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It is expected that the very first rainfall should produce the lowest pH values and the 
highest contents of anions resulting from interactions of the acidic gases (SO2, HF and 
HCl) of the volcanic plume with meteoric waters; this was confirmed by local people 
from Rusayo who assessed that their skins are “bitted” by the very first drops of any 
meteoric event. Concentrations of SO4

-, Cl-, F-, NO3
- and Br- were determined by 

ion-chromatography using three cross-calibrated different instruments: Dionex 100 
and 120 and Metrohm 761. Repeated analysis of samples and standards indicates that 
analytical precision and accuracy are better than 3%. 
 
Field observations and analytical results 
Under volcanic plume conditions, the cooling process let many gas species 
condensing into fine particles that act as condensation nuclei for steam. As a 
consequence, ash particles and atmospheric water form acidic areosol. S-, Cl- and 
F-compounds, as a function of the temperature, able to adhere to the tephra particles 
(Oskarsson, 1980). 

Therefore, rainwater can remobilize the chemical components constituting the 
volcanic plume into the hydrological cycle (e.g. Aiuppa et al., 2001; 2006). Meteoric 
waters interacting with the volcanic gases are thus responsible of scavenging 
processes of the volcanic gases. 

The effects of the acidic rains by the Nyiragongo plume were visible since September 
2002 when the activity of the lava lake, although small, became more effective and 
stable (Tedesco et al., 2007a,b). The equatorial forest on the western flank was the 
first to be heavily affected, showing the heads of the trees partly destroyed by both the 
volcanic material and acidic rainfalls. Similarly, crops (e.g. Mudja and Rusayo, Fig. 2) 
and vegetation westwards the volcanic plume displayed severe damages (Fig. 3) that 
are still seriously affecting the local economy. Values of pH and concentrations of F-, 
Cl-, NO3

-, Br- and SO4
2- (in mg/L) from selected sampling sites (Fig. 2) are reported in 

Table 1 along with the water composition of Lake Kivu and a fumarolic condensate 
(Fracture 2; Tassi, Vaselli and Tedesco, unpublished data) located on the 1st platform 
(Durieux, 2002/2003). 

 

 
Figure 3 – Effects of acid rains below the volcanic plume of the Nyiragongo volcano: 

a) beans; b) colocasia; c) banana trees. 
 

Meteoric water samples collected on the top of the Nyiragongo crater rim show the 
lowest pH values (down to 2.4) and the highest anion concentrations (up to 2,400, 
1,750 and 10,000 mg/L, for F-, Cl-, and SO4

2-, respectively). Water samples from 
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other localities at increasing distance from the Nyiragongo summit crater show a 
dramatic decrease in the plume-related components, although those collected below 
the volcanic cloud (i.e. Mudja, Rusayo, Kunene), independently by the period of 
sampling, have systematically higher anion contents than those sampled in the 
southern part (i.e. GVO, Kibati, Bulengo; Fig. 2), suggesting a stronger and prolonged 
interaction between meteoric waters and volcanic gases. Significant enrichments in F-, 
Cl- and SO4

2- up to 5.9, 12 and 13 mg/L, respectively, likely due to south-oriented 
winds, have been measured in December 2002 at GVO. Bromide and NO3

- contents 
are usually below 1.5 and 2.0 mg/L. The only exception is a sample collected at 
Rusayo (Febraury 2004) where 10 mg/L of NO3

- were detected, likely due to 
anthropogenic influence. As no control on the amount of rainwater collected during 
this survey was carried out, to compare the water sample data set and to envisage the 
volcanic contribute it is more convenient to refer to F-/Cl-, F-/SO4

2- and Cl-/SO4
2- 

ratios instead of absolute values (Table 1). The large variability observed in this 
respect mainly indicates a large heterogeneity of the sampled waters. The F-/Cl- ratios 
of the meteoric waters from the Nyiragongo crater summit cluster slightly above 1 and 
are similar to those of the fumarolic condensate (Fracture 2). Conversely, rainwater 
from the sites below the plume is systematically lower than 1, and comprised between 
0.08 (Mudja: May 2003) and 0.66 (Mudja: February 2003) (Table 1). Similar 
considerations do not apply for the F-/SO4

2- and Cl-/SO4
2- ratios as they vary from 0.10 

(GVO, Dec. 2006) to 3.00 (Bulengo) and from 0.09 (Nyiragongo. Sept. 2002) and 
9.29 (Bulengo), respectively. Such a large variability, at least in terms of Cl-/SO4

2- 
ratio, has been already observed in the meteoric waters interacting with the volcanic 
plume of Etna (Aiuppa et al., 2001) and may be ascribed different oxidation processes 
in the volcanic cloud of the S-bearing species, although short-term temporal 
fluctuations were observed in SO2-HF-HCl plume composition and related to shallow 
degassing processes (Sawyer et al., 2008).  

