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Since its last effusive eruption in 2002, Nyiragongo has been an open-vent volcano
characterized by the world's largest persistent lava lake.This lava lake provides a
unique opportunity to detect pressure change in the magmatic system by analyzing its
level �uctuations. We demonstrate that this information iscontained in the seismic and
infrasound signals generated by the lava lake's activity. The continuous seismo-acoustic
monitoring permits quanti�cation of lava lake dynamics, which is analyzed retrospectively
to identify periods of volcanic unrest. Synchronous, high-resolution satellite SAR
(Synthetic Aperture Radar) images are used to constrain lava lake level by measuring
the length of the SAR shadow cast by the rim of the pit crater where the lava lake is
located. Seventy-two estimations of the lava lake level were obtained with this technique
between August 2016 and November 2017. These sporadic measurements allow for
a better interpretation of the continuous infrasound and seismic data recorded at the
closest station (� 6 km from the crater). Jointly analyzed seismo-acoustic andSAR data
reveal that slight changes in the spectral properties of thecontinuous cross-correlated
low-frequency seismo-acoustic records (and not solely single events) can be used to
track �uctuations of the lava lake level on a daily and hourlybasis. We observe that drops
of the lava lake and the appearance of signi�cant long period(LP) “lava lake” events
are a consequence of a probable deep lateral magma intrusionbeneath Nyiragongo,
which induces changes in its shallow plumbing system. In addition to contributing to
understanding lava lake dynamics, this study highlights the potential to continuously
monitor pressure �uctuations within the magmatic system using a single seismo-acoustic
station located several kilometers from the vent.
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INTRODUCTION

Nyiragongo volcano in North Kivu (D.R. Congo) is among the most active volcanoes on Earth
(Wright et al., 2015), with a persistent lava lake from at least between 1928 and 1977 and since
2002 (Smets, 2016). The two last e�usive eruptions occurred in 1977 and 2002 and consisted of
�ank eruptions with high-velocity lava �ows to the south toward the city of Goma (seeFigure 1A).
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During the eruption in 2002, which caused a major humanitarian
crisis (Allard et al., 2002; Baxter and Ancia, 2002; Komorowski
et al., 2004), the crater emptied of lava and its depth was
evaluated between 600 and 800 m (e.g.,Smets, 2016). About
4 months after the eruption, the crater �lled up to reach a
crater �oor elevation of� 3050 m above sea level. Since then,
the lava lake remains at high level (i.e., level of the inner crater
�oor, � 400 meters below the rim) with intermittent several
decameter-scale rises or falls (seeFigure 1B). As observed by
Patrick et al. (2015)using tilt, GPS summit measurements and
lava lake depth estimates from camera images for successive 2011
eruptive events on the East Rift Zone in Hawaii, Kilauea's lava
lake acts as a piezometer for monitoring the magmatic reservoir.
In�ation periods are associated with an increasing lake level
while the de�ation process due to magma escaping from the
summit magma column (i.e., the eruptive event) is clearly visible
through the drop of the lava lake level. A similar mechanism
is thought to be responsible for the lateral drainage of magma
from the lava lake at Nyiragongo during its last 2002 eruption
(Wauthier et al., 2012). During short-term expeditions carried
out since 2011, quantitative observations using close-range
photogrammetry and a stereographic time-lapse camera (STLC)
system have provided decisive insights into the recent lava lake
level �uctuations of various amplitude and time scale (Smets
et al., 2016). In order to use time-lapse camera observations in
a monitoring context, the equipment requires a safe, permanent
installation at the summit, adapted protections mostly against
acid and humidity, and e�cient data transfer capacity for real-
time usage. At present, these requirements cannot be ful�lled
at Nyiragongo and despite its strong potential, such a technique
cannot yet be considered as a practicable monitoring tool forthis
volcano.

Monitoring seismicity is probably the most common
geophysical application used at volcanoes and more recently,
studying volcano infrasound has gained considerable interest
(Johnson and Ripepe, 2011; Garcés et al., 2013and references
therein). Combining these two approaches could bring important
constraints on the studied sources processes, i.e., the so-called
seismo-acoustic sources generated in the vicinity of the boundary
between the solid Earth and the atmosphere (Arrowsmith et al.,
2010). It is now well-known that variations of (near-) surface
activity at active volcanoes, either e�usive or explosive, can be
e�ciently monitored by analyzing the coupled infrasound and
seismic signals (e.g.,Matoza et al., 2009, 2010; Ichihara et al.,
2012; Richardson and Waite, 2013; Ulivieri et al., 2013). The
seismicity characteristics of Nyiragongo and, more generally, of
the entire Virunga Volcanic Province (VVP), are not very well
known because of the lack of a permanent, local monitoring
infrastructure until recently (Pagliuca et al., 2009; Oth et al.,
2017). There is very little knowledge of the seismic activity
preceding the two last eruptions in 1977 and 2002, such as
sequences of tremor and volcano-tectonic activity recorded by
only two analog seismometers in 2001–2002, thus preventing
the understanding and the detection of similar pre-eruptive
processes (Kavotha et al., 2002; Komorowski et al., 2004). The
most signi�cant seismic studies for the area in the past decade
are: the analysis of teleseismic events associated to Nyiragongo

after the 2002 eruption (Shuler and Ekström, 2009); a �rst
multi-method approach encompassing crustal seismic velocity
structure, volcano seismicity and seismic hazard assessment
in the Kivu rift (Mavonga et al., 2010); a review article on
multidisciplinary monitoring of pre- and co-eruptive processes
at Nyamulagira, a neighboring highly active volcano, including
data from one short-period digital seismic station and one analog
seismometer (Smets et al., 2014); and passive and active seismic
surveys during temporary experiments for studying the eastern
Kivu rift structure on the Rwandan side (Wood et al., 2015).

The progressive deployment of a new local broadband seismic
network, mostly between 2015 and 2017, has already provided
some important and new insights into seismicity patterns
accompanying Nyiragongo's activity (Barrière et al., 2017; Oth
et al., 2017). These �rst studies have notably allowed for
the detection and location of a continuous background, low-
frequency (< 1 Hz) seismic tremor source at Nyiragongo volcano,
most likely related to spattering activity of the persistent lava
lake such as observed at Kilauea volcano (Patrick et al., 2016).
For the speci�c case of lava lake volcanoes, variations of thelake
level should in�uence the acoustic resonance in the upper air
column within the crater. This means that a deeper lava lake
would decrease the infrasonic dominant frequency, as suggested
for instance at Kilauea byFee et al. (2010)using an acoustic
Helmholtz resonator model at Halema'uma'u crater. Other type
of �ow-induced resonance was described at the neighboring
Pu`u O`o crater complex byMatoza et al. (2010). Recently,
Richardson et al. (2014)showed that the lava lake �uctuations
at Villarrica volcano may be inferred by the joint analysis
of long-period seismo-acoustic single events and continuous
tremor. This observation is therefore particularly relevant in
the case of Nyiragongo for studying the activity of its lava
lake. Since late 2016, the increased number of highly similar,
discrete, long-period (LP) seismic events and their infrasound
counterparts have accompanied decameter-scale oscillations of
the lava lake level, which relate to major pressure changes in
the upper magmatic system and at least one probable intrusion
event. In this study, we will exploit seismic and infrasound
records collected at a single station (KBTI, seeFigure 1A) in
order to extract a reliable seismo-acoustic signature of thelava
lake activity, the latter being mostly characterized by itslevel
�uctuations estimated using a SAR-based method (Figure 1C).
In addition to lava lake estimates on a daily basis, we show that
the presented approach also allows for a rapid quanti�cation
of strong variations of the lava lake level on an hourly time
scale.

