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Since its last effusive eruption in 2002, Nyiragongo has beean open-vent volcano
characterized by the world's largest persistent lava lakeThis lava lake provides a
unique opportunity to detect pressure change in the magmat system by analyzing its
level uctuations. We demonstrate that this information iontained in the seismic and
infrasound signals generated by the lava lake's activity.He continuous seismo-acoustic
monitoring permits quanti cation of lava lake dynamics, wkch is analyzed retrospectively
to identify periods of volcanic unrest. Synchronous, highiesolution satellite SAR
(Synthetic Aperture Radar) images are used to constrain laviake level by measuring
the length of the SAR shadow cast by the rim of the pit crater whre the lava lake is
located. Seventy-two estimations of the lava lake level werobtained with this technique
between August 2016 and November 2017. These sporadic meastements allow for
a better interpretation of the continuous infrasound and semic data recorded at the
closest station ( 6 km from the crater). Jointly analyzed seismo-acoustic andAR data
reveal that slight changes in the spectral properties of theontinuous cross-correlated
low-frequency seismo-acoustic records (and not solely sigle events) can be used to
track uctuations of the lava lake level on a daily and hourlgasis. We observe that drops
of the lava lake and the appearance of signi cant long periodLP) “lava lake” events
are a consequence of a probable deep lateral magma intrusiobeneath Nyiragongo,
which induces changes in its shallow plumbing system. In adtlon to contributing to
understanding lava lake dynamics, this study highlights #h potential to continuously
monitor pressure uctuations within the magmatic system ugng a single seismo-acoustic
station located several kilometers from the vent.

Keywords: lava lake, Nyiragongo, infrasound, seismic, Synth etic Aperture Radar, single-station monitoring

INTRODUCTION

Nyiragongo volcano in North Kivu (D.R. Congo) is among the mastive volcanoes on Earth
(Wright et al., 201} with a persistent lava lake from at least between 1928 aid &fd since

2002 Emets, 2016 The two last e usive eruptions occurred in 1977 and 2002 amiststed of

ank eruptions with high-velocity lava ows to the south towgthe city of Goma (seEigure 1A).
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During the eruption in 2002, which caused a major humanitaria after the 2002 eruption Shuler and Ekstrom, 20)9a rst
crisis Allard et al., 2002; Baxter and Ancia, 2002; Komorowskmulti-method approach encompassing crustal seismic velocity
et al.,, 200} the crater emptied of lava and its depth wasstructure, volcano seismicity and seismic hazard asseg$smen
evaluated between 600 and 800 m (eQynets, 2006 About in the Kivu rift (Mavonga et al., 20)0a review article on
4 months after the eruption, the crater lled up to reach amultidisciplinary monitoring of pre- and co-eruptive processe
crater oor elevation of 3050 m above sea level. Since thenat Nyamulagira, a neighboring highly active volcano, idahg
the lava lake remains at high level (i.e., level of the inmatec  data from one short-period digital seismic station and onelaga
oor, 400 meters below the rim) with intermittent several seismometer§mets et al., 20)4and passive and active seismic
decameter-scale rises or falls ($égure 1B). As observed by surveys during temporary experiments for studying the easter
Patrick et al. (2015using tilt, GPS summit measurements andKivu rift structure on the Rwandan sid&\(ood et al., 201
lava lake depth estimates from camera images for succefdite 2  The progressive deployment of a new local broadband seismic
eruptive events on the East Rift Zone in Hawaii, Kilaueas lavaetwork, mostly between 2015 and 2017, has already provided
lake acts as a piezometer for monitoring the magmatic reservo some important and new insights into seismicity patterns
In ation periods are associated with an increasing lake lleveaccompanying Nyiragongo's activitérriere et al., 2017; Oth
while the de ation process due to magma escaping from thext al., 201). These rst studies have notably allowed for
summit magma column (i.e., the eruptive event) is clearlyplési the detection and location of a continuous background, low-
through the drop of the lava lake level. A similar mechanisnfrequency € 1 Hz) seismic tremor source at Nyiragongo volcano,
is thought to be responsible for the lateral drainage of magmenost likely related to spattering activity of the persistentala
from the lava lake at Nyiragongo during its last 2002 eruptiorlake such as observed at Kilauea volcaRatijck et al., 2016
(Wauthier et al., 2012 During short-term expeditions carried For the speci ¢ case of lava lake volcanoes, variations db#tee
out since 2011, quantitative observations using closgean level should in uence the acoustic resonance in the upper air
photogrammetry and a stereographic time-lapse camera (STLE&plumn within the crater. This means that a deeper lava lake
system have provided decisive insights into the recent lak@ | would decrease the infrasonic dominant frequency, as sigde
level uctuations of various amplitude and time scalgnfets for instance at Kilauea byee et al. (2010ysing an acoustic
et al., 201} In order to use time-lapse camera observations irHelmholtz resonator model at Halemauma'u crater. Othguay
a monitoring context, the equipment requires a safe, permanerof ow-induced resonance was described at the neighboring
installation at the summit, adapted protections mostly again Pu'u O’o crater complex biylatoza et al. (2010)Recently,
acid and humidity, and e cient data transfer capacity for tea Richardson et al. (2014howed that the lava lake uctuations
time usage. At present, these requirements cannot be fdl lleat Villarrica volcano may be inferred by the joint analysis
at Nyiragongo and despite its strong potential, such a tealmiq of long-period seismo-acoustic single events and contiisuou
cannot yet be considered as a practicable monitoring toditfisr  tremor. This observation is therefore particularly relevam
volcano. the case of Nyiragongo for studying the activity of its lava
Monitoring seismicity is probably the most common lake. Since late 2016, the increased number of highly simila
geophysical application used at volcanoes and more recentljiscrete, long-period (LP) seismic events and their infrasbu
studying volcano infrasound has gained considerable @ser counterparts have accompanied decameter-scale oscikbatibn
(Johnson and Ripepe, 2011; Garcés et al., antBreferences the lava lake level, which relate to major pressure changes in
therein). Combining these two approaches could bring importanthe upper magmatic system and at least one probable intrusion
constraints on the studied sources processes, i.e., thalkotc event. In this study, we will exploit seismic and infrasound
seismo-acoustic sources generated in the vicinity of thendary  records collected at a single station (KBTI, $égure 1A) in
between the solid Earth and the atmospheter¢wsmith et al., order to extract a reliable seismo-acoustic signature ofldkia
2010. It is now well-known that variations of (near-) surface lake activity, the latter being mostly characterized bylétgel
activity at active volcanoes, either e usive or explosive, lsa  uctuations estimated using a SAR-based methé&iy(re 10.
e ciently monitored by analyzing the coupled infrasound and In addition to lava lake estimates on a daily basis, we shotv tha
seismic signals (e.gVjatoza et al., 2009, 2010; Ichihara et al.the presented approach also allows for a rapid quanti cation
2012; Richardson and Waite, 2013; Ulivieri et al., 30The of strong variations of the lava lake level on an hourly time
seismicity characteristics of Nyiragongo and, more gdhgraf  scale.
the entire Virunga Volcanic Province (VVP), are not very el
known because of the lack of a permanent, local monitoring

infrastructure until recently Pagliuca et al., 2009; Oth et al., MATERIALS AND METHODS

