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Abstract Between 2015 and 2021, Nyiragongo's lava lake level experienced a linear increase punctuated by
fast intermittent drops. These drops occurred synchronously to seismic swarm at approximately 15 km below
the surface and extending laterally NE from the volcano. To interpret these lava lake level patterns in terms

of reservoirs pressure evolution within Nyiragongo, we consider the following simplified plumbing system:

a central reservoir is fed by a constant flux of magma, distributing the fluid up into the lava lake and laterally
into a distal storage zone. Magma transport is driven by a pressure gradient between the magma storage bodies,
accommodating influx and outflow of magma elastically, and the lava lake. Lateral transport at depth occurs
through a hydraulic connection for which the flow resistance is coupled to the magma flux. When the right
conditions are met, lateral magma transport occurs intermittently and triggers intermittent lava lake level drops
matching the observations.

Plain Language Summary The level of lava lakes fluctuates in response to magma motion in the
underlying crust. Prior to the May 2021 flank eruption, Nyiragongo's lava lake level displayed a series of rapid
drops in concert with ~15 km deep earthquakes likely caused by crustal magma movements deforming and
fracturing the surrounding rocks. The present work studies the simplified physics of magma motion at depth
draining the lava lake. We show that a valve-like mechanism either preventing or enabling deep magma flow
can cause successive lava lake level drops as observed between 2015 and 2021 at Nyiragongo.

1. Introduction

Persistent lava lakes correspond to volumes of circulating magma exposed to the atmosphere and emerging from
the underlying magma plumbing system (e.g., Lev et al., 2019). Examples of volcanoes hosting an active lava lake
include Erebus in Antarctica, Erta 'Ale in Ethiopia, and Nyiragongo in Democratic Republic of Congo (e.g., Lev
et al., 2019; Oppenheimer & Kyle, 2008; Oppenheimer et al., 2004). Kilauea Volcano (Hawaii) also hosts a lava
lake at its summit which successfully provided constrains on the magma plumbing system's temporal evolution
(e.g., Patrick, Orr, et al., 2019). Kilauea's lava lake sometimes behave as a piezometer: lava lake height variations
mirror fluid pressure variations in the underlying reservoir (Patrick et al., 2015). Although lava lakes may not
always act as piezometers, they are recognized as a window of observation into the underlying plumbing system,
offering opportunities to monitor active effusive volcanoes (Allard et al., 2016; Barriere et al., 2019; Harris
et al., 1999; Lev et al., 2019; Patrick, Swanson, & Orr, 2019; Tazieff, 1994).

Nyiragongo Volcano in the East African Rift (EAR) hosts the largest known lava lake on Earth (e.g., Lev
et al., 2019, and Figure 1a). The three most recent flank eruptions at Nyiragongo occurred in 1977, 2002, and
2021 (Figure 1b) (Komorowski et al., 2002; Smittarello et al., 2022; Tazieff, 1977). All three eruptions involved
significant and rapid drainage of the lava lake (Komorowski et al., 2002; Tazieff, 1977; Wauthier et al., 2012).
Together with the subsequent refilling, these events suggest an effective hydraulic connections between the lava
lake and other parts of the plumbing system, as previously recognized (Tazieff, 1985).

Measurements of Nyiragongo's lava lake level started in the twentieth century and captured, although very sporadi-
cally, the temporal evolution of the lava lake level preceding to the 1977 eruption (Durieux, 2002; Le Guern, 1987).
Recent lava lake level monitoring using remote sensing provides an increased temporal resolution and reveals
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Figure 1. Nyiragongo geodynamic context and geophysical observations. (a) Map of the Lake Kivu region displaying the
Virunga volcanic province lava field as well as seismic stations from the KivuSnet network. The black rectangular frames the
map displayed on panel (b) and shows Nyiragongo location within the Virunga volcanic province. The top left inset locates
the East African Rift displayed in the bottom right inset including a rectangular frame locating the Lake Kivu region. (b)
Map centered on Nyiragongo. (c) Lava lake level time series from 2006 to 2021 from Barriere et al. (2022). (d) Zoom onto
the 2015-2021 period displaying a linear level increase and drops superimposed onto it. Histograms represent seismic count
during each drop often exceeding seismicity baseline. (e) Location of the seismic swarms synchronous to the lava lake level
drops.