 
 

 
 

Figure 4 – Cl- and SO4
2- versus F- for the meteoric waters collected at Nyiragongo 

crater and surrounding areas. The composition of a fumarolic condensate (FC) from 
the inner crater and of Lake Kivu (LK) is also reported. The red line indicates the 
maximum admissible concentration for F- in drinking water according to the World 
Health Organization (WHO). 
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The direct dependence of the volcanic plume on the meteoric waters can be visualized 
in Fig. 4 where SO4

2- and Cl- vs. F- (in mg/L) binary plots are reported. The maximum 
admissible concentration for F- contents in drinkable water, according to the World 
Health Organization (WHO), is reported (1.5 mg/L). Setting aside the summit crater 
meteoric waters, F- concentrations often overcome those recommended by WHO, 
particularly in those villages where rainfalls are the only water resource supply, 
whereas Cl- and SO4

2- concentrations are relatively low (Table 1). This situation may 
pose serious healthy since fluoride is toxic, provoking dental to skeletal fluorosis, 
when >1.5 mg/L waters are daily used. 

 
 

Table 1 – Values of pH, anionic concentrations (in mg/L) and F-/Cl, F-/SO4
2- and 

Cl-/SO4
2- ratios for selected rain waters collected in the sites reported in Fig. 2. 

Chemical data and halide/sulphate ratios from Lake Kivu and a fumarolic condensate 
from the Nyiragongo crater (1st platform) are also reported for comparison. 

Locality Sampling date pH F Cl Br NO3 SO4 F/Cl F/SO4 Cl/SO4

Nyiragongo 14-09-02 <4.00 13.8 9 0.05 2.00 96 1.54 0.14 0.09
Nyiragongo 04-10-03 4.11 565 638 1.5 <0.01 500 0.89 1.13 1.28
Nyiragongo 23-05-04 3.73 246 260 <0.01 <0.01 645 0.95 0.38 0.40
Nyiragongo 15-07-04 4.02 2400 1750 <0.01 <0.01 10000 1.37 0.24 0.18
Niyragongo 01-12-06 nd 28 42 0.07 0.26 41 0.67 0.68 1.02
Niyragongo 24-02-07 2.40 36 74 0.09 1.31 244 0.49 0.15 0.30

Mudja water tank 18-02-03 9.15 5.5 8.3 0.02 1.3 15 0.66 0.37 0.55
Mudja water tank 11-05-03 8.71 2.8 33 <0.01 0.40 5.0 0.08 0.56 6.60
Mudja water tank 11-05-03 6.28 2.8 5.0 0.01 0.23 7.3 0.56 0.38 0.68
Mudja water tank 18-02-04 6.46 1.2 3.8 <0.01 2.0 6.5 0.31 0.18 0.58
Rusayo water tank 28-10-03 7.22 2 7.4 0.015 2.4 9.5 0.27 0.21 0.77

Rusayo 18-02-04 6.48 14 55 <0.01 10.0 53 0.25 0.26 1.04
Rusayo Sept. 2005 4.03 1.1 2.6 0.00 0.41 5.1 0.42 0.22 0.51
Kunene 26-11-02 6.42 2.5 7.5 <0.01 0.55 9.8 0.33 0.25 0.77
Kunene 13-05-03 5.83 13 24 <0.01 <0.01 19 0.54 0.68 1.26
Kunene 03-12-06 nd 4.8 24 <0.01 <0.01 9.4 0.20 0.51 2.55

Sake 27-11-02 5.79 0.6 1.1 <0.01 0.15 5.5 0.55 0.11 0.20
Sake 27-03-03 6.38 2.9 19 <0.01 1.84 42 0.15 0.07 0.45

Bulengo 25-03-03 8.23 2.1 6.5 <0.01 0.11 0.7 0.32 3.00 9.29
GVO 21-12-02 6.42 5.9 12 <0.01 0.01 13 0.49 0.45 0.92
GVO 16-02-03 6.70 0.2 0.4 <0.01 0.01 1.3 0.50 0.15 0.31
GVO 12-05-03 6.65 0.8 1.0 <0.01 0.75 2.5 0.80 0.33 0.41
GVO 07-12-06 nd 1.1 3.2 <0.01 <0.01 9.3 0.34 0.12 0.34
GVO 13-12-06 nd 0.6 2.7 <0.01 <0.01 5.9 0.22 0.10 0.46
Kibati 16-02-03 6.15 0.4 1.1 <0.01 1.2 2.8 0.36 0.14 0.39
Kibati Sept. 2005 7.00 0.3 0.6 <0.01 3.9 3.4 0.50 0.09 0.18
Kibati 07-12-06 nd 0.1 0.9 <0.01 <0.01 1.3 0.17 0.11 0.66

Lake Kivu 24-06-03 8.70 1.6 23 0.09 0.08 13 0.07 0.12 1.77
Fracture 2 21-06-03 nd 870 760 nd nd 300 1.14 2.90 2.53  

 
 

 

It has to be mentioned that most water reservoirs from Virunga Volcanic Province, 
similarly to those of other East African regions, are characterized by high F- 
concentrations (see for example Lake Kivu in Table 1) (e.g. Baxter & Ancia, 2002, 
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Vaselli et al., 2007, Rango et al., 2009 and references therein, Tassi et al., 2009), 
likely resulting by water-rock interactions with F-rich and Ca-poor volcanic rocks. In 
fact, as fluoride enters the aqueous solution, the low Ca contents and the usually high 
pH (>8) values do not allow the formation of insoluble CaF2 that would favor the 
removal of F- ions. Consequently, fluorosis might be relatively common in this region, 
although at our best knowledge proper statistical investigations and careful diagnosis 
have not yet been carried out.  
 

