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[1] On 17 January 2002, Nyiragongo volcano erupted along a 20 km-long fracture
network extending from the volcano to the city of Goma. The event was captured by
InSAR data from the ERS-2 and RADARSAT-1 satellites. A combination of 3D numerical
modeling and inversions is used to analyze these displacements. Using Akaike Information
Criteria, we determine that a model with two subvertical dikes is the most likely
explanation for the 2002 InSAR deformation signal. A first, shallow dike, 2 km high, is
associated with the eruptive fissure, and a second, deeper dike, 6 km high and 40 km long,
lies about 3 km below the city of Goma. As the deep dike extends laterally for 20 km
beneath the gas-rich Lake Kivu, the interaction of magma and dissolved gas should be
considered as a significant hazard for future eruptions. A likely scenario for the eruption is
that the magma supply to a deep reservoir started ten months before the eruption, as
indicated by LP events and tremor. Stress analysis indicates that the deep dike could have
triggered the injection of magma from the lake and shallow reservoir into the
eruptive dike. The deep dike induced the opening of the southern part of this shallow dike,
to which it transmitted magma though a narrow dike. This model is consistent with the
geochemical analysis, the lava rheology and the pre- and post-eruptive seismicity. We infer
low overpressures (1–10 MPa) for the dikes. These values are consistent with lithostatic
crustal stresses close to the dikes and low magma pressure. As a consequence, the dike
direction is probably not controlled by stresses but rather by a reduced tensile strength,
inherited from previous rift intrusions. The lithostatic stresses indicate that magmatic
activity is intense enough to relax tensional stresses associated with the rift extension.

Citation: Wauthier, C., V. Cayol, F. Kervyn, and N. d’Oreye (2012), Magma sources involved in the 2002 Nyiragongo eruption,
as inferred from an InSAR analysis, J. Geophys. Res., 117, B05411, doi:10.1029/2011JB008257.

1. Introduction

[2] On 17 January 2002, Nyiragongo volcano, located in
the eastern Democratic Republic of Congo (DRC), erupted
along a system of fractures extending from the volcano to
the city of Goma, 15 km south of the volcano. Two lava
flows entered the town and forced 350,000 out of a total of
400,000 inhabitants to evacuate. About 15% of the city was
destroyed. The number of reported casualties was limited to

about 100, despite the large amount of damage to infra-
structure, due to the eruption starting in the morning.
[3] The region around Nyiragongo is threatened by various

hazards. First, Nyiragongo lava is known to be very fluid and
able to produce rapid flows that can reach 100 km/h [Tazieff,
1977]. These lavas were responsible for casualties during
the 1977 eruption of Nyiragongo volcano. Second, erup-
tive fractures can reach Lake Kivu and produce phreato-
magmatic lacustrine eruptions. This is shown by the presence
of numerous volcanic cones on the lake floor [Capart, 1955],
as well as hydro-magmatic tuff cones on the northern shore
[Denaeyer, 1963; Capaccioni et al., 2002/2003], such as
Mont Goma (C. G. Newhall and M. L. Tuttle, Volcanic,
earthquake, and lake gas hazards of the Lake Kivu and
Virunga Mountains area, Rwanda-Zaire-Uganda, adminis-
trative report for USAID/OFDA, unpublished report, 1988).
Moreover, Lake Kivu contains layers with large amounts of
dissolved carbon dioxide and methane. A magma eruption
into the lake could disturb this stratification, lead to gas
exsolution and cause a major regional disaster [Schmid et al.,
2005]. Finally, volcanic and rift-related tectonic earthquakes
can damage urban areas. As these hazards could affect the
one million people leaving on the northern side of Lake Kivu,
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mainly in the contiguous cities of Goma (RDC) and Gisenyi
(Rwanda), the region is at very high natural risk. Thus an
understanding of the processes involved in the 2002 Nyir-
agongo eruption is essential for assessing the overall hazards.
[4] Due to poor security conditions and the lack of local

funding, the only ground-based data available are restricted
to measurements of the level of Lake Kivu performed shortly
after the eruption, and repeated a few months later. The fact
that only two seismic stations were operating at the time of
the eruption meant that the recorded earthquakes could not be
accurately located, nor could there be a thorough analysis
of the seismicity. However, Interferometric Synthetic
Aperture Radar (InSAR) captured surface deformation
associated with the eruption along three different beams.
One was supplied by the ERS-2 satellite along ascending
orbits, and two were supplied by the RADARSAT-1 sat-
ellite along ascending and descending orbits. Since few
quantitative ground-based observations are available, the

InSAR data are very valuable for gaining a better under-
standing of the magmatic and tectonic processes involved
in the eruption.
[5] The main objectives of this study are: (1) to make an

accurate assessment of the volcanic hazards; (2) to define
the location and geometry of the magma sources involved in
the January 2002 eruption; (3) to understand the mechanical
interactions between these sources, and the chronology of the
eruption; (4) to determine the stress state in the lithosphere
and gain a better understanding of rifting processes in this
part of the EAR.

2. Background

2.1. Geologic Setting

[6] Nyiragongo volcano (Figure 1) lies on the East
African Rift (EAR). The 3000 km-long EAR has propa-
gated from north to south, as shown by systematic variations

Figure 1. Shaded relief topographic map of North Kivu indicating the locations of the Nyiragongo,
Nyamulagira and other Virunga volcanoes. The original frames of interferograms calculated in this study
(Table 1) are indicated by black rectangles. Lower-right inset shows a schematic profile along AA′. The
rift extension direction in this area is about N110�E [Stamps et al., 2008]. The Goma-Gisenyi urban area
is circled in white. The rift extension in the Kivu area is derived from Stamps et al. [2008]. SKVP and
VVP stand for South Kivu Volcanic and Virunga Volcanic Province, respectively. Main rift-related normal
faults are from Villeneuve [1980].
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in geophysical, geochemical and geomorphological data
[Chorowicz, 2005]. Spreading rates decrease from 6.5 mm/
year in the north of the rift to 1.5 mm/year in the south of the
rift [Stamps et al., 2008]. In the Virunga Volcanic Province
(VVP), where the rift trend is NNE, with localized NE trends,
the spreading rate has an intermediate value of 2.8 cm. The
rift in the VVP is most probably a half-graben with a marked
normal fault on the western side and no clear normal
bounding fault on the eastern side (Figure 1) [Ebinger,
1989a].
[7] Nyiragongo and Nyamulagira volcanoes, �15 km

apart, are the youngest and most westerly volcanoes of the
VVP (Figure 1). Distribution of cones and eruptive fissures
at Nyamulagira and Nyiragongo generally follows the NE
rift trend, but there is also a NNW-trending fracture network
(Figure 1), which may be due to the stress field generated by

the interplay between the magmatic systems of both volca-
noes [Gudmundsson and Andrew, 2007] or to the reactiva-
tion of Precambrian basement faults [Smets et al., 2010b].
Nyamulagira and Nyiragongo volcanoes are located at the
intersection between these two trends. The location of the
volcanic centers with respect to the Kivu border faults
indicates interaction between the volcanism and faulting
[Ebinger, 1989b].
[8] While Nyamulagira erupts every 2–4 years [Smets

et al., 2010a], only two historical eruptions of Nyiragongo
have been recorded; in 1977 [Tazieff, 1977] and in 2002
[Komorowski et al., 2002/2003; Tedesco et al., 2007]. Nyir-
agongo is one of the few volcanoes on Earth to host an active
lava lake. In both eruptions, the summit lava lake drained and
fracture networks opened on the southern flank of the
volcano (Figure 2).

Figure 2. (a) Shaded relief topographic map of the Goma area and Lake Kivu. The main volcanic cones
on the floor of lake Kivu are from Capart [1955] and Schmid et al. [2010]. Lake level changes (Figure 3)
were measured on the northern shore of Lake Kivu along the direction indicated with a bold purple dashed
line. The large black rectangle shows the extent of Figure 4. The small black rectangle shows the area
where InSAR displacements have been quantitatively used to determine the best fit model (Figure 9).
(b) Inset shows the Goma and Gisenyi urban areas highlighted in white, the location of Ngangi fissures,
Munigi and the Coulomb stresses calculation profile (Figure 10). The black rectangle indicates the loca-
tion of Figures 5a and 5b. The 2002 Nyiragongo eruptive fissures, as well as the Ngangi fissures were
mapped from a 2.5 m resolution Spot image from 2009 and from a 1 m resolution Ikonos image from
2008. The 2002 fissure on the northern flank of the volcano were determined from the northernmost lava
flow location. The 1977 eruptive fissures were mapped from field observations.
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2.2. Magma Reservoirs at Nyiragongo

[9] Magma reservoirs beneath Nyiragongo are still poorly
constrained. Demant et al. [1994] explain the petrography of
the lavas based on two reservoirs, located at different depths,
and periodically connected. The shallow reservoir, where the
final fractional crystallization occurs, is assumed to be per-
manently connected to the active lava lake. Estimates of the
shallow reservoir depth, from leucite crystallization pres-
sures, place it at a depth varying from 4 km [Platz et al.,
2004] to less than 1 km [Louaradi, 1994]. The depth of the
deep reservoir, where the initial crystallization occurs, is
estimated at 10–14 km, based on petrographical analysis of
fluid and melt inclusions in olivine and clinopyroxene phe-
nocrysts [Demant et al., 1994]. This location is consistent
with seismic studies which attribute the a-seismic region,
which lies between the surface and a depth of 10–14 km, to a
magma complex [Tanaka, 1983]. The existence of at least
two magma reservoirs is confirmed by a seismic study by
Shuler and Ekström [2009], which showed that a series of
five unusual earthquakes of moderate size recorded during
the 2002 eruption could be attributed to the successive col-
lapse of the roofs of the two connected magma reservoirs.

