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SUMMARY 

The area around the lakes Kivu and Tanganyika is subject to various types of hazards 

that threaten the population densely distributed throughout the area. Earthquakes 

regularly affect the entire region and can be the source of major damage, both material 

and human. The Virunga volcanic chain, which stretches in the North Kivu province of 

the Democratic Republic of Congo (DRC) and in northern Rwanda, has two active 

volcanoes, Nyiragongo and Nyamulagira, which permanently threaten the urban 

population of Goma (DRC) and Gisenyi (Rwanda). Finally, landslides, which various 

processes can be sudden, are the source of the most frequent geological disasters that 

occur in this area. In addition, the region suffers from a low economic level and 

recurrent armed conflicts that further weaken the threatened population. 

The GeoRisCA project (http://georisca.africamuseum.be), carried out under the SSD 

(SD/RI/02A) program of the Belgian Science Policy (Belspo), had the overall objective of 

meeting the need to study the risks of geological origin in the Lake Kivu region, to 

contribute to risk prevention at the regional and local levels. 

The study was conducted at the regional scale (mainly for the study of seismic hazard) 

and also at the scale of two urban sites: Bukavu, capital of the province of South Kivu 

which has about 870,000 inhabitants, a city affected by frequent ground movements, 

and Goma, the capital of North Kivu Province, home to about 775,000 people under 

the threat of the lava flows of the Nyiragongo volcano, which last erupted in 2002.  

To fill the lack of reliable data, many measuring instruments have been deployed and 

methodologies adapted to this particular context have been developed. Several 

databases were built during the project. The data formed the basis for the production of 

detailed maps, both for monitoring the evolution of the hazards, and for the population 

distribution and demographic characteristics. The final phase of the project was to 

spatially combine the vulnerability assessment and population density with the landslide 

susceptibility and lava flow probability analyzes developed by the GeoRisCA project 

experts. 

The risk maps obtained are new tools for decision support; they have been officially 

delivered to local authorities in order to, on the one hand, strengthen disaster risk 

reduction policies and disaster prevention programs, and, on the other hand, allow the 

development of a new approach for land use planning. Finally, it is important to stress 

that this research could not have been achieved without a close partnership with 

scientific institutions and local authorities, and has significantly contributed to 

improving the interactions between these different stakeholders. 

Key words: Geological Hazards, Landslides, Volcanism, Seism, Social Vulnerability, 

Natural Hazard, Democratic Republic of Congo, Rwanda, Burundi. 
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1. INTRODUCTION 

Natural disasters are a major threat to the security of people and the sustainable 

development of many countries around the world. By definition, it corresponds to the 

"serious disruption of the functioning of a community or society involving widespread 

human, material, economic or environmental losses and impacts, which exceeds the 

ability of the affected community or society to cope using its own resources" (UNISDR, 

2009). In 2015, according to the international EM-DAT database (http://www.emdat.be), 

managed by the Center for research on the Epidemiology of Disasters (CRED-UCL), 

nearly 350 natural disasters occurred around the world, including a large majority in the 

so-called developing countries, thus further impeding their development. On the one 

hand, a natural disaster is triggered by a hazard that is a phenomenon of geophysical, 

meteorological, hydrological or climatological origin, which manifests itself by releasing 

a large amount of energy and can cause loss of live, injury or other health effects, 

damage to property, loss of livelihood and services, socio-economic disruption, or 

environmental damage (UNISDR, 2009). On the other hand, the extent of the impact of 

such a phenomenon depends on the exposed elements, also called 'stakes' (i.e. people, 

infrastructures, (eco-) systems, or other elements present in the risk areas and thus 

subject to potential losses (UNISDR, 2009)) and their characteristics controlling their 

specific vulnerability. 

Numerous scientific studies or research-action programs evaluate and map natural 

hazards on a global scale (for example, André 2004, Comes et al., 2016, Dilley et al., 

2005) As Bétard and Fort (2014) explain that such studies aim to compare the level of 

exposure and vulnerability of countries to natural hazards, and therefore to identify 

those who are most likely to generate loss of life and important economic impacts. Of 

all these studies, it appears that all the countries, in the North as in the South, are 

exposed to natural hazards, which are at the origin of major disasters, roughly in 

comparable number, type and intensity. On the other hand, the assessment of 

vulnerability to natural hazards reveals in all cases large North-South disparities, 

whatever the methodology used. Indeed, the impact of natural disasters, in terms of 

economic losses and human lives, appears to be much heavier in the so-called 

'developing' countries. In other words, real inequalities in terms of natural risks exist 

between the North and the South, and remain above all conditioned by a lower level of 

development, which results in greater social vulnerability in developing countries 

(Bétard and Fort, 2014, Wisner et al., 2004). 

By definition, vulnerability refers to the set of "characteristics and circumstances of a 

community, system or asset that make it susceptible to the damaging effects of a hazard" 

(UNISDR, 2009). This definition proposed by UNISDR identifies vulnerability as the 
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characteristics of the stake, independent of its exposure: it arises from various factors, be 

they physical, social, economic or environmental. For example, it may be poor 

construction of buildings, inadequate infrastructurerƍ protection, fragility of people's 

livelihoods in the face of the impact of a disaster, lack of information and public 

awareness, low recognition of the need to implement preparedness measures, or 

contempt for environmental management (UNISDR, 2009). All these elements can be 

part of this concept that the scientific literature has both difficulty defining and 

quantifying. In addition, vulnerability varies significantly within a community and over 

time (UNISDR, 2009). Identifying and assessing this notion of vulnerability is complex, 

but has become crucial for an integrated risk assessment to reduce it. 