MATERIALS AND METHODS

Nyiragongo's Lava Lake Level Derived
From High-Resolution Satellite
Observations
No continuous and reliable terrestrial observations of thelava
lake are available from the rim of the Nyiragongo main crater;
however, satellite radar data may be used to recover the lava
lake level. The idea behind this method consists of measuring
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FIGURE 1 | (A) Map depicting Nyiragongo volcano, the city limits of Goma and the station KBTI equipped with a broadband seismometer andinfrasound sensors.
(B) Picture of Nyiragongo's crater taken on 11 June 2017 (Nicolas d'Oreye). The zoom into the �eld camp (joint expedition witha BBC television team) allows to gauge
the scale of the crater. The zoom into the lava lake depth corresponds to the height measured with the SAR technique.(C) Estimated lava lake depth from SAR
processing using CosmoSkyMed (CSK) and RADARSAT (RS-F2F and RS-UF) images. “Asc” and “Desc.” refer to ascending and descending orbits, respectively.

the length of the SAR (Synthetic Aperture Radar) shadow cast
on the lava lake surface by the edge of the pit crater hosting the
lake (d'Oreye et al. in prep), similar to studies focusing on the
retrieval of building shapes using SAR shadow (e.g.,Bolter, 2000;
Tison et al., 2004). The shadow length is measured in pixels on
the amplitude (module) of the SAR image in radar geometry and
converted to distance in meters, based on the spatial resolution
of the image. The level of the lake with respect to the rim is then
obtained by multiplying the shadow dimension and the cosine of
the incidence angle for the SAR sensor's orbital path.

The intensity of the SAR amplitude may vary signi�cantly
depending on the surface re�ectance and geometry. Activity at
the surface of the lava lake, when animated by fountaining or
intense convections, may blur the contrast between illuminated
and shadow zones. To minimize that e�ect, the length of the
shadows is measured along an average of at least 10 amplitude
pro�les in the range direction. The detection of the edges of the
shadow is made by �tting a 3 steps Heaviside function to that
average amplitude pro�le. The method has been validated with in
situ measurements (e.g.,Smets, 2016) and results are consistent
with ground based observations (d'Oreye et al., 2017).

In the present study, we measured lava lake levels using
RADARSAT images acquired in Fine (RS-F2F) and Ultra

Fine (RS-UF) mode along descending and ascending orbits
respectively and COSMO-SkyMed (CSK) images acquired in
spotlight mode along ascending orbits (Figure 1C). The range
resolution of these images is 4.73, 1.33, and 1.25 meters per pixel
and look angles are 41.75, 37.38, and 38.34 degrees at zone of
interest, respectively. We used a total of 72 SAR images spanning
2 August 2016 to 20 November 2017.

The uncertainty of the method is typically 1 pixel in normal
conditions. However, an eruptive cone, which has opened in
March 2016 at the bottom of the Nyiragongo main crater, 190 m
east of the lava lake (seeFigure 1B), has intermittently emitted
lavas that �ow from the cone back into the pit. This has two
e�ects: the bottom of the main crater is higher on the side of
the cone, and edges of the rim where lavas �ow into the pit
are rounded and smoothed instead of sharp. As a consequence,
the asymmetry of the platform induces a 10-m lake level o�set
between measurements in ascending and descending orbits. A
second e�ect is decreased contrast between illuminated and
shadow areas, which leads to an underestimation of the length
of shadow because it is cast from a lower point. This e�ect only
concerns RS-F2F images acquired along descending orbit and
cannot be mitigated. The comparison with ground observations
shows that these measurements (dark diamonds inFigure 1C)
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are probably slightly underestimated by a few meters from the
second half of 2017 (June-July to November).

Due to the SAR re�ectance characteristics, or layover e�ects
(Massonnet and Feigl, 1998; Pinel et al., 2014), it is conceivable
that signal backscatter from the opposite crater wall can be
received prior to that from the lava lake surface. Given the
diameter of the pit crater hosting the lava lake and the average
incidence angle of the SAR signals, the layover will prevent the
measurements of depths larger that roughly 110 m below the
bottom of the crater. So far, we have never observed such a depth,
although it nearly reached it in November and December 2016.

Co-located Seismic and Infrasound
Equipment Near Nyiragongo Volcano
The seismological station KBTI used in this study (Figure 1A) is
part of the cross-border (D.R. Congo, Rwanda, Burundi) regional
network KivuSNet (seeOth et al., 2017for more details about the
network). This site is equipped with a broadband seismometer
(Nanometrics Trillium Compact 120 s� 100 Hz) and a small-
aperture array (20 m) of three infrasound sensors manufactured
by Boise State University (e.g.,Johnson and Ronan, 2015). These
infrasound sensors use MEMS pressure transducers and capillary
�lters providing an approximate in-band frequency response that
is �at between 0.04 Hz and Nyquist (Marcillo et al., 2012). In this
study, we use both locally archived and transmitted seismicand
infrasound data at sample rate of 50 Hz. Data are transmitted in
real time by cellular data network, then acquired and archived
using the SeisComP3 software, which is installed at local and
international partner institutions (Goma Volcano Observatory—
GVO, R.D Congo and European Center for Geodynamics and
Seismology—ECGS, Luxembourg).

KBTI is the closest station to the volcano summit crater
(ground distance of about 6 km to the lava lake) where a
seismometer was installed in September 2015. The closest site
prior to this date was located about 17 km away at the volcano
observatory in Goma, the most populated city in the region
with about 800,000 inhabitants (Michellier, 2017). The station
KBTI is located at a ranger station of the Virunga National

Park, which is the start of the track into the jungle leading
to the summit. KBTI is the closest permanent safe site to the
volcano summit where geophysical instruments can be deployed.
Following 10 months of successful seismic data recording and
real-time transmission between September 2015 and July 2016,
an array of three infrasound sensors was further installed in
August 2016 on the same datalogger (Nanometrics Centaur).
Permanent telemetered equipment at the summit of Nyiragongo
is under consideration, but technical and safety requirements
remain a challenge.