several interesting temporal patterns (Barriere et al., 2022). These new lava lake observations are often correlated
with other geophysical signals and, in particular, with acoustic and seismic observations made possible by recent
monitoring network development in the Kivu Rift Region (Barriere et al., 2018; Oth et al., 2017; Figure 1a).

Short duration (seconds to hours) and small amplitude lava lake fluctuations are often correlated with the occur-
rence of shallow low-frequency earthquakes and attributed to shallow gas-driven processes such as a gas-piston
phenomenon (e.g., Barriere et al., 2019; Patrick et al., 2016; Smets et al., 2017). Conversely, intermittent or
continuous increases in lava lake level over years likely reflect magma supply from the mantle recharging crustal
reservoirs (e.g., Burgi et al., 2014; Patrick, Orr, et al., 2019). In between those two end-members in duration
and amplitude, lie other interesting phenomena such as successive rapid drops (minutes to days) and subsequent
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slow refilling (weeks to months). At Nyiragongo, these drops, unrelated to a flank eruption, have been observed
sparsely before 2015 (e.g., Barriere et al., 2019; Bobrowski et al., 2017). In between 2015 and 2021, the drops
punctuate the secular linear increase of lava lake level preceding the May 2021 eruption (Barriere et al., 2022).
They are associated with seismic swarms located much deeper (10-20 km deep) than the shallow low-frequency
seismicity related to the lava lake spattering activity (Barriere et al., 2018, 2019). Studying these patterns,
together with modeling physical interactions between the lava lake and magmatic reservoirs, help to understand
the lava lake's response to change in pressure occurring within Nyiragongo's magma plumbing system. They also
offer the opportunity to constrain further Nyiragongo's magmatic evolution leading to the May 2021 eruption
(Montgomery-Brown, 2022; Smittarello et al., 2022).

The present study has two purposes: (a) presenting a simple physics-based modeling framework to understand
under which conditions deep lateral magma transport causes the lava lake drops at Nyiragongo between 2015 and
2021 and (b) to propose a mechanism that accounts for the apparent periodicity of the observed lava lake level
drops.

2. 2015-2021: Lava Lake Level Drops and Synchronous Seismic Activity

This work is based on recent observations of Nyiragongo's volcanic and magmatic activity gathered by Barriere
et al. (2022) and summarized in Figures 1c—1e. We exploit in particular the updated time series of Nyiragongo's
lava lake level displayed in Figure 1d to mine for information about Nyiragongo's magma plumbing system dynam-
ics. The time series was obtained by combining dense lava lake and crater floor elevation measurements from
radar satellite images validated by punctual photogrammetry field measurements (Barriere et al., 2018, 2022).
Its higher accuracy and temporal resolution during the recent period contrasts with other recently published time
series based on much fewer, in situ only, measurements (Burgi et al., 2020).

The time series presented in Figure 1c starts in May 2006 and ends in May 2021. It displays an overall long
term increase of lava lake level from 2006 to 2021 interrupted by a period of decrease between 2012 and 2015.
It is followed by a period of overall linear increase in lava lake level of ~25 m/yr from 2015 to 2021 (gray line
in Figure 1a). Fluctuations of various periods and amplitudes are superimposed onto the long period trends of
variability described above. In particular, the rapid lava lake level drops occurring in apparent cyclicity are super-
imposed onto the overall linear increase preceding the 2021 eruption (Figure 1d).

