. In the following, we discuss new insights
confirming this statement.

4.1. Intermittent shallow-rooted pistoning of the lava lake

The coupled seismic and lake level measurements performed
at the summit of Nyiragongo (see Figs. 3, 4 and section 3.2) pro-
vide highly valuable insights into the shallow-rooted degassing
mechanisms of its lava lake system. In analogy with the Halema'u-
ma’u lava lake in Hawaii, the short-term amplitude variations of
the seismic tremor (see also Fig. 5 and section 3.3), correlated to
meter-scale level variations, validate the model of temporary gas
trapping in the upper layer of the lake and its subsequent re-
lease. Conversely, a typical day at Halema'uma'u is characterized
by a very sharp transition of the tremor amplitude between long-
duration (few hours) “stable non-spattering” and “unstable spatter-
ing” (Patrick et al., 2016b). Patrick et al. (2016a) observed pistoning
of a few to 20 m at Kilauea. This phenomenon probably cannot
develop in such a large extent (smoother and short-duration vari-
ations with peak-to-peak level differences of about 2.5 and 3.1 m)
because of the particular size and dynamics of Nyiragongo’s lava
lake. The fast motion of the crust often exceeding 0.1 to 1 ms~!
(Sawyer et al., 2008; Valade et al., 2018) might hamper the forma-
tion of a homogeneous upper layer acting as a sustained barrier to
degassing. More continuous observations at the summit are needed
in order to potentially detect larger pistoning events. For instance,
Burgi et al. (2014) observe some sudden rises of the lake level of a
few meters during four days in June 2010 referred as due to “un-
determined degassing conditions”.

4.2. Continuous deeply-sourced lava lake convection

At this point it is important to differentiate the two distinct sig-
natures of the lava lake tremor generated in the same near-surface
source region. As described above (section 4.1), its short-term sig-
nature (seconds to minutes) originates from the surface spatter-
ing/pistoning activity and is highly variable. On the other hand,
the dominant periodic peaks (Tp =50 min in 2011, Tp =25 min
in 2018) could be a signature of a periodic convective movement
of the lava lake and, in turn, potentially linked to the degassing
regime of a shallow magma chamber. We first investigate some
potential models of degassing at Nyiragongo explaining the gas
measurements performed at the summit by Sawyer et al. (2008)
and then propose an interpretation based on our seismic observa-
tions.

Petrological investigations by Demant et al. (1994) and Platz et
al. (2004) constrain the location of the feeding shallow reservoir at
a depth of 1 to 4 km, connected to the lava lake by a conduit of
unknown dimensions. Within this range of depths, two major gas
species (CO2 and SO) escape from the magma due to the decreas-
ing pressure, but do not exsolve at the same depth (shallower for
SO3). The stable ratio of CO, to SO, measured between 2005 and
2007 by Sawyer et al. (2008) indicates a continuous equilibrium
between the two gas phases while the ascending magma rises in
the feeding conduit. In other words, a model of a gas slug peri-
odically moving upwards from the magma reservoir (e.g., collapse
foam model by Jaupart and Vergniolle, 1989) is unlikely because,
in this situation, the difference of solubility between CO, and SO,
should be noticeable at the surface.

Sawyer et al. (2008) propose the Rise Speed Dependent (RSD)
model (Parfitt and Wilson, 1995) as more appropriate for describ-
ing the degassing at Nyiragongo. This way, the stable CO, /SO, ratio
is explained by the continuous, hierarchic exsolution of volatiles
traveling at a similar speed to the lava lake. Moreover, because the

magma influx must be high in order to maintain a molten state
in the lake (0.6 to 3.5 m3s~! according to Burgi et al., 2014), the
mechanism at Nyiragongo may consist of a relatively homogeneous
two-phase flow of high speed (>0.1 m/s) as inferred for Hawai-
ian eruptions (Parfitt and Wilson, 1995). A steady-state degassing
driving the lake convection well explains the persistent and sta-
ble nature of the lava lake tremor, yet the mechanisms behind the
fluctuating periodicity of this convection pattern as inferred from
the shallow seismicity (Fig. 6) remain unclear.