Identi�cation of Repetitive Long-Period
(LP) Seismo-Acoustic Events
Since the full deployment (seismometer and infrasound sensors)
of the station KBTI, we have detected a family of long-period
seismic events generally associated with detectable infrasound
transients, such as the example inFigure 2. As observed on
the time-frequency representation, this seismic LP event andits
associated infrasound signal have a dominant frequency around
0.5 Hz. This coupled seismic-acoustic signal suggests a common
source near the surface, potentially coming from Nyiragongo's
crater and attributable to the lava lake activity. This is supported
by the retrograde ellipse motion of the seismic signals, which
is typical of surface Rayleigh waves (Figure 3). Figure 4 shows
two examples of back-azimuth determination of infrasound
events at KBTI using the array of three sensors. We use a 2-
D time-domain Fisher analysis as beamforming technique (e.g.,
Assink et al., 2008) consisting of a grid-search over the slowness
vector of infrasound waves propagating across the array. This
standard approach allows for the retrieval of the back-azimuth
and apparent velocity of the event for the highest signal-to-
noise power ratio, de�ned in this context as SNR2 D (F-1)/N,
N being the number of sensors and F the Fisher ratio. The LP
seismo-acoustic event depicted inFigures 4A,B, which shares
similar characteristics as the one displayed inFigure 2 (i.e.,
dominant frequency around 0.5 Hz, general waveforms shapes,
delay time between seismic and infrasound arrivals of about 10–
15 s), occurred in the direction of Nyiragongo. For comparison

FIGURE 2 | (A) Vertical component seismogram of a seismic LP event recorded at KBTI and its continuous wavelet transform using a Morletwavelet. The color scale
corresponds to wavelet coef�cients (magnitude), from low (white-blue) to high values (red).(B) Infrasound LP event associated with the seismic event in(A). There is a
clear dominant, narrow frequency band around 0.5 Hz for bothevents.
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FIGURE 3 | (A) Vertical and radial seismograms of the seismic event in the dominant frequency band (0.3–0.9 Hz) presented inFigure 2 , assuming a source at
Nyiragongo's lava lake.(B) Particle motion for the time window highlighted by the colorscale blue-to-red in(A).

FIGURE 4 | (A) LP seismic event and(B) associated LP infrasound event (best beam) in the dominant frequency band (0.3–0.9 Hz). Each round marker corresponds
to a sliding window of 5 s where time domain Fisher analysis isperformed. Overlapping is set to 90% and the size/color of themarker is proportional to the SNR2.
Signals from the three channels (zoom in the coherent part for IS1, IS2 and IS3) and the corresponding polar plot to the infrasound best beam (back-azimuth and
apparent velocity) are depicted below.(C,D) Same as(A,B), respectively, for an atmospheric explosion of human origin. Here, the duration of the sliding windows is
1 s. A high cutoff frequency of 5 Hz was chosen because it generally improved the detection capability of such an event.

with other coherent signals detected at KBTI,Figures 4C,D
shows the analysis of an atmospheric explosion occurring at a
di�erent azimuth, which is characterized by a more impulsive
waveform and very attenuated or weak seismic coupling. This
last event, which was also audible and signalized by some of
the co-authors during a descent from Nyiragongo's summit
on 20 June 2017, was certainly of human origin while the
previous one (Figures 4A,B) was originating from Nyiragongo's
activity. We know from �eld observations that none of numerous

fractures and adventive cones located along the direction of
Nyiragongo are active (Smets, 2016). Although other sources
cannot yet be de�nitively excluded based on this beamforming
analysis only, such seismo-acoustic events are most probably
related to Nyiragongo's lava lake. The three infrasound sensors
at KBTI have only worked simultaneously on rare occasions due
to several technical issues (e.g., lighting strikes, dysfunctional
digitizer channels or sensors, destructions by monkeys, invasion
by insects), a fact that prevented the continuous detection and
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back-azimuth determination of LP infrasound events since the
deployment of the sensors. In the following analysis, we will
use one in three channels (IS3 inFigures 2B, 4B,D), which
has almost always been fully functional and can be analyzed in
association with the seismic record.

Similarly to Matoza et al. (2009)at Mount St. Helens or
Richardson and Waite (2013)at Villarica volcano, we look
for similar events using a 3-components template matching
procedure with the LP seismic event presented inFigures 2A, 3
as master event because it is visually representative of other LPs
and has high signal-to-noise ratio. We select a window length of
24 s (corresponding to the interval [6:30] s inFigure 3A) and a
threshold of 1.8 for the normalized correlation coe�cient (i.e.,
0.6 on average per channel). Almost 2500 highly reproducible
seismic events are detected with this technique (Figure 5A). It
is important to note that the �rst 500 events are detected during
the �rst year (14 Sept. 2015 to 13 Nov. 2016), while about four
times more occurred during the following year (13 Nov. 2016
to 20 Nov. 2017). Since the master event is associated with an
infrasound counterpart, we also display the infrasound records
for each detected time window in order to verify whether an
infrasound event is consistently associated with such typical
seismic LP events (Figure 5B). Single events with clear maxima
are detected for the �rst hundred traces, then the infrasound
LPs are less detectable with respect to the noise �oor but still
noticeable at a roughly constant timing about 10 s after the
seismic arrival.

The seismic and acoustic signals propagate in di�erent media
(solid Earth vs. atmosphere) and hence arrive at di�erent times
at KBTI. The changing activity of the lava lake, manifested by
lake level variations (discussed later), is a possible explanation
for the timing variation between seismic and infrasound
phases, however it is unlikely to be solely responsible for the
� 0.5 s observed variation for an estimated propagation time of
about 20 s (see next section Identi�cation of Repetitive Long-
Period (LP) Seismo-Acoustic Events). The atmosphere between
Nyiragongo and KBTI is prone to strong wind and temperature
variations, similar to the situation at other volcanoes worldwide
(e.g.,Matoza et al., 2009; Lacanna et al., 2014), and reasonably
expectable e�ective sound speed variations of about 2.5% (i.e.,
330–340 m/s) would be in accordance with observations by
Johnson et al. (2012)at Villarica volcano 8 km away from the
crater. In the following section, we demonstrate that the mean
delay time observed between the seismic and the infrasound
arrivals is consistent with a source at Nyiragongo's craterby
performing a 2-D numerical simulation of the elastic and acoustic
wave propagation for a transect passing through the station
KBTI.

2-D Numerical Simulation of the
Seismo-Acoustic Propagation From a
Point Source at Nyiragongo's Lava Lake
Seismo-acoustic source mechanisms at volcanoes are complex
and numerical modeling can help to better understand such
processes, as done for instance byMatoza et al. (2009)while
studying the shallow source of coupled seismo-acoustic signals at

FIGURE 5 | (A) Seismic LP events detected by a 3-components template
matching procedure at KBTI using the master event illustrated in
Figures 2A , 3 (vertical component shown here). The left ordinate shows dates
for the waveforms and the right ordinate is the event number index (2,447 in
total). (B) Associated infrasound LP records for each time window wherea
seismic LP is detected in(A). Infrasound signals have clear maximum
amplitude for the �rst hundred events, then the infrasound LPevents are less
detectable with respect to the noise �oor but still noticeable at a roughly
constant timing (between 20 and 25 s). For both panels, amplitudes are
normalized trace by trace and the stack of all traces (band-pass �ltered in the
dominant frequency band 0.3–0.9 Hz) is indicated on top.

Mount St. Helens. The aim of the wave propagation simulations
presented below is not to create a model as realistic as possible
of the acoustic and elastic wave �elds from a point source at
Nyiragongo's crater (i.e., a bubble explosion). This would notably
require a more complex 3-D simulation with a detailed meshing
of the volcano edi�ce, di�erentiating the lava lake from the
surrounding material, which is far beyond the scope of this
article. The simulation presented here should rather be viewed
as an illustrative validation of a seismo-acoustic delay time
consistent with the location of the source in Nyiragongo's crater
(Figure 6).