2.3. The January 2002 Nyiragongo Eruption

[10] On 17 January 2002, Nyiragongo erupted along a
20 km-long fracture network extending southward from the
northwestern flank of the volcano, toward the airport and
city of Goma. Part of the 1977 fracture network was reacti-
vated (Figure 2). A small radial fissure opened on the
northwestern flank of the volcano, while a 12 km-long N-S
fracture system opened on the southern flank, almost parallel
to the main rift-related faults (Figure 2). The observed
opening is about 1–3 m. The eruption lasted for 12 [Tedesco

et al., 2007] to 48 h [Komorowski et al., 2002/2003]. The
erupted volume is estimated to be in the order of 14–34 �
106 m3 [Tedesco et al., 2007].

2.4. Available in Situ Data

[11] Field surveys, conducted after the eruption, provided
lava samples from different parts of the eruptive fracture
system. Based on 238U and 232Th series radioactive dis-
equilibria data, Tedesco et al. [2007] inferred that up to three
different magma sources were involved in the eruption. The
northern vents emitted degassed lava drained from the lava
lake, possibly combined with input from a shallow magmatic
reservoir located below the main Nyiragongo edifice. The
southern part of the eruptive fissure, which opened at the end
of the eruption, released gas-rich lavas as indicated by the
lava fountains. This observation, together with the dis-
equilibria analysis, indicates that this magma originated from
a deeper source, probably located beneath the city of Goma.
[12] After the eruption, carbon dioxide and methane ema-

nations were observed around the eruptive fissures and in
several locations in Goma between 300 and 800 m from the
lava flows [Komorowski et al., 2002/2003]. Methane bursts
were also reported in Goma, south of Munigi (Figure 2)
during the eruption [Komorowski et al., 2002/2003]. This
methane could be stored in pockets [Tedesco et al., 2007]
located within the sediments filling the Lake Kivu basin
and might be released continuously via tectonic fractures
throughout the whole region [Komorowski et al., 2002/2003].
The sudden fracturing associated with the 2002 eruption
could have triggered the degassing.
[13] The two operating seismic stations showed that pre-

cursory seismicity started ten months before the eruption
[Kavotha et al., 2002/2003]. It was characterized by the
onset of continuous volcanic tremor, and an increased
number of long-period and short-period earthquakes, some-
times followed by increased fumarolic activity [Tedesco
et al., 2007]. Magma might thus have been supplied to a
reservoir in the months preceding the eruption [Kavotha et al.,
2002/2003]. Between 4 and 16 January 2002, and after the
effusive activity had stopped, seismic activity remained high
[Kavotha et al., 2002/2003]. About 100 tectonic earthquakes
with magnitudes greater than 3.5 were recorded in the five
days following the eruption over the whole Lake Kivu area
[Tedesco et al., 2007], culminating in a 6.2 Mw event on
24 October, 2002 [Mavonga, 2007]. Although the seismic
network was not capable of accurately determining the location
of the seismic events, they generally cluster along the faults
on the western side of the Kivu basin, as found for previous
recorded events [Zana and Hamaguchi, 1978; Mavonga,
2007]. The Harvard Centroid Moment Tensor (CMT) focal
mechanisms for the three largest January 2002 earthquakes
(>5 Mw) indicate almost pure normal faulting mechanisms.
[14] Building damage was reported during the two

weeks after the eruption, especially in Gisenyi (Figure 2b)
[Komorowski et al., 2002/2003]. During field investigations
carried out in January 2010, the inhabitants of the damaged
houses indicated that the initiation of the cracks was con-
temporaneous with the January 2002 Nyiragongo eruption.
New cracks also opened up several years after the eruption,
some appearing in early 2009. The Rwandese Red Cross,
which has been measuring the extension of certain cracks in
the Gisenyi Hospital, confirmed that crack widening is still

Figure 3. Vertical displacements along the northern coast
of Lake Kivu (see Figure 2a for the profile location). The
bold magenta line (curve A) indicates the measured lake
level variations for 17 January 2002 [Tedesco et al., 2007],
for which the uncertainty is estimated to be about �15 cm
(section 2.4). The dotted blue line (curve B) indicates ver-
tical displacements computed from the different beams
using InSAR data. Standard deviation (STDV) on vertical
displacements is 3.4 cm. The dashed black line (curve C)
indicates the vertical displacements from the preferred two-
dike model.
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ongoing. In some cases, vertical movement was noted, with
the western side moving down.
[15] After the eruption, local inhabitants reported a

noticeable rise in the water level of the lake along the
shoreline in the Goma area. Eleven days after the eruption,
water level changes were estimated by measuring the depth of
the immerged algae zone (�30 cm thick) that develops just
below the water surface (J. Durieux, personal communication,
2005). These measurements were repeated at irregular inter-
vals until March 2002 [Komorowski et al., 2002/2003;
Tedesco et al., 2007] and showed an asymmetric increase in
the water level of Lake Kivu, which reached a maximum of
about 37 cm at the Goma shore (Profile A in Figure 3). Due
to the agitation of the water surface by waves, and given
possible additional sources of perturbations such as water
discharge at the 100 km-distant Ruzizi hydroelectric dam,
seasonal effects, seiches, etc., uncertainties can conserva-
tively be estimated to be of the order of 30 cm. This water
level change has been attributed [Komorowski et al., 2002/
2003] to subsidence of the rift system around Goma as the
asymmetry is consistent with the asymmetry of the graben in
which the VVP is located [Ebinger, 1989a].

3. Processing of InSAR Data and First-Order
Observations

[16] InSAR data provide high spatial resolution mea-
surements of surface deformation with centimeter to sub-

centimeter accuracy [Massonnet and Feigl, 1998]. Nowa-
days InSAR is widely used to study a broad range of volcanic
and seismic events [e.g., Bürgmann et al., 2000; Wright
et al., 2006; Yun et al., 2006, and references therein].
[17] The January 2002 eruptive event was captured by

C-band SAR sensors (wavelength of 5.6 cm) on board
satellites ERS-2 and RADARSAT-1 in different beams. No
descending ERS-2 interferograms were suitable for model-
ing. We use the most coherent available ERS-2 ascending
interferogram, spanning 665 days, as well as one ascending
and one descending RADARSAT-1 interferogram spanning
48 and 72 days, respectively. Temporal decorrelation is due
to the change of scattering properties within a pixel. It is
lower in the short time span RADARSAT-1 interferograms
than in the long time span ERS-2 interferogram (Figure 4
and Table 1). As shown by previous studies of the Kivu
area [Poland, 2006; Colclough, 2005; Wauthier et al., 2009;
d’Oreye et al., 2008] and confirmed by this study, the
dense tropical vegetation induces major temporal decorr-
elation. In C-band interferograms with long time spans,
coherence is only preserved on lava flows. Furthermore,
the steep, upper flanks of Nyiragongo are affected by
geometrical decorrelation [Hanssen, 2001]. Finally, the
surface of Lake Kivu does not allow the phase to be pre-
served, and prevents us from getting any information on
ground deformation beneath the lake’s surface.
[18] We processed the interferograms with the Jet Pro-