Most of the observed lava lake drops occur synchronously with increase in seismicity located >10 km below the
surface (Figures 1d and le, Barriere et al., 2019, 2022). The depth of this seismicity correlates with magma bodies
inferred from seismological and petrological data sets (Barriere et al., 2022; Demant et al., 1994; Tanaka, 1983).
The seismicity is made of “hybrid” events sharing characteristics with both volcano-tectonic and long period
earthquakes (Barriere et al., 2019). They form swarms extending NE of Nyiragongo, following the local rift
direction (Figure 1e). Earthquake count peaks during the drops of the lava lake and comes back to baseline level
within ~3 days (Barriere et al., 2018, 2022).

3. Interactions Between the Lava Lake and the Magma Plumbing System
3.1. Model Set-Up

Our approach is based on macroscopic magma volume conservation within the magma plumbing system (e.g., Pinel
etal., 2010; Reverso et al., 2014; Wang et al., 2021). While previously published dynamical models of Nyiragon-
go's lava lake attempted to investigate its interaction with a shallow reservoir (Burgi et al., 2014, 2018, 2020), our
model focuses on investigating the interactions between the lava lake and deeper parts of Nyiragongo's magma
plumbing system. Our goal is to define under which conditions the successive level drops and synchronous deep
seismicity can be caused by deep lateral magma transport rather than shallower magmatic processes. The simpli-
fied magma plumbing system, schematized in Figure 2a, includes: a deep central reservoir fed by a constant flux
of magma Q distributing the magma upward into the lava lake or laterally into a distal storage zone.

The rate of magma volume variation within each compartment is equal to the differences between magma influx
and outflux:

dvy

=L _ 1
o IR (1a)
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Figure 2. Model set up. (a) Schematic of the simplified magma plumbing system at Nyiragongo including key variables

and parameters (summarized in Tables S1 and S2 in Supporting Information S1). A central reservoir located at depth H is
fed by a constant flux of magma Q distributed up into the lava lake and laterally into a distal storage zone. The lava lake is
considered as a cylinder of cross sectional A, and has a level equal to ;. When the lava lake overflows it fills the cylinder

of cross sectional A, formed by the surrounding platform. (b) Pressure flow-curve pertaining to magma transport from the
central reservoir into the distal storage zone relating the pressure difference APy, to the flux g,,,. As the value of R* = R*/R~
increases and surpasses 2, the flow-pressure curve becomes non-monotonous allowing for unstable flow behavior which
induces intermittent episodes of lateral magma transport.

dVz
” O —qrr — qrp (1b)
dVp

el LLE (Ic)

The volume within the central reservoir, the lava lake, and the distal storage zone is Vj, V,, and V,, respectively.
qp, 18 the volumetric flux of magma leaving the central reservoir into the lava lake and g, is the volumetric flux
of magma leaving the central reservoir into the distal storage zone. All variables and parameters are summarized
in Tables S1 and S2 in Supporting Information S1.

3.2. Relationships Between Pressure and Volume Within the Lava Lake, the Central Reservoir, and the
Distal Storage Zone

The relationship between lava lake volume and elevation /, (¢) depends on the lava lake geometry. Recent observa-
tions show that the upper part of the lava lake is approximately cylindrical during the period we aim at modeling
(see Figure 5 in Barriére et al., 2022). Accounting also for magma overflowing, the lava lake volume and height
are related as follow:

Vi) = Arhr(t) 0 < he(t) < he(t) (2a)
V() = ALhp(t) + Ap(hi(t) — hp(®))  he(®) > he(?) (2b)

where A, is the lava lake cross sectional area and h,(f) is the elevation of the surrounding platform. When
h; > hp, the lava lake overflows and the lava fills up the larger cylinder formed by the platform of circular cross
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sectional area A, surrounding the lava lake (Figure 2a). The pressure P, at the base of the lava lake is considered
magmastatic:

PL = pnght 3)

where p,, is the magma density and g the acceleration of gravity.

Assuming that the central reservoir and distal storage zone accommodate change in volume elastically, the change
in fluid pressure is:
AVg

APr=F
R RVR

(42)

AVp
APp=E
D D Vo

(4b)

where E, and E,, are the effective bulk modulus of the central reservoir and the distal storage zone, respectively
(e.g., Huppert & Woods, 2002).