We used the 2-D Specfem2D numerical code based on the
spectral element method (Komatitsch and Vilotte, 1998; Tromp
et al., 2008). A 20 � 20 km computational domain is gridded
using 200 � 200 elements (641601 grid points) and PML
(Perfect Matched Layers) absorbing boundary conditions. The
2-D topography (except inside the crater) is estimated from
the NASA SRTM-3 DEM (Digital Elevation Model) with a
resolution of about 90 m (Farr et al., 2007). The crater geometry
is roughly modeled considering the mean diameter (1.2 km) and
the depths of the two main inner platforms (seeFigure 1B).
Homogenous media are assumed for the solid (elastic) Earth
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FIGURE 6 | (A) Waveforms of the stacked seismic LP event (black line) and its associated infrasound record (red) (see alsoFigure 5 ). (B) 2–D elastic/acoustic
numerical simulations of propagating waves from a point source at Nyiragongo. Two simulations using conjoint and nearly co-located sources (blue) are performed for
recording the acoustic pressure (red) and the seismic vertical velocity (black) at speci�ed radial distances along the pro�le between Nyiragongo's crater and station
KBTI (6 km on y-axis) (see text for more details). Amplitudesare normalized by trace.(C) Cross-correlation functions (CCFs) of the observed (stacks in (A) light gray
line) and simulated (green line) seismo-acoustic LP at KBTI.(D) Pressure wave �eld snapshots corresponding to the 2–D simulation in (B) (red lines). The
computational domain is truncated for visualization purpose. Source and receivers locations (green squares) are indicated. The two snapshots illustrate the
propagating acoustic wavefront, the air-ground conversion at the source that propagates faster in the solid Earth along the free surface (see KBTI att D 10 s), and the
local air-ground conversion near the free surface (see KBTIat t D 20 s).

(VP D 1,800 m.s� 1, VS D 1,050 m.s� 1, r D 2,000 kg.m� 3) and
for a non-advecting atmosphere (VP D 340 m.s� 1, VS D 0 m.s� 1,
r D 1.2 kg.m� 3). The rather low velocity values chosen for the
Earth correspond to typical subsurface soft material and are
in accordance with the travel-time curve obtained byBarrière
et al. (2017)for surface waves generated by the continuous
tremor at Nyiragongo. We de�ne a line of 12 acoustic-
seismic receivers spaced 500 meters along the topographic
pro�le between the summit and KBTI. Each synthetic acoustic
and seismic sensor is positioned 10 m above and below
the free surface, inside an acoustic and an elastic element
respectively.

We assume that the infrasound and seismic sources
are co-located and conjoint in time. We perform two
simulations for recording acoustic pressure and vertical
seismic velocity using a source 50 m above the free surface
(infrasound explosion) and 50 m below (seismic coupling
to the lava lake's inner wall), respectively (Figure 6B).
Decoupling both acoustic and elastic sources with two
distinct simulations mitigates e�ects of epicentral or local
air-ground conversions, but their close proximity maintains
the timing and waveform shapes of the maximum amplitude
seismic and acoustic arrivals (Rayleigh waves and direct
sound waves, respectively). For both cases, the source time

function is the time derivative of a Gaussian pulse with
a central frequency of 0.5 Hz and located at the center
of the lava lake. The sources correspond to a monopole
pressure (infrasound) or a single force horizontally oriented
(seismic).

Despite the fact that no clear onsets are detectable for
the arrivals of the stacked (observed) seismo-acoustic LPs
(Figure 6A), it seems that the delay time relative to the simulation
is slightly longer (about 1–2 s) at KBTI. An e�cient method
for calculating the time shift between two related signals (here
seismic and infrasound transients) is the computation of the
cross-correlation function (CCF), which gives an estimation of
the delay time at its maximum value. The shift of about 1–2 s
is indeed con�rmed by comparing the CCFs of the observed
and simulated seismo-acoustic LPs (Figure 6C). However,
considering the observed timing uncertainty as well as the
simpli�ed 2-D model (e.g., error in presumed sound or seismic
wave speeds), the synthetic records provide a good estimation
of the mean time shift between seismic and infrasound arrivals
and con�rm the origin of these seismo-acoustic LP events at
Nyiragongo's lava lake. We will now compare their characteristics
with the lava lake activity, which can be primarily described
by its level �uctuations as estimated with the SAR shadow
technique.
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RESULTS

Occurrence and Amplitude Properties of
the Seismo-Acoustic LP Events
LP events occurrence, as detected at station KBTI, is correlated
with the lava lake level estimations obtained with the SAR
processing (Figures 7A,B). A strong increase in LPs is observed
in November 2016 and correlates well with the biggest drop
(about 80 meters) of the lava lake level. This lake level drop
occurs very rapidly, i.e., in few hours (see section Discussion: a
Relevant Short-Term Unrest Indicator). Sustained LP seismicity
then accompanies the rise of the lava lake over several months.
The last months between October and November 2017 are
characterized by low LP seismicity and high lava lake level,
which suggests similar behavior to the activity observed more
than 1 year prior to the main November 2016 drop. Because
the seismic LP events are repetitively associated with infrasound
transients (Figure 5) and their occurrence exhibits a relationship
with the lava lake level �uctuations (Figures 7A,B), we assume
the same non-destructive surface source process as inferredby
Richardson and Waite (2013)for Villarrica volcano, which also
hosts a permanent lava lake. At Villarrica, large bubble bursting
(i.e., the infrasound explosion) is thought to induce drag forces at
the lava lake's walls responsible for seismic LP events. Suchtypical
surface activity has been observed several times at Nyiragongo's
lava lake during �eld expeditions (Smets, 2016; Smets et al.,
2016).

Histograms of event statistics, including peak seismic and
infrasound amplitudes for the detected LP events, show
signi�cant trends (Figures 7C–E). The seismic amplitudes tend
to slightly increase after the November-2016 drop, but the
opposite trend is even more clear with the infrasound amplitudes.

In other words, the swarm of seismo-acoustic LPs in November
2016 (more than 200 events between 13 and 14 November 2016)
presents the highest acoustic-to-seismic (AS) amplitude ratio
of the entire time period and then a decrease of this ratio is
observed.

We interpret this changing AS amplitude ratio as analogous to
the volcano acoustic-seismic ratio (VASR) parameter introduced
by Johnson and Aster (2005). This non-dimensional parameter
allows for an e�cient characterization of some seismo-acoustic
source properties at volcanoes.Johnson and Aster (2005)
obtained high and stable VASR values at Erebus volcano and
attributed this observation to the lava lake activity associated with
repetitive source processes at the surface of a stable lava lake.
The observed decrease of the AS amplitude ratio in the case of
Nyiragongo is not in agreement with such a constant trend and
is better explained by variable VASR as observed at Villarrica
volcano byRichardson et al. (2014)during �uctuating lava lake
episodes.