pulsion Laboratory/Caltech repeat orbit interferometry

Figure 4. Three wrapped, unmasked interferograms showing the deformation associated with the 2002
Nyiragongo eruption. One color cycle represents a 2.8 cm Line Of Sight (LOS) range change with positive
fringes (red-blue-yellow) corresponding to a range increase. The arrows show LOS direction. The 2002
lava flows are shown in red and the eruptive fissures are drawn in green. Nyiragongo and Nyamulagira vol-
canoes are indicated by triangles. See the text for the interpretations of signals referred to as A, B, C, D, E, F
and G. Location of the area shown is indicated by a box in Figure 2a. (a) ERS-2 ascending interferogram,
(b) ascending RADARSAT-1 interferogram and (c) descending RADARSAT-1 interferogram. The earth-
quakes for which we do have the CMT focal mechanisms (Figure 2a) are indicated by stars on the time line.
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ROI_PAC software [Rosen et al., 2004]. A 1-arc second
digital elevation model (DEM) from the Shuttle Radar
Topographic Mission (SRTM) [Farr et al., 2007] was used
to correct for the topographic phase. Two consecutive
frames were merged to form each of the RADARSAT-1
interferograms (Table 1 and Figure 4). Interferograms were
filtered using power spectrum filtering, followed by an
adaptive smoothing using Fast Fourier Transform [Goldstein
and Werner, 1998]. Finally, we unwrapped the interfero-
metric phases using the SNAPHU software [Chen and
Zebker, 2001].
[19] Incorrect modeling of the orbital satellite trajectories

results in large-scale parallel fringes that can affect inter-
ferograms. One way to remove linear orbital trends from the
interferograms is to identify coherent areas unaffected by
deformation, caused either by the Nyiragongo 2002 eruption
or by lava flow compaction. As RADARSAT-1 orbits are
poorly known, all RADARSAT-1 interferograms are
affected by such orbital phase ramps (Figure S1 in the
auxiliary material).1 By using short time spans (Table 1) and
the large extent of the RADARSAT-1 scenes (Figure 1) we
have successfully identified coherent undeformed areas, and
thus corrected orbital trends. In contrast, the large time span
ERS-2 interferogram lacks coherent undeformed areas,
which makes it impossible to identify the orbital phase
contributions with any accuracy. However, as we use the
precise ERS-2 orbits provided by the Delft Institute of Earth
Observation and Space Systems (DEOS), the orbital phase
contribution is assumed to be very small.
[20] Acquisition times of the available SAR scenes

[d’Oreye et al., 2008; Poland, 2006] indicate that the main
observed ground deformation took place between 14 January
and 13 February 2002. InSAR data show complex ground
displacements, with several overlapping fringe patterns,
which could be associated with a combination of sources,
both magmatic and regionally tectonic in origin.
[21] The Line-Of-Sight (LOS) range increase observed in

the area marked A in Figure 4a corresponds to the compac-
tion of an accumulation of Nyamulagira lava flows from the
1958, 1967, 1980 and 1991–93 eruptions [Smets et al.,
2010a]. We do not attempt to model it here, as we are
focusing only on the 2002 Nyiragongo eruption.
[22] Fringes with asymmetric LOS range changes to the

east and west of the eruptive fissure (B and C, Figure 4a) also
correspond to opposite range changes for the descending and

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JB008257.

Table 1. Characteristics of the Three Interferograms Used in This Studya

Satellite
LOS vector

[East, North, Up] Time Span ha
b (m) Frame(s) Variance (m2)

Correlation
Distance (m)

ERS-2 (asc.) [�0.36, �0.08, 0.93] 2000/09/06–2002/07/03
(665 days)

147 7158 2.2 � 104 10843

RSAT-1 (asc.) [�0.59, �0.13, 0.80] 2001/12/31–2002/02/17
(48 days)

77 M: 7135 and 7150
S: 7136 and 7151

4.6 � 105 9152

RSAT-1 (desc.) [0.50, �0.11, 0.86] 2001/12/21–2002/03/03
(72 days)

119 M: 3631 and 3646
S: 3631 and 3647

7.1 � 105 11925

aThe variance (sd2) and correlation length (a) characterizing the random correlated noise present in each InSAR data set are determined in the undeformed
areas.

bThe altitude of ambiguity, ha, corresponds to the DEM error required to generate one topographic-related fringe.

Figure 5. (a) Detail from the descending RADARSAT-1
interferogram (see Figure 2b for location) which is neither
multi-looked in range nor filtered in order to have the finest
resolution for the identification of the discontinuities. Faults
inferred from the interferogram are indicated as black lines
and from cracks in buildings as dotted magenta lines. The
border between RDC and Rwanda is indicated by a brown
line. The city of Goma is indicated by the white circled area,
and the 2002 lava flow is in red. (b) Ikonos-2 image (Pan-
chromatic 1 m spatial resolution) from 11 July 2008 show-
ing a comparison between the fault traces inferred from the
RADARSAT-1 interferogram and buildings. Location of
photographs (Figures 5c and 5d) are shown. (c) Photograph
of a cracked house taken close to Ginsenyi airport.
(d) Photographs taken in the Gisenyi hospital where regular
caliper measurements are performed between two marks
which indicate that the fissures are still widening.
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ascending modes. Their pattern is consistent with dike
intrusions and is presumably related to one or more of the
dikes that fed the 2002 eruption.
[23] In the Goma area, an increase in LOS range occurs in

the ascending and descending modes (D in Figure 4a),
indicating subsidence, which reaches nearly 5 fringes in the
ascending orbits. A range decrease of about 1.5 fringes (E in
Figure 4c) is also visible to the west of the lava flows,
though only in the RADARSAT-1 descending mode. The
RADARSAT-1 interferogram also shows two 2.5 km-long
displacement discontinuities (Figure 5), of only 1/3 of a
fringe each, in the city of Gisenyi (Rwanda). In order to
retain a fine resolution this interferogram was neither multi-
looked in range (5 pixels in azimuth for 1 pixel in range) nor
filtered (Figure 5).
[24] One to two fringes, indicating a range increase to the

northwest of Nyamulagira volcano (F in Figure 4a), are
visible in both the ERS-2 and RADARSAT-1 ascending
beams. The signal could be associated with deformation of
the nearby Nyamulagira volcano. Analyzing this volcano is
beyond the scope of this study, so we do not attempt to
model the signal in F.
[25] Finally, four to five fringes with decreasing LOS

range are visible in the western part of the descending
RADARSAT-1 interferogram (G in Figure 4c). Such a large
signal is not visible in the ascending RADARSAT-1 inter-
ferogram (Figure 4b) and this area is incoherent in the ERS-
2 interferogram (Figure 4a). A deep source beneath Lake
Kivu is likely to be involved.

4. Simultaneous Inversion of Source Geometry,
Location and Displacement Distribution

[26] Ground displacements are linearly related to the slip,
or opening distribution, and nonlinearly to the source
geometry and location. Therefore, the inversion of geodetic
data associated with faulting or diking events usually follows
a two-step procedure: nonlinear inversion is used to deter-
mine the fracture geometry assuming uniform dislocation on

a rectangular fracture located in a half-space, followed by
kinematic linear inversion to determine the slip or open-
ing distribution on the previously determined fracture
[Arnadottir et al., 1991; Amelung et al., 2000]. However,
there is no reason for the fracture geometry determined
for a uniform dislocation to be the same as the geometry
determined for a variable dislocation distribution.
[27] Here, following Fukushima et al. [2005, 2010] for

dikes and Sun et al. [2011] for faults, we determine the
sources of the observed InSAR displacements by simulta-
neously inverting for a quadrangular fracture geometry,
location and uniform stress changes on the dikes or faults,
leading to non-uniform displacement distributions. The
method used here [Fukushima et al., 2005] combines 3D
numerical models, based on a boundary element numerical
method [Cayol and Cornet, 1997], with nonlinear inversions,
based on a near neighborhood algorithm [Sambridge, 1999a,
1999b].

4.1. Mechanical Properties of the Crust

[28] The edifice is assumed to be linearly elastic, homo-
geneous and isotropic. However, elastic properties vary over
the rift depth and width. Although there is no data to docu-
ment the lateral variation of the elastic properties, a seismic
velocity profile of the Virunga area [Mavonga, 2010]
showed that seismic velocities increase from 3.5 km/s at sea
level to 7.3 km/s at 7.5 km b.s.l. (Figure 6a). Experimental
values of Poisson’s ratio, n, for basalts range from 0.22 to
0.28 for low to high confining pressure, corresponding to a
depth of several km [Birch, 1966]. We take an average
Poisson’s ratio of 0.25. The Young’s modulus, density and
Poisson’s ratio contribute to the seismic velocities. Young’s
modulus can be determined from:

Ed ¼ V 2
p rr

1� 2nð Þ 1þ nð Þ
1� nð Þ ð1Þ

where Vp is P wave the seismic velocity, Ed is the dynami-
cally determined Young’s modulus and rr is the rock