 

In March 2015, the Third United Nations Conference on Disaster Risk Reduction was 

held in Sendai, Japan. The purpose of this conference was twofold: (1) to review the 

implementation of the Hyogo Framework for Action (HFA) defined at the previous Kobe 

(Hyogo, Japan) Conference on Disaster Reduction in January 2005; and (2) adopt a post-

2015 disaster risk reduction framework. In 2005, the HFA was designed to give a new 

impetus, following the International Decade for Natural Disaster Reduction (1990-1999) 

and the International Strategy for Disaster Reduction developed in 1999. Five priorities 

were set by the Hyogo Framework for Action: (1) Ensure that disaster risk reduction is a 

national and local priority and that there is a strong institutional framework for carrying 

out the related activities; (2) Identify, assess and monitor disaster risk and strengthen 

early warning systems; (3) Use knowledge, innovations and education to build a culture 

of security and resilience at all levels; (4) Reduce the underlying risk factors; (5) 

Strengthen disaster preparedness so that it can effectively intervene at all levels when 

they occur. 

 

It was during the period of implementation of the Hyogo Framework for Action that the 

Democratic Republic of Congo (DRC) actually initiated its disaster management and risk 

prevention policy. In the 1990s, it created a National Office of Emergency Preparedness, 

without simultaneously developing this service at the provincial level. Yet, the country 

has participated in UN-led policy discussions on Disaster Risk Reduction (DRR) taking 

part in successive meetings and conferences in Geneva, Hyogo, Sendai, Yaoundé, 

Cancun, etc. Since the conference of Sendai, the creation of disaster risk reduction 

platform is an international requirement. Under the leadership of the African Union, the 

'Central Africa' platform was created within the Economic Community of Central African 

States (ECCAS) and was established in Libreville (Gabon). But at the national level, 

laxity, plurality of texts and actors, and lack of leadership have stalled the process. 
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It was not until the North and South Kivu were struck by disasters - respectively the 

volcanic eruption of Nyiragongo volcano in 2002 and the Bukavu earthquake in 2008 Ɗ 

that the provincial governments took action, respectively in 2003 and 2011. Thus were 

born the Civil Protections of North and South Kivu. Subsequently, seizing the 

opportunity presented by the decentralization - voted in 2006 -, the Eastern DRC 

provincial governments have recently promulgated decrees formally creating and 

organizing disaster risk reduction platforms. In 2015, the central level followed, but so 

far all this is still without legal basis. While Hyogo's first priority has struggled to set 

itself up, what about the other four priorities? 

The DRC, and in particular the East of the country, has the disadvantage of having to 

implement this policy despite a challenging security, economic, political and social 

situation, characterized by a general lack of data. In the early 2010s, in terms of disaster 

risk reduction, tools for analysis and decision support are still deficiencies. It is in this 

context that the GeoRisCA project (Georisks in Central Africa, financing of the Belgian 

Science Policy, contract No. SD/RI/02A) was developed as a response to the second 

priority of the Hyogo Framework for Action: 'highlight, assess and monitor disaster risk'. 

This project was initiated in 2012, for a period of five years, while the Civil Protection of 

North and South Kivu were still in their infancy. The underlying desire of GeoRisCA was 

to strengthen the two existing structures by providing them with new decision support 

tools for risk management and disaster prevention. This project aimed both at the study 

of geological hazards, such as landslides, earthquakes and volcanic eruptions that 

regularly hit the region, as well as the assessment of the level of vulnerability and risk of 

targeted cities. Hazards of geological nature are not the only ones to affect the region 

(floods and storms are also frequent), but they are among the most regular (landslides) 

and the most striking (earthquakes and lava flows). 

 

Based on the recognition of the need to strengthen disaster management and risk 

prevention structures, the central research question of the GeoRisCA project was: 

How to evaluate geological hazards, as well as the vulnerability and risk of populations 

facing these phenomena in a context of data scarcity? 

 

This central question was broken down into a series of specific questions: 

Á What are the type of hazards and disasters that have affected the studied region 

in the past years? 

Á In what cultural context are we trying to carry out this study? What is the 

influence of this cultural context on the perception of risks of geological origin? 

Á What are the types of major geological hazards encountered in the study area 

and what knowledge do we have of these phenomena? 
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Á How can we apprehend and evaluate them better? And at which spatial scale? 

Á What types of infrastructure are threatened? How many individuals are 

potentially at risk of geological hazards? What are their socio-economic 

characteristics? 

Á How to assess the level of vulnerability and risk of the population in the face of 

geological hazards studied? 

Á What tools can we develop to contribute to risk management and how will they 

be used? 

 

These questions could be addressed to all cities affected by natural hazards and suffering 

from a lack of quality information. They have already been addressed in other 

development contexts (eg Latin America, Asia; D'Ercole et al., 2009, Gaillard et al., 

2001, Siagian et al., 2014, Thouret and D'Ercole, 1996), but very little in sub-Saharan 

Africa, much less in the DRC. We made the choice to develop this study in two cities in 

the DRC, specifically in Goma and Bukavu, respectively chief towns of the provinces of 

North and South Kivu. 

The methodologies used were numerous and varied, depending on the scientific field 

considered. Some are based on qualitative research techniques; others use many 

quantitative data collections. Combining these has allowed us to achieve the results 

produced in the framework of GeoRisCA. We will detail them in the different parts of 

this report. 

 

After a quick overview of some hazards that have struck the region in recent years, we 

will focus on the cultural characteristics of the studied environment, through the 

example of the city of Goma. It will give us an insight of how people perceive and react 

to natural risk they are facing.  

Afterwards, we will present the results obtained during this project in relation to the 

different types of hazards studied: earthquakes analyzed at the scale regional, the 

volcanic hazard located around the city of Goma and the landslides that affect the 

shores of Lake Kivu, and in particular the city of Bujumbura and Bukavu. Faced with 

these hazards, the populations display a certain level of vulnerability that we have 

evaluated according to a methodology developed by Cutter et al. (2003) and today 

applied to various situations and spatial scales. This assessment was carried out through 

an inventory of existing quantitative and qualitative data, in order not only to determine 

the data available to present the current portrait of the cities studied and their 

population, but also to highlight the available data for the vulnerability assessment. . 

This inventory highlighted the scarcity of existing data and the need to collect our own 

data to carry out this study. This led us to focus on the vulnerability of populations and 
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the risk that they incur, without being able to analyse in detail at the vulnerability of 

infrastructures, which is just as crucial. 