2017). There is very little knowledge of the seismic activityy . ,: : .
preceding the two last eruptions in 1977 and 2002, such alélylrago_ngos Lava _Lake Lev_el Derived
sequences of tremor and volcano-tectonic activity recardg  -romM High-Resolution Satellite

only two analog seismometers in 2001-2002, thus preventifgbservations

the understanding and the detection of similar pre-eruptiveNo continuous and reliable terrestrial observations of thea
processesKavotha et al., 2002; Komorowski et al., 200fhe  lake are available from the rim of the Nyiragongo main crater
most signi cant seismic studies for the area in the past decadhowever, satellite radar data may be used to recover the lava
are: the analysis of teleseismic events associated togdpiga 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 ath the station KBTI equipped with a broadband seismometer andnfrasound sensors.
(B) Picture of Nyiragongo's crater taken on 11 June 2017 (Nicokd'Oreye). The zoom into the eld camp (joint expedition witta BBC television team) allows to gauge
the scale of the crater. The zoom into the lava lake depth coesponds to the height measured with the SAR technique(C) Estimated lava lake depth from SAR
processing using CosmoSkyMed (CSK) and RADARSAT (RS-F2F&RS-UF) images. “Asc” and “Desc.” refer to ascending and desending orbits, respectively.

the length of the SAR (Synthetic Aperture Radar) shadow cagtine (RS-UF) mode along descending and ascending orbits
on the lava lake surface by the edge of the pit crater hostiag threspectively and COSMO-SkyMed (CSK) images acquired in
lake (d'Oreye et al. in prep), similar to studies focusing oa th spotlight mode along ascending orbitsigure 1C). The range
retrieval of building shapes using SAR shadow (Bgier, 2000; resolution of these images is 4.73, 1.33, and 1.25 metersxysr pi
Tison et al., 2004 The shadow length is measured in pixels onand look angles are 41.75, 37.38, and 38.34 degrees at zone of
the amplitude (module) of the SAR image in radar geometry andhterest, respectively. We used a total of 72 SAR images sgannin
converted to distance in meters, based on the spatial résalut 2 August 2016 to 20 November 2017.
of the image. The level of the lake with respect to the rim isithe  The uncertainty of the method is typically 1 pixel in normal
obtained by multiplying the shadow dimension and the cosihe oconditions. However, an eruptive cone, which has opened in
the incidence angle for the SAR sensor's orbital path. March 2016 at the bottom of the Nyiragongo main crater, 190 m
The intensity of the SAR amplitude may vary signi cantly east of the lava lake (s&&gure 1B), has intermittently emitted
depending on the surface re ectance and geometry. Activity davas that ow from the cone back into the pit. This has two
the surface of the lava lake, when animated by fountaining oe ects: the bottom of the main crater is higher on the side of
intense convections, may blur the contrast between illutéda the cone, and edges of the rim where lavas ow into the pit
and shadow zones. To minimize that e ect, the length of theare rounded and smoothed instead of sharp. As a consequence,
shadows is measured along an average of at least 10 amplitutie asymmetry of the platform induces a 10-m lake level o set
pro les in the range direction. The detection of the edgesh& t between measurements in ascending and descending orbits. A
shadow is made by tting a 3 steps Heaviside function to thasecond e ect is decreased contrast between illuminated and
average amplitude pro le. The method has been validated with i shadow areas, which leads to an underestimation of the engt
situ measurements (e.gmets, 200)6and results are consistent of shadow because it is cast from a lower point. This e ect only
with ground based observationdQreye et al., 2037 concerns RS-F2F images acquired along descending orbit and
In the present study, we measured lava lake levels usirannot be mitigated. The comparison with ground observations
RADARSAT images acquired in Fine (RS-F2F) and Ultrashows that these measurements (dark diamondEigure 10
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are probably slightly underestimated by a few meters from th@ark, which is the start of the track into the jungle leading
second half of 2017 (June-July to November). to the summit. KBTI is the closest permanent safe site to the
Due to the SAR re ectance characteristics, or layover e ectgolcano summit where geophysical instruments can be deployed.
(Massonnet and Feigl, 1998; Pinel et al., 30it4s conceivable Following 10 months of successful seismic data recording and
that signal backscatter from the opposite crater wall can beesal-time transmission between September 2015 and July 2016,
received prior to that from the lava lake surface. Given than array of three infrasound sensors was further installed in
diameter of the pit crater hosting the lava lake and the averagAugust 2016 on the same datalogger (Nanometrics Centaur).
incidence angle of the SAR signals, the layover will preveat tiPermanent telemetered equipment at the summit of Nyiragongo
measurements of depths larger that roughly 110 m below this under consideration, but technical and safety requiretae
bottom of the crater. So far, we have never observed such &,deptemain a challenge.
although it nearly reached it in November and December 2016.

Identi cation of Repetitive Long-Period

Co-located Seismic and Infrasound (LP) Seismo-Acoustic Events
Equipment Near Nyiragongo Volcano Since the full deployment (seismometer and infrasound ses)sor
The seismological station KBTI used in this studfygure 1A) is  of the station KBTI, we have detected a family of long-period
part of the cross-border (D.R. Congo, Rwanda, Burundi) redionaseismic events generally associated with detectable aninds
network KivuSNet (se®th et al., 201 for more details about the transients, such as the example kigure 2 As observed on
network). This site is equipped with a broadband seismometethe time-frequency representation, this seismic LP eventiend
(Nanometrics Trillium Compact 120 s100Hz) and a small- associated infrasound signal have a dominant frequencyreato
aperture array (20 m) of three infrasound sensors manufactur 0.5 Hz. This coupled seismic-acoustic signal suggests a oomm
by Boise State University (e.gohnson and Ronan, 20l9hese source near the surface, potentially coming from Nyiragosgo'
infrasound sensors use MEMS pressure transducers and capillamater and attributable to the lava lake activity. This ipgorted
Iters providing an approximate in-band frequency responsetthaby the retrograde ellipse motion of the seismic signals, which
is at between 0.04 Hz and Nyquist/arcillo et al., 201p In this  is typical of surface Rayleigh wavésglure 3). Figure 4 shows
study, we use both locally archived and transmitted seismat two examples of back-azimuth determination of infrasound
infrasound data at sample rate of 50 Hz. Data are transmitted ievents at KBTI using the array of three sensors. We use a 2-
real time by cellular data network, then acquired and arediv D time-domain Fisher analysis as beamforming technique (e.g
using the SeisComP3 software, which is installed at locdl amssink et al., 200&onsisting of a grid-search over the slowness
international partner institutions (Goma Volcano Obserogt—  vector of infrasound waves propagating across the array. This
GVO, R.D Congo and European Center for Geodynamics andtandard approach allows for the retrieval of the back-azimut
Seismology—ECGS, Luxembourg). and apparent velocity of the event for the highest signal-to-
KBTI is the closest station to the volcano summit cratemoise power ratio, de ned in this context as SRR (F-1)/N,
(ground distance of about 6km to the lava lake) where & being the number of sensors and F the Fisher ratio. The LP
seismometer was installed in September 2015. The closest sieismo-acoustic event depicted Figures 4A,B which shares
prior to this date was located about 17 km away at the volcansimilar characteristics as the one displayedHigure 2 (i.e.,
observatory in Goma, the most populated city in the regiondominant frequency around 0.5 Hz, general waveforms shapes,
with about 800,000 inhabitantsv(chellier, 201}. The station delay time between seismic and infrasound arrivals of about 1
KBTI is located at a ranger station of the Virunga Nationall5s), occurred in the direction of Nyiragongo. For comparison
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FIGURE 2 | (A) Vertical component seismogram of a seismic LP event recordkat KBTI and its continuous wavelet transform using a Morlewavelet. The color scale
corresponds to wavelet coef cients (magnitude), from low (Wite-blue) to high values (red)B) Infrasound LP event associated with the seismic event i(A). There is a
clear dominant, narrow frequency band around 0.5 Hz for bottevents.