Figure 6. Estimated crustal structure in the Virunga area. (a) Estimated P wave velocity structure
obtained in the Virunga area [Mavonga, 2010]. (b) Density structure assumed to be similar to Hawaii.
(c) Inferred dynamic value of Young’s modulus from equation (1). (d) Ambient lithostatic pressure com-
puted from the presumed density structure. (e) Ratio of static to dynamic Young’s modulus from labora-
tory measurements [Cheng and Johnston, 1981]. (f) Estimated static value of Young’s modulus. The thick
red line indicates the depths of dikes from the best fit model. 0 km corresponds to sea level.
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density. Based on studies in Hawaii [Zucca et al., 1982],
we assume that the density varies from 2500 kg/m3 at
shallow depth, where vesiculated lava flows are present, to
2900 kg/m3 at greater depth where the rocks are com-
pacted (Figure 6b). Density at shallow depth is consistent
with the value of 2500 kg/m3 estimated from a gravity
survey around Nyiragongo and Nyamulagira volcanoes
[Mishina, 1983]. In the absence of data we assume the
density variation to be linear with depth.
[29] From seismic velocities, the dynamic Young’s mod-

ulus is estimated to increase with depth from 23 GPa to
124 GPa (Figure 6c). Laboratory experiments [Cheng and
Johnston, 1981; Adelinet et al., 2010] show that statically
determined values of Young’s modulus, Es, are always less
than dynamically determined values, Ed, and that the Es/Ed

ratio increases with confining pressure, and decreases with
porosity and crack density. Here, confining pressure is esti-
mated by integrating the product of the density and the depth
(Figure 6d).
[30] We further consider an elevated porosity and crack

density close to the surface, leading to a lower ratio of Es/Ed

of 0.1 which was determined by Cheng and Johnston [1981]
for tuffs at very low confining pressures. The Es/Ed ratio for
larger confining pressures is estimated from the study of
Adelinet et al. [2010]. It is assumed to increase from Es/Ed =
0.25 at sea level to 0.8 at a confining pressure of 200 MPa
(Figure 6e). Thus, our first order estimate is that the Young’s
modulus varies from 2.3 GPa close to the surface to 100 GPa
at 9.5 km below the surface (Figure 6f).
[31] Preliminary models [Wauthier, 2007] showed that the

dike associated with the 2002 eruptive fissure is shallow. As
our modeling method is for a homogeneous medium, we
must consider a single Young’s modulus value in the com-
putations. We take a value of 5 GPa, corresponding to the
Young’s modulus value in the upper two kilometers of
the crust, which is the average depth of the presumed
eruption dike.

4.2. Three-Dimensional Boundary Element Modeling

[32] The numerical modeling method is a mixed boundary
element method (MBEM) [Cayol and Cornet, 1997].
Boundary element methods are used to solve linear partial
differential equations that have been formulated as integral
equations. Linear integral equations relating Green’s func-
tion to prescribed boundary conditions are obtained and
simultaneously solved for the unknown boundary conditions,
so that mechanical interactions between sources are taken
into account. The MBEM computes the three-dimensional
displacements caused by sources such as tensile cracks, faults
or reservoirs of arbitrary geometry located beneath a realistic
topography. Nyiragongo volcano has steep slopes of more
than 20 degrees. At Piton de la Fournaise volcano, where
slopes are similar to Nyiragongo, Fukushima et al. [2005]
found that neglecting the topography resulted in an overes-
timation of the overpressure (30%), height (30%) and volume
(20%) of the modeled dike intrusion.
[33] Boundaries are meshed by planar triangular elements.

The topographic mesh is constructed from the DEM used for
the InSAR processing and also includes a rough bathymetry
[Capart, 1955; Schmid et al., 2010]. The size of the mesh is
about five times greater (200 km in radius) than the defor-
mation extent, so that the limited extension of the ground

surface has only a small influence (around 5%) on the
computed displacements [Cayol, 1996]. The topographic
mesh is dense close to the eruptive fissures in the Goma area
where displacement gradients are greatest, and it becomes
coarser further away (Figure S2 in the auxiliary material).
[34] Cayol and Cornet [1997] and Fukushima et al. [2005]

showed that coarse meshing of the sources generally induces
an overestimation of the amplitude of surface deformation,
leading to an underestimation of source overpressure. We
determine mesh intervals for the source by progressively
diminishing the source mesh interval so that it no longer
influences the results. A 400 m mesh interval is used for the
dike associated with the 2002 eruptive fissure and elliptic
reservoirs, while an 800 m mesh interval is used for the
buried dike and faults.
[35] When a dike is connected to the ground surface, it’s

shape is assumed to be close to that of a quadrangle. The top
part of the dike corresponds to a single smooth curve through
the segmented eruptive fissure. The bottom part of the dike
corresponds to a straight line defined by six parameters Dip,
Shear, Botelv, Botlen, Twist and Botang (Figure 7a). These
parameters are chosen in order to be able to restrict the model
search to mechanically plausible models [Fukushima et al.,
2005]. We do not consider the individual fissure segments
mapped after the eruption (Figure 2b). Indeed, according
to St Venant’s principle [Love, 1927], they only influence
displacements close to the eruptive fissure, where InSAR
data are incoherent.
[36] To keep the number of parameters reasonably low for

an efficient inversion, buried fractures are assumed to have a
simpler quadrangular shape, with straight top and bottom
sides (Figure 7b), leading to seven geometrical parameters,
similar to the frequently used rectangular dislocation model
of Okada [1985], which has three parameters when the top
of the quadrangle is fixed and seven parameters when it is
unknown.
[37] The prescribed boundary conditions are stress vectors

that are assumed to correspond to perturbations of an initial
state of stress. Indeed, a previous study [Zeller and Pollard,
1992] showed that boundary element solutions obtained
with stress boundary conditions were physically more real-
istic than those obtained with displacement boundary con-
ditions. It is assumed that there is no stress change at the
ground surface, so that stress vectors are zero at the surface.
Dikes are assumed to open as a response to magma over-
pressure, which is defined as being the difference between
the magma pressure and the normal stress exerted by host
rocks on the dike surface. Faults are assumed to slip as a
response to drops in shear stress [Cayol and Cornet, 1997].
[38] We assume that each dike is submitted to a uniform

overpressure. Since dikes are fluid-filled fractures, all parts
of a dike are hydraulically connected. We further assume
that the host rock stress is homogeneous close to the dike, so
that the overpressure is uniform or varies linearly with depth.
A depth-dependent gradient could have been assumed, but a
previous study [Fukushima et al., 2005] showed that the
range of acceptable gradients was so great that it could not
be constrained. Moreover, we do not have a good a priori
knowledge of the host rock stress, thus, of the over-
pressure. Using a constant stress model for dikes leads to a
smoothly varying opening on the fracture [Cayol and Cornet,
1997], consistent with results obtained from linear kinematic
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inversions of opening distributions [Yun et al., 2006;
Pallister et al., 2010]. We invert the dike and fault geome-
tries simultaneously with uniform stress vectors, leading to a
minimum of 7 parameters per structure.

4.3. Nonlinear Inversions

[39] Following Fukushima et al. [2005], we use a near
neighborhood inversion algorithm that consists of two
stages: search and appraisal. In the search stage [Sambridge,
1999a], the model space is explored by iteratively sampling
regions where data are well fitted. Multiple minima are
determined. A misfit function is used which quantifies the
discrepancy between observed and modeled displacements.
It is written as:

c2 ¼ uo � umð ÞT C�1
d uo � umð Þ ð2Þ

where uo and um are vectors of observed and modeled line-
of-sight (LOS) displacements, respectively, formed by con-
catenating data from the different beams, and Cd is the data
covariance matrix.
[40] To make the misfit computation numerically man-

ageable, vectors of observed and modeled displacements
uo and um are constructed by subsampling the observed
and modeled LOS displacements at the same points. Data
are subsampled at circular gridded points in such a way
that the subsampling is dense (the average distance
between points is 800 m) in areas where displacement
gradients are steep, i.e., close to the 2002 eruptive fissure
and in the vicinity of Goma, and coarser further away. The

choice of a subsampling circular grid method was guided
by the results of Fukushima et al. [2005], who showed
that, for dikes, the subsampling method does not signifi-
cantly affect the inversion result. Each pixel with a
coherence threshold of less than 0.15 is rejected from the
subsampling process (Figure S3 in the auxiliary material).
[41] The vector of observed LOS displacements is such

that uo
i = uo

i ′ + off i, where uo
i ′ and uo

i are the observed dis-
placements of the ith interferogram before and after it is
shifted by the amount off i. The shift of each of the inter-
ferograms off i is determined for each forward model calcu-
lated during a near-neighbor inversion, by minimizing the
misfit (equation (2)) between observed and modeled dis-
placements ∂c2/∂off i = 0. As it is a linear model parameter,
the shift is given by:

off i ¼ eiTCi�1

d uim � uio′
� �

eiTCi�1

d ei
ð3Þ

where Cd
i�1

is the inverse of the Covariance matrix of dis-
placements in the ith interferogram, and ei = (1..1)T is a unity
vector with the same dimension as uo

i ′ and um
i .