Conclusions 
The 50,000 people living in the villages around the western flank of Nyiragongo 
volcano have no direct access to good-quality drinkable water. As a consequence, 
they are forced to use rainwater stored into water tanks, that is frequently spoiled by 
volcanic plume-related acidic gases (SO2, HF and HCl) that are easily dissolved in 
meteoric waters.   
 
The Goma Volcano Observatory is sporadically trying to carry out chemical analysis 
on both meteoric and superficial waters to control their quality. However, so far no 
systematic investigations are carried out and people from those villages located below 
the volcanic plume are constantly drinking potentially contaminated rainwater.  
Lack of financial support and analytical facilities and difficulties in establishing 
international collaborations are related to the unstable political and socio-economical 
situations, thus hampering simple and low-cost in situ measurements (at least, pH and 
F concentrations) that should be performed before any use. Moreover, in case of poor 
water quality, fluoride can be removed by flocculation and adsorption (Zevenberger et 
al., 1996), although their exercise costs are likely difficult to be incurred by third 
world countries. Affordable defluorinization methods are however available and 
include calcite, activated saw dust, activated coconut shell carbon, groundnut shell, 
coffee husk, rice husk, magnesia, serpentine, bone charcoal and so forth (Meenakshi 
and Maheshwari, 2006 and references therein). 
Finally, it should also be taken into serious account the possibility to provide medical 
controls on the population and, particularly, on the kids since they may develop 
symptoms of dental and/or crippling fluorosis, the latter being a lethal disease. 
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Jacques Durieux (1949 – 2009) at Nyiragongo Volcano. 
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Abstract 
Lavas with a mantle origin at Mount Manengouba define two distinct 
geochemical evolution trends: (i) a basanite-alkaline basalt-hawaiite-
mugearite-benmoreite-trachyte series on the flanks of Eboga volcano; 
(ii) a basanite-alkaline basalt-hawaiite-mugearite series on the flanks 
of Elengoum volcano. New Sr-Nd-Pb isotopic data for lavas from this 
edifice show that old trachytes (13.56 My), phonolites (7.55 My) and 
rhyolites (1.02 My) do not share a common parental magma with the 
series that include basalts and recent trachytes. 
 
Keywords: Mount Manengouba; Cameroon Volcanic Line; Alkaline 
volcanism; K/Ar Ages; Isotopes (Sr, Nd, Pb); Mantle reservoir. 

 
Introduction  

Mount Manengouba (2 411 m asl) is one of the three large volcanoes of the 
continental sector of the Cameroon Volcanic Line (CVL) along with Mount 
Cameroon (4 100 m asl) and Mounts Bambouto (2 740 m asl). CVL (Fig. 1a) is a 
major structural feature oriented N30 in Central Africa, that stretches from the 
Atlantic Ocean to Lake Chad. Mount Manengouba is a stratovolcano covering about 
500 km² and has two distinct calderas: Elengoum and Eboga. Recent field data on 
Manengouba (Itiga et al., 2004; Chakam Tagheu, 2006) allow us to propose a new 
stratigraphy for the volcanic successions and further investigate them by using new 
40K/40Ar ages and Sr-Nd-Pb isotopic compositions.  
 
Volcanology and geochronology  
The Mount Manengouba is a stratovolcano linked to a horst and slightly elongated in 
the N40 direction. It lies between the Mbo plain to the north and the Tombel graben to 
the south. The basement (Pan-African granites and gneisses) is affected by a series of 
sub parallel strike slip faults oriented N30. 
 
More than 70 strombolian cones of variable size (300-980 m basal diameter) are 
scattered on this huge stratovolcano and many have breached craters. The main 
directions of lava flows are N70 and N120, while the cones follow N150, N120 and 
N70 alignments.  
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The Manengouba stratovolcano has been built during two main volcanic stages: 

The first stage was effusive, initially producing basaltic lavas dated at 30 My (in 
Chakam Tagheu, 2006) probably corresponding to the beginning of the volcanic 
activity of the Manengouba. This was followed by a phase characterized by the 
eruption of trachytic lavas (13.56 My) at Essom, phonolites (7.55 My) in the North-
West of Bangem and rhyolites (1.02 My) at Ekom. This phase corresponds to the 
construction of the Elengoum volcano, followed by the formation of its caldera. 
 