Frontiers in Earth Science | www.frontiersin.org

June 2018 | Volume 6 | Article 82


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Barriere et al. Seismo-Acoustic Monitoring of Nyiragongo

>
w

0.3-0.9 Hz 1] I

Vertical displacement (um)

T T T T T T T 1 T T T

0O 5 10 15 20 25 30 35 40 4 -1 -0.5 0 0.5 1
Time (s) Radial displacement (um)

FIGURE 3 | (A) Vertical and radial seismograms of the seismic event in theatninant frequency band (0.3-0.9 Hz) presented ifrigure 2, assuming a source at
Nyiragongo's lava lake.(B) Particle motion for the time window highlighted by the coloscale blue-to-red in(A).

A ; 3 ; i ; C ; ; i : A
10 { Seismic 0.1-10Hz | 104 Seismic 0.1-10 Hz |
0 -wwwmwhmmm_
-10 3
0 10 20 30 40 50 0 10 20 30 40 50
B s L L L L D 1 s L L L N 1
Infrasound ’ 0.3-0.9 Hz 4001 |nfrasound 0.3-5 Hz
200 1 Best Beam I 300 1 Best Beam -
&
& 100 1 3
01 L
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) from 22 Jun. 2017 - 18:35:29:500 Time (s) from 20 Jun. 2017 - 08:12:02:000
0.1
g % <
— 181
-0.11—1S2
—IS3
8 18 28 19
Time (s) Time (s)

FIGURE 4 | (A) LP seismic event and(B) associated LP infrasound event (best beam) in the dominantdquency band (0.3-0.9 Hz). Each round marker corresponds
to a sliding window of 5s where time domain Fisher analysis iserformed. Overlapping is set to 90% and the size/color of thenarker is proportional to the SNR.
Signals from the three channels (zoom in the coherent part fdS1, 1IS2 and 1S3) and the corresponding polar plot to the inframind best beam (back-azimuth and
apparent velocity) are depicted below(C,D) Same as(A,B), respectively, for an atmospheric explosion of human origi Here, the duration of the sliding windows is
1s. A high cutoff frequency of 5 Hz was chosen because it genailly improved the detection capability of such an event.

with other coherent signals detected at KBHigures4C,D fractures and adventive cones located along the directibn o
shows the analysis of an atmospheric explosion occurring at ldyiragongo are activeSmets, 2016 Although other sources

di erent azimuth, which is characterized by a more impulsivecannot yet be de nitively excluded based on this beamforming
waveform and very attenuated or weak seismic coupling. Thignalysis only, such seismo-acoustic events are most probably
last event, which was also audible and signalized by some @lated to Nyiragongo's lava lake. The three infrasoundseen

the co-authors during a descent from Nyiragongo's summitat KBTI have only worked simultaneously on rare occasions due
on 20 June 2017, was certainly of human origin while theéo several technical issues (e.g., lighting strikes, dgsfnal
previous oneftigures 4A,B was originating from Nyiragongo's digitizer channels or sensors, destructions by monkeyssion
activity. We know from eld observations that none of numei® by insects), a fact that prevented the continuous detectioth a

Frontiers in Earth Science | www.frontiersin.org 5 June 2018 | Volume 6 | Article 82


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Barriere et al. Seismo-Acoustic Monitoring of Nyiragongo

back-azimuth determination of LP infrasound events sinice t
deployment of the sensors. In the following analysis, we will A , KBTl -gelsmic
use one in three channels (1S3 Figures 2B 4B,D), which

has almost always been fully functional and can be analyzed |in

stack

20.Nov.17 - r— x103
association with the seismic record. . i iif L .

Similarly to Matoza et al. (2009at Mount St. Helens or i §
Richardson and Waite (20134t Villarica volcano, we look | 22Ma171 il e
for similar events using a 3-components template matching 04.0ec.16 e - ]
procedure with the LP seismic event presentedfigures 2A 3 p— g los §
as master event because it is visually representative of bEse 11

. . . . . 14.Sep.15 T T T T T T T T T

and has high signal-to-noise ratio. We select a window lergt 0 5 10 15 20 25 80 3 40 45 50
24 s (corresponding to the interval [6:30] s fiigure 3A) and a Tiiio, (5] )
threshold of 1.8 for the normalized correlation coe cient., B = P Ll e
0.6 on average per channel). Almost 2500 highly reproducible § AWM/V\’\/\AA/W\/VWW”\’M
seismic events are detected with this technigkigre 5A). It 20.Nov.17 R T T T T - X108
is important to note that the rst 500 events are detected dgri ol 47 : P
the rst year (14 Sept. 2015 to 13 Nov. 2016), while about four - - 5
. . . 22.Mar.17 F1.5 o
times more occurred during the following year (13 Nov. 2016 5
to 20 Nov. 2017). Since the master event is associated with ar ®°°¢°] '3
infrasound counterpart, we also display the infrasound relsor | 13.Nov.16 1 =2 05 5
for each detected time window in order to verify whether an  1;s¢,15 , , . . . , , i"‘?da'a ,
infrasound event is consistently associated with such &lpic 0 5 10 15 20 Tini-’z(s) 30 3 40 45 50

seismic LP eventd-{gure 5B). Single events with clear maxima
are detected for the rst h_undred traces, then _the infrasdun | FIGURE 5 | (A) Seismic LP events detected by a 3-components template
LPs are less detectable with respect to the noise oor but stil matching procedure at KBTI using the master event illustrati in
noticeable at a roughly constant timing about 10s after the Figures 2A, 3 (vertical component shown here). The left ordinate shows des
seismic arrival. for the waveforms and the right ordinate is the event numbentex (2,447 in

The seismic and acoustic signals propagate in di erent medi tot_al).(B) As_sociated infrasound LP recorQs for each time windoyv whera
i N K . seismic LP is detected in(A). Infrasound signals have clear maximum
(solid Earth vs. atmosphere) and hence arrive at di erent sme amplitude for the rst hundred events, then the infrasound LRevents are less
at KBTI. The changing activity of the lava lake, manifestgd b| detectable with respect to the noise oor but still noticeabé at a roughly
lake level variations (discussed later), is a possible exjiana | constant timing (between 20 and 25s). For both panels, amilides are
for the timing variation between seismic and infrasound normalized trace by trace and the stac_k c_)f a_II traces (band-ass ltered in the
o . . dominant frequency band 0.3-0.9 Hz) is indicated on top.
phases, however it is unlikely to be solely responsible for the
0.5s observed variation for an estimated propagation time of
about 20s (see next section Identi cation of Repetitive Long-
Period (LP) Seismo-Acoustic Events). The atmosphere betwe&lount St. Helens. The aim of the wave propagation simulations
Nyiragongo and KBTI is prone to strong wind and temperaturepresented below is not to create a model as realistic as pessibl
variations, similar to the situation at other volcanoes ldaride  of the acoustic and elastic wave elds from a point source at
(e.g.,Matoza et al., 2009; Lacanna et al., JDand reasonably Nyiragongo's crater (i.e., a bubble explosion). This wouldabbt
expectable e ective sound speed variations of about 2.5% (i.eequire a more complex 3-D simulation with a detailed meshing
330-340 m/s) would be in accordance with observations bgf the volcano edice, dierentiating the lava lake from the
Johnson et al. (20123t Villarica volcano 8 km away from the surrounding material, which is far beyond the scope of this
crater. In the following section, we demonstrate that theame article. The simulation presented here should rather be gttw
delay time observed between the seismic and the infrasouras an illustrative validation of a seismo-acoustic delay time
arrivals is consistent with a source at Nyiragongo's crditer consistent with the location of the source in Nyiragongoster
performing a 2-D numerical simulation of the elasticand astiw  (Figure 6).
wave propagation for a transect passing through the station We used the 2-D Specfem2D numerical code based on the
KBTI. spectral element methodomatitsch and Vilotte, 1998; Tromp
et al., 2008 A 20 20km computational domain is gridded