This project ended with the linking of the different results of our studies: the geological 

hazards that threaten the cities of Bukavu and Goma and the vulnerability of the 

population of these two cities. This enabled us to develop risk maps, decision support 

tools for Civil Protection. GeoRisCA has made a significant contribution to advancing 

research on hazard analysis and analysis, vulnerability and risk assessment for the 

region's populations. We conclude this report with recommendations, with a view to 

contribute to the implementation of disaster risk reduction policies in the provinces of 

North and South Kivu, and more broadly in the DRC. 
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2. METHODOLOGY AND RESULTS 

2.1. Past hazards and disasters in the Lake Kivu region 

The East African rift valley is a major tectonic feature that shapes Central Africa. It defines 

linear-shaped basins between highland ranges due to the action of geologic faults, and 

associated to earthquakes and volcanism. The region of interest, extending from the 

North Kivu province in Democratic Republic of the Congo (DRC) to North Burundi and 

East Rwanda, is centered on Lake Kivu and the Virunga Volcanic Province (VVP) in the 

center of the rift valley. A rare combination of several types of geohazards threatens this 

highly populated area, classified in seismic, volcanic and mass movement hazards.  

At the regional scale, earthquakes are a real threat for this densely populated area. The 

Western branch of the East African rift is defined by a strong seismicity. This characteristic 

motivated the installation of the IRSAC (Institut pour la Recherche Scientifique en Afrique 

Centrale) seismic network, operated from the Lwiro scientific base on the Western shores 

of Lake Kivu between 1953 and 1963. A preliminary catalogue compiled by Herrinckx 

'0848( khrsr `ants 7// Əedks rdhrlrƐ adsvddm 08/8 `mc 0843 hm Bnmfn+ Qv`mc` `mc

Burundi. The greatest historical known earthquakes in East Africa, in terms of magnitude, 

were recorded close to the studied region: M 7.3 in Western Tanzania between Lakes 

Rukwa and Tanganyika in 1910 (Ambraseys & Adams, 1992; Vittori et al., 1997); M 6.6 

around Lake Tanganyika in 1960; M 7.0 in Kabalo (DRC) in 1992; M 6.8 near Kalemie 

(DRC) in 2005. Recent deadly earthquakes comprise the M 5.9 event that killed 38 

people in Bukavu and Cyangugu in February 2008 'cƍNqdxd ds `k- 1/0/(+ sgd L 4-5 dudms

in Katana in August 2016 (that killed at least 3 people) and the M 4.6 event in Cyangugu-

Kamembe in September 2016 (that killed at least 6 people). An earthquake of similar 

magnitude (M 4.7) struck Burundi in February 2004. In the past, strong earthquakes did 

not cause many casualties as the region was much less populated than presently and 

there were few buildings other than traditional houses. The large number of fatalities 

caused by the moderate 2008 Bukavu earthquake (M 5.9) can be justified by a larger 

population at risk and by a higher proportion of modern buildings and houses that are 

vulnerable to earthquake shaking. This clearly illustrates the modern trend towards 

increasing exposure to the seismic risk. A new earthquake similar to the Rukwa 1910 

earthquake (M 7.3) would be catastrophic. Seismic activity could also be the indirect 

cause of major disasters, as triggering factor for mass movement, and subsequent 

population migration in a highly sensitive political and ethnic context. 

Several scientific investigations were performed in Virunga Volcanic Province during the 

084/ƍr `mc sgd 086/ƍr `mc vdqd l`hmkx otakhrgdc hm rbhdmshehb qdonqsr nq enqldq Adkfh`m

scientific publications, nowadays not easily accessible. From the mid-087/ƍr+ nmkx ro`qrd
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information on volcanic activity in the region exists. This is due to political unrests and 

subsequent limited access to the volcanoes. Among the 8 main volcanic edifices of the 

Virunga, two are very active: Nyiragongo and Nyamulagira. During the last eruption of 

the Nyamulagira in 2011-2012 (as during any of the eruptions at Nyamulagira), the lava 

flows seriously affected the surrounding ecosystem of the tropical primary forest. The 

Nyiragongo contains a (semi-) permanent ~200 m diametre lava lake, the largest on 

Earth. It threatens the city of Goma, located less than 15 km away directly. In January 

2002, similarly to 1977, fissures opened on the southern flank of the volcano (Wauthier 

et al., 2010) and fast lava flows destroyed about 10 % of the city, killing ~ 150 persons, 

making 100.000 homeless and triggering a humanitarian crisis (Baxter and Ancia, 2002). 

It induced a long-term socio-economic impact. As Goma is the strategic economic centre 

for the Great Lake Region with a fast growing population, a similar event could cause an 

even larger disaster today. In addition, natural emanations of CO2 in on-land depressions 

known as mazuku near Goma cause also a serious threat to the population and cattle.  

Throughout the targeted region, landslides, defined as a wide variety of gravitationnal 

processes that result in the downward movement of slope-forming materials including 

rock, debris, soil, or a comnination of them (Hunger et al., 2014), are frequently observed 

(Moeyersons et al., 2004, 2010). A database of natural hazards for Central Africa 

developed by the RMCA in 2009 (Vandecasteele et al., 2009) showed that recorded 

landslides can have a climatic (rainfall) and/or seismic (and volcanic) origin. Moreover, 

Vandecasteele et al. (2009) suggested that a human-induced increase in the frequency 

and magnitude of these mass movements is observed in urban areas in Central Africa. In 

cities like Bujumbura, Uvira, and Bukavu both the rift escarpment and the lake limit 

urban expansion and population is forced to settle on unstable slopes affected by 

landslides.  