During the second stage, two volcanic phases are observed: (1) an effusive episode 
produced intermediate lavas such as hawaiites at Mboassoum (0.45 My) and Melong 
(0.47 My), mugearites at Enyandong (0.43 My) and later trachytes to the north-west 
of Bangem (0.21 My); and (2) an explosive episode with minor effusive activity that 
erupted basanites observable at Passim and dated at 0.11 My and hawaiites to the 
south of Nkongsamba dated at 0.2 My (Fig. 1b).  
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Petrography and mineralogy  

The petrographic study shows that the lavas of the Manengouba stratovolcano are of 
varied nature: trachyte, phonolite, rhyolite and basalt. More than 350 mineral analyses 
reveal that the principal minerals in these rocks are olivines, clinopyroxenes, 
feldspars, Fe-Ti oxides, amphiboles, micas and feldspathoids. The minerals 
crystallized according to the following order of crystallization: Fe-Ti oxides-olivine-
clinopyroxene-plagioclase for basalts with olivine and for basalts with olivine and 
clinopyroxene; olivine-opaque-clinopyroxene-feldspar-amphibole-mica for basalts 
with clinopyroxene, with amphibole or without amphibole; apatite-clinopyroxene-
amphibole-feldspar-feldspathoïd for phonolites; olivine-clinopyroxene-feldspar-
opaque-amphibole for trachytes; and clinopyroxene-amphibole-mica-feldspar for 
rhyolites.  
 
 
Geochemistry  
New data on representative samples confirm that the basaltic lavas of the 
Manengouba volcano are alkaline and sodic (Na2O/K2O > 2), while the felsic lavas 
are alkaline, but slightly potassic (Na2O/K2O < 2). The basaltic lavas define a 
differentiation trend from basanites to benmoreites (27 < D.I. < 76) and to trachyte 
(D.I. = 81). 
 
Primitive mantle-normalised multi element patterns (McDonough and Sun, 1995) 
show important negative anomalies (Fig. 2a) for Ba, Sr and Ti in the felsic lavas. 
These negative anomalies are due to fractional crystallization of alkali feldspars (Ba, 
Sr) and amphiboles (Ti). Such negative anomalies are described in other felsic lavas 
of the CVL (Wandji et al., 2008). 
 
Chondrite-normalised REE patterns of lavas from Mount Manengouba are presented 
in Fig. 2b. The ratios of some incompatible trace elements of the basaltic lavas show 
only weak variations. That suggests only one source or several identical magmatic 
sources in the mantle for the genesis of mafic magmas, that then could evolve to felsic 
magmas. 
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Fig. 2a : Compositional distribution of mafic and felsic lavas of Mount Manengouba 
(using normalizing values to primitive mantle according to McDonough and Sun, 
1995). 
 
 
Isotopic data 

New isotopic data (87Sr/86Sr, 143Nd/144Nd) (Table I) (analyses by D. Demaiffe at the 
Laboratoire de Géochimie Isotopique, Université Libre de Bruxelles, Belgium) 
confirm that there is no magmatic association between: 

(i) the recent basalts (87Sr/86Sr = 0.703041 - 0.703055; 143Nd/144Nd = 0.512933 - 
0.512948) and the recent trachytes (87Sr/86Sr = 0.703042; 143Nd/144Nd = 0.512869) 
that share a common mantle origin; 

(ii) the Miocene trachytes (87Sr/86Sr = 0.706216; 143Nd/144Nd = 0.512558), Miocene 
phonolites (87Sr/86Sr = 0.707574; 143Nd/144Nd = 0.512756) and Pleistocene rhyolites 
(87Sr/86S = 0.708554, 143Nd/144Nd = 0.512764) that all have a crustal origin. 
The Mount Manengouba samples have extreme radiogenic Pb isotope signatures 
(206Pb/204Pb = 18.4508 - 19.7784, 207Pb/204Pb = 15.5936 - 15.6300, 208Pb/204Pb = 
38.8500 - 39.4840). 
 
The ratios of Sr-Nd-Pb isotopic compositions in these rocks show no evident variation 
with age (Fig. 3). 
 
 

Cs Rb Ba  Th  U  K   Ta Nb La Ce Sr  Nd  Hf Zr Sm Eu Ti  Tb  Y Yb 
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Fig. 2b : REE distribution of mafic and felsic lavas of Mount Manengouba and OIB (using 
chondrite normalizing values after McDonough and Sun, 1995). 
 
 
 
Table I : 40K/40Ar ages and Sr-Nd-Pb isotopes in lavas of Mount Manengouba. 
 

Sample Ages (My) 87Sr/86Sr 143Nd/144N
d 

206Pb/204

Pb 
207Pb/204

Pb 
208Pb/204

Pb 
CT107 

Trachyte 
13.56±0.39 0.706216 0.512558 18.4508 15.5936 38.8500 

CT103 
Phonolite 

7.55±0.18 0.707574 0.512756 - - - 

CT155 
Rhyolite 

1.02±0.03 0.708554 0.512764 18.7909 15.6011 39.0392 

CT47 
Hawaiite 

0.47±0.04 - - - - - 

CT108 
Hawaiite 

0.45±0.07 0.703055 0.512948 19.7502 15.6296 39.4532 

CT52 
Mugearite 

0.43±0.24 - - - - - 

CT105 
Trachyte 

0.21±0.02 0.703042 0.512869 19.7784 15.6300 39.4840 

CT55 
Basanite 

0.11±0.03 0.703041 0.512933 - - - 

 

La Ce   Pr  Nd  Sm Eu  Gd Tb  Dy  Ho  Er  Tm Yb Lu 
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Fig. 3: Sr, Nd and Pb isotopic compositions as a function of the 40K / 40Ar ages (My) 
for lavas of Mount Manengouba. 
 