. . . using 200 200 elements (641601 grid points) and PML
2_[_) Numerical _SImU|atlon (_)f the (Perfect Matched Layers) absorbing boundary conditionse T
Seismo-Acoustic Propagation From a 2-D topography (except inside the crater) is estimated from
Point Source at Nyiragongo's Lava Lake the NASA SRTM-3 DEM (Digital Elevation Model) with a
Seismo-acoustic source mechanisms at volcanoes are comptegolution of about 90 mKarr et al., 200)7 The crater geometry
and numerical modeling can help to better understand suclis roughly modeled considering the mean diameter (1.2 km) and
processes, as done for instance gtoza et al. (2009hile  the depths of the two main inner platforms (sé&égure 1B).
studying the shallow source of coupled seismo-acousti@sg@i Homogenous media are assumed for the solid (elastic) Earth

D
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FIGURE 6 | (A) Waveforms of the stacked seismic LP event (black line) andsitissociated infrasound record (red) (see alsbigure 5). (B) 2—-D elastic/acoustic
numerical simulations of propagating waves from a point sage at Nyiragongo. Two simulations using conjoint and nearlco-located sources (blue) are performed for
recording the acoustic pressure (red) and the seismic vedal velocity (black) at speci ed radial distances along the o le between Nyiragongo's crater and station
KBTI (6 km on y-axis) (see text for more details). Amplitudese normalized by trace.(C) Cross-correlation functions (CCFs) of the observed (staskin (A) light gray
line) and simulated (green line) seismo-acoustic LP at KBTD) Pressure wave eld snapshots corresponding to the 2—-D simult@on in (B) (red lines). The
computational domain is truncated for visualization purpge. Source and receivers locations (green squares) are imdited. The two snapshots illustrate the
propagating acoustic wavefront, the air-ground conversin at the source that propagates faster in the solid Earth alanthe free surface (see KBTI at D 10s), and the
local air-ground conversion near the free surface (see KBatt D 20s).

(Vp D 1,800m.s!, Vs D 1,050m.s%, r D 2,000kg.m3) and function is the time derivative of a Gaussian pulse with
for a non-advecting atmosphere p\D 340 m.s1,VsDOm.s 1, a central frequency of 0.5Hz and located at the center
r D 1.2kg.m 3). The rather low velocity values chosen for theof the lava lake. The sources correspond to a monopole
Earth correspond to typical subsurface soft material and arpressure (infrasound) or a single force horizontally orasht
in accordance with the travel-time curve obtained Byirriere  (seismic).
et al. (2017)for surface waves generated by the continuous Despite the fact that no clear onsets are detectable for
tremor at Nyiragongo. We dene a line of 12 acoustic-the arrivals of the stacked (observed) seismo-acoustic LPs
seismic receivers spaced 500 meters along the topograpliieigure 6A), it seems that the delay time relative to the simulation
pro le between the summit and KBTI. Each synthetic acoustids slightly longer (about 1-2s) at KBTI. An e cient method
and seismic sensor is positioned 10m above and belofer calculating the time shift between two related signdlsré
the free surface, inside an acoustic and an elastic elemesgismic and infrasound transients) is the computation of the
respectively. cross-correlation function (CCF), which gives an estimatad

We assume that the infrasound and seismic sourcethe delay time at its maximum value. The shift of about 1-2s
are co-located and conjoint in time. We perform two is indeed con rmed by comparing the CCFs of the observed
simulations for recording acoustic pressure and verticahnd simulated seismo-acoustic LP&igure 6C). However,
seismic velocity using a source 50m above the free surfacensidering the observed timing uncertainty as well as the
(infrasound explosion) and 50m below (seismic couplingsimpli ed 2-D model (e.g., error in presumed sound or seismic
to the lava lake's inner wall), respectivelyrigure 6B). wave speeds), the synthetic records provide a good estimation
Decoupling both acoustic and elastic sources with twafthe mean time shift between seismic and infrasound arsival
distinct simulations mitigates e ects of epicentral or localand con rm the origin of these seismo-acoustic LP events at
air-ground conversions, but their close proximity maintain Nyiragongo's lava lake. We will now compare their charastas
the timing and waveform shapes of the maximum amplitudewith the lava lake activity, which can be primarily described
seismic and acoustic arrivals (Rayleigh waves and direby its level uctuations as estimated with the SAR shadow
sound waves, respectively). For both cases, the source tieehnique.
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RESULTS In other words, the swarm of seismo-acoustic LPs in November
0 . . 2016 (more than 200 events between 13 and 14 November 2016)
Ccurr_ence and Amp“tUde Properties of presents the highest acoustic-to-seismic (AS) amplitude ratio
the Seismo-Acoustic LP Events of the entire time period and then a decrease of this ratio is
LP events occurrence, as detected at station KBTI, is edect! opserved.
with the lava lake level estimations obtained with the SAR We interpret this changing AS amplitude ratio as analogous to
processingKigures 7A,B. A strong increase in LPs is observedthe volcano acoustic-seismic ratio (VASR) parameter inttl
in November 2016 and correlates well with the biggest dropy Johnson and Aster (20057 his non-dimensional parameter
(about 80 meters) of the lava lake level. This lake level drogllows for an e cient characterization of some seismo-adius
occurs very rapidly, i.e., in few hours (see section Disoussi  source properties at volcanoedohnson and Aster (2005)
Relevant Short-Term Unrest Indicator). Sustained LP seigynic optained high and stable VASR values at Erebus volcano and
then accompanies the rise of the lava lake over several monthgtributed this observation to the lava lake activity assea with
The last months between October and November 2017 afgpetitive source processes at the surface of a stable lava lak
characterized by low LP seismicity and high lava lake levefhe observed decrease of the AS amplitude ratio in the case of
which suggests similar behavior to the activity observedemo Nyiragongo is not in agreement with such a constant trend and
than 1 year prior to the main November 2016 drop. Becaus& better explained by variable VASR as observed at Vilkarric
the seismic LP events are repetitively associated withsafnad  volcano byRichardson et al. (2014during uctuating lava lake
transients Figure 5) and their occurrence exhibits a relationship episodes.
with the lava lake level uctuations={gures 7A,B, we assume The highest rate of LP events and the highest AS amplitude
the same non-destructive surface source process as infeyred ratio during the November 2016 drop could thus be interpreted
Richardson and Waite (20139r Villarrica volcano, which also as larger and more frequent bubble bursts in the lava lake. Th
hosts a permanent lava lake. At Villarrica, large bubble tmgs ensuing decrease of the AS amplitude ratio might be related
(i.e., the infrasound explosion) is thought to induce dragcls at - to a reduction of the spattering surface activity. This couéd b
the lava lake's walls responsible for seismic LP eventsit@pical due to the decrease of bubble size as well as the deepening
surface activity has been observed several times at Nyigago of the seismo-acoustic LPs within the lake, which in turn
lava lake during eld expeditionsSmets, 2016; Smets et al.,explain a better seismic coupling and a less e ective acoustic
2014. transmission through the atmosphere. For the same period, the
Histograms of event statistics, including peak seismic ancate of seismo-acoustic LP events remains moderateand< 25
infrasound amplitudes for the detected LP events, showvents/day); however, the occurrence rate of LP eventssseem
signi cant trends figures 7C—B. The seismic amplitudes tend decrease at the time of writing (late 2017-early 2018) andidcou
to slightly increase after the November-2016 drop, but thee ect the return to a more quiet lava lake activity and high
opposite trend is even more clear with the infrasound amplitudedevel.
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FIGURE 7 | (A) Estimated lava lake depth from SAR processing using COSMO¥yMed (CSK) and RADARSAT (RS-F2F and RS-UF) images. “Ascricda‘Desc.” refer
to ascending and descending orbits respectively(B) Temporal distribution of LP events detected by template mathing (seeFigure 5). The time series is divided into
three consecutive time windows (blue, green, red) where mamum (zero-to-peak) seismic and infrasound amplitudes arplotted as histograms in sub-panels(C-E)
respectively. The gray shading on the histogram§C) (blue) and(E) (red) correspond to the beginning and the end of the timelineespectively, both characterized by
low LP seismicity (seeB).