Similarly to the 2005-2007 measurements by Sawyer et al.
(2008), Le Guern (1987) observed constant ratios between the
primary volatile elements H,0, CO, and SO, between 1959 and
1972. We can thus reasonably assume that the fluctuation of SO,
emissions in September 2018 is a proxy for overall degassing con-
ditions (Fig. 6a), where H,0 is the most abundant gas as it is
usually observed within basaltic magmas (Sawyer et al., 2008). Be-
ing the driving force of the magma movement, the decrease of
the gas influx intuitively explains a reduction in speed of the con-
vection within the lava lake inferred from the longer periodicity
(Fig. 6a) and lower amplitude (Fig. 6b) of the associated tremor.
This observation thus highlights a noteworthy result of our study:
If generated by the convective movement within the lava lake, the
dominant periodic signature of the surface seismic tremor could
be linked to the degassing regime of the shallow magma cham-
ber. However, an important question remains: how can the seismic
tremor generated close to the lake surface be connected to this
convective mechanism and, as a result, how deep would the dom-
inant convective cell be?

In accordance with Sawyer et al. (2008), we propose a simple
convective process dominantly driven by magma buoyancy but also
accounting for the effect of thermal convection (e.g., Worster et
al,, 1993). At Nyiragongo, Le Guern (1987) pointed out the impor-
tance of heat transfer at the top of the lake as a probable cause of
superficial convection (i.e., cooling process), while the lava lake ac-
tivity is maintained by the gas expansion. Ascending hot gas-rich
magma progressively accumulates and degases continuously at the
surface through the lake’s crust via the spattering activity or is in-
termittently trapped within a foamy head at the top of the lake
(i.e., pistoning), thus leading to minor increases of the lake level.
After some critical mass is reached, a denser and cooler slug of
magma sinks back down into the conduit. As a result, the regu-
lar replenishment of this near-surface layer can induce long-term,
quasi-periodic variations of the seismic tremor intensity.

In light of these findings, we propose a conceptual model of
the lava lake dynamics controlled by competitive shallow and deep
outgassing processes, as illustrated in Fig. 7. Considering the only
very recent multi-disciplinary observation of the lava lake (i.e.,
SO, from TROPOMI and summit seismic measurements since early
2018), it is not yet possible to discuss a potential link between
the fluctuations of the lake level and the temporal variation of
this convective process. We can, however, already note that the
1-month event of September 2018 (see Fig. 6) is not associated
with any clear drop of the lake, maintaining its level close to the
platform P3 at that time (see Text S4 and Fig. S5). We present be-
low a totally different mechanism in order to explain the majors
drops of the lava lake already reported in the literature.

4.3. Deep intrusion-related degassing events

The conceptual model of the lava lake outgassing proposed here
(Fig. 7) implies a stable gas composition over the last decades in
accordance with measurements reported by Sawyer et al. (2008)
and Le Guern (1987). Short-term changing gas compositions can
however occur as observed by Bobrowski et al. (2017) from several
individual measurements between 2007 and 2011. In particular
during a single campaign in June 2011, they detected a significant
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increase of SO, and Cl after a major decrease of the lava lake level
on 3 June (estimated around 25 m), followed up by a more in-
tense surface activity. Bobrowski et al. (2017) or similarly Burgi
et al. (2014) explain the lowering of the lake during this specific
episode through the displacement of gas as the cause of the pres-
sure drop. However, this hypothesis suffers from the lack of other
observations while the analysis of available seismic records at that
time suggest that such pressure drop is actually induced by magma
intrusion at large depth.

Using seismic and infrasound data recorded at the foot of the
volcano, Barriére et al. (2018) characterized a similar sudden major
drop of the lava lake level (~80 m) in November 2016 associ-
ated with a seismic swarm. Barriére et al. (2018) show that this
phenomenon is most likely a coupled process of deep magma in-
trusion (at least deeper than 5 km b.s.l.) and partial drainage of
the lava lake as repeatedly observed at the Halema'uma'u crater in
Hawaii (Patrick et al., 2015). The analysis of available seismic data
from Bulengo station also reveals a similar seismic swarm occur-
ring in the evening of 3 June 2011, corresponding to the timing
of the lava lake drop reported by Bobrowski et al. (2017). The be-
ginning of the 2011 and 2016 swarms (4-h seismic records at Bu-
lengo) and pictures of the lava lake taken several weeks after both
magmatic intrusions are displayed in Fig. 8. These seismic swarms,