3.3. Relationship Between Magma Volumetric Flux and Fluid Pressure
3.3.1. Magma Flux Between the Reservoir and the Lava Lake

Magma transport is driven by the fluid pressure gradient across the plumbing system. Following common prac-
tice, we assume an Hagen-Poiseuille flow between the central reservoir and the lava lake (e.g., pp. 180-181 of
Batchelor and Batchelor (2000), Pinel et al. (2010), Reverso et al. (2014), Wang et al. (2021)). It implies that:

1
qre = ——(Pr — PL — pngLrL) )
Rrr

where P, and P, is the fluid pressure within the reservoir and the lava lake, respectively. Ly, is the length of the
conduit between the reservoir and the lava lake. The flow resistance R, simply relates the pressure difference to
the fluid flux.

It is convenient to express the fluid pressure in the reservoir as the sum of the lithostatic pressure exerted by the
host rock onto the reservoir and an overpressure, that is, P, = p gH, + AP,; p. being the rock density and H, the
reservoir depth. Similarly, we can express the pressure at the base of the lava lake as a sum of a reference pres-
sure and an overpressure so P, = p, eH, + AP, . The reference pressure p,gH, is the magmastatic pressure at the
base of the lava lake if entirely filled. In that case:

1
qre = —(APr — AP + ApgHR) 6)
Rre

where Ap = p_—p, and H, = H, + L, . It shows that the magma flux g, is driven by fluid overpressure differ-
ence between the reservoir and the lava lake as well as magma buoyancy ApgH,,.

Importantly, injecting Equations 6 and 2 into Equations 1a provides

% S RLRL(APR—APL-FAngR)X t 7
and shows how the lava lake's temporal evolution may depend on pressure within the plumbing system. Equa-
tion 7 is used to produce simulations of lava lake height 4, that are compared to the observed lava lake level
displayed in Figure 1d. When the lake overflows, the lava fills a cylindrical volume of cross sectional area
that increases from A; , = A, to A, , = Ap. Overflows affect therefore the rate at which i, changes and, as
demonstrated in Section 3, can exert top-down control on magma transport phenomena occurring deeper in
the plumbing system. As supported by the observed lava lake's rim height evolution displayed in Figure 1d, we
further consider that overflows build up the surrounding platform, that is, dh,/d¢ = dh,/dt when h;, > h, and that
dhp/dt = 0 otherwise.
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3.3.2. Flux Between the Reservoir and the Distal Storage Zone

Our model aims at explaining the occurrence of successive drops separated by phases of slower increase of
lava lake level from 2015 to 2021 (Section 2). Such an asymmetric cyclic behavior can be accounted for by
models possessing nonlinear oscillatory regimes called relaxation-oscillations (e.g., Jordan & Smith, 2007;
Van der Pol, 1926; Walwer et al., 2022). For systems involving fluid flows in general and magma in particular,
they may arise when the flow resistance is coupled to the volumetric flux (e.g., Barmin et al., 2002; Conrad, 1969;
Melnik & Sparks, 1999; Pedley, 1980; Walwer et al., 2022; Whitehead & Helfrich, 1991).

We assume that the flow resistance Ry, pertaining to magma transport from the central reservoir to the distal
storage zone depends on a length scale L in such a way that:

o L + L
Rrp =R LRD+R (1 LRD>. 8)
In other words, the total resistance Ry, connecting the pressure difference APy, = P, — P}, to the flux g,
is expressed as a function of local flow resistances that follow a step function increasing from R~ to R* at
distance L < Lgp from the central reservoir (Figure 2a). Such a phenomenon occurs, for example, if the magma
cools down and crystallizes along the path connecting the two compartments inducing an increase in local flow
resistance from R~ to R* caused by temperature-induced change in viscosity (Delaney & Pollard, 1982; Walwer
et al., 2019; Whitehead & Helfrich, 1991).