Frontiers in Earth Science | www.frontiersin.org 8 June 2018 | Volume 6 | Article 82


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Barriere et al. Seismo-Acoustic Monitoring of Nyiragongo

The amplitude analysis provides some important insights intesuggest that the tremor recorded at greater distance from the
the variations of the lava lake activity. Two further attribs  volcano results from the superposition of single LPs distokigd
are of signi cance with respect to the lava lake level, namelgath e ects, which we consider also as the process responsible
the delay time of the infrasound arrival with respect to thefor the Nyiragongo continuous tremor as it shares the same
seismic one and the frequency content of the infrasound Bvendominant frequency band below 1HBérriere et al., 20)7
(Richardson et al., 2014; Johnson et al., J0d6fortunately, the  Therefore, a more reliable acoustic signature from Nyirages
delay time information, which is potentially useful for me@isg  lava lake is potentially the continuous low-frequency seismi
the level of lava in a conduitRipepe et al., 2002; Johnson,tremor associated with its spattering activity. We now iriigege
2007 is particularly a ected by 6 km of propagation through the the infrasonic component of this tremor, which should be
atmosphere (see section Identi cation of Repetitive Longidter detectable at KBTI as well.

(LP) Seismo-Acoustic Events). Moderate variations of tha la )
lake depth on the order of 80 m are probably not resolvable withf he Continuous Nature of the
the current seismo-acoustic station. Seismo-Acoustic “Lava Lake” Source

A more promising means to measure lava levels is a ordedExamples of seismic and infrasonic time records and
by the study of the acoustic resonance of the air column abowgorresponding spectrograms for three successive days in
the lava lake Johnson et al., 20).8Several acoustic resonanceApril 2017 at KBTI are displayed iRigure 8 No LP event was
models have been applied to other lava lake volcanoes (esgglBedetected by template matching during this period characeetiz
horn resonator at Villarrica irRichardson et al., 201#elmholtz by a high lava lake level estimated around 20-30m deep (see
resonator at Kilauea ifree et al., 20)0the simplest one being Figures 1G 7A). On the seismic spectrogranfrigure 8A), the
the cylindrical geometry, or organ pipe, that could eventudll  secondary microseismic peak is clearly dominant between 0.1
to the shape of Nyiragongo's lava lake. However, the 1.2 ke wichnd 0.3 Hz. Above 0.3 Hz, the continuous harmonic volcanic
Nyiragongo crater is signi cantly more complex than a pipe ortremor is well-detected, preferentially below 1Hz among all
other standard geometries of resonators (Begure 1B). Inthe  seismic stations of the KivuSNet networRg(riére et al., 2017;
following analysis, we do not intend to propose a physics-basedth et al., 201y but it could be also detectable until 1.5 to
model for the infrasonic frequency content but rather aim to2 Hz as observed here for KBTI. Higher frequency contents
use its variations as a direct proxy for the lava lake levedesin until 4-5 Hz are discernable during night periods. However, a
our expectation is that a deeper lava lake will lead to a gravetated previously, for security reason, KBTI station is ledat
infrasound dominant frequency. a ranger station, close to a road in an inhabited area and only

Notably, we do not nd any clear evidence of changingfew km north of the heavily populated city of Goma. The e ects
spectral properties of the LP infrasound events with respect tef anthropogenic activity are clearly visible on both seismic
the uctuations of the lava lake, even for the marked drop ofand acoustic records. Such undesirable seismic noise doesinat
about 80 meters in November 2016. This may imply that theabove 2Hz during daytimeFjgure 8A) and the infrasound
variations during the studied time period are potentially toorecords exhibits also high-amplitude human-related signal
weak to be detected or have negligible e ect on the resultingvhich are broadband (i.e., cover the frequency band of aser
infrasound signal recorded at KBTI. On the other hand, thes®elow 1Hz) and would strongly disturb the detection of any
discrete acoustic LP events are not fully representativieeoiilva  other signals of volcanic originF{gure 8B). This is a critical
lake activity and have generally a low signal-to-noiseorégee  drawback for the detection of potential infrasonic tremoorin
Figure 5B). At Villarrica volcano,Richardson and Waite (2013) Nyiragongo's lava lake activity. Moreover, no clear patterhs o

A KBTI - seismic B KBTI - infrasound
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FIGURE 8 | Examples of(A) seismic (vertical component) andB) infrasound records in the frequency band 0.1-10 Hz during 3 dys in April 2017. The corresponding
spectrograms (Power Spectral Density expressed in dB/Hz) ardepicted below using windows of duration 327.68s (24 samples) with 50 % overlapping. The color
scale for both spectrograms corresponds to a relative dB rage of 40 (between a raised minimum threshold in blue and the mamum PSD value in red).
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continuous signals are detectable on the infrasonic spgrro,
which means that the acoustic component of the volcanic tnemocorrelated without discarding undesirable noise, this apphoa
recorded at KBTI would be near the noise oor such as observelads to very low normalized correlation maxima (order of 40
for most of the discrete LP infrasound evensgure 5B).