[42] InSAR data contain spatially correlated phase noise
caused by the random fluctuation of atmospheric phase
delays from one SAR image to another. Fukushima et al.
[2005] found they can be appropriately modeled by an
exponential autocorrelation or covariance function, expres-
sed as

C rð Þ ¼ s2
dexp �r=að Þ ð4Þ

Figure 7. Geometrical parameters considered for a dike which (a) reaches and (b) does not reach the
ground surface. For the dike which reaches the ground surface (Figure 7a), six parameters are used. Three
parameters Dip (dip angle), Shear (angle between the dip direction and the line connecting the top and bot-
tom line midpoints) and Botelv (elevation of the bottom line midpoint with reference to sea level) define
the location of the bottom line midpoint. Three other parameters Botlen (length of the bottom scaled to that
of the top), Twist (horizontal angle between the top and bottom) and Botang (vertical angle of the bottom)
determine the position of the two end points of the bottom. For a buried dike (Figure 7b), seven parameters
define the geometry. The top is assumed to be a straight line. Three parameters are used to define this line,
Toplength, is the length, D_top is average depth below the ground surface and Strike is the angle with
respect to the North direction. The same parameters as for the dike connected to the ground surface are
used to define the base of the dike, with the exception of Shear and Twist that are fixed to zero to increase
the inversion speed.
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where C is either the autocorrelation or covariance function,
r is the distance between two pixels, sd

2 is the variance of the
noise, and a is the correlation distance [Fukushima et al.,
2005]. Following Fukushima et al. [2005], we compute the
autocorrelation function for the undeformed area of each
interferogram and estimate the variance and correlation dis-
tance corresponding to the best exponential curve fit for each
interferogram (Table 1). We then use these values to com-
pute the full covariance matrix Cd which we use for the
misfit computation (2).
[43] The appraisal stage [Sambridge, 1999b] involves cal-

culations of posterior probability density functions using
misfit values calculated during the search stage. It allows for
the estimation of several model statistical characteristics such
as the mean model and marginal posterior probability density
functions (PPDs). The one-dimensional marginal PPDs pro-
vide confidence intervals for the model parameters, while the
two-dimensional marginal PPDs indicate trade-offs between
pairs of model parameters. The applicability of the method has
been confirmed by synthetic tests [Fukushima et al., 2005].

5. Most Likely Model for the 2002 Nyiragongo
Eruption

[44] The complex displacements observed could result
from a combination of sources. Possible deformation sources
are suggested by the observation of the various geological
and geochemical changes associated with the eruption. The
eruptive fissure indicates that one of the sources is a dike.
The fact that methane and CO2 were released [Komorowski
et al., 2002/2003] could indicate the partial draining of a
gas reservoir. The seismic activity associated with the
eruption suggests that faults may have been involved in
the eruption. Finally, the geochemical data also indicates
the presence of another magma reservoir, or a second,
deeper dike [Tedesco et al., 2007].
[45] Because the misfit function used in the inversion only

gives a relative comparison of the data fit of models, we
discuss the models using RMS errors, which are a more
intuitive indicator. They are defined as:

RMS ¼ 100 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uo � umð ÞT uo � umð Þ

N

s
ð5Þ

where N is the number of subsampled data points. The RMS
error is expressed in centimeters.
[46] Generally, when inverting for model parameters,

increasing the number of model parameters decreases the
misfit. However, the lowest misfit model determined is not
necessarily the correct one. In order to select the most likely
model, we use the Akaike information criterion (AIC)
[Akaike, 1974] which is defined as

AIC ¼ 2kþ c2 þ Cste ð6Þ

where Cste is a constant, Cste = log|Cd| + N log(2p). k is the
number of inverted parameters, c2 is the misfit defined in
equation (2), and | | stands for the determinant. The AIC
allows models to be selected according to their relative
value, in such a way that the most likely model has the
lowest AIC. As Cste is the same for all models, it will be
ignored in the model comparison.

5.1. Rejected Models

[47] Models considering one single dike (Table 2,
column 1, and descriptions, and Figure S4 and Table S1 in
the auxiliary material) or a dike and a deflating reservoir
beneath the Goma area (Table 2, column 2, and descriptions,
and Figure S5 and Table S2 in the auxiliary material) do not
fit the InSAR data satisfactorily, leading to RMS errors of
4.8 and 4.2 cm, respectively. Thus they were rejected.
[48] Models considering a dike and several faults were

also rejected (Figure S6 and Table S3 in the auxiliary
material). In contrast to the 2007 Natron basin seismo-
magmatic event [Baer et al., 2008; Calais et al., 2008;
Biggs et al., 2009], field observations performed after the
Nyiragongo eruption [Komorowski et al., 2002/2003] showed
no significant fault trace, with the exception of the two 2.5 km-
long 1/3 fringe discontinuities visible in the RADARSAT-1
descending interferogram in the Gisenyi area (Figure 5 and
section 6.3). Inversions considering a dike associated with the
2002 eruptive fissure and one to three westward-dipping nor-
mal faults located to the west of this dike led to a poor data fit
with a RMS error of 3.5 cm (Table 2, column 3).

5.2. Preferred Model

[49] Our best fit model consists of a shallow dike associ-
ated with the eruptive fissure, and a second, deeper dike,

Table 2. Comparison of the Inversion Resultsa

One Dike

One Dike and
One Deflation

Source

One Dike and
One Fault
Network

Two Dikes,
Model (a)

Two Dikes,
Model (b)

Two Dikes,
Model (c)

Two Dikes,
Model (d)

Two Dikes,
Model (e)

Two Dikes,
Model (f)*

Number of
parameters
inverted

6 12 17 9 10 11 12 13 14*

RMS error (cm) 4.8 4.2 3.5 2.7 2.6 2.6 2.6 2.5 2.3*
Number of

acceptable
models

1,750 6,220 6,450 4,130 6,810 6,210 9,430 12,460 20,200

AIC 10563 9203 8694 7912 7821 7822 7897 7762 7753*

aThe asterisk denotes the preferred model. Parameters are described in Figure 7. Models are as follows: (a) Inverted parameters: for the eruptive fissure
dike P0, Dip, Botelv, Botlen, Twist; for the buried dike P1, D_top, Strike and Toplen. (b) Same parameters as model (a) with Dip as an additional parameter
for the buried dike. (c) Same parameters as model (a) with Dip and Botelv as additional parameters for the buried dike. (d) Same parameters as model (a)
with Dip, Botelv and Botlen as additional parameters for the buried dike. (e) Same parameters as model (a) with Botang as extra parameter for the eruptive
fissure dike and Dip, Botelv, and Botlen as extra parameters for the buried dike. (f) Same parameters as model (a) with Botang as extra parameter for the
eruptive fissure dike and Dip, Botelv, Botlen and Botang as additional parameters for the buried dike.
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with its northern end located beneath the Nyiragongo edi-
fice, extending below Lake Kivu, and ending about 15 km
from Idjiwi Island. Because of the lack of InSAR measure-
ments over the lake surface, we assessed the position of the
southern end of the deep dike based on the coherent InSAR
data along the shore. It was fixed by trials and errors in the
preliminary inversions. A reasonable data fit was found with
the southern end of the deep dike located at 743 N and 9,805
E km UTM (Table 3b). The northern end of the deep dike is
defined by two parameters (Strike and Toplen) that are
inverted.
[50] In order to determine the most likely model, we

performed six inversions, increasing the number of inverted
parameters from 9 to 14 (Table 2, models (a) to (f)). Each
inversion involved several thousand models (Table 2). The
more complex the model, the larger the number of forward
models required for the inversion to converge (Table 2).
The 14 parameter model (Figure 8 and Table 2, model (f)*)
is the most likely as it has the lowest AIC. It has the
best data fit as it is associated with the lowest RMS
error (2.3 cm, Table 2). With this model, the dike
connected to the eruptive fissure is subvertical and shal-
low, with an average height of 2 km and a sub-horizontal

bottom, making the dike nearer to the surface beneath
Nyiragongo volcano (Figure 8 and Table 3a) than
beneath the city of Goma. The dike is associated with
an overpressure of 0.9 MPa. The opening distribution
corresponding to this overpressure is maximum at the
ground surface (Figure 8b), where the mean opening is
3 m, a value which is consistent with field measurements
[Komorowski et al., 2002/2003]. The other dike is deeper
and has a 20 km-long top at a depth of 3.3 km below
the surface, an average height of 6 km, and a 40 km-long
bottom (Figure 8a and Table 3b). Like the shallower
dike, the deeper dike has a low overpressure of 0.4 MPa.
The corresponding opening is at its maximum toward
the center of the dike, reaching 1 m, with an average
value of 0.7 m (Figure 8b). The two-dimensional PPDs
(Figure S7 in the auxiliary material) show that there are
no significant trade-offs between the model parameters.
[51] To the west of the 2002 eruptive fissure, residuals

(Figure 9) are lowest on the shortest time-span interfero-
gram. This indicates that time-dependent processes, such as
a slow motion of the rift border faults or magma movements
associated with Nyamulagira’s 2002 eruption, might also
have taken place. Other residuals, in the Goma area and east

Figure 8. (a) Three views of the geometry of the preferred two-dike model. The view with contour lines
is a map view. The dashed lines in the map view indicate the locations of the vertical cross-sections shown
to the right of, and below, this view. The view to the right is the north-vertical cross-section and the view
below is the east-vertical cross-section. The 2002 eruptive fissure is mapped in green. (b) Topographic
mesh used for the modeling and 3D view of the two-dike intrusions described in Tables 3a and 3b and
section 5.2. The opening of each element is adjusted so that it fits the constant stress boundary condition
in the boundary element computation.