 

Faced with these hazards, the population might react according to specific cultural 

believe which we are not necessarly aware of. An anthropological and sociological study 

is essential to understand the concerns and priorities of the population. This is essential to 

assess the vulnerability, the perception but also to understand why some of the efforts 

undertaken by external scientists for the benefit of the population are not always 

sustainable or even welcomed by these beneficiaries. The latter may have other priorities, 

crucial to take into account. Or they might not take us seriously because they have other 

beliefs to explain the disasters. This approach has been a major component in the 

development of the GeoRisCA project and the formulation of recommendations. 
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2.2. Focus on Goma: risk perception in a city of dangers and 

opportunities 

Through this urban sociology of Goma based on twelve personal narratives we have 

highlighted the struggles, anxieties and hopes of ordinary people in this city of about 

800,000 people. In-depth interviews with key informants, along with direct observation 

and literature review were the approach followed. The output of this study was published 

in ` annj dmshskdc ƏOqāb`qhsā ds ahdm Ăsqd ò Fnl` 'QCB(Ɛ dchsdc ax KƍG`ql`ss`m hm

December 2016. 

 

CAST OF CHARACTERS AND THEIR SOCIAL UNIVERSES 

Below is a brief introduction to the people with whom we have worked and their social 

universes. The aim is to let readers quickly identify the stories they may find most 

interesting or pertinent. The sequencing of the stories in the book is random: we decided 

mns sn cdbhcd nm ƌsgdƍ lnrs bngdqdms nqcdq adb`trd ltkshokd v`xr ne oqdrdmshmf sgdl `qd

possible. They could have been grouped by gender to emphasise the determination of 

woman to take charge of their destinies or by economic activities to highlight the 

dynamism of the informal sector. Some stories are focused solely on the city while others 

trace the relations between Goma and its hinterland. Some individuals in this collection, 

moreover, be they young or less young, are quite simply nicer or more sympathetic than 

others. Is Cerezo the tshukudeur more representative of Goma than Asumani the 

motorbike taxi driver or Doctor Chantal Sosole compared to Bernadette the market 

woman? Are some social universes really more symbolic than others? Probably not: all of 

them are little bits making up the social mosaic of Goma, contributing to how and why 

the city is the way it is today Ɗ and what it may become tomorrow. The stories can 

therefore be read in the order they appear but readers can also wander through them led 

on by their own curiosity. 

 

Beans are part of the Goma identity. They are all over the city: in fields, in kitchen 

gardens and of course in pots simmering over smoky charcoal fires. Buying and selling 

them is a means for women like Bernadette Mpunga to sustain a modest lifestyle and 

achieve social recognition. The busy market where she has her stand is full of life and 

drama. Wife and mother by the time she was seventeen, she has been able to find peace 

of mind in Goma thanks to her hard work. Nevertheless, she remains wary of the 

ƌl`khbhntr rohqhsrƍ sg`s bntkc vqd`j g`unb hm gdq gntrdgnkc `mc vnqjok`bd- Gtlakd+ rgd

bnmrhcdqr gdqrdke o`qs ne sgd ƌhmrhfmhehb`ms ltkshstcdƍ- Vghkd qdk`shmf gdq rsnqx+ Adqm`cette 

also describes administrative issues at the market, security problems in the Goma 

hinterland (where her husband buys beans wholesale) and transportation logistics. 
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Few households in the DRC have electricity and Goma is no exception (although low-

capacity solar installations are increasingly visible on rooftops). The vast majority 

consequently relies on charcoal for cooking. The charcoal business is therefore an 

economic opportunity but one that comes with a high environmental impact, notably 

because mors ne Fnl`ƍr bg`qbn`k bnldr eqnl @eqhb`ƍr nkcdrs m`stqd qdrdqudƊ the 

emblematic Virunga National Park. Exiled Hutu refugees from Rwanda (former 

génocidaires and their offspring) control much of its production and lucrative trade. 

Nguba Liboko who miraculously survived a cholera epidemic that wiped out his entire 

family on the Idjwi Island in Lake Kivu when he was a child, is a charcoal wholesaler. He 

was previously involved with partners in charcoal production and transport so knows the 

intricacies of the whole supply chain and with whom he has to negotiate along the way. 

After having survived skirmishes with Mayi-Mayi rebels and M23 troops, he says he 

thanks God for his relative good fortune. 

 

The ingeniously designed tshukudu competes with the Nyiragongo volcano as the most 

emblematic symbol of Goma. The emergence of this handmade wooden scooter could 

be considered as an inventive popular response to transportation and employment needs 

but could also be considered as a reminder of underdevelopment in the Cnmfn- Bdqdynƍr

narrative testifies to the dynamism, creativity and solidarity of the hundreds of 

tshukudeurs who have become indispensable to trolley building supplies, produce, 

furniture and other loads that in other cities would be hauled by lorry. Every few days 

Cerezo shuttles between his peri-urban farm and Goma with vegetables for a restaurant 

sg`s b`sdqr sn sgd bhsxƍr lhcckd bk`rr `mc dwo`sqh`sd `hc bnlltmhsx- Ghr cqd`l hr sn gdko

his children become full-ekdcfdc bhsx cvdkkdqr vgn b`m ƌdminx v`sdq eqnl ` s`oƍ `mc nsgdq

tqa`m `ldmhshdr- ƌSgd bhsx l`x lncdqmhsdƍ gd r`xr+ ƌats sgd onotk`shnm vhkk cdodmc nm

my rudimentary tshukudu enq xd`qr sn bnldƍ- 

 

Goma would not be Goma without the Nyiragongo volcano. Eruption is a permanent 

threat. The last two major eruptions (1977 and 2002) destroyed property and took lives. 

People that experienced an eruption never forget it. But there are some advantages too: 

indeed, the city is built largely with lava stones Ɗ mainly for house foundations and walls. 