both ending early the next morning, are constituted by events hav-
ing some characteristics of volcano-tectonic earthquakes (i.e., high-
frequency onset) but also pronounced low-frequency wave trains
(see Fig. S6). Battaglia et al. (2003) locate similar deep “hybrid”
events (classified as Long-Period - LP) beneath Kilauea at around
5 km b.s.I and suggest the source of the precursory high-frequency
onsets as due to the fracturing of the rock by the pressurized
magma. While we cannot determine the focal depths in June 2011
(too few stations), the source region in November 2016 could be
obtained thanks to the KivuSNet stations. The chosen approach
is detailed in the Supplementary material (see Text S5 and Figs.
S7-511), while a brief summary and the main results are presented
below (Figs. 8 and 9).

Since the second phase of deployment of KivuSNet (Sept-Oct.
2015, see Oth et al, 2017), a batch of low-amplitude seismic
events has been located below Nyiragongo at more than 10 km
depth (e.g., Barriére et al., 2018). These events have a pronounced
high-frequency signature (i.e., >5 Hz) at most of the stations, with
characteristics of traditional (tectonic) earthquakes with clear onset
for the most energetic events. This cluster is actually constituted
by highly similar events (see Supplementary Fig. S8), which would
logically suggest a stable and non-destructive source. Such kind of
highly repetitive events at volcanoes are generally characterized by
lower frequency content (i.e., LP-type) but fluid-related movements
within a particular deep storage or feeding zone might be respon-
sible for such higher frequency excitation (e.g., Caplan-Auerbach
and Petersen, 2005). We use this particular property of repeti-
tiveness in order to obtain a single accurate location of a mas-
ter (or reference) event build from the stack of more than 5000
nearly identical events detected between September 2015 and
2018. We obtained a first guess for the absolute location estimates
of the November 2016 swarm events relative to this reference
event using a standard “master event (ME)” location technique
(e.g., Evernden, 1969). The final location solutions are then refined
for a set of selected swarm earthquakes satisfying quality crite-
ria (e.g., sufficient number of observations/stations) by minimizing
the relative errors between events using a double-difference (DD)
algorithm (Waldhauser and Ellsworth, 2000). Details about both
complementary location methods are given in the Supplementary
material (Text S5 and Figs. S7-S11).

These swarm events (Fig. 9) are located mostly between 11 to
14 km b.s.l. beneath the volcanic edifice and can be related to the
probable presence of a deep reservoir at around 10-14 km inferred
from petrological investigations (Demant et al., 1994). The depth
range of the swarm events seems broader at the beginning and
then decreases with time into a more concentrated cluster. This
pattern potentially reflects the seismic activity at the base of a lat-
eral opening dyke such as observed in Iceland during the 2014-15
BarOarbunga rifting event (Woods et al., 2018). More interestingly,
the beginning of the swarm indicates the start of the magmatic
intrusion close to the master - repetitive - event (represented in
Fig. 9 by its 68% confidence ellipsoid). Its progression during the
next hours follows a direction SW-NE. This orientation corresponds
to the direction of the principal rift faults of the Precambrian base-
ment in the VVP indicating some preferential structure weaknesses
for magma intrusion at depth (Smets et al., 2016). More detailed
investigations about this swarm and other potential intrusions as-
sociated with lava lake drops as well as a dedicated analysis of
the source mechanism of the repetitive (master) events will be the
subject of future studies.