Table 3a. Best Fit Parameters for the Preferred Model (Two Dikes With 14 Model Parameters (f)*) Given With Their 95% Confidence
Intervals: Quadrangular Shallow Dike Connected to the Grounda

P0 (MPa) Botelv (km a.s.l) Dip (�) Shear (�) Botlen Botang (�) Twist (�)
Surf. Av.
U?

b (m)
Av.

U?
b (m)

Search int. [0.2; 2.5] [�1; 1.5] [80; 140] fixed [0.3; 1.3] [�30; 30] [�10; 40] - -
Best fit 0.9 0.33 105 0 0.78 �4 14 3 2.1
95% conf. int. [0.87; 0.94] [0.28; 0.36] [104; 106] fixed [0.76; 0.8] [�5.1; �3] [13.2; 14.7] - -

aParameters are described in Figure 7.
bU? is the opening.
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of Lake Kivu, are probably due to the oversimplified shapes
of the dikes considered in the inversions.

6. Discussion

6.1. Bias Induced by the Homogeneous Elasticity
Hypothesis

[52] A low value of the Young’s modulus was considered
for the inversions of both dikes (E = 5 GPa), corresponding
to the Young’s Modulus in the upper two kilometers of the
crust. Although this is a reasonable assumption for the
shallow dike, such a low value could lead to an underesti-
mation of the depth of the deeper dike. Models with depth-
dependent elastic properties, with more compliant layers at
shallow depth and stiffer layers at greater depth, always lead
to over-estimations of source depths, whether these sources
are shear faults [Arnadottir et al., 1991; Montgomery-Brown
et al., 2009] or magmatic reservoirs [Masterlark, 2007].
[53] This low Young’s modulus might also lead to an

underestimation of the overpressure of the deep dike.
Considering the depth-dependent rigidity estimated earlier
for this area (section 4.1 and Figure 6f), the Young’s
modulus reaches an average value of 90 GPa at 4 km depth,
which is the mean depth of the deep dike (Table 3b). When
inverting displacements for overpressures in linear elastic
media, the determined overpressures are linear functions
of the Young’s modulus. Thus, if the Young’s modulus
is E = 90 GPa instead of E = 5 GPa used in the inver-
sions, the overpressure of the deep dike is 7.4 MPa,
instead of 0.4 MPa.

6.2. Consistency With Lake Level Data

[54] In order to compare lake level data with the InSAR
observations and our best fit deformation model, the
InSAR displacements from the three beams were simulta-
neously used to compute vertical displacements along the
lake shore following the procedure of Wright et al. [2004].
Before computing vertical displacements the InSAR dis-
placements were shifted by the amount that minimized the
misfit between the observed data and the best fit model
(equation (3)). Standard deviations and unit LOS vectors
considered for the displacement calculations are given in
Table 1. Comparison of the vertical displacement of the
lake shore as determined from the best fit model, the
InSAR data and the water level measurements (Figure 3)
shows a similar overall shape of subsidence characterized
by a maximum subsidence at approximately the same
location. Lake level data show a maximum subsidence of
32 cm relative to the easternmost point of the northern
shore of Lake Kivu [Tedesco et al., 2007], greater than the
modeled (8 cm) or InSAR measured (5 cm) relative sub-
sidences. In addition, whereas the lake level data indicate
only broad subsidence, the InSAR data and associated
model predict uplift on each side of the subsiding sector.
Due to the large uncertainties in the lake level measure-
ments, we attribute the discrepancies between the model,
InSAR data and the lake level measurements to errors in
the latter.

6.3. Discontinuities in the Gisenyi Area

[55] In order to test whether these faults could have been
activated by the 2002 dikes, we have computed the expectedT
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static stress changes as follows. Coulomb stress changes DS
are given by

DS ¼ Dt � m′Ds ð7Þ

where Dt is the shear stress change on failure planes with a
given orientation and rake (positive in the sense of slip), Ds
is the change in normal stress, and m′ is the effective friction
coefficient which incorporates the effect of pore fluids.
Following Stein et al. [1992] and King et al. [1994] a
value of 0.4 is assumed. No attempt is made to investigate
the influence of this parameter as several studies have
concluded that Coulomb stress modeling is only margin-
ally dependent on the effective friction coefficient values
[King et al., 1994; Parsons et al., 2012]. As the Gisenyi
discontinuities are parallel to the normal faults at the eastern
rift border (Figure 2), which are west dipping, they are
assumed to be the surface expression of the border faults. A
dip of 60� is assumed as it is the most common dip for
normal faults. A Coulomb stress calculation performed with
the MBEM (Figure 10) shows that the discontinuities are
located in an area where slip on normal faults would be
promoted. These faults are too far from the dikes to be located

Figure 9. Observed, modeled and residual interferograms obtained with the best fit model considering
two-dike intrusions. This model also gives the lowest AIC. Location of this area is indicated by a box
in Figure 2a.

Figure 10. Coulomb stress changes corresponding to the
best fit two-dike model (see Figure 2b for the profile loca-
tion). Effective friction coefficient is = 0.4. Positive values
indicate that normal fault slip is promoted. The area where
the Gisenyi discontinuities have been observed (Figure 5)
is indicated with an arrow.
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in the area of greatest Coulomb stress increase. Thus, most
probably, these faults were not created by the dike intrusions,
but reactivated by them. As the observed displacements have
a small amplitude and extend over a small area, it is likely
that the faults were only reactivated to a shallow depth.

6.4. Magma Origin

[56] The two-dike model with a shallow and deep dike is
consistent with the two reservoirs inferred from petro-
graphical and seismic analysis. The shallow dike goes down
to 3 km below the summit, a depth consistent with the
shallow reservoir depth estimated to lie between 4 km [Platz
et al., 2004] and 1 km [Louaradi, 1994] based on leucite
crystallization pressure. The 12 km maximum depth below
the surface for the deep dike is consistent with the calculated
value for the deep reservoir of 10–14 km depth, as deter-
mined from petrographical analysis on fluid and melt inclu-
sions in olivine and clinopyroxene phenocrysts [Demant
et al., 1994], as well as the a-seismic region [Tanaka, 1983].
[57] The model is also consistent with 38U and 232Th

series radioactive disequilibria data, calculated from lavas
emitted during the eruption [Tedesco et al., 2007], which
suggest that the eruption was fed by up to three different
magmatic sources. These authors infer that the northern lava
flows were probably supplied by the lava lake and a shallow
magma reservoir, while the southern lava flows were related
to a second, deeper reservoir, probably located beneath
Goma city and Lake Kivu. The shallow dike volume is
consistent with this model as the inverted shallow dike has a
slightly greater volume (74 � 106 m3, Table 4) than the
volume of lava that drained from the summit crater (60 �
106 m3, Table 4 [Komorowski et al., 2002/2003]). Thus, it
could have been supplied by other sources, such as a shallow
or a deep reservoir.
[58] We do not see any evidence of a shallow or deep

reservoir deflation, as suggested by the unusual earthquakes
recorded during the eruption [Shuler and Ekström, 2009],
but these deflations could have been hidden by the large
displacements associated with the dike intrusion, or by the
lack of coherent InSAR data on the steep vegetated slopes of
the volcano and on Lake Kivu. The pressure in the reservoir
could also have been restored by gas exsolution in the
magma chamber [Rivalta and Segall, 2008].
[59] In our preferred model, the deep dike is not connected

to the ground or to the other dike (Figure 8). However, the
two dikes are only separated by about 2 km vertically, so the
presence of a magma conduit between them is highly likely.
The connection between both dikes is probably via another

dike, as this is the most efficient means of transporting
magma through the lithosphere [Rubin, 1995; Delaney and
Pollard, 1981]. This dike might be too narrow to cause
detectable InSAR displacements. Indeed, the data fit breaks
down when the southernmost part of the shallow dike is
shortened by 5 km and replaced with a 5 km-long dike
connecting the eruptive fissure to the deep dike. A similarly
narrow path is also postulated for other volcanoes such as
Piton de la Fournaise [Fukushima et al., 2010; Traversa
et al., 2010].