 
Conclusion  
The volcanological history of the Manengouba stratovolcano appears more complex 
according to the recent ages obtained on the basaltic and trachytic lavas. The isotopic 
ratios show that trachytes (except recent trachytes), phonolites and rhyolites do not 
belong to the same series as the basalts. They were not derived from basaltic magmas 
through simple fractional crystallization. 
The most recent lavas, emitted by lateral fissures, have a mantle origin and define two 
distinct evolutionary trends: (i) basanite-alkaline basalt-hawaiite-mugearite-
benmoreite-trachyte on the flanks of Eboga; (ii) basanite-alkaline basalt-hawaiite-
mugearite on the flanks of Elengoum. 
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Abstract 

On 17th January 2002, Nyiragongo erupted along an approximately 20 
kilometers long fracture system extending from the volcano to the city 
of Goma and its airport. InSAR data from the ERS-2 satellite show 
that complex ground displacements, with several overlapping fringe 
patterns were associated with this eruption. In order to determine the 
sources of these displacements we use a method that combines a 3D 
boundary element numerical modeling and a Monte Carlo Inversion 
algorithm. Complexity of the observed displacements in vicinity of 
Nyiragongo and in Goma area leads us to assume that they result from 
the combination of two deformation sources. Because of the tectonic, 
geologic and magmatic context, three source combinations are studied 
and compared: (1) a subvertical dike and a deflating reservoir, (2) a 
subvertical dike and an east-dipping normal fault, (3) a subvertical 
dike and a west-dipping normal fault. We determine that a subvertical 
dyke associated to the eruptive fissures and a 15 kilometers long low 
angle west dipping normal fault parallel to the East African rift is the 
most likely combination of sources. The low angle west dipping 
normal fault is aligned with the known horst structures of the Idjiwi 
Island located on Lake Kivu, so that it could be the continuation of 
one of the horst faults. It could also correspond to the interface 
between sedimentary layers tilted by the half graben associated with 
the East African rift. 

 

1. Introduction 

With Nyamulagira, Nyiragongo is one of the two active volcanoes of North Kivu 
located east of the Democratic Republic of Congo. It is located in the western branch 
of the East African rift, in the Virunga alkaline volcanic province. This area is 
affected by a combination of tectonic and volcanic activities [1]. In North Kivu, the 
rift is most likely a half-graben including a minor transfer zone induced by the rift 
segmentation along the rift main axis [2, 3]. Nyiragongo hasn’t been much studied, in 
great part due to political tensions taking place in the country. On the 17 January 
2002, Nyiragongo erupted along an approximately 20 kilometers long fracture system 
extending from the southern flank of the volcano to the lake, deeply affecting the city 
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of Goma and its airport [4]. The eruption reactivated part of 1977 fractures network 
and formed new N-S oriented fractures, parallel to main rift-related tectonic faults 
(Figure 1). The maximum observed opening along this fracture system is about one 
meter. Two lava flows entered the town and destroyed about 15% of the houses and 
infrastructures. The eruption was associated with precursory signals in the months 
preceding the January 2002 eruption, such as increased fumarolic activity following 
seismic events. Between 4 and 16 January 2002, seismic activity remained high [5]. 
Interestingly, the seismicity remained high after the effusive activity had stopped and 
about 100 tectonic earthquakes with magnitudes larger than 3.5 were recorded in the 
five days following the January 2002 eruption [6]. Unfortunately, the seismic network 
that operated during the eruption did not allow an accurate assessment of the location 
or depth of the seismic events. The erupted volume is estimated approximately at 14-
34.106 m3 [6]. A rise of the Lake Kivu water level was also identified after this 
eruption, most likely linked with a subsidence of the ground in the lake area [3]. 

 

 

 

 

Figure 1. Tectonic setting of Nyiragongo 
area. (a) Main tectonic and volcanic features 
of the area. (b) Schematic AA’ profile: the rift 
is most likely a half-graben with a marked 
normal fault in the western side but no clear 
normal bounding fault in the eastern side. 
The scheme shows possible fault structures in 
the area. 