The highest rate of LP events and the highest AS amplitude
ratio during the November 2016 drop could thus be interpreted
as larger and more frequent bubble bursts in the lava lake. The
ensuing decrease of the AS amplitude ratio might be related
to a reduction of the spattering surface activity. This could be
due to the decrease of bubble size as well as the deepening
of the seismo-acoustic LPs within the lake, which in turn
explain a better seismic coupling and a less e�ective acoustic
transmission through the atmosphere. For the same period, the
rate of seismo-acoustic LP events remains moderate (> 1 and< 25
events/day); however, the occurrence rate of LP events seems to
decrease at the time of writing (late 2017-early 2018) and could
re�ect the return to a more quiet lava lake activity and high
level.

FIGURE 7 | (A) Estimated lava lake depth from SAR processing using COSMO-SkyMed (CSK) and RADARSAT (RS-F2F and RS-UF) images. “Asc.” and “Desc.” refer
to ascending and descending orbits respectively.(B) Temporal distribution of LP events detected by template matching (seeFigure 5 ). The time series is divided into
three consecutive time windows (blue, green, red) where maximum (zero-to-peak) seismic and infrasound amplitudes areplotted as histograms in sub-panels(C–E)
respectively. The gray shading on the histograms(C) (blue) and(E) (red) correspond to the beginning and the end of the timelinerespectively, both characterized by
low LP seismicity (seeB).
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The amplitude analysis provides some important insights into
the variations of the lava lake activity. Two further attributes
are of signi�cance with respect to the lava lake level, namely
the delay time of the infrasound arrival with respect to the
seismic one and the frequency content of the infrasound events
(Richardson et al., 2014; Johnson et al., 2018). Unfortunately, the
delay time information, which is potentially useful for measuring
the level of lava in a conduit (Ripepe et al., 2002; Johnson,
2007) is particularly a�ected by 6 km of propagation through the
atmosphere (see section Identi�cation of Repetitive Long-Period
(LP) Seismo-Acoustic Events). Moderate variations of the lava
lake depth on the order of 80 m are probably not resolvable with
the current seismo-acoustic station.

A more promising means to measure lava levels is a�orded
by the study of the acoustic resonance of the air column above
the lava lake (Johnson et al., 2018). Several acoustic resonance
models have been applied to other lava lake volcanoes (e.g., Bessel
horn resonator at Villarrica inRichardson et al., 2014; Helmholtz
resonator at Kilauea inFee et al., 2010), the simplest one being
the cylindrical geometry, or organ pipe, that could eventually �t
to the shape of Nyiragongo's lava lake. However, the 1.2 km wide
Nyiragongo crater is signi�cantly more complex than a pipe or
other standard geometries of resonators (seeFigure 1B). In the
following analysis, we do not intend to propose a physics-based
model for the infrasonic frequency content but rather aim to
use its variations as a direct proxy for the lava lake level since
our expectation is that a deeper lava lake will lead to a graver
infrasound dominant frequency.

Notably, we do not �nd any clear evidence of changing
spectral properties of the LP infrasound events with respect to
the �uctuations of the lava lake, even for the marked drop of
about 80 meters in November 2016. This may imply that the
variations during the studied time period are potentially too
weak to be detected or have negligible e�ect on the resulting
infrasound signal recorded at KBTI. On the other hand, these
discrete acoustic LP events are not fully representative of the lava
lake activity and have generally a low signal-to-noise ratio (see
Figure 5B). At Villarrica volcano,Richardson and Waite (2013)

suggest that the tremor recorded at greater distance from the
volcano results from the superposition of single LPs distortedby
path e�ects, which we consider also as the process responsible
for the Nyiragongo continuous tremor as it shares the same
dominant frequency band below 1 Hz (Barrière et al., 2017).
Therefore, a more reliable acoustic signature from Nyiragongo's
lava lake is potentially the continuous low-frequency seismic
tremor associated with its spattering activity. We now investigate
the infrasonic component of this tremor, which should be
detectable at KBTI as well.

The Continuous Nature of the
Seismo-Acoustic “Lava Lake” Source
Examples of seismic and infrasonic time records and
corresponding spectrograms for three successive days in
April 2017 at KBTI are displayed inFigure 8. No LP event was
detected by template matching during this period characterized
by a high lava lake level estimated around 20–30 m deep (see
Figures 1C, 7A). On the seismic spectrogram (Figure 8A), the
secondary microseismic peak is clearly dominant between 0.1
and 0.3 Hz. Above 0.3 Hz, the continuous harmonic volcanic
tremor is well-detected, preferentially below 1 Hz among all
seismic stations of the KivuSNet network (Barrière et al., 2017;
Oth et al., 2017) but it could be also detectable until 1.5 to
2 Hz as observed here for KBTI. Higher frequency contents
until 4–5 Hz are discernable during night periods. However, as
stated previously, for security reason, KBTI station is located at
a ranger station, close to a road in an inhabited area and only
few km north of the heavily populated city of Goma. The e�ects
of anthropogenic activity are clearly visible on both seismic
and acoustic records. Such undesirable seismic noise dominates
above 2 Hz during daytime (Figure 8A) and the infrasound
records exhibits also high-amplitude human-related signals,
which are broadband (i.e., cover the frequency band of interest
below 1 Hz) and would strongly disturb the detection of any
other signals of volcanic origin (Figure 8B). This is a critical
drawback for the detection of potential infrasonic tremor from
Nyiragongo's lava lake activity. Moreover, no clear patterns of

FIGURE 8 | Examples of(A) seismic (vertical component) and(B) infrasound records in the frequency band 0.1–10 Hz during 3 days in April 2017. The corresponding
spectrograms (Power Spectral Density expressed in dB/Hz) are depicted below using windows of duration 327.68s (214 samples) with 50 % overlapping. The color
scale for both spectrograms corresponds to a relative dB range of 40 (between a raised minimum threshold in blue and the maximum PSD value in red).
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continuous signals are detectable on the infrasonic spectrogram,
which means that the acoustic component of the volcanic tremor
recorded at KBTI would be near the noise �oor such as observed
for most of the discrete LP infrasound events (Figure 5B).

Following these observations, we highlight the continuous
nature of the seismo-acoustic signal by calculating the cross-
correlation function (CCF) between the co-located seismicand
infrasound waveforms at KBTI. A similar coherence analysis
was for instance performed byCannata et al. (2013)using cross
wavelet transform for detecting explosive activity at Etna volcano.
The principal di�erence with the present study lies in the usage
of stations much closer to the active vent (� 1–1.7 km) and the
strong intensity of the explosive activity, the combinationof
which leads to high signal-to-noise ratio for both seismic and
infrasonic records. In our case, even if the infrasound signal
of interest is of very low amplitude, such a cross-correlation
approach should allow to extract the acoustic component
coherently associated with the seismic signals originating from
the lava lake (Figure 9). The seismo-acoustic CCF is calculated
for non-overlapping 1-h intervals and averaged over 1 day in the

frequency band [0.1–10] Hz. Because the full records are cross-
correlated without discarding undesirable noise, this approach
leads to very low normalized correlation maxima (order of 10� 2

on average); however, the daily averaging generally allowsfor
the quanti�cation of robust time lags (Figure 9A). The CCF
daily maxima are found at a stable time shift of 10 s between
seismic and infrasound arrivals in the dominant frequency band
[0.3–0.9] Hz (Figure 9B). This is consistent with the simulation
results (Figure 6C) and the good match between the CCF of
the stacked seismo-acoustic LP events (LPs CCF) and the daily
tremor CCF strongly suggests a similar source for LPs and tremor
at Nyiragongo's lava lake (Figure 9C).