We also assume that the distance L is proportional to the flux g, and that the resistance can be expressed as a
function of the flux g,

RRD=R-q"+"+R+(1—q“+") )
q q

where g is the value of the flux g, for which L = Lgp. The resulting steady-state relationship between the
discharge rate into the distal storage zone and the pressure difference AP, expresses:

2
q
(R - R+)—liD +R'qrp qrp < g
APrp = q . (10)

R qrp qrp >4

Corresponding flow-pressure curves are displayed in Figure 2b for different values of R* = R*/R".

An important property emerging from the flow-pressure relationship Equation 10 is the possibility for the curve
to be non-monotonic, that is, a decrease in flux g, can be associated with an increase in APp,,. To account for
the temporal manifestation of the flow instability that may arise in this situation, we allow the magma flow to
accelerate and introduce the averaged momentum equation:

2

q
dgro APrp — (R™ — R+)¥ — R*qrp qrp < q
= q (11)

APrp— R qrp qrp 2§

where M can be referred to as the hydraulic inertance characterizing the flow from the central reservoir to the
distal storage zone. M depends on the cross-sectional area A, of the pathway connecting the two storage zones
and expresses M = p L. /A., in a case of a cylindrical conduit (Melnik & Sparks, 1999; Schonfeld, 1954;
Walwer et al., 2019; Whitehead & Helfrich, 1991).

3.4. Set of Equations Governing the Plumbing System Evolution

Combining the set of Equation 1 expressing volume conservation within the plumbing system with relations
linking pressure and volume in the lava lake, central reservoir, and the distal storage zone (Section 3.2), as well
as with the expressions for the flux g, and g, (Section 3.3), provides the following set of ordinary differential
equations (ODEs).
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Figure 3. Model's results. (a) Simulated time series of lava lake level displaying successive rapid drops spaced by longer
phase of increase (black lines) and the steady state evolution (gray line). Lava lake level drops are triggered by intermittent
lateral magma transport. Top time series corresponds to a simulation without accounting for overflow while the middle time
series accounts for overflows when £, (¢) > hp(t). For comparison the recorded lava lake level is displayed as the bottom time
series. (b) Relationship between lava lake level drop, transient increase and decrease of gy, and pressure drop in the central
reservoir. Left panels display a piezometer-like lava lake (z* > 1) and the lava lake level mirrors the change of pressure AP,
Right panels display pressure difference between the lava lake and the central reservoir balances out with a delay with respect
to the temporal evolution of the flux into the distal storage zone.

dAPr. _ Er 1 (ER Png

= =+
dt Vr Rrr

Er
APr; + ApgHR) — — 12
Ve ¥ AL )( RL pgHR) — qrp Ve (12a)

dAPrp _ Eg _( Er

Er Ep
= APrp + ApgHR) — — + = 121
T 7 VaRnr >( RL pgHR) — qrp ( ) (12b)

Ve Vb

2
1 - qrp _
—\| APrp — (R™ — R*)— — R*qrp qrp < g
—d‘(’iRD M< q (12¢)

t

1
—(APrp — R~ >q
M( RD qrp) qrD 2 G

that govern pressure evolution within the magma plumbing system schematized in Figure 2a. The three main
independent variables in the equation system Equation 12 are APy, = AP, — AP,, AP, = AP, — AP, and g,

This set of ODEs can be solved numerically and is coupled with Equation 7 governing lava lake height to simu-
late time series of lava lake elevation that are compared with the observations as in Figure 3a. It shows that the
modeled lava lake level time series capture, at first order, the main observed patterns of the lava lake level tempo-
ral evolution: successive lava lake level drops superimposed on a linear increase in elevation. In Section 4, we
exposed our model's implications for understanding Nyiragongo's plumbing system dynamics during the period
starting in 2015 and preceding the May 2021 eruption.