 

(a)	  

(b)	  
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2. Methods 

2.1 InSAR data and processing  

Displacements associated with 17 January 2002 eruptive event were captured by radar 
data from the ERS-2 satellite. Combining radar images acquired before and after the 
event, five independent interferograms were computed, giving displacements along 
the satellite Line Of Sight (LOS), from the south west of the volcano. In order to 
obtain large signal to noise data, stable characteristics of the ground surface from a 
radar acquisition to the next are needed. As the available interferograms have large 
time spans, characteristics of the ground surface change and the quality (characterized 
by the coherence of pixels with the surrounding pixels) of interferograms was 
sometimes low, reducing the number of exploitable interferometric data. The reduced 
number of available data is also due to the occurrence of Doppler frequencies 
anomalies in 2001 or too large perpendicular distances (baseline) between 
acquisitions [7], leading to low signal to noise data. The interferograms were 
generated with the Doris open-source software [8] using precise orbits from Delft 
University. The most coherent interferogram, hence in principle the one of highest 
quality, was selected for further interpretation using numerical modeling and 
inversions (Figure 2). Because the radar wavelength of the ERS satellite is 5.6 cm, it 
is sensitive to vegetation, and a loss of coherence is obtained in vegetated areas. In 
this study, incoherent areas are masked. Studying the available ERS interferograms 
with a pair-wise logic approach [7], and comparing these data with interferograms 
captured by the RADARSAT satellite [9], confirms that the observed InSAR signal is 
actual deformation and not an atmospheric or topographic artefact. The acquisition 
times of the various interferograms indicate that all the observed ground deformation 
took place between January 14 and February 13 [10]. 

 

2.2 Data analysis 

In order to determine the sources of the observed displacements, we use a method that 
combines a 3D numerical modeling method and a Monte Carlo inversion method 
[12]. The numerical modeling method is a mixed boundary element method (MBEM) 
[13], based on the combination of two boundary element methods: the direct and 
displacement discontinuity methods. The direct method allows accurate and fast 
modeling of structures such as a topography, cavities or reservoirs, whereas the 
displacement discontinuity method is suitable for fractures. The edifice is assumed to 
be linearly elastic which is supported by theoretical and field studies of dikes [14, 15] 
and the lack of time dependant deformation associated to the emplacement of dikes. 
The medium is also assumed to be homogeneous and isotropic, as no other 
information is available on the mechanical properties of rocks in the Nyiragongo area. 
The prescribed boundary conditions are tractions; they represent perturbations of an 
initial state of stress, and are null on the ground and equal to overpressures or shear 
stress drops on deformation sources [13]. Boundaries (in our case, the ground surface, 
a dike, a deflating reservoir and normal faults) are meshed by planar triangle 
elements. The topographic mesh size is ten times larger (200 km in radius) than the 
deformation sources, so that the limited extension of the ground surface has a 
negligible influence on the computed displacements [13]. 
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Figure 2. ERS-2 Best signal to noise ERS-2 deformation interferogram spanning the January 
2002 Nyiragongo eruption: Ascending orbit, Incidence Angle (angle from vertical) = 23°, 
time span: Sept.00 - July 02, Hamb (Hamb characterizes the sensitivity of the interferogram to 
errors in the DEM. A DEM error of Hamb would result in a fringe in the interferogram) = 148 
m. One color fringe corresponds to 2.8 cm range change in the Line Of Sight direction. The 
interferogram is wrapped on a Digital Elevation Model [11]. Areas with incoherent 
interferometric signals have been masked. The signal observed in A corresponds to the 
compaction of a well-known Nyamulagira lava flows pile (from 1958, 1967, 1980, 1991-93 
eruptions). The asymmetric fringes patterns observed in B, C is related to the dyke injection. 
The subsidence of the Goma area is clearly visible in D with 5 fringes indicating about 14 
centimeters of LOS subsidence. The 2002 lava flows are mapped in red. Fractures used for 
modeling are in green and correspond to observed eruptive fissures. 

 

The topographic mesh is dense close to the eruptive fissures and in Goma area where 
displacement gradients are large and coarse farther away. Displacements created by 
different sources are compared. Parameters characterizing such sources are shown in 
Figure 3. 
 
The inversion method used to determine the best-fit model is a near neighborhood 
inversion algorithm [16]. In order to find the models that best explain the observed 
data, a misfit function is defined, which quantifies the discrepancy between observed 
and modeled displacements. It is written as: 
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where and  are vectors of observed and modeled line-of-sight (LOS) 
displacements, respectively, and  is the covariance matrix. In order to compare 
modeled displacements with physically meaningful quantities, fringes shown in the 
interferogram are converted to displacements leading to LOS displacements maps. 
This procedure, referred as unwrapping, was performed using the SNAPHU open-
source software [17]. As the number of data points in an interferogram is too large to 
be numerically manageable (6,142,825 pixels), data are subsampled at circular 
gridded points, in such a way that the number of subsampling points is dense in areas 
where displacements gradients are large and coarser further away. The unwrapping 
and subsampling yields to 1147 and 4394 long vectors of observed displacements 
for single (dike) and multiple sources inversions, respectively. The vector of modeled 
displacements  is constructed by subsampling modeled LOS displacements at the 
same points as the observed displacements. The covariance matrix  is a full matrix, 
which takes the data noise correlation as well as the modeling uncertainties into 
account. The near neighborhood searches for models that minimize the misfit within 
predefined model parameter bounds. The algorithm works as follows: n1 (here about 
200) initial acceptable models are randomly chosen. Misfits corresponding to the n1 
models are then calculated. Next, at each iteration, n new models are generated in the 
neighborhood of the n lowest misfit models, and misfits for these new models are 
calculated. Iterations continue until the misfit is not significantly lowered anymore. 
The neighborhood around a model is defined by a Voronoi cell which covers the area 
closer to that model than any other model. When n is small, the search is fast but 
concentrates to a limited model area; when n is large, the search is slow and the search 
is conducted in a larger model area. Here when inversions are performed for a single 
source, n is taken to 30, but when multiple sources are inverted for, we can not afford 
numerically such a large n and thus n is reduced to 10 (Table 1).  
 