Using these cross-correlation functions, we indirectly
analyzed the variations of the infrasonic tremor frequency
through analysis of the variations of the cross-spectrum between
the seismic and infrasonic signals. Considering the remarkable
stability of the seismic tremor source over the years (Barrière
et al., 2017), we make the assumption that the frequency content
of the seismo-acoustic cross-spectrum will be primarily a�ected
by the infrasound component of the �uctuating lava lake

FIGURE 9 | (A) Daily seismo-acoustic CCF in the frequency band (0.1–10) Hz. The clear maxima at negative time lag around 10 s (i.e., earlier seismic arrival than
acoustic arrival) are an indication of continuous tremor originating from Nyiragongo (left: amplitudes normalized trace by trace; right: no normalization and zoom in the
maxima).(B) Wavelet transform of the stacked CCF for the entire period highlighting the maximum correlation at� 10 s. The color scale corresponds to wavelet
coef�cients (magnitude), from low (white-blue) to high values (red). The high-frequency correlation at zero lag is mostlikely due to coherent noise sources and
air-ground coupling at KBTI.(C) Stack of the band-pass �ltered CCF (dark gray line) in the dominant frequency band (0.3–0.9) Hz inferred from the time-frequency
representation in(B).
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activity. It is important to note that the infrasonic spectrum
might be potentially in�uenced by path e�ects, such as those
due to changing atmospheric conditions between day and
night in atmospheric boundary layers (Fee and Garcés, 2007).
However, such diurnal variations that can a�ect the acoustic
propagation appear to be signi�cant only at greater distance (in
the di�raction or shadow zone) than for our station at� 6 km
and the dominant lava lake signature contained in the infrasonic
frequency spectrum would be preserved such as observed by
Johnson et al. (2012)at Villarrica volcano. Nevertheless, we
do note diurnal variations of the spectral amplitude, which
are due to anthropogenic activity dominantly observed during
the day (seeFigure 8). The signature of this noise is visible
on the time-frequency representation of the seismo-acoustic
CCF displayed inFigure 9B at zero lag (> 2 Hz, blue color). In
this case, there is no delay time between the infrasound and
the seismic coherent arrivals because of direct coupling of the
acoustic waves to the ground. Similar coupling at the recording
station has also been observed for explosive sources at volcanoes
(Ichihara et al., 2012; Matoza and Fee, 2014). In the case of
Nyiragongo, it is clear that the dominant low-frequency seismic
signal, which precedes the correlated infrasound by� 10 s, does
not come from local air-ground coupling, but originates from
the propagation of Rayleigh waves generated in Nyiragongo's
crater. We next analyze the spectral content of seismo-acoustic
CCF and relate it to lake depth estimated by SAR processing.

Calibration Model Between the Lava Lake
Depth and the Seismo-Acoustic
Cross-Spectrum
The SAR-inferred lava lake depths are irregularly sampled
(separated by 1–31 days), so they are linearly interpolated onto
a regular daily time frame to compare with CCF spectral content.
SAR data are then averaged over a� 10 days centered time
window (Figure 10A), which incorporates at least 3 SAR images
for most depth measurements (see laterFigure 11A). For the
calculation of the seismo-acoustic parameter (mean frequency
of the daily CCF), a similar moving average is applied. The
power spectra of each CCF are then calculated using a �xed-
size time window for all selected days (Figure 10B). We use a
10% cosine tapered window of width determined automatically
by selecting 75% of the total signal energy of the stacked tremor
CCF displayed inFigure 9C (start at 12.5%, end at 87.5%). A
correlation between CCF spectral content (lower frequencies)
and deeper SAR-derived lava lake levels is apparent (Figure 10C).

The comparison between SAR estimates of the lava lake depth
and the CCF mean frequencies shows a systematic relationship
permitting an empirical calibration model (Figure 11A). We
derived two best-�t power laws (in the least square sense) for
a subset of the data (subset 1D the �rst 19 lava lake depths)
and for the full dataset (subsets 1C 2 D 72 measurements). The
subset 1 was chosen to be as limited as possible but also able to
sample the full range of depths measured with the SAR technique
(Figure 11B). In this way, we veri�ed that this �rst test model
(i.e., subset 1) gives similar predictions to the complete one (i.e.,
subsets 1C 2), and thus that the empirical relationship between

the lava lake depth and the seismo-acoustic mean frequency is
applicable to additional new data (Figure 11B). The uncertainties
of both models lie into a similar interval and are expressed as
the standard deviation error of about� 10 m (Figures 11A,B).
Overall, the daily depth estimates from the seismo-acoustic CCF
mean frequency are highly consistent with the SAR observations.

The main discrepancy occurs for less well constrained SAR
measurements made since June-July 2017 (see also section
Nyiragongo's Lava Lake Level Derived From High-Resolution
Satellite Observations). These points notably contribute tothe
minor di�erence between the two calibration models previously
obtained at the highest frequencies, i.e., the shallowest lava
lake levels (seeFigure 11A). The fact that few SAR estimates
are available for this period and acquired with the same
satellite (RADARSAT) could partly explained this bias by
considering these measurements as potential outliers. However,
both descending and ascending modes are used and show
consistent estimations of the lava lake level. Therefore, we
rather tend to explain this discrepancy due to weak infrasound
amplitudes (see section Daily Monitoring of Nyiragongo's
Lava Lake Activity below). These slightly biased measurements
represent a weak proportion of the available depth estimates and,
for this reason, we chose the best �t curve using the full dataset as
�nal calibration model (i.e., subsets 1C 2).

Daily Monitoring of Nyiragongo's Lava
Lake Activity
Nyiragongo's activity since August 2016 may be partly
summarized in terms of lava lake depth estimated from its
seismo-acoustic signature and the continuous AS (acoustic-to-
seismic) amplitude ratio recorded at KBTI (Figure 12A). The
relevance of this last parameter for characterizing the varying
lava lake activity was discussed earlier during the analysis of the
single LP events (section Occurrence and Amplitude Properties
of the Seismo-Acoustic LP Events andFigure 7). Because
the continuous infrasonic records at KBTI are disturbed by
undesirable noise during daytime, we apply a similar smoothing
procedure as the one applied for the seismo-acoustic CCF mean
frequency for calculating a robust daily AS ratio. One-hour
seismic and infrasonic RMS amplitude values are computed
(with 50% overlapping) and smoothed over� 10 days using a
median �lter. In Figure 12A, this smoothed AS ratio is plotted
together with the lava lake depth estimates. The highest AS ratio
(i.e., high infrasonic amplitudes relative to the seismic ones)
is obtained after the November 2016 drop when the lava lake
reached its lowest levels. This conveys a strong spattering activity
associated with high amplitude infrasound tremors. Then, as
observed with the analysis of LP events (Figure 7), the acoustic
component of the volcanic tremor exhibits lower amplitudes
through time, notably for the last period starting in July 2017,
indicating a progressive return to a quieter behavior. The lowest
AS ratio is obtained for the period where the disagreement
between SAR and seismo-acoustic depth estimates is the most
signi�cant. This e�ect is most likely responsible for the poorer
characterization of the resonant frequency information retrieved
at the station KBTI. This observation points out that, for obvious
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FIGURE 10 | (A) Lava lake depth estimates using three sets of satellite images CSK, RS-F2F and RS-UF (round markers and dotted line, see also Figure 1C or
Figure 7A ). The initial estimations are irregularly sampled and havebeen linearly interpolated onto a regular daily frame, and then �nal depth estimates are obtained by
applying a centered averaging window of� 10 days (colored squares). The color scale indicates relative lava lake depth.(B) Seismo-acoustic CCF for each selected
day associated with the squares in(A) and using the same color code. The cosine-tapered window used for the computation of power spectra(C) is depicted as a
solid black line.(C) Corresponding power spectra of the selected CCF waveforms in (B) plotted using the same color code.