4. Insights From the Model
4.1. Steady State and Linear Increase in Lava Lake Elevation

A first insight is provided by studying the system equilibrium defined by dAP,,/dt = dAP,,/dt = dqp,/dt = 0. It
provides an expression for the steady state evolution of 4, and denoted 49 (see Section S2 in Supporting Infor-
mation S1 for details):

-1
Vopng  Vrpng 0
ho H={1+4 — + —— t. 13
22 ( EpArp ErRALp Arp a3
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It shows that when the flux Q feeding the central reservoir is constant, the lava lake level A, (¢) follows a
linear evolution at a rate @, which depends on the storage capacities of the plumbing system. The term
[1 + (Vopmg)/(EpALp) + (VRpmg)/(ERAL,p)] in Equation 13 expresses the steady state portion of magma
entering the system that goes into the lava lake and contributes to its filling instead of being stored in the central

reservoir and the distal storage zone. The rate higher bound, Q/A, ,, corresponds to the limit case where no

LP
magma is stored within the plumbing system, that is, all the magma from the source ends up into the lava lake.
The gray lines in Figure 3a represent the steady state linear increase in &, () obtained using expression Equa-
tion 13. It shows that even when the system oscillates and produces periodic lava lake drops, as displayed by the
black line on Figure 3a, the long term variation of lava lake level follows the trend provided by its steady state

expression Equation 13.

4.2. Condition for a Piezometer-Like Lava Lake

Two important time scales can be extracted from the set of Equation 12. The study of the dynamical interaction
between the reservoir and the lava lake provides a characteristic time:

~1
Er | png
=R 22+ 28 14
TRL RL( Vi . ) 14

that governs the transient behavior emerging when a pressure difference is imposed between the lava lake and the
central reservoir. Similarly, the hydraulic connection between the reservoir and the distal storage zone is charac-
terized by the time scale:

—1
_( Er Ep
=R (=4+ == 15
TRD <VR+VD> (15

governing the duration of the transient behavior balancing the pressure between the two compartments (e.g., Pinel
et al., 2010; Reverso et al., 2014; Walwer et al., 2019).

The lava lake dynamics depends significantly on the ratio 7* = 7,,/7,, between these two time scales. The ratio
7* quantifies the relative efficiency of the two hydraulic connections in balancing out fluid pressure within the
plumbing system. Effects of the value of 7* has on the lava lake dynamics are shown in Figure 3b. When 7* > 1,
the lava lake response to changes in reservoir pressure induced by episodes of magma transport into the distal
storage zone can be considered instantaneous. In this situation, the lava lake simply mirrors the history of the
pressure drop occurring in the central reservoir and acts as a piezometer (Left panels of Figure 3b).

Conversely, when 7* < 1, the lava lake responds with a delay to change in AP, induced by magma acceleration
and the value of g, peaks before the lava lake level significantly drops (right panels of Figure 3b). Everything
else being equal, the resulting amplitude of the lava lake drop may also be lowered compared to the case 7* > 1:
as the lava lake level slowly drops, pressure in the central reservoir is being rebuilt up due to magma supply O
from the source.

4.3. Instability, Periodic Lateral Magma Transport, and Lava Lake Level Drop

In the following Subsection, we constrain ourselves to the case 7* > 1. Infrasound and seismic observations
during large lava lake drops suggest no delay between deep and shallow magmatic processes in agreement with
a piezometer-like behavior at Nyiragongo (Barriere et al., 2018). It simplifies the analysis of system Equation 12
while still providing insightful expressions informing the conditions for the successive lava lake drop to occur.
Details on the derivation of the following expressions are provided in Supporting Information S1.