Lava and volcanic ash, moreover, make for excellent fertile soil. Célestin and Mituga are 

two buddies who, with their simple steel tools and steel-like biceps, have learned to 

ƌchrbhokhmdƍ sgd k`u` hmsn trdetk athkchmf aknbjr- Enqknqm `mc onnq+ sgdx g`ud rdsskdc enq

thdhq kns hm khed+ r`xhmf9 ƌvd g`ud rsnoodc cqd`lhmf `ants ` adssdq snlnqqnvƍ- Sgdhq inhms

narrative provides insightful information about the haves and haves not, house building 

and urban crawl in a context of urbanization without urban planning. 
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Goma is a rapidly changing city and a young one too. Approximately half of its 

inhabitants are less than eighteen years old. To understand the dynamics of change, 

therefore, listening to how the young express their expectations, determination and 

frustrations is unavoidable. Many youth are disoriented, having been broken by 

uncertainty, politics, conflict and family trauma. They have to grow up quickly. There is, 

however, in addition to those who complain of seeing little hope for the future, a 

category of gilded young adults. Clarisse Soki is one of them. With a degree from the 

University of Goma, she has a busy social life, a comfortable family home, a new car, 

plans for work and leisure and a sense of her own import and good fortune. While she is 

the first to admit that she was born under a lucky star, she also realises that her 

conveniences are petty and her self-satisfaction is illusory. 

 

The health sector in Goma is confronted by a singular set of constraints resulting from 

regional violence and the stressful struggle to survive for a generally vulnerable 

population. It is a hybrid sector with ultramodern hospitals funded by foreign partners, a 

dilapidated public health delivery system, small private clinics and traditional healers. 

The pragmatic Doctor Chantal Snrnkd cdrbqhadr gnv o`shdmsr ƌrgno `qntmcƍ cdodmchmf

on the type of care needed and how much money can be scraped together. Trust in 

Western medical science and belief in witchcraft are jumbled in her consultations with 

patients. Doctor Chantal reveals with empathy the defeats and suffering of her patients 

but also their victories and hopes. Her account of the worse day of her life as a doctor is 

powerful social commentary. 

 

Sgd onotk`shnm ne d`rsdqm CQB g`r fnmd sgqntfg nmd ne sgd 10rs bdmstqxƍr vnqrs rnbhal 

tragedies. Goma has become the principal hub for hundreds of humanitarian agencies 

and NGOs Ɗ but ones which are hampered by unrealistic mandates, poor coordination 

and sometimes, conflicting agendas. Their presence over the years has transformed the 

socio-economic condition of the city, through for example, employment of staff, the 

house and office rental market and indirect service provision. Eric Kyungu went from 

being a hotel bookkeeper to a humanitarian professional employed by the Red Cross. Eric 

ir `m `bshud ldladq ne ` B`sgnkhb bnmfqdf`shnm- Ghr r`qcnmhb `m`kxrhr ne Fnl`ƍr

gtl`mhs`qh`m ƌatrhmdrrƍ hr a`rdc tonm rdmshldmsr ne bxmhbhrl+ `ksqthrl `mc noonqstmhrl- 

 

Mathilde Musole is a surprizing businesswoman who has run the gauntlet of ups and 

downs personally and professionally in the city she sees as one of commercial 

opportunity. She can best be described as being energetic, enterprising and shrewd. In 

her description of life as both mother and father, cabaret owner and trader with Dubai, 

church-going social climber and loan shark, her story of contradiction and diversity 
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resounds with her determination to take charge of her own destiny and provide for her 

offspring. From selling doughnuts on the street as a young mother to high-tech gadgets as 

an ers`akhrgdc sq`cdq snc`x+ gdq dwodqhdmbd hr ehqlkx dladccdc hm Fnl`ƍr dbnmnlhb

cxm`lhrl- Rgd r`xr sg`s gdq nvm rsnqx+ khjd sg`s ne Fnl`+ hr ƌhmbnlokdsdƍ- 

 

The roar of the motor-ahjd s`wh hr nmd ne Fnl`ƍr bg`q`bsdqhrshb rntmcr- Sghr ld`mr ne

getting around, now widespread throughout the DRC, started in Goma as cheap Chinese 

and Indian motorbikes became available via east Africa. As the city became increasingly 

spread out, new transportation strategies emerged. The motor-bike taxi is cost-efficient for 

passengers and provides work for young men with relatively low entry costs. Asumani 

Birewa had to leave school young when his father died and then floated from job to job 

in his village in Masisi. He later settled in Goma hoping to find office work but that never 

happened. He eventually had the opportunity of becoming a motor-bike taxi driver, 

vghbg gd snnj9 ƌhs v`r adssdq sg`m mnsghmfƍ- Gd cdrbqhadr Fnl` sgqntfg ghr dwodqhdmbd

with traffic police, passengers, fellow drivers and mechanics. His universe is the 

motorbike Ɗ for both work and leisure. 

 

Insecurity in eastern Congo has created new needs for private security companies of 

which there are dozens in Goma today, catering to the protection of well-to-do 

Congolese and expatriate humanitarian and development workers. The companies recruit 

former soldiers and militia members Ɗ many of whom have blood on their hands, such as 

Papy Bahati. His story intertwines his experience as a drifter with the recent military 

history of the country. He tells his story according to military events that affected his life 

such as Laurent-Cārhqā J`ahk`ƍr aqd`j vhsg ghr Qv`mc`m `mc Tf`mc`m a`bjdqr+ a`sskdr hm

Jhr`mf`mh+ ` ƌlhrs`jdmƍ cdonqs`shnm sn Qv`mc` `mc qdadkkhnm hm Rntsg Jhut- Gd `clhsr

that his work as a private security agent ir onkhshb`kkx ctahntr ats hmrhrsr sg`s ƌg`uhmf `

bkd`q bnmrbhdmbd hr ` ktwtqx enq rnldancx khjd ldƍ+ o`qshbtk`qkx hm `m tmoqdchbs`akd

dmuhqnmldms vgdqd ƌhs hr bgd`odq sn atx ` J`k`bgmhjnu sg`m ` fn`sƍ- O`ox hr `m dsdqm`k

malcontent with a tormented spirit who sees himself as a predestined victim. Hazard, 

chance and accident Ɗ not justice Ɗ have defined his life. 