Following these observations, we highlight the continuoushe quanti cation of robust time lagsHigure 9A). The CCF
nature of the seismo-acoustic signal by calculating thesssro daily maxima are found at a stable time shift of 10s between
correlation function (CCF) between the co-located seisarid
infrasound waveforms at KBTI. A similar coherence analysif0.3-0.9] Hz Figure 9B). This is consistent with the simulation

was for instance performed kyannata et al. (2013)sing cross

wavelet transform for detecting explosive activity at Etolano.
The principal di erence with the present study lies in the usagegremor CCF strongly suggests a similar source for LPs amddre
of stations much closer to the active venti-1.7 km) and the at Nyiragongo's lava laké&igure 90).

strong intensity of the explosive activity, the combinatioh
which leads to high signal-to-noise ratio for both seismimla analyzed the variations of the infrasonic tremor frequency
infrasonic records. In our case, even if the infrasound algn through analysis of the variations of the cross-spectrum betw
of interest is of very low amplitude, such a cross-correlatiorthe seismic and infrasonic signals. Considering the rerzalek
approach should allow to extract the acoustic componenstability of the seismic tremor source over the yedsir(iere
coherently associated with the seismic signals origigafiom
the lava lakeKigure 9). The seismo-acoustic CCF is calculatedof the seismo-acoustic cross-spectrum will be primarily aeefct
for non-overlapping 1-h intervals and averaged over 1 day & thby the infrasound component of the uctuating lava lake

Using these cross-correlation functions, we

frequency band [0.1-10] Hz. Because the full records argsero

on average); however, the daily averaging generally allows

seismic and infrasound arrivals in the dominant frequeneynd

results Figure 6C and the good match between the CCF of
the stacked seismo-acoustic LP events (LPs CCF) and the dail

indirectly

et al., 201y, we make the assumption that the frequency content
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FIGURE 9 | (A) Daily seismo-acoustic CCF in the frequency band (0.1-10) HZ he clear maxima at negative time lag around 10s (i.e., e@t seismic arrival than
acoustic arrival) are an indication of continuous tremor @inating from Nyiragongo (left: amplitudes normalizeddce by trace; right: no normalization and zoom in the
maxima).(B) Wavelet transform of the stacked CCF for the entire period ghlighting the maximum correlation at 10s. The color scale corresponds to wavelet

coef cients (magnitude), from low (white-blue) to high vaks (red). The high-frequency correlation at zero lag is mosikely due to coherent noise sources and
air-ground coupling at KBTI.(C) Stack of the band-pass Iltered CCF (dark gray line) in the domiant frequency band (0.3-0.9) Hz inferred from the time-fopiency
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activity. It is important to note that the infrasonic spectrum the lava lake depth and the seismo-acoustic mean frequency is
might be potentially in uenced by path e ects, such as thoseapplicable to additional new dat&igure 11B. The uncertainties
due to changing atmospheric conditions between day andf both models lie into a similar interval and are expressed as
night in atmospheric boundary layer$-¢e and Garces, 2007 the standard deviation error of about10m (Figures 11A,B.
However, such diurnal variations that can aect the acoustidOverall, the daily depth estimates from the seismo-acoustie CC
propagation appear to be signi cant only at greater distance (inmean frequency are highly consistent with the SAR observation
the di raction or shadow zone) than for our station at6 km The main discrepancy occurs for less well constrained SAR
and the dominant lava lake signature contained in the irdras ~ measurements made since June-July 2017 (see also section
frequency spectrum would be preserved such as observed Nyiragongo's Lava Lake Level Derived From High-Resolution
Johnson et al. (2012t Villarrica volcano. Nevertheless, we Satellite Observations). These points notably contributéht®

do note diurnal variations of the spectral amplitude, whichminor di erence between the two calibration models previgusl
are due to anthropogenic activity dominantly observed dgrin obtained at the highest frequencies, i.e., the shallonast |
the day (sedrigure 8. The signature of this noise is visible lake levels (seBigure 11A). The fact that few SAR estimates
on the time-frequency representation of the seismo-acoustiare available for this period and acquired with the same
CCF displayed irFigure 9B at zero lag ¥ 2 Hz, blue color). In  satellite (RADARSAT) could partly explained this bias by
this case, there is no delay time between the infrasound amtbnsidering these measurements as potential outliers. Merve
the seismic coherent arrivals because of direct couplindhef t both descending and ascending modes are used and show
acoustic waves to the ground. Similar coupling at the recagdi consistent estimations of the lava lake level. Therefore, w
station has also been observed for explosive sources ahwekka rather tend to explain this discrepancy due to weak infrasound
(Ichihara et al., 2012; Matoza and Fee, 2014 the case of amplitudes (see section Daily Monitoring of Nyiragongo's
Nyiragongo, it is clear that the dominant low-frequencysseic  Lava Lake Activity below). These slightly biased measun&ne
signal, which precedes the correlated infrasound 0 s, does represent a weak proportion of the available depth estimates and
not come from local air-ground coupling, but originates from for this reason, we chose the best t curve using the full dettas

the propagation of Rayleigh waves generated in Nyiragongo®al calibration model (i.e., subsetsQ 2).

crater. We next analyze the spectral content of seismo-#icous

CCF and relate it to lake depth estimated by SAR processing. . . . .
Daily Monitoring of Nyiragongo's Lava

: : Lake Activity
Calibration MOdel_Between the_ Lava Lake Nyiragongo's activity since August 2016 may be partly
Depth and the Seismo-Acoustic summarized in terms of lava lake depth estimated from its
Cross-Spectrum seismo-acoustic signature and the continuous AS (acotstic

The SAR-inferred lava lake depths are irregularly sampledeismic) amplitude ratio recorded at KBTFigure 12A). The
(separated by 1-31 days), so they are linearly interpolated ontelevance of this last parameter for characterizing the ingry
aregular daily time frame to compare with CCF spectral contenfava lake activity was discussed earlier during the arsabfsihe
SAR data are then averaged over 40 days centered time single LP events (section Occurrence and Amplitude Properties
window (Figure 10A), which incorporates at least 3 SAR imagef the Seismo-Acoustic LP Events arkigure 7). Because
for most depth measurements (see lakégure 11A). For the the continuous infrasonic records at KBTI are disturbed by
calculation of the seismo-acoustic parameter (mean freguen undesirable noise during daytime, we apply a similar smoothing
of the daily CCF), a similar moving average is applied. The@rocedure as the one applied for the seismo-acoustic CCF mean
power spectra of each CCF are then calculated using a xedrequency for calculating a robust daily AS ratio. One-hour
size time window for all selected daySiqure 10B. We use a seismic and infrasonic RMS amplitude values are computed
10% cosine tapered window of width determined automaticallywith 50% overlapping) and smoothed overlO days using a
by selecting 75% of the total signal energy of the stackeddre median Iter. In Figure 12A this smoothed AS ratio is plotted
CCF displayed irFigure 9C (start at 12.5%, end at 87.5%). Atogether with the lava lake depth estimates. The highest AS ra
correlation between CCF spectral content (lower freque)cie (i.e., high infrasonic amplitudes relative to the seismic dnes
and deeper SAR-derived lava lake levels is appafégife 10Q. is obtained after the November 2016 drop when the lava lake
The comparison between SAR estimates of the lava lake depiached its lowest levels. This conveys a strong spattestivita
and the CCF mean frequencies shows a systematic relatpnstassociated with high amplitude infrasound tremors. Then, as
permitting an empirical calibration modelFgure 11A). We observed with the analysis of LP everfg(re 7), the acoustic
derived two best-t power laws (in the least square sense) foromponent of the volcanic tremor exhibits lower amplitudes
a subset of the data (subsetDLthe rst 19 lava lake depths) through time, notably for the last period starting in July 2017
and for the full dataset (subsetsC12 D 72 measurements). The indicating a progressive return to a quieter behavior. Thedst
subset 1 was chosen to be as limited as possible but also ableA® ratio is obtained for the period where the disagreement
sample the full range of depths measured with the SAR techniqueetween SAR and seismo-acoustic depth estimates is the most
(Figure 11B. In this way, we veri ed that this rst test model signi cant. This e ect is most likely responsible for the poorer
(i.e., subset 1) gives similar predictions to the complete @re ( characterization of the resonant frequency informatiotrieved
subsets T 2), and thus that the empirical relationship betweenat the station KBTI. This observation points out that, for adns
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seismo-acoustic CCF mean frequency are averaged using a 10 days centered moving average. Since the initial samplingf the SAR images is irregular (i.e., not
daily), the number of images actually used for the averaging also indicated (see text for details)B) Daily seismo-acoustic “depth estimates” of Nyiragongo'sdva
lake computed using the two best- t models in (A). The gray shading indicates estimates of one standard devi@mn error for the nal calibration model (solid line,
subsets 1 C 2).