4.3.1. Conditions for Intermittent Lateral Magma Transport

The emergence of an oscillatory regime characterized by intermittent magma transport into the distal storage
zone is directly associated with the stability loss of system Equation 12's equilibrium point. It occurs when the
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change in local flow resistance from R~ to R is high enough that the steady state flow-pressure curve becomes
non monotonous. This transition occurs when:

.
R*=%>2 (16)

as illustrated in Figure 2b where the curves for R* < 2 are monotonous while the curve for R* > 2 are not. Also,
the equilibrium point is unstable only when the steady state value of ¢, is inferior to g in such a way that the
steady state relationship between AP, and g, is characterized by varying flow resistance (Equation 10). It
implies that:

A E * A E
<1+VRED+ LP§ D> (0} R (1 VrEp Lrg D) a7

—_ >
ErVp Vopng qg 2R -1 ERrVp Vopng

providing a condition for instability that depends on Q. When conditions Equations 17 and 16 are met, system
Equation 12 exhibits relaxation oscillations, that is, asymmetric oscillations corresponding to slow increase
followed by much faster decrease of AP,,. They corresponds also to intermittent increase and decrease in
discharge rate from the central reservoir into the distal storage zone. These transient variations in gy, produce
pressure drops in the central reservoir that, in turn, produce a flow from the lava lake into the central reservoir
potentially causing significant lava lake level drops.

4.3.2. Period Between Episodes of Lateral Magma Transport and Amplitude of Lava Lake Level Drops

The period between each episode of lateral magma transport into the distal storage zone can be estimated by the
following expression:
g 1 — 24
Tr = R+ﬁ ’ 2 - 7 d4ro. (18)
Er Jo Q(l " A,__PER) _ qRD[EDVR + (1 + A,”PER) ]

VRPmE VpER VRPmE

This estimation is valid only when z* > 1 and R* > 1 but offers insights on how T, depends on the different
parameters of our model. The value of T}, corresponds to the time for the system to build up large enough pressure
difference between the central reservoir and the distal storage zone in order for L = L and for the flow resistance

Ry, to drop to R~ inducing an acceleration of gp,,. The duration T, scales with R+Z—’; and reveals also potential
top-down control the lava lake exert on the deeper part of the plumbing system because of 7, dependence on
the cross sectional area of the lava lake that changes significantly from A, to A, when the lava lake overflows
(Figures 3a and 3c). It depends also significantly on the ratio between the quantities V,/E,, V,JE|, and A, ,/p,.8
that characterize the storage capacities of the central reservoir, the distal storage zone, and the lava lake respec-
tively (Equation 18 and Figure S1 in Supporting Information S1).

During the phase of pressure build up, dg,,/dt = 0 and the difference of pressure AP, that builds up during the

time T, in between two episodes of lateral magma transport can be estimated simply by:

R*G
APRDZ q

19)

During the phase of lateral magma transport, the pressure gradient that builds up in between the central and distal
magma bodies during the time T, drops and follows approximately:

R*q t
APro(t) = —Zexp (- > (20)
4 TRL-D
Here, the time scale characterizing the process is:

E T -
Tri-p = R~ —D+£> 3))
RL-D < Vo T Rut
and corresponds to the characteristic time for the magma both within the lava lake and the reservoir to be drained

into the distal storage zone. The resulting amplitude of lava lake level drop is directly proportional to: %‘7 and
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v p R'q
AR ~ 22
L pmg 4 22

with
-1 -1
Er png ( Ep TRL Er Pm8&
= ZRPn8 (D Tre ) (LR . 3)
p Vr AL <VD RRL) <VR AL.P)

5. Discussion and Conclusions

All the model's insights provided in Section 4 together with lava lake level measurements can be used to constrain
the model's parameters to produce synthetic lava lake level time series capturing features of the observations as
in Figure 3a. The lava lake time series provides the following constraints: the linear rate of lava lake increase
a, ~ 25 m/yr Equation 13, the amplitude of lava lake drop Ahi’”” ~ 10-100 m Equation 22, the time in between
drops Ty, ~ 0.2—1 year Equation 18, and the drop's characteristic time scale 7, ,, ~ 1-3 days Equation 21. Obser-
vations of lava lake geometry provide values for the cross sectional area of the lava lake A, ~ 3.10* m? and the
surrounding platform A, ~ 5.10° m? (Barriére et al., 2022; Figure 1d and Figure S2 in Supporting Information S1).