 

Isabelle Michel is a Belgian agronomist who has spent most of her working life in the 

Congo, mainly as a coffee plantation manager for the past 25 years. As her plantation lies 

in the immediate Goma hinterland, she is an excellent source of information about how 

sgd bhsx g`r dunkudc- Sgd ok`ms`shnmƍr tmhmsdqqtosdc oqnctbshnm hr ` rtqoqhsing example of 

commercial resiliency in a conflict zone that requires maintaining good relations with a 

gnrs ne `bsnqr- Rgd cdrbqhadr Fnl`ƍr rnbh`k+ dbnmnlhb+ ro`sh`k `mc rdbtqhsx bg`mfds since 

she first discovered what has become her second home. Concerned with the well-being 
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ne sgd ok`ms`shnmƍr gtmcqdcr ne vnqjdqr `mc oqntc sn o`qshbho`sd hm sgd ƌmnakd dmsdqoqhrdƍ

of getting coffee into our cups, this White European woman with a deep attachment to 

Bnmfn `mc sgd Bnmfnkdrd `clhsr sg`s ƌfnhmf sn adc hm Adkfhtl vhsgnts vnqqxhmf `ants

the volcano or being attacked is not g`qc sn s`jd rnldshldrƍ- 

 

Dudm sgntfg lnrs ne Fnl`ƍr dbnmnlx hr hmenql`k+ sgdqd `qd `krn enql`k rdbsnq `bshuhshdr-

Martin Mboma runs the provincial office of the Federation of Congolese Enterprise, 

whose mandate is to promote and facilitate private investment while also serving as a link 

between companies and government. His narrative helps us understand how the informal 

and formal sectors converge to make Goma a bustling city of opportunity. Martin offers 

an unexpected account of officialdom because even in the context of weak State 

structures, the Federation contributes to the economic dynamism of Goma. His advice to 

potential investors (from fruit juice prospectors to hotel developers) reflects his personal 

sq`idbsnqx9 ƌnmkx sgd o`q`mnhc rtquhudƊ and onlx sgd qd`kkx o`q`mnhc oqnrodqƍ- Ghr

ldrr`fd hr rhlhk`q sn sgnrd ne l`mx Fnl` qdrhcdmsr9 ƌmdudq tmcdqdrshl`sd sgd onvdq ne `

qdk`shnmrghoƍ- 

 

MULTIPLE SOCIAL REALITIES 

Common themes emerge whilst engaging with the people of Goma. It is obvious that 

security concerns and money worries are their main preoccupations, surpassing by far 

fear of volcanic eruption. People even say that they are used to the panache of the 

Mxhq`fnmfn+ qdedqqdc sn `r ƌmdhfgantqƍ nq ƌahf aqnsgdqƍ- Hr unkb`mhb `bshuhsx+ lnqdnudq+ `

natural risk or a supernatural one? The response is ambiguous in many minds because the 

last eruption took place on 17 January 2002 Ɗ a date permeated with connotation. The 

population of Goma is far from insensitive to the fact that the national hero Patrice 

Lumumba was killed on a 17 January (1961) and Laurent-Désiré Kabila on 16 January 

(2001). 

 

Sgd sgqd`s ne lhkhsh` ehfgsdqr+ bnllnm a`mchsr `mc `rr`rrhmr hr hm dudqxnmdƍr chrbntqrd-

All of these security problems were first sparked in the immediate aftermath of the 

Rwandan genocide. They exacerbated threats from predatory soldiers, an enduring legacy 

of the Mobutu dictatorship. The people of Goma appear cautious and suspicious because 

of these real threats which also help account for their general lack of light-heartedness. 

People undoubtedly have good reason to be afraid, but their fear needs to be nuanced. 

L`qshm Lanl`+ vgn cdrbqhadr ghr bhsx ne nmd ne ƌtm`mrvdqdc ptdrshnmrƍ+ oqnuhcdr `

rtaskd svhrs9 ƌsgdqd vhkk ad uhbshlr+ ats sgdqd vhkk ad rtquhunqr snnƍ- 
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Mathilde Musole has encapsulated what many of her friends and neighbours feel about 

gntrdgnkc ehm`mbdr9 ƌxnt b`mƍs ad g`oox vhsgnts rnld ehm`mbh`k rdbtqhsxƍ- Ats adenqd sghr

can happen, many voices converge to say that you have to persevere, know how to adapt 

and learn quickly Ɗ hm `cchshnm sn adhmf ` khsskd ahs ktbjx- ƌVhbjdc rohqhsr+ vhsbgbq`es `mc

duhk rodkkrƍ+ `bbnqchmf sn Adqm`cdssd Lotmf`+ `qd enqbdr sn `unhc hm sgd ehfgs `f`hmrs

adversity. She therefore does whatever she can not to give her potential enemies reason 

sn ad id`kntr- Sgd odnokd ne Fnl` q`qdkx trd sgd sdql ƌqdrhkhdmbdƍ ats sgdx g`ud ltkshokd

dwoqdrrhnmr sn dwoqdrr hs9 ƌrshbj sn hsƍ+ ƌfds to vgdm xnt g`ud addm jmnbjdc cnvmƍ+ ƌedmc

enq xntqrdkeƍ+ ƌcn sgd hlonrrhakdƍ `mc ƌe`bd to sn qd`khsxƍ, for example. 

 

Sgd hlonqs`mbd ne dctb`shnm hr `mnsgdq bnllnm sgdld toodqlnrs hm odnokdƍr chrbntqrd-

While many people in Goma survive on the margins of the law, they pray to God for 

gdko hm ehmchmf `mc jddohmf ƌqd`kƍ vnqj- Dctb`shnm `mc ` choknl` ƌgdko nme stand above 

sgd nsgdqrƍ `mc `qd odqbdhudc `r adhmf ` jdx sn nodm sgd cnnq ne qdbqthsldms- Rhlhk`q sn

nsgdq o`qdmsr vgn ƌchc mns vd`q nts sgd rd`s ne ghr sqntrdqr nm ` rbgnnk admbgƍ+ Bdqdyn

sgd srgtjtcdtq g`r ghfg gnodr enq ghr bghkcqdm sn adbnld ƌdctb`sdc bhsx cvdkkdqrƍ-

Cnbsnq Bg`ms`k Rnrnkd `ccr `mnsgdq odqrodbshud nm dctb`shnm9 ƌhmrdbtqhsx+ lnahkhsx `mc

sgd fdmdq`k cdsdqhnq`shnm ne Rs`sd rdquhbdr g`r s`jdm ` gd`ux snkk nm bghkcqdmƍr dctb`shnm-

Hs hr ` oqnakdl sg`s bnmsqhatsdr sn ntq utkmdq`ahkhsxƍ- 

 

The role of the State is a frequently heard litany, particularly its abdication in 

r`edft`qchmf ogxrhb`k rdbtqhsx- Sgd onotk`shnm hr `krn udqx rdmrhshud sn sgd Rs`sdƍr `ahkhsx

sn cn g`ql hm `cchshnm sn sgd e`bs sg`s ƌRs`sd `fdmsr `qd rn oqdrdms ats rn trdkdrrƍ-

Somewhat less obvious is the perception of a gap between the economic dynamism of 

sgd bhsx `mc sgd `ardmbd ne Rs`sd rdquhbdr+ onhmshmf sn sgd onotk`shnmƍr b`o`bhsx sn fds

things done through their own commercial and solidarity networks. Infrastructure 

cdehbhdmbhdr+ `r dkrdvgdqd sgqntfgnts sgd bntmsqx+ `qd ghfg nm sgd khrs ne bnlok`hmsr- ƌSgd

`ardmbd ne qtmmhmf v`sdq hr sgd ahf rb`mc`k ne Fnl`ƍ hmrhrsr Hr`adkkd Lhbgdk- K`bj ne

electricity has serious implications on the Virunga National Park because Goma extracts 

charcoal from it. 

 

The absence of a functioning State is a direct cause of the strong presence of 

humanitarian aid in Goma. Humanitarian agencies and NGOs have replaced the State Ɗ 

but at the same time handicap its ability to regain sovereignty. Consequently, 

ƌgtl`mhs`qh`m `hc gdkor ats cdrs`ahkhsdr `s sgd r`ld shldƍ- Vghkd sgd cqd`l ne l`mx

skilled people, such as Clarisse Soki and Eric Kyungu, is to work in the sector, they realise 

sg`s hs `krn ƌ`qshehbh`kkx cnodr sgd dbnmnlxƍ `mc sg`s sgdqd vhkk ad ` ƌcdu`rs`shmf unhcƍ

when the humanitarians leave. 
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References to God and prayer, religion in general and other belief systems are 

nlmhoqdrdms hm odnokdƍr rsnqhdr- Sqtrs `mc lhrsqtrs hm Oqnuhcdmbd nudqk`o- O`ox A`g`sh

looks to the Lord to reinforce his hope of improving his human condition and because 

ƌFnc hr sgd adrsdefense sn v`qc nee `cudqrhsxƍ- Knnjhmf a`bj nudq sgd xd`qr+ L`qshm

Lanl` cndr mns v`udq hm ghr bnmuhbshnm sg`s ƌhs hr nmkx sg`mjr sn sgd @klhfgsx sg`s H g`ud

been able to avoid the traps cdrshmx g`r k`hc enq ldƍ- @esdq g`uhmf m`qqnvkx drb`odc `m

`latrg eqnl L12 ehfgsdqr+ Khansn sgd bg`qbn`k sq`cdq ƌfknqhdr sgd Dsdqm`kƍ enq kd`uhmf ghl

safe and sound. The Lord is undoubtedly a major force in the lives of the people of Goma 

but it is not bec̀ trd Gd sq`bdr sgdhq cdrshmhdr sg`s sgdx cn mns `bbdos sn cn sgd ƌogxrhb`kkx

tmsghmj`akd `mc lnq`kkx qdotfm`msƍ sn fds `gd`c- Sgd `lahfthsx adsvddm sgd adkhde sg`s

dudmsr `qd oqdcdrshmdc `mc sgd vhkk sn s`jd bg`qfd ne nmdƍr dwhrsdmbd hr ` rsqhjhmf

sociologhb`k ogdmnldmnm hm sghr bhsx ne ƌe`krd qdetfdƍ vgdqd ƌkhed fndr nm ats vgdqd sgd

etstqd qdl`hmr tmbdqs`hmƍ- 

 

Starting with such an anthropological approach has provided the scientists team involved 

in GeoRisCA with another perception of the studied area. It was helpful to better 

understand the environment and communicate with the people, especially when 

`rrdrrhmf sgdhq utkmdq`ahkhsx- Ats kdsƍr ehqrs enbtr nm sgd g`y`qcr vghbg vdqd `m`kxrdcin 

the project. The seismic hazard was studied and assessed at the regional scale of the 

Tanganyika and Kivu lakes. 
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2.3. Seismic hazard assessment: a regional approach 

In this part of the project, a new seismic hazard assessment has been done for the Kivu 

rift region, on the basis of a new completed and revised seismic catalogue and an 

analysis of the seismotectonic setting of the region. The final product is a series of 

probabilistic seismic hazard maps expressed in Peak Ground Accelerations (PGA), in g. 

Additional intermediated products are the catalogues of historical seismicity, instrumental 

seismicity, earthquake focal mechanisms with their depth, thermal springs, shape files 

and bln files (for Surfer) of neotectonic fault network, a synthetic cross-border geological 

map, different seismotectonic maps and shape and bln files of the seismic zones defined 

for the seismic hazard assessment. The main results have been published in Delvaux et 

al. (2016), Smets et al. (2016) and Ganza et al. (in press). 

 

2.3.1. Earthquake catalogue and the earthquake parametrisation 

The starting point in probabilistic seismic hazard assessment is the construction of a 

seismic catalogue that is as long, complete and homogeneous as possible in order to 

better characterise the seismic activity of the studied region. In order to be credible and 

accepted by the scientific community, all steps of the compilation and choices made 

during this process need to be thoroughly described. 

A new seismic catalogue was compiled from different sources, from publicly available 

catalogues and scientific literature. We used as a basis, the ISC (International 

Seismological Center) reviewed catalogue which holds data since 1970 and compiled 

them up to the end of 2015. It was completed by events from the CGS (Council for 

Geosciences) catalogue, NEIC (National Earthquake Information Center) and GSHAP 

(Global Seismic Hazard Assessment Project; Turyomurugyendo, 1996) which were not 

yet present in the ISC catalogue. For larger events, we preferred the data from detailed 

studies. Historical data were taken from the literature. For the period between 1956 and 

1963, we added those events from the IRSAC local seismic network (managed at the 

Lwiro research center), which have been determined by at least 3 seismic stations.  

In order to extend the time period covered by the catalogue, we determined new 

historical macroseismic events from records of felt seismic shocks reported at the 

meteorological stations during colonial times (Appendix C of Delvaux et al., 2016).  

The resulting catalogue contains a total of 1068 events between 1888 and 2015, of 

which 1054 between 1931 and 2015 (85 years) will be further used in the 

homogenization process (Supplementary material 1 of Delvaux et al., 2016). After 

removal of duplicates, the different magnitudes have been homogenised to moment 

magnitude (Mw), using regression equations of Scordilis (2016) and Mavonga and 
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Durheim (2009). The dependent events (aftershocks and earthquakes related to volcanic 

activity) were then identified and removed. This was done primarily with the help of 

various publications on the subject.  

The final catalogue of independent events was separated into four time-sliced sub-

catalogues with different levels of completeness (Supplementary material 2 of Delvaux et 

al., 2016):  

Ɣ 1931-1955: 42 events with magnitude 4.2 to 6.2, mainly macroseismic 

Ɣ 1956-1965: 366 events with magnitude from 1.4 to 6.3, recorded mainly by the 

IRSAC local seismic network 

Ɣ 1966-1989: 172 events with magnitude from 4.2 to 5.7, recorded by regional seismic 

networks that were progressively setup in the neighboring regions 

Ɣ 1990-2015: 230 events with magnitude from 2.0 to 6.2, recorded by the modern 

world-wide seismic network  

In addition, we compiled also the available earthquake focal mechanism solutions (focal 

planes and hypocentre depth) from published works and the Harvard Centroid Moment 

Tensor catalogue, obtained by waveform modelling (Appendix A of Delvaux et al., 2016).  

 

2.3.2. Neotectonic and active faults study 

A good knowledge of the geological setting and seismotectonic characteristics is also 

important in seismic hazard assessment. Unfortunately, for the Kivu rift region, geological 

and tectonic knowledge was fragmentary and therefore it was necessary to compile basic 

geological and fault maps as these did not existed in a suitable form. 

As an additional sub-study, not planned in the research programme, we compiled a 

homogeneous and cross-border geological and tectonic map for the Kivu rift region 

which extends over Rwanda, Burundi, eastern D.R. Congo, Northwest Uganda and 

Southwest Tanzania, in the Mesoproterozoic Karagwe-Ankolean belt (general location in 

Figure 1). This compilation was done in a series of time-slices in order to image the long 

and complex past tectonic evolution of the region since the Paleoproterozoic.  
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Figure 1. Geological context of the Kivu rift region (area shown as rectangle) within the 
Mesoproterozoic Karagwe-Ankole belt between the Tanzania Craton, North-East Congo block, 

Ubende Paleoproterozoic belt and the Congo Basin. It is also located in the middle of the 
western branch of the East African Rift. It comprises Rwanda and Burundi and parts of Eastern 
Democratic Republic of Congo, Tanzania and Uganda (from Delvaux et al., 2016). 

 

In such a region, identifying active faults is not an easy task, due to strong weathering, the 

basaltic nature of part of the surface geology, steep reliefs with abundant slope instability 

and landslides, and the presence of water and sediments in the lake which mask or 

obliterate the tectonic morphology (Smets et al., 2016). In such conditions, we used the 

criteria defined by project IGCP 601 for the sismotectonic map (Meghraoui et al., 2016) 

and mapped instead neotectonic faults defined as faults activated during the last and still 

active tectonic stage, which is the Late Cenozoic rifting stage in this region.  

With this definition in mind, we compiled the existing knowledge on neotectonic faults, 

using publications and MRAC databases. We updated this knowledge using remote 

sensing, with the processing and interpretation of digital elevation data. This was done 

using the SRTM elevation data at 90 m resolution for a regional approach and at 30 m 

resolution for detailed investigations. The compilation was extended outside the area 

affected by modern rifting activities. It evidenced that the Kivu rift basin was initially 
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extending southwest into the Mwenga-Kamituga rift depression which appears now to be 

a failed rift branch (Fig. 1.2). We compared our compilation with several other fault maps 

available in the literature, some of which published in the course of this project (Wood et 

al., 2015; Smets et al., 2016).  

Thermal springs (292) and hydrothermal travertine occurrences (13) were also compiled, 

mostly from literature data and the MRAC databases, with some additional own field 

observations. Since the work of Boutakoff (1933), they are considered indicators for the 

presence of active faults as they are generally related to fluid circulation in crustal faults 

down to a depth of several kilometers.  Their large number, close relation with mapped 

faults and seismic epicenters make them good indicators for regions affected by active 

tectonic movements (Figure 2). 

 

 
Figure 2. Homogeneous cross-border synthetic geological map of the study region (background) 
with overprinted neotectonic features (neotectonic faults, late Quaternary volcanic centers, 

thermal springs and fossil hydrothermal travertine). Hill-shading from the SRTM DEM (90 m 
resolution) (from Delvaux et al., 2016). 

 

The mapped faults were all considered as neotectonic as they affect the morphology and 

control the architecture of the rift. They were classified in function of their origin and 

probable age of initiation. The oldest faults are considered indifferently as pre-rift, as their 

initiation appears to predate the development of the rift. Several different pre-rift fault 



Project SD/RI/02A Ɗ GeoRisCA                                                                                           

Geo-risk in Central Africa: Integrating Multi -