reasons, the seismo-acoustic method applied here needs a propefThe monitoring of Nyiragongo's activity is also charactedz
recording of the seismic and infrasonic tremors for estimgt by the occurrence of LP events associated to large bubbdéifgir
the lava lake level. In order to mitigate the e ect of varying A (Figure 12B), and the number of seismic events located deeper
ratio (which conveys nonetheless some valuable inform@tio than 5km below sea level and within a 1515 km area around
this approach would perform best if these signals have higthe volcano Figure 12Q. This deep and sustained seismicity
SNR, thus ideally recorded at a station as close to the ceaster has been continuously detected since the complete ingtadlaf
possible. the KivuSNet seismic network in October 2015, notably albatc
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FIGURE 12 | (A) Lava lake depth estimated from the seismo-acoustic CCF meafrequency using the calibration model oFigure 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 ifrigure 11) are depicted in red. All SAR depth
estimates are plotted with round markers. The smoothed AS rtéo ( 10 days) is plotted as a black line (right y-axis]B) Daily count of LP events detected at KBTI
(extended time series presented irFigure 7B ). The color scale corresponds to the number of events per dayC) Daily count of deep events at Nyiragongo (deeper
than 5km b.s.l). The gray areas correspond to periods when #number of available stations in the Virunga Volcanic Pranie (VVP) is smaller than 8.

of seismicity on the southeast ank of Nyiragongo. Althoughalso accompanied by strong seismic activity at depth. A similar
no detailed event classi cation has yet been performed,eghesbservation can also be made for the two other most signitcan
seismic events generally have characteristics of voltegionic  swarms, with drops of 15 to 20 meters occurring in March and
earthquakes (e.g., higher and broader frequency contesut th end of May 2017 (see SAR estimates), but without clear changes
LP events, more clear P or S wave onsets). Volcano-tectoriitLP seismicity. Taken altogether, this evidence suggiestshe
locations are obtained using a “picking-free” cross-cotieta  swarms of deep volcano-tectonic events are likely assdaitie
based technique adapted to low SNR events Esgeere et al., magma intrusion, which simultaneously results in the drawdow
2017 and a simple low-resolution 1-D velocity model with two in the level of the lava lake. However, the time resolution is
layers between 0 and 30km depth for the Virunga Volcanianfortunately insu cient to de nitely resolve the processking
Province (VVP) {(lavonga et al., 20)0 Precise hypocenter place at that time.
determination is adversely impacted by the use of this rough . .
velocity model and relatively poor station coverage aroumel t Hourly Estimates of Nyiragongo's Lava
volcano (se®th et al., 201). A daily count is tabulated when at Lake Depth
least 8 stations located in the VVP are available. A detailed inspection of the dynamics in November 2016 is
The time series extending to January 2018 shows a rathgsquired in order to better understand the link between the
stable high lava lake level (20 to 30 meters below the inre¢ecr two seismic modes (LP and deep) and the lava lake level.
oor) and low LP seismicity during the last few months. As From a monitoring perspective, the ability to rapidly quantify
previously highlighted ifrigure 7, the rstsigni cantcorrelation  the lava lake level is also of crucial importance. We consider
is the link between the November 2016 drop and the swarmyhether it is possible to implement a short-term (near real-
of LP events. Since the lava lake level drop there has begme) estimation of the lake depth by computing seismo-acausti
sustained ( 1 year) elevated LP activity, which became the newCCFs every 6 min for hourly time windows and 90% overlap.
normal background seismicity. More interestingly, this gris  Figure 13A shows 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 dmwof the lava lake (8—15 November 2016), based on seismo-acatic CCFs calculated
each 6 min for a 1-h lagging time-window. The top panel repreants the maximum values of the seismo-acoustic CCF (i.e., aeelation coef cient between the seismic
and the infrasound signals, values above 102 are in red). Bottom panel: estimates of the lake level as wedk 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 calctilans). Estimates corresponding to the highest
values of seismo-acoustic correlation (i.e., above 102) are highlighted in red. The dashed black line “SAR limit’ czesponds to the maximum depth detectable by the
SAR method. (B) Same as(A) using a pre-processing step (temporal normalization) fohe calculation of seismo-acoustic CCFs. Effects of low coelation between
seismic and infrasound signals that affect the short-term &imation of the lake depth (seeA) are mitigated during daytime.

calculation between 8 and 15 November 2016. The main droguring daytime are e ciently reduced. Hence this correctio
occurring on 12-13 November is well identi ed but other majo needs to be applied to get a more accurate short-term estimatio
decreases are related to low correlations between seisrdic aof the lava lake depth. It is important to note, however, thasth
infrasound signals during daytime. Indeed, even in the lownormalization does notimprove the calibration model previlyus
frequency band [0.3-0.9] Hz, the correlation of seismic anabtained because the large averaging window of several days
infrasound signals can be strongly hampered during daytione d (10 days) su ciently mitigates the diurnal variations. This
to a noisier local environment. This also explains why the ASvay, meaningful CCF mean frequencies could be determined
ratio as computed foFigure 12cannot be considered as a robustand compared with SAR measurements (§égure 11). Such
monitoring attribute at this short time scale. Despite theews  as observed for the daily estimat&sgure 124), the short-term

an additional lagging 6-h averaging window, the diurnalfadts  estimation of the lava lake depth will be less accurate when th
on the seismo-acoustic CCFs are still noticeable. Thezefwe volcanic tremor intensity is weak. A minimum threshold valu
test a temporal normalization approach traditionally appliedfor the correlation between seismic and infrasound sigrtadsikl

in ambient seismic noise studies for enhancing backgrountie also de ned. Here, this value is arbitrarily set to 0.0de(s
coherent noise signals. This pre-processing stepis calfedng-  Figure 13, yet must be tested in the future for other periods of
absolute-mean normalization and consists in computing ainrest.