As supported by infrasound and seismic observations, we also assume that the lava lake acts as a piezome-
ter and 7* = 10 (Barriere et al., 2018, and Section 4.2). In addition, for the present model to produce lava
lake drops level of significant magnitude, the compliance V,/E,, of the distal storage zone has to be relatively
large, that is, Vi /Ep X (Ap/pmg)™" = 1and Vp Ep X (Vi/Er)™ > 1. For the simulations presented in Figure 3a,

Vo/Ep X (Ap/pmg)™ =1 and Vo Ep X (Va/Er)™" = 10.

What emerges also from the model's constraints is that R* ~ 100. It means that the flow resistance R, has to
cover two orders of magnitude during the cycles of reservoir pressure build up and subsequent drop caused by
the lateral flow of magma. As the flow resistance is proportional to the fluid viscosity, R* ~ 100 might be the
result of magma viscosity spanning also two orders of magnitude. In that case, variations in magma tempera-
ture of hundreds of degrees Celsius can possibly induce the required change in flow resistance (e.g., Morrison
et al., 2020; Whitehead & Helfrich, 1991).

All of these above considerations, summarized in Tables S3—S5 in Supporting Information S1, allow to create
lava lake simulations as displayed in Figures 3a and 3b and capturing first-order quantitative and qualitative
features of the lava lake behavior from 2015 to 2021. The middle time series in Figure 3a shows successive
lava lake drops of amplitude Ak ~ 50 m spaced by a recovery time of T, ~ 1 year. This lava lake simulation can
directly be compared with the observations represented below on the same Figure and displaying lava lake drops
of the same magnitude and sometimes spaced by a period of roughly ~1 year.

The simulation displayed in the middle of Figure 3a accounts for overflows. Overflows can significantly slow
down the pressure build up within the lava lake in between level drops affecting the recovery time 7}, as illustrated
by the comparison between the top and bottom simulated time series in Figure 3a. This highlights an interesting
mechanism of top-down control that the lava lake has onto the deeper part of the plumbing system.

Nyiragongo's lava lake level time series in Figure 3a may reflect such a top-down control mechanism as it displays
sometimes sharp change in the rate of lava lake level increase when it reaches the rim level and overflows. It
occurs clearly in 2018: after the lava lake level drops, it starts to recover at a relatively high rate until it reaches
the rim, overflowing, and exhibiting a decrease in the rate of level increase (Figure 1d).

It is also interesting to compare the behavior observed at Nyiragongo with similar ones that occurred at Kilauea's
summit lava lake in Hawaii. Between 2010 and 2012 Kilauea lava lake exhibited three level drops of amplitude
up to ~200 m, spaced by several months and synchronous to eruptive activity in the East Rift Zone (Anderson &
Poland, 2016; Patrick et al., 2015; Patrick, Orr, et al., 2019). Insofar they are related to intermittent lateral magma
transport, our model may also help to understand the conditions of their occurrence.

Overall, the simple modeling framework developed in this study provides useful insights into the conditions for
which deep lateral magma transport causes the observed lava lake level drops. The model can herein be seen as
a building block that can be progressively augmented or modified to account for more detailed observations.
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For example, one can substitute the lateral flow into the distal storage zone by a flow into a growing intrusion
(McLeod & Tait, 1999; Segall et al., 2001). Such a modification is suggested by the NE extension of the deep
seismic swarms during each level drop, as well as by the fact that the constitutive earthquakes share characteris-
tics with volcano-tectonic seismic events, both facts pointing to intrusion growth by lateral propagation (Barriere
et al., 2019, 2022). While such a change in the model may come at the price of introducing additional uncon-
strained parameters and variables, it may also help to understand some of the observations unaccounted for by the
present model such as the variations in level drops amplitude and recovery time.

Data Availability Statement

The data set used in this study including the lava lake time series and Nyiragongo's seismicity synchronous to the
level drops were previously published and can be accessed through the supplementary of Barriere et al. (2022),
(https://doi.org/10.1029/2021JB023858).
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