6.5. Eruption Model

[60] In order to distinguish whether the deep or the shallow
dike has the most influence on the opening of the other one,
we use the MBEM to compute normal stress changes induced
by each inverted dike on the other. For these computations,
we use the uncorrected overpressures P0 = 0.9 MPa and
P1 = 0.4 MPa determined for the shallow and deep dike
(Tables 3a and 3b), respectively, considering a homoge-
neous medium with a Young’s modulus E = 5 GPa, as in
the inversions. Induced normal stresses are computed at the
centroid of each triangular boundary element. Figure 11
shows that each dike decreases the normal stresses of the
other. The shallow dike mainly decreases the normal stresses
on the upper, northern part of the deep dike (Figure 11a),
while the deep dike mainly decreases normal stresses on the
southern part of the shallow dike in an area extending from
the bottom of the dike to the surface (Figure 11b).
[61] Geophysical observations [Battaglia et al., 2005],

numerical [Dahm, 2000] and analog models [Rivalta and
Dahm, 2005] indicate that dikes grow upward or laterally
from the source region. Thus it is unlikely that the stress
changes induced by the shallow dike would promote the
injection of magma downward to the deeper dike. Con-
versely, the stress decrease induced by the deep dike could
favor the injection of magma from the deep dike up into the
shallow dike. The area of maximum stress decrease is coin-
cident with the area where radioactive disequilibria indicate a
different magmatic source to that of the northern part of the
eruptive dike [Tedesco et al., 2007]. Moreover, the deep dike
induces a 0.07 MPa pressure decrease in the host rocks at the
level of the shallow reservoir, corresponding to an over-
pressure increase in the reservoir. If the reservoir is at a
critical equilibrium and connected to the summit lava lake, as
indicated by the petrographical data [Demant et al., 1994],
this stress change might be sufficient to initiate the reservoir
and magma column failure, triggering the intrusion of a
shallow dike.

Table 4. Elevation of the Nyiragongo Lava Lake, Intruded Magma Volume and Erupted Lava Volumes Estimated for the 1977 and 2002
Eruptionsa

Nyiragongo Lava Lake Altitude
Below the Rim (m)

Volume Drained From
the Crater (�106 m3)

Intruded Magma
Volume (�106 m3)

Total Erupted Lava
Volume (�106 m3)

2002 250 [Durieux, 2002/2003] 60 [Komorowski et al., 2002/2003] 60b [Komorowski et al., 2002/2003];
136 in the deep dike + 74 in the
shallow dike = 210 [this study]

14–34c [Tedesco et al., 2007]

1977 155 [Tedesco et al., 2007] 234 [Tazieff, 1977;
Komorowski et al., 2002/2003]

212d [Tazieff, 1977;
Komorowski et al., 2002/2003]

22c [Tazieff, 1977;
Komorowski et al., 2002/2003]

aThe crater rim is located at 3,425 m above sea level.
bEstimated from the volume drained from the crater lava lake.
cEstimated from the lava flow volume.
dEstimated from drained minus lava flow volumes.
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[62] A likely scenario (Figure 12) is that the eruption was
initiated by the supply of magma to a deep reservoir, ten
months before the eruption, as suggested by the increased
number of long period earthquakes and the onset of contin-
uous harmonic tremor before the eruption [Kavotha et al.,
2002/2003]. Such an early supply is also consistent with
the model of lava flow rheology which indicates that lavas
emitted on the southernmost fissure had probably been
cooled in the weeks or months before the eruption
[Giordano et al., 2007]. This deep reservoir might have
subsequently fed the deep dike.
[63] As indicated by our stress analysis, the intrusion of

the deep dike could have promoted tensional failure of the
shallow reservoir. As this reservoir is permanently
connected to the lava lake [Demant et al., 1994], failure of
the reservoir could have induced the opening of the shallow
dike and the subsequent draining of the lava lake.
[64] Lavas from the lava lake were emitted first as they

were closer to the surface and their magmastatic pressures
promoted dike opening, followed by lavas from the shallow
reservoir. Draining of the shallow reservoir could have
induced failure of the top of this reservoir along ring dikes,
leading to the unusual earthquakes recorded during the
eruption [Shuler and Ekström, 2009]. Even if the deep
intrusion was initiated first, it might only have breached the

surface after the shallower intrusion since it was further from
the surface. Since fracture toughness is depth-dependent
[Rivalta and Dahm, 2006] the deeper intrusion probably
propagated to the surface more slowly than the shallow
intrusion. The presence of the deep dike could have facili-
tated the connection between the deep dike and the southern
part of the shallow dike, leading to the eruption of magma
from the deep source south of the eruptive fissure. This
scenario involving the lava lake, a shallow reservoir and a
deep reservoir for the southernmost fissure is consistent with
the geochemical analysis and model of Tedesco et al. [2007].
[65] Injection of magma into a deep dike could have trig-

gered the precursory and post-eruptive short- period earth-
quakes [Kavotha et al., 2002/2003; Tedesco et al., 2007] by
inducing slip on faults close to the dike tip which were on
the verge of failure [Rubin, 1992]. This has often been
observed during dike intrusions, for instance in Afar in 2006
[Grandin et al., 2009; Keir et al., 2009], at the volcanic
island of Izu in 2000 [Nishimura et al., 2001] or during the
2007 Natron faulting and diking event [Baer et al., 2008;
Calais et al., 2008; Biggs et al., 2009]. Large earthquakes,
such as the 3 February 2002 5.9 Mw Bukavu event [d’Oreye
et al., 2011], or the October 24, 2002 6.2 Mw south Lake
Kivu event (Figure S8 in the auxiliary material), might
remain undetected by interferometry if they were to occur
beneath Lake Kivu or in areas of low coherence.
[66] On the 9 descending and 8 ascending available

RADARSAT-1 interferograms that cover the year before the
eruption, we do not see any evidence of pre-eruptive inflation
of a deep reservoir, but it might go undetected if it was too deep
or associated with only a small volume increase, or because
the area affected by the magma injection was incoherent, as
would be the case if it was located beneath Lake Kivu.
[67] The lack of seismic and continuous geodetic mea-

surements prevents us from tracking the progression of
magma at depth. Therefore, compared to better-studied rift-
ing events, such as the Manda-Hararo 2005–2010 diking
events [Keir et al., 2009; Grandin et al., 2010] or the Puu’
Oo 1983 eruption [Rubin et al., 1998], it is not possible to
detect if the deep dike was fed by a mid-segment reservoir.

6.6. Comparisons With the 1977 Eruption

[68] The 2002 eruption has many common characteristics
with the 1977 event. Both eruptions are associated with rift-
parallel fissure networks, indicating that the intrusion
directions are related to the direction of rift extension.
[69] The two estimated erupted lava volumes are similar

(Table 4, column 4), and, in both eruptions, the summit lava
lake drained. In 1977 the lava lake level was about 155 m
below the crater rim, whereas it was about 250 m below the
rim before the 2002 eruption (Table 4, column 1). Not only
was the lava lake level higher in 1977 than in 2002, but the
diameter of the drained crater was wider in the former
[Durieux, 2002/2003], leading to a much larger estimate for
the drained volume in 1977 (234 � 106 m3) [Tazieff, 1977]
compared to 2002 (60 � 106 m3) [Komorowski et al., 2002/
2003] (Table 4, column 2).
[70] For the 1977 eruption, an intruded volume of 212 �

106 m3 was estimated from the difference between the
drained lake and the lava flow volumes [Komorowski et al.,
2002/2003; Tazieff, 1977]. Following the same approach, an
intruded volume of 60 � 106 m3 was estimated from the

Figure 11. Normal stresses induced by one dike on the
other along a north-south cross-section: (a) Normal stress
(s?) in MPa induced on the deep dike by pressure from the
shallow dike. (b) Normal stress (s?) in MPa induced on the
shallow dike by pressure from the deep dike.