In summary, both 2011 and 2016 sequences thus initiated with
a seismic swarm synchronous with the drop of the lava lake, fol-
lowed by strong degassing and surface activity of the lava lake
as evidenced from abnormally high infrasound levels and near-
surface low-frequency seismicity in November 2016 (Barriére et
al., 2018) or direct gas measurements and visual observations in
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Fig. 8. - 2011 and 2016/2017 - (a) 4-h seismogram and corresponding spectrogram at Bulengo on 3 June 2011. Units are digital counts and traces are high-pass filtered
above 0.3 Hz. (b) Two pictures of Nyiragongo’s lava lake several weeks after the swarm (and associated drop of the lava lake level) taken from the southern side. These
pictures illustrate the progressive pressure build-up (increasing lava lake level) after the magmatic intrusion. (c¢) and (d) Same as (a) and (b) for the swarm starting on 12
November 2016. Knowing the instrumental response in 2016, the scale in pm/s after applying linear gain correction is also indicated. For the seismograms, BHZ and EHZ
means broadband and short-period vertical component records, respectively. The photos taken on 2 Dec. 2016 and 20 July 2011 are courtesy of GVO and Antoine Kies,
respectively. The lake depth is estimated to be ~100 m below the rim of the pit crater in Dec. 2016, and ~50 m in July 2011.

June 2011 (Burgi et al, 2014; Bobrowski et al., 2017). While it
remains unclear how these intrusions modify the dynamics of
the magmatic system, such major pressure drops can disrupt the
steady behavior of the lava lake and induce more or less per-
sistent changes at depth by modifying properties of the depleted
magma sources. Rockfalls from the walls of the pit crater desta-
bilized by the drop of the lake can also occur and participate
to the agitated surface activity and strong degassing (e.g., Patrick
et al, 2016b). Both in 2011 and 2016, the lava lake continued
to decrease progressively after the events (Burgi et al., 2014;
Barriére et al., 2018) and maintained at low level several weeks

after the main drops (up to ~50 m and ~100 m below the rim
of the pit crater in 2011 and 2018 respectively). It returned to
the level of platform P3 several months later as a consequence of
the progressive pressure build-up within the plumbing system (see
Fig. 8b).

5. Deciphering the lake dynamics from its surface motion?
According to the conceptual model proposed here (Fig. 7), time-

varying properties of surface observations, e.g., number and lo-
cation of spatter sources, motions, size and temperature of the
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(2012).

plates, could be connected to the lake convection. In a recent study
combining surface observations for different lava lakes, Lev et al.
(2019) propose two classes of lava lakes following the global rela-
tionship between lake size, lake surface motion and total gas flux.
Nyiragongo is classified (with Kilauea after 2011 and Erta’Ale) as
“organized lake” with few modes of surface motion in contrast to
“chaotic ones” (Villarica, Masaya, Marum), while Erebus would be-
long to both types. In both cases, the convective process is mainly
controlled by the upwelling of fresh and gas-rich magma that ac-
cumulates and degases at the surface as proposed in the present
study. Lev et al. (2019) notably conclude their study by indicating
that surface motion could bring additional information regarding
the lake convection through three main types of plate movements.
“Radial” or “multi-radial” motions, which correspond to one or
multiple upwelling regions in the interior and downwelling zones
along the edges, would indicate a bi-directional flow between up-
welling and downwelling material. The third case (“side-to-side”)
would be due to a lower viscosity contrast between the ascend-
ing and downgoing flows resulting in a more stable side-to-side
surface motion. The dominant motion pattern from a sustained
upwelling area close to the rim of Halema'uma'u lava lake (e.g.,
Patrick et al., 2016b) is classified in this third category.

Based on thermal images collected by Spampinato et al. (2013)
in March 2012, Lev et al. (2019) assume the surface motion at Nyi-

ragongo as dominantly radial (from the western part of the lake),
even though noticeable spatial variations of plate divergence and
convergence are also observed. From another thermal imaging sur-
vey performed in April 2016 at Nyiragongo, Valade et al. (2018)
propose a convective model with a dominant upwelling in the cen-
tral region of the lake and downwelling movements at some parts
of the rim accompanied by spattering and degassing. This model is
obtained by averaging temperature and velocity gradients over few
hours in order to remove the complex short-term surface motion
of “multi-radial” type (i.e., multiple upwelling and downwelling ar-
eas). In contrast to such radial behavior, a near-infrared imaging
survey in June 2017 that we report here for the first time reveals
a clear long-lasting upwelling area close to the northern rim of
the pit crater (see Supplementary Video S1). This particular mo-
tion thus potentially reflects a different outgassing regime of type
“side-to-side” such as observed at Kilauea.