 
 

Table 1. Characteristics of typical inversions 
 Single 

source 
Multiple 
sources 

Number of inverted parameters 6 10 
n (number of new models generated for each 
iteration) 

30 10 

Number of forward models calculated 4273 14893 
CPU time (minutes) 62 853 
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scaled with respect to the length of the top curve (botlen), the angle of this curve from 
the horizontal direction (botang), the horizontal angle between the bottom curve and 
the top curve (twist) (b) A normal fault below the ground. The fault is a quadrangle 
defined by seven geometrical parameters and a value of shear stress drop, S. (c) A 
deflating reservoir. The reservoir is a planar ellipsoid defined by height geometrical 
parameters and a pressure drop, P0. [12, 13] 

Figure 3. For the modeling, the sources and the 
topography are meshed. Three types of source 
are studied: (a) A dike connected to the ground 
via the eruptive fissure. The dike is roughly a 
quadrangle defined by six geometrical 
parameters and an overpressure, P0. Three of 
the geometrical parameters determine the 
position of the line joining the middle of the top 
and the bottom part of the quadrangle, i.e., the 
dip angle (dip), the angle from the maximum 
gradient (shear), the elevation of the bottom 
point (botelv). Three other parameters 
determine the location of the end points of the 
bottom curve, i.e., the length of the lower curve	  
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3. Results 

Before combining numerical models and inversions, MBEM forward models were 
processed to assess the plausible sources and geometries: a dike associated with the 
eruptive fissure and west and east-dipping normal faults located in the Goma area. 
These preliminary tests showed that such sources can fit the InSAR data and that a 
dike produces displacements similar to those measured only in its vicinity. After this 
step, a single-source inversion with a dike was performed in order to determine the 
number of parameters that can be discriminated when inverting data captured from a 
single LOS direction. In order to invert the interferogram for the dike parameters, only 
data in the vicinity of the dike were considered. These tests confirmed the presence of 
a subvertical dike associated with the eruptive fissure. Such a dike fits the data 
observed on both sides of the eruptive fissure, as shown in Figure 4. This inversion 
indicates that parameters botlen and twist are close to 1, and 0. Thus, we fix them to 
these values for the following inversions. This dike is characterized by a low 
overpressure (0.31 MPa), consistent with the rift context. Such a dike creates 1 meter 
of maximum opening in the surface, consistent with field observations. The inversion 
confirmed that this dike does not explain displacements observed further from the 
eruptive fissure, in the Goma area (D in Figure 2), where there is obviously a 
superposition of deformation signals related to the various phenomena which occurred 
during the eruption. As these phenomena occurred at similar times, they probably 
interacted and thus they have to be simultaneously considered in the models and the 
inversions. As there were visual observations of an eruptive fissure, a subvertical dike 
associated with this fissure is always considered in the models. For the simultaneous 
inversion of two sources, the area considered in the inversion is broader to the west 
and to the north than for the inversion of a single dike. We investigated three 
possibilities for the second source: (1) a deflating reservoir, as the Lake Kivu is rich in 
gas (carbon dioxide, methane…). Indeed, the eruption could have induced a leak in a 
pre-existing reservoir of planar ellipsoidal shape, as shown in Figure 3. (2) A west or 
(3) east-dipping normal fault, as such faults are consistent with rift context. The 
combination of a dyke and an elliptic deflating reservoir poorly fits the data, so we 
can reject this possibility. Both other possibilities, a dyke and a west or east dipping 
normal fault, fit the data. The best-fit modeled displacements and the corresponding 
source geometries are shown in Figure 5 and 6. 

 

 

Table 2. Characteristics of best fit single dike model showed in Figure 4. Shear is 
fixed to 0°. Rms stands for root mean squared error. 

P0 
(MPa) 

Dip 
(°) 

Botelv 
(m) 

Botl
en 

Twist 
(°) 

Botang 
(°) 

Max. opening 
(m) 

V 
(m3) 

Rms 
(mm) 

0.31 92 -2160 1 -1.7 11 1 5e+07 8.5 
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Figure 4. Results obtained for the single dike inversion: (a) Data, Model and 
Residuals for the best fit single dike model.  (b) Geometry of the best fit single 
dike. Values of model parameters are given in Table 2. 