FIGURE 11 | (A) Relationship between the lava lake depth estimated from SARprocessing and the seismo-acoustic CCF mean frequency. Thetwo best-�t power
laws using the �rst 19 depth estimates (subset 1, round markers) and the full dataset (subsets 1C2, round and square markers) are represented as dashed and solid
thick black line, respectively; gray area and dashed thin lines indicate estimates of one standard deviation error, respectively. Both SAR depth estimates and
seismo-acoustic CCF mean frequency are averaged using a� 10 days centered moving average. Since the initial samplingof the SAR images is irregular (i.e., not
daily), the number of images actually used for the averagingis also indicated (see text for details).(B) Daily seismo-acoustic “depth estimates” of Nyiragongo's lava
lake computed using the two best-�t models in (A). The gray shading indicates estimates of one standard deviation error for the �nal calibration model (solid line,
subsets 1 C 2).

reasons, the seismo-acoustic method applied here needs a proper
recording of the seismic and infrasonic tremors for estimating
the lava lake level. In order to mitigate the e�ect of varying AS
ratio (which conveys nonetheless some valuable information),
this approach would perform best if these signals have high
SNR, thus ideally recorded at a station as close to the crateras
possible.

The monitoring of Nyiragongo's activity is also characterized
by the occurrence of LP events associated to large bubble bursting
(Figure 12B), and the number of seismic events located deeper
than 5 km below sea level and within a 15� 15 km area around
the volcano (Figure 12C). This deep and sustained seismicity
has been continuously detected since the complete installation of
the KivuSNet seismic network in October 2015, notably a batch
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FIGURE 12 | (A) Lava lake depth estimated from the seismo-acoustic CCF meanfrequency using the calibration model ofFigure 11A . The time series is extended to
the end of January 2018. The depth estimates averaged over� 10 days (same window as used for the calibration inFigure 11 ) are depicted in red. All SAR depth
estimates are plotted with round markers. The smoothed AS ratio (� 10 days) is plotted as a black line (right y-axis).(B) Daily count of LP events detected at KBTI
(extended time series presented inFigure 7B ). The color scale corresponds to the number of events per day. (C) Daily count of deep events at Nyiragongo (deeper
than 5 km b.s.l). The gray areas correspond to periods when the number of available stations in the Virunga Volcanic Province (VVP) is smaller than 8.

of seismicity on the southeast �ank of Nyiragongo. Although
no detailed event classi�cation has yet been performed, these
seismic events generally have characteristics of volcano-tectonic
earthquakes (e.g., higher and broader frequency content than
LP events, more clear P or S wave onsets). Volcano-tectonic
locations are obtained using a “picking-free” cross-correlation
based technique adapted to low SNR events (seeBarrière et al.,
2017) and a simple low-resolution 1-D velocity model with two
layers between 0 and 30 km depth for the Virunga Volcanic
Province (VVP) (Mavonga et al., 2010). Precise hypocenter
determination is adversely impacted by the use of this rough
velocity model and relatively poor station coverage around the
volcano (seeOth et al., 2017). A daily count is tabulated when at
least 8 stations located in the VVP are available.

The time series extending to January 2018 shows a rather
stable high lava lake level (20 to 30 meters below the inner crater
�oor) and low LP seismicity during the last few months. As
previously highlighted inFigure 7, the �rst signi�cant correlation
is the link between the November 2016 drop and the swarm
of LP events. Since the lava lake level drop there has been
sustained (� 1 year) elevated LP activity, which became the new
normal background seismicity. More interestingly, this drop is

also accompanied by strong seismic activity at depth. A similar
observation can also be made for the two other most signi�cant
swarms, with drops of 15 to 20 meters occurring in March and
end of May 2017 (see SAR estimates), but without clear changes
in LP seismicity. Taken altogether, this evidence suggeststhat the
swarms of deep volcano-tectonic events are likely associated with
magma intrusion, which simultaneously results in the drawdown
in the level of the lava lake. However, the time resolution is
unfortunately insu�cient to de�nitely resolve the process taking
place at that time.

Hourly Estimates of Nyiragongo's Lava
Lake Depth
A detailed inspection of the dynamics in November 2016 is
required in order to better understand the link between the
two seismic modes (LP and deep) and the lava lake level.
From a monitoring perspective, the ability to rapidly quantify
the lava lake level is also of crucial importance. We consider
whether it is possible to implement a short-term (near real-
time) estimation of the lake depth by computing seismo-acoustic
CCFs every 6 min for hourly time windows and 90% overlap.
Figure 13Ashows the depth estimates based on this short-term
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FIGURE 13 | (A) Hourly estimations of the lava lake depth around the main drop of the lava lake (8–15 November 2016), based on seismo-acoustic CCFs calculated
each 6 min for a 1–h lagging time-window. The top panel represents the maximum values of the seismo-acoustic CCF (i.e., correlation coef�cient between the seismic
and the infrasound signals, values above 10� 2 are in red). Bottom panel: estimates of the lake level as wellas the available SAR measurements for this period. Gray
dots correspond to each single calculation (i.e., each 6 min). The solid line is the 6–h lagging average (i.e., 60 calculations). Estimates corresponding to the highest
values of seismo-acoustic correlation (i.e., above 10� 2) are highlighted in red. The dashed black line “SAR limit” corresponds to the maximum depth detectable by the
SAR method. (B) Same as(A) using a pre-processing step (temporal normalization) for the calculation of seismo-acoustic CCFs. Effects of low correlation between
seismic and infrasound signals that affect the short-term estimation of the lake depth (seeA) are mitigated during daytime.

calculation between 8 and 15 November 2016. The main drop
occurring on 12–13 November is well identi�ed but other major
decreases are related to low correlations between seismic and
infrasound signals during daytime. Indeed, even in the low
frequency band [0.3–0.9] Hz, the correlation of seismic and
infrasound signals can be strongly hampered during daytime due
to a noisier local environment. This also explains why the AS
ratio as computed forFigure 12cannot be considered as a robust
monitoring attribute at this short time scale. Despite the use of
an additional lagging 6-h averaging window, the diurnal artifacts
on the seismo-acoustic CCFs are still noticeable. Therefore, we
test a temporal normalization approach traditionally applied
in ambient seismic noise studies for enhancing background
coherent noise signals. This pre-processing step is called running-
absolute-mean normalization and consists in computing a
normalization weight prior to the calculation of the cross-
correlation functions (Bensen et al., 2007). For a single data trace
of n points dn(either seismic or infrasound), the new corrected
dataDn is de�ned as:

Dn D
dn"

1
2NC1

nCNP

jDn� N
jdj j

# (1)

Following Bensen et al. (2007), the width of the normalization
window (2NC 1) can be de�ned as 1/(2fc1), where fc1 is the low
cuto� frequency of the band-pass �lter (here 0.3 Hz). The e�ectof
this correction procedure is clearly visible inFigure 13B. For the
same time period (8–15 November 2016), the arti�cial drops of
the lava lake due to the decrease of seismo-acoustic correlation

during daytime are e�ciently reduced. Hence this correction
needs to be applied to get a more accurate short-term estimation
of the lava lake depth. It is important to note, however, that this
normalization does not improve the calibration model previously
obtained because the large averaging window of several days
(� 10 days) su�ciently mitigates the diurnal variations. This
way, meaningful CCF mean frequencies could be determined
and compared with SAR measurements (seeFigure 11). Such
as observed for the daily estimates (Figure 12A), the short-term
estimation of the lava lake depth will be less accurate when the
volcanic tremor intensity is weak. A minimum threshold value
for the correlation between seismic and infrasound signals should
be also de�ned. Here, this value is arbitrarily set to 0.01 (see
Figure 13), yet must be tested in the future for other periods of
unrest.

DISCUSSION: A RELEVANT SHORT-TERM
UNREST INDICATOR

The short-term approach described previously allows for
the identi�cation of the lava lake drop accompanying the
deep seismic swarm and the LP “lake” seismicity with
enhanced temporal resolution (Figure 14). The maximum
occurrence of deep, volcano-tectonic events (12 November)
occurs simultaneously with the main drop of the lava lake
and precedes the substantial increase of surface LP activity
(13–14 November). These observations con�rm that the major
�uctuations of the lava lake level re�ect the dynamics of the
magmatic system and that its monitoring is of great importance
for evaluating the potential of magma intrusion and eruption at

Frontiers in Earth Science | www.frontiersin.org 14 June 2018 | Volume 6 | Article 82



Barrière et al. Seismo-Acoustic Monitoring of Nyiragongo

FIGURE 14 | (A) Hourly estimations of the lava lake depth during the main drop of the lava lake in November 2016 and detail is provided for 12–13 November 2016
(right panels). The seismo-acoustic CCFs are calculated each 6 min for a 1–h lagging time-window. Gray dots correspond to each single calculation (i.e., 1 sliding 1–h
calculation overlapped by 90%). A less noisy estimation of the short-term variations of lava depth is obtained with a long-term lagging average of 6 h (i.e., 60 sliding
calculations, solid line). Note that the y-axis is cropped with respect to the limit values of this last estimation. Values corresponding to correlation coef�cient above
10� 2 are highlighted in red (seeFigure 13 ). (B) Hourly count of LP events detected at KBTI and(C) Hourly count of deep events at Nyiragongo (located deeper than
5 km b.s.l). The color (green to red) corresponds to the number of events per h scaled for each type of events.

Nyiragongo. This is notably consistent with the interpretation of
Wauthier et al. (2012), who inferred a deep dike intrusion (2–
10 km deep below sea level) from InSAR analysis that triggered
the drainage of magma from the lava lake to a shallower eruptive
dike in January 2002.

No eruptive episode was analyzed in this study, but the
large November 2016 drop could convey a similar mechanism
of possible lateral magma intrusion. In Hawaii, before eruptive
events leading to the drainage of the lava lake at Halema'uma'u
crater, Patrick et al. (2015)pointed out systematic increases
of the lava lake level associated with in�ation episodes.
Such pressurization processes cannot be evidenced from our
measurements acquired at� 6 km from the summit. After several
months of sustained high level (� 20 m below the rim, see
Figures 11, 12), there was a small increase of the lava lake level
about 1 month before the large November 2016 drop, but this
variation almost entirely falls into the con�dence interval of
the lake depth estimates. In the case of the Hawaiian eruptions
studied byPatrick et al. (2015), the periods of increasing pressure
preceding the eruptions were also associated with an increase
of earthquakes occurrence rate while, in our case, there was
no precursory swarm of seismic events. As highlighted by the
short time window “12–13 November” depicted inFigure 14,
the sudden increase of deep seismicity is synchronous with the

decrease of the lava lake level, and the drop of the lava lake level is
the only surface evidence of this magma intrusion at great depth.

There are two main notable increases of the lake level on
16 and 20 November that are potential artifacts due to low
correlation between seismic and infrasound signals (parts of
the solid line not highlighted in red). However, these episodes
of increasing levels could be also due to gas pistoning, a
common phenomenon at Nyiragongo (Smets et al., 2016). The
pistoning e�ect, which is due to the accumulation of gas in
the upper layer of the lake, is associated with low surface
activity and quiet seismicity, as observed at Kilauea volcano
(Patrick et al., 2016). Therefore, these two short increases
occurring on 16 and 20 November, which indeed correspond
to periods of low LP seismicity (Figure 14B), might be real
episodes of gas pistoning. In the future, the comparison with
terrestrial observations at the summit appears essential in order
to better constrain this short-term estimation of the lava lake
level.

CONCLUSIONS

In this study we showed that information about the lava
lake dynamics at Nyiragongo, D.R. Congo, is contained in
the particular seismic and infrasound signals generated by its
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spattering activity, similar to what is observed at other lava
lake volcanoes such as Kilauea, Hawaii, or Villarrica, Chile. In
the absence of close-range observations, we used seismic and
infrasound data from a single station (KBTI) located about 6km
from the lava lake. The particularity of the present work is
the use of SAR images for calibrating seismo-acoustic ground
measurements with lava lake depth. In a noisy anthropogenic
environment, a cross-correlation analysis of this continuous
seismic-acoustic tremor reveals changing frequency content
directly related to the �uctuations of the lava lake level. The
processing approach de�ned here in order to retrieve consistent
lava lake depth estimates could eventually be useful for other
lava lake volcanoes when no close-range observations are
possible.

From a monitoring perspective, the reliable interpretation of
the seismo-acoustic signature of the lava lake activity recorded
at several kilometers from the summit is a signi�cant step
forward in order to better interpret periods of unrest at
this volcano on a daily and hourly basis. The intensity of
bubble bursting can be inferred through the occurrence of
repetitive LP events and their acoustic-to-seismic (AS) amplitude
ratios. The AS ratio is also applicable on a daily timeframe
for characterizing the volcanic seismo-acoustic tremor. We
particularly focused on the November 2016 time interval because
we show that this type of drop and the following intense
LP “lava lake” seismicity are a consequence of deep magma
intrusion and could eventually lead to the next eruption
at Nyiragongo. Telemetered near real-time information from
the summit (e.g., seismometer, infrasound, SO2/thermal/visible
cameras) would obviously be a great help, complementing these
remote observations, and could help to re�ne the model between
the lava lake depth and the spectral content of the distant
seismo-acoustic records in the future. Other important tools,
such as the automatic classi�cation of volcano-seismic events,
should also be implemented in near real-time using station
KBTI in order to provide an e�cient, single-station monitoring
solution.
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