A more detailed analysis remains beyond the scope of this pa-
per but this preliminary investigation already indicates that Nyi-
ragongo exhibits more types of surface plates motion than Lev et
al. (2019) attribute to this volcano based on the single study by
Spampinato et al. (2013), thus complexifying the interpretation of
the deep circulation from the surface movements. In contrast to
the case of Halema’'uma'u, where the transition from chaotic in
2009 to organized and dominant “side-to-side” motion since 2011



12 J. Barriére et al. / Earth and Planetary Science Letters 528 (2019) 115821

can be reasonably explained by a change in lake size (Lev et al.,
2019; Patrick et al., 2016a), the dimensions (height, width) of the
Nyiragongo lave lake are roughly the same during these three ex-
peditions and, consequently, should not play a major role on the
observed surface motions. This variability might therefore rather
reflect the changing properties (e.g., bubble sizes, gas content, tem-
perature) of the ascending magma from the shallow reservoir (Lev
et al., 2019). A totally different explanation of the agitated sur-
face motions observed by Spampinato et al. (2013) or Valade et
al. (2018) would be the phenomenon of superficial “spattering-
driven flow” described by Patrick et al. (2016b) at Halema'uma’'u.
In this unsteady situation, the surface motion is controlled by sur-
face depression consecutive to bubbles bursting and hence does
not convey any information about the convective movements. In
this case, only the sustained and placid “side-to-side” pattern ob-
served in June 2017 (Video S1) could be considered as a proxy of
the lake convection, the upwelling area being consistently located
at the north of the lake where the main conduit outlet has already
been reported by old visual observations (i.e., fountaining) about
800 m below the crater rim after collapses of inner platforms (e.g.,
Durieux, 2002; Tazieff, 1984). As exemplified at Kilauea (Patrick et
al.,, 2016b), more long-term multi-disciplinary observations at the
summit remain essential to better understand the link between the
dynamics of the lava lake system and its surface behavior.

6. Conclusion

Three important magmatic processes at Nyiragongo related to
its lava lake activity are deciphered from the analysis of shallow
(tremor) and deep (swarm) seismicity:

o Continuous gas pistoning and spattering: Small meter-scale
lava lake level variations are seismically detected at long dis-
tance and correspond to a shallow degassing mechanism sim-
ilar to the one inferred at the Halema'uma'u lava lake (i.e., gas
pistoning and spattering). The pistoning episodes observed in
September 2011 did not exceed 10 min.

o Periodic lake convection: The dominant periodicity of the lava
lake tremor tends to fluctuate between around 10 min to one
hour in accordance with the long-term variations of SO, de-
gassing. This pattern is thus interpreted as a proxy of the
main convective movement and depends of the time-varying
properties of the ascending gas-melt mixture from the shal-
low magma chamber. A potential link with fluctuations of the
lake level has not been observed yet.

o Transient large lake level drops with strong degassing: Ma-
jor sudden decreases of the lake level such as reported by
Bobrowski et al. (2017) and Burgi et al. (2014) in June 2011
or Barriére et al. (2018) in November 2016 are well explained
by a pressure drop within the magmatic system due to deep
magma intrusions.

The multi-disciplinary datasets gathered here lead to a com-
prehensive conceptual model unraveling the outgassing dynamics
at a lava lake system. Analyzing changes in seismic tremor am-
plitudes allows for a consistent description of superficial manifes-
tations (pistoning, spattering). The periodic signature of the gas-
driven convective mechanism within the lake is also contained in
the tremor signal, while the analysis of surface plates motion alone
provides more ambiguous information. This study thus highlights
the benefits of monitoring the ambient seismic signal generated
by lava lake activity in order to potentially connect surface pro-
cesses with changing properties of the ascending gas-rich magma.
Having a complete view of the underlying mechanisms responsible
for major changes of lava lake activity also implies the analysis of
magma movements at the level of deeper magma storage. Thanks

to the identification of deep seismic swarms (>10 km b.s.l.), sud-
den large drops of the lava lake level associated with a strong
degassing are explained by major pressure changes in the mag-
matic reservoir due to lateral dyke intrusion at large depths.
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