 

A 2.5 to 3 kilometer high subvertical dyke and a 16 km long narrow east-dipping 
normal fault extending from the south flank of Nyiragongo to the northern part of lake 
Kivu fits the data in the Goma area well (rms is 15 mm). However, the interaction 
between these two sources is mechanically inconsistent, as the fault displacement 
induces closure of the dyke. 

A 1.5 to 2 kilometer high subvertical dyke and a 15 km low angle (25°) west-dipping 
normal fault extending from the south flank of Nyiragongo to the northern part of lake 
Kivu fits the data equally well (rms is also 15 mm) but it is a more likely combination 
of sources, as the opening of the dike is consistent with the fault motion. The dike is 
submitted to a low overpressure of 0.15 MPa, which is consistent with the rift context. 
Such a dike creates 0.4 meter of maximum opening in the surface, consistent with 
field observations. The fault is associated to a low stress drop, but this value is in the 
range of plausible values for normal faults [18]. The corresponding moment 
magnitude is 4.9, which is consistent with the magnitude of events observed around 
Lake Kivu during the period covered by the interferograms, where about 24 events 
with magnitudes larger than 4, and four events with magnitudes larger than 5 were 
observed. Modeled displacements induce about 13 cm of maximum LOS subsidence 
of the lake shore consistent with the observation. The fault is roughly aligned with 
one of the Idjiwi Island normal faults, a horst structure visible 50 kilometers south on 
Lake Kivu (see Figure 1). Thus it could be in the continuation on one of the horst 
normal faults. The low angle of the fault, which is unusual for a normal fault, is 
consistent with the tilting of sedimentary layers caused by the a-symmetrical opening 
of the rift. Faulting could results from the reactivation of the contact between tilted 
lithological (sedimentary and/or volcanic) layers. 

 

(a)	   (b)	  
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Figure 5. Results obtained for the simultaneous dike and east-dipping fault inversion: 
(a) Data, Model and Residuals for the best-fit model. (b) Geometry of the best fit dike 
and fault. Values of model parameters are given in Table 3. 

	  

	  

	  

	  

(a)	  

(b)	  
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Figure 6. Results obtained for the simultaneous dike and west-dipping fault 
inversion: (a) Data, Model and Residuals for the best fit model. (b) Geometry of 
the best fit dike and fault. Values of model parameters are given in Table 3.  

 

The model needs to be improved as data from only one LOS were used. In order to 
improve the measurement of the co-eruptive displacements, more acquisitions 
geometries are needed such as those provided by the RADARSAT-1 images. The 

	  

	  

	  

(a)	  

(b)	  
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western part of the study area (E area in Figure 2) can only be explained by the 
introduction of a third source. Preliminary models showed that a simple deflating 
spherical source, west of Nyamulagira volcano, can explain this signal. However, the 
inversion predicts a 24 km deep source. This disagrees with the depth inferred from 
geophysical and petrological data, which suggested that the magmatic chamber of 
Nyamulagira is located between 3 and 7 kilometers depth [19, 20]. We are currently 
exploring other possible sources such as another normal fault in the vicinity of the two 
neighboring volcanoes. 

 

Table 3. Characteristics of best-fit dike and east-dipping fault model (1) and dike and 
west-dipping fault (2) showed in Figures 5 and 6 respectively. 10 parameters were 
inverted for both inversions. For the dike, in both inversions: Shear is fixed to 0°, 
Botlen fixed to 1, and Twist fixed to 0°. Other fixed parameters are underlined. Mb is 
the body-wave magnitude. 
 

 P0  

(MPa) 
Dip 
(°) 

Botelv 
(m) 

Botang 
(°) 

Max. op. 
(m) 

V  
(e+06m3) 

Midx; Midy 
(km) 

Midz 
(m) 

Toplength 
(km) 

Height 
(m) 

Strike 
(°) 

Dipf  

(°) 
S 

(MPa) 
Mw Rms 

(mm) 

 
(1) 

 
0.24 

 
70 

 
-1000 

 
3.6 

 
0.9 

 
32 

 
747; 9820 

 
-2300 

 
18.6 

 
970 

 
21 

 
60 

 
3 

 
5.8 

 
15 

(2) 0.14 90 69 0 0.4 6 748; 9820 0 15.6 3200 22 25 0.2 4.9 15 

 

 

 

4. Conclusions 

We determine that the main part of deformation signal observed by InSAR South and 
East of Nyiragongo between 14 January and 13 February 2002 can be explained by 
the combined effects of a 2 km high subvertical dike feeding the observed eruptive 
fissure, and a 15 km long west dipping normal fault extending from the foot of 
Nyiragongo to the northern part of lake Kivu. The dike is submitted to a low 
overpressure of 0.14 MPa, consistent wit the rift extension. This fault is in the 
continuation of the known horst structures of the Idjiwi Island. It could also 
correspond to the interface between sedimentary layers tilted by the half rift graben 
opening.  

The model has to be refined, first, by taking into account the other InSAR data 
(RADARSAT data) available for this eruption and then by modeling the western part 
of the InSAR signal possibly associated to a deflating magmatic reservoir or a deep 
normal fault. 
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