normalization weight prior to the calculation of the cross-

correlation functions Bensen et al., 20).#or a single data trace )
of n points dn(either seismic or infrasound), the new correctedDISCUSSION- A RELEVANT SHORT-TERM

dataD,, is de ned as: UNREST INDICATOR
dn The short-term approach described previously allows for
n . . . .
Dn D —— —H# (1) the identication of the lava lake drop accompanying the
neN . o e .
Tlcl jdij deep seismic swarm and the LP “lake” seismicity with
jbn N enhanced temporal resolutionFigure 14. The maximum

occurrence of deep, volcano-tectonic events (12 November)
Following Bensen et al. (200,74he width of the normalization occurs simultaneously with the main drop of the lava lake
window (2N C 1) can be de ned as 1/(2f, where fg isthe low and precedes the substantial increase of surface LP activity
cuto frequency of the band-pass Iter (here 0.3Hz). Thee @ft (13-14 November). These observations con rm that the major
this correction procedure is clearly visiblefiigure 13B Forthe  uctuations of the lava lake level re ect the dynamics of the
same time period (8—-15 November 2016), the arti cial drops ofmagmatic system and that its monitoring is of great importanc
the lava lake due to the decrease of seismo-acoustic diorela for evaluating the potential of magma intrusion and eruptidn a
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FIGURE 14 | (A) Hourly estimations of the lava lake depth during the main dmof the lava lake in November 2016 and detail is provided for2-13 November 2016
(right panels). The seismo-acoustic CCFs are calculated eh 6 min for a 1-h lagging time-window. Gray dots corresponda each single calculation (i.e., 1 sliding 1-h
calculation overlapped by 90%). A less noisy estimation ohe short-term variations of lava depth is obtained with a logrterm lagging average of 6 h (i.e., 60 sliding
calculations, solid line). Note that the y-axis is cropped ith respect to the limit values of this last estimation. Va&s corresponding to correlation coef cient above

10 2 are highlighted in red (sedrigure 13). (B) Hourly count of LP events detected at KBTI andC) Hourly count of deep events at Nyiragongo (located deeper #n
5km b.s.l). The color (green to red) corresponds to the numbeof events per h scaled for each type of events.

Nyiragongo. This is notably consistent with the interprétatof  decrease of the lava lake level, and the drop of the lavadakeis
Wauthier et al. (2012)who inferred a deep dike intrusion (2— the only surface evidence of this magma intrusion at greptlie
10km deep below sea level) from INSAR analysis that triggered There are two main notable increases of the lake level on
the drainage of magma from the lava lake to a shallower eraptivi6 and 20 November that are potential artifacts due to low
dike in January 2002. correlation between seismic and infrasound signals (pafts o
No eruptive episode was analyzed in this study, but the¢he solid line not highlighted in red). However, these episode
large November 2016 drop could convey a similar mechanisraf increasing levels could be also due to gas pistoning, a
of possible lateral magma intrusion. In Hawaii, before enapti common phenomenon at Nyiragong&(nets et al., 20).6The
events leading to the drainage of the lava lake at Halem&umapistoning e ect, which is due to the accumulation of gas in
crater, Patrick et al. (2015pointed out systematic increasesthe upper layer of the lake, is associated with low surface
of the lava lake level associated with ination episodesactivity and quiet seismicity, as observed at Kilauea walca
Such pressurization processes cannot be evidenced from offatrick et al., 2006 Therefore, these two short increases
measurements acquired ab km from the summit. After several occurring on 16 and 20 November, which indeed correspond
months of sustained high level 0m below the rim, see to periods of low LP seismicityF{gure 14B, might be real
Figures 11 12), there was a small increase of the lava lake levelpisodes of gas pistoning. In the future, the comparison with
about 1 month before the large November 2016 drop, but thiserrestrial observations at the summit appears essentiatdero
variation almost entirely falls into the con dence intelvaf  to better constrain this short-term estimation of the laaké
the lake depth estimates. In the case of the Hawaiian eruptiorisvel.
studied byPatrick et al. (2015}he periods of increasing pressure
preceding the eruptions were also associated with an increasegONCLUSIONS
of earthquakes occurrence rate while, in our case, there was
no precursory swarm of seismic events. As highlighted by thg this study we showed that information about the lava
short time window “12-13 November” depicted Figure 14  lake dynamics at Nyiragongo, D.R. Congo, is contained in
the sudden increase of deep seismicity is synchronous Wéh t the particular seismic and infrasound signals generatedtdy i
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spattering activity, similar to what is observed at otheralav AUTHOR CONTRIBUTIONS
lake volcanoes such as Kilauea, Hawaii, or Villarrica, Clhile
the absence of close-range observations, we used seisthic @8, NdO, and AO: carried out the data analysis; JB and AO:
infrasound data from a single station (KBTI) located abount ~ Processed the seismic and infrasound data; NdO and HG:
from the lava lake. The particularity of the present work isProcessed SAR data; NM, NdO, BS, JB, AO, HG, and FK:
the use of SAR images for calibrating seismo-acoustic grourfarried out eld work; JB: wrote the manuscript and all authors
measurements with lava lake depth. In a noisy anthropogenigommented and contributed to this original version.
environment, a cross-correlation analysis of this contins
seismic-acoustic tremor reveals changing frequency adbnte ACKNOWLEDGMENTS
directly related to the uctuations of the lava lake leveher
processing approach de ned here in order to retrieve conststenThe authors thank Robin Matoza and David Fee for their
lava lake depth estimates could eventually be useful forrotheonstructive reviews, which helped to improve the original
lava lake volcanoes when no close-range observations ar@nuscript, and Valerio Acocella for his nal helpful comments
possible. on this work. This article is a contribution in the framework
From a monitoring perspective, the reliable interpretation ofof the project Remote Sensing and In Situ Detection and
the seismo-acoustic signature of the lava lake activitpramrl ~ Tracking of GeohazardRESIST, http://resist.africamuseum.be),
at several kilometers from the summit is a signi cant stepfunded by the Belgian Science Policy (Belspo), Belgium, lagd t
forward in order to better interpret periods of unrest at Fonds National de la Recherche (FNR), Luxembourg. We are
this volcano on a daily and hourly basis. The intensity ofgrateful to Belspo for funding CosmoSkyMed images (ltalian
bubble bursting can be inferred through the occurrence ofSpace Agency) and to Natural Resources Canada (NRCan)
repetitive LP events and their acoustic-to-seismic (AS) angidéi  for sharing RADARSAT images (Canadian Space Agency).
ratios. The AS ratio is also applicable on a daily timefram@Ve also wish to thank the Congolese Institute for Nature
for characterizing the volcanic seismo-acoustic tremore W Preservation (ICCN) and the MONUSCO (UN stabilization
particularly focused on the November 2016 time interval isea mission in Congo) for their continuous support and allowing
we show that this type of drop and the following intenseus to host the stations in their compounds, as well as the
LP “lava lake" seismicity are a consequence of deep magreatire Goma Volcano Observatory team and the sentinels
intrusion and could eventually lead to the next eruptionof the stations, without whom the operation of the seismic
at Nyiragongo. Telemetered near real-time informationnfro network would be impossible. KivuSNet data are underlying
the summit (e.g., seismometer, infrasound, 8ermal/visible an embargo policy following the conditions of the Memoranda
cameras) would obviously be a great help, complementing thesé Understanding between the partner institutions of RESIST.
remote observations, and could help to re ne the model betwe Beyond this embargo policy, data may be shared for collatmorat
the lava lake depth and the spectral content of the distanpurposes upon request with the approval of all RESIST
seismo-acoustic records in the future. Other important &ol partners. Data archiving and accessibility is ensured tghou
such as the automatic classi cation of volcano-seismimtsye the GEOFON program of the GFZ German Research Centre
should also be implemented in near real-time using statiorfor Geosciences (http://dx.doi.org/doi:10.14470/X10&83and
KBTI in order to provide an e cient, single-station monitorig ~ KivuSNet is registered within the FDSN with network code KV

solution.
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