WAUTHIER ET AL.: THE 2002 NYIRAGONGO ERUPTION B05411B05411

15 of 20



drained volume in 2002 (Table 4, column 3) [Komorowski
et al., 2002/2003]. However, inverting for InSAR data, we
found that both a shallow and a deep dike were involved
in this eruption, leading to an intruded volume of 210 �
106 m3, more than three times larger than this estimate.
Our modeling is consistent with the lava lake draining into
the shallow dike. This shows that, when estimating magma
volumes, volumes drained from the lava lake should be
considered as minimum volume estimates as they do not
account for magma supplied by reservoirs.
[71] The 1977 eruption appears to have induced a 2.4-fold

increase in eruption rates at neighboring Nyamulagira vol-
cano [Burt et al., 1994; Wadge and Burt, 2011], while the
2002 eruption may have decreased the lava output rate at
Nyamulagira [Wadge and Burt, 2011]. Large dikes, such as
the ones in this study, imply stress perturbations at a rift
scale that could also affect the 15 km-distant Nyamulagira
volcano and change its eruption rate or its intruded versus
extruded magma volume. Deformation associated with the
1977 eruption was not measured, so the exact perturbation
related to this event cannot be investigated and compared
with that of the 2002 eruption.

6.7. Isotropic Lithostatic Crustal Stresses

[72] The deep dike overpressure is smaller than values
estimated in areas where extension is accommodated by
normal faulting. Horizontal stresses needed for slip on faults
correspond to a critically stressed crust with hydrostatic pore
pressure [Rubin, 1990; Buck, 2006; Townend and Zoback,
2000]. In this case, Rubin [1990] estimated that an average
overpressure of 54 MPa could be reached at 5 km depth.

However, the overpressures we determined are close to
values estimated when the stress state in the crust is lithostatic
and isotropic, such that the horizontal compressive stress
equals the rock pressure. If the rock stress close to the dike
was lithostatic and isotropic, the overpressure at the center of
the dike zd (corresponding to the mean overpressure), would
be the difference between the magma and rock pressure:

DP zdð Þ ¼
Zzmax

zmin

rm � rr z′ð Þð Þ g dz′; ð8Þ

where zmax and zmin are the maximum and minimum
depths of the dike, rm is the magma density and rr(z′) is
the rock density, linearly varying with depth, as indicated
in Figure 6b. g is the acceleration of gravity.
[73] For the estimation of the magma density, we consider

that the magma is degassed. The InSAR displacements cover
a six-month period extending from the eruption until mid-
July 2002, during which time the SO2 emission rates were
low. This led Carn [2002/2003] to assume that the emitted
magma had been degassed during the long residence time in
the crater and upper conduit of the volcano. For the degassed
magma density in the shallow dike, we take a value of
rm = 2650 kg/m3, which is the nephelinite density at
Nyiragongo [Carn, 2002/2003], and for the magma density
of the deep dike we take rm = 2800 kg/m3.
[74] Equation (8) allows us to determine that the over-

pressure corresponding to lithostatic isotropic stresses are
1.1 MPa, and 4.5 MPa for the shallow and deep dikes,

Figure 12. Schematic magmatic plumbing system beneath the Nyiragongo volcano and the northern part
of Lake Kivu, and possible eruption chronology, inferred from the modeling and consistent with a previ-
ous study by Tedesco et al. [2007]. The topographic profile (black bold line) is obtained from the topo-
graphic and bathymetric data along the trace of the deep dike (Figure 2). The figure is not scaled for
depth below sea level.
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respectively. These values are close to the overpressures
estimated from the inversion of ground displacements,
which are 0.9 MPa for the shallow dike (Table 3a) and 7.4
MPa for the deep dike, after correcting for the low
Young’s modulus used for the inversions (section 6.1).
Our analysis indicates that, close to the dikes, stresses are
incompatible with the tensional tectonic stresses needed to
produce stretching via normal faulting [Buck, 2006; Rubin,
1990; Townend and Zoback, 2000].
[75] If magma pressure was higher than the hydrostatic

pressure assumed in equation (8), then the overpressure
would be increased. The low overpressure we determined
thus indicates that the magma pressure is low. This result is
consistent with the observation that, in some places, magma
was visible in the eruptive fissure without being actively
erupted.
[76] Few studies of diking events document the overpres-

sure, as most of them rely on kinematic inversions of geo-
detic data. Stress changes were determined for the different
episodes of the 2005–2009 Afar rifting cycle by Grandin
et al. [2010]. These authors did not invert surface dis-
placements for stress changes but computed stress changes
a-posteriori from the opening distribution, which is such that
it represented the best compromise between the data fit and
the smoothness of the dike opening. No assumption was
made about the uniformity or depth dependence of over-
pressures, as would be expected for magma-filled fractures.
Obtained stresses were very large at the center of the open
patches, reaching 30 MPa for a 5 km-deep dike. We attribute
the large overpressures obtained by Grandin et al. [2010] to
the method they used for stress determination.

6.8. Influence of the Rift Extension on the Dike
Directions

[77] Both dikes are subvertical and more or less perpen-
dicular to the rift extension direction (Figure 1) [Stamps
et al., 2008], the shallowest dike deviating more from the
extension direction than the deeper dike. Northwest of the
Nyiragongo edifice, the shallower dike follows the N20�W
weakness direction [Meyer, 1953] linking Nyamulagira and
Nyiragongo, while further south the dike follows the north-
south direction taken during the course of the 1977 eruption.
This direction is intermediate between the N20�W weakness
direction and the N20�E rift direction, suggesting the com-
bined effect of the two on the eruptive fissure emplacement.
The fact that the direction of the deeper dike is perpendicular
to the extension direction indicates that this dike direction is
guided by the rift extension. As crustal stresses are found to
be isotropic, it is likely that this direction is favored because
of a reduced tensile strength inherited from previous dike
intrusions rather than because it is a direction of minimum
principal stress.
[78] The deeper dike is aligned to several other rift-related

structures. For instance, it is aligned to the Idjiwi horst
(Figure 2a), located south of Lake Kivu. Wong and Von
Herzen [1974] showed that the horst structure extends up
to the northern shore of the lake. The bounding fault of the
horst could have guided the magma path. The deep dike
could be connected to an undated Ngangi eruptive fissure
(Figure 2b), 10 km west of the 2002 fissure, which strikes
N8�E. This fissure is associated with the alignment of

several eruptive cones and hornitos, and has localized uplift
of about 10 m, as confirmed by a field survey in January
2010. At the time of the January 2002 eruption, the local
population reported smoke emissions along part of the
Ngangi fissure. Eruptions beneath Lake Kivu are probably
common since bathymetric data [Capart, 1955; Schmid et
al., 2010] indicate the presence of numerous old volcanic
cones on the lake floor (Figure 2a). The southernmost cones
are aligned with the deep dike, as determined from our
inversions, indicating that this structure might have been
active in the past and breached the lake floor.

7. Conclusions

[79] The major conclusions of our study of the 2002
Nyiragongo eruption using InSAR data can be summarized
as follows:
[80] 1. The best fit model describing the 2002 co-eruptive

deformation, which is also the most likely, according to the
Akaike information criteria, corresponds to two subvertical
dike intrusions. The first, shallow dike, 2 km high on
average, is associated with the 20 km-long eruptive fissure.
The modeled mean surface opening is 3 m, which corre-
sponds to field measurements. This dike volume is consistent
with magmas originating from the summit lava lake com-
bined with deeper sources. The second, deeper dike, 6 km
high and located 3.3 km beneath the city of Goma, has a rift-
parallel strike, and a basal length of 40 km. It is consistent
with a deep magma source of the southernmost fissure.
As this dike extends for about 20 km beneath the lake, it
could have represented a considerable hazard if magma had
reached the lake since its waters contain high concentrations
of dissolved carbon dioxide and methane.
[81] 2. Given the precursory seismicity, it is likely that

magma started to be supplied to a deep reservoir ten months
before the eruption. From a stress transfer analysis, we find
that the deep dike intrusion might have triggered the failure
of a shallow reservoir and magma column beneath Nyir-
agongo lava lake, inducing the injection of lavas from the
lava lake, magma column and shallow reservoir into the
shallow dike. Our analysis indicates that the deep dike
favored the opening of the southern part of the eruptive fis-
sure, suggesting that magma from the deep dike was trans-
mitted to the southern part of the eruptive fissure, through a
dike too narrow to be detected. This model is consistent with
geochemical analysis, the lava rheology, as well as the pre-
eruptive and post- eruptive seismicity triggered on shallow
faults by the intrusion of the deep dike. With the exception
of the October 2002, 6.2 Mw earthquake, these fault motions
are not detectable on the interferograms, which could be
explained by them occurring in the areas of decorrelation or
below Lake Kivu.
[82] 3. Low overpressures are determined for both dikes,

corresponding to crustal stresses which are close to being
lithostatic and isotropic. The rift-parallel directions of the
dikes, as well as their sub-vertical dips, indicate that their
direction of emplacement is controlled by the rift extension.
Because stresses are lithostatic, a low tensile strength inherited
from previous intrusions is probably responsible for the
intrusion direction. The alignment with numerous cones
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indicates that this direction is a preferential intrusion
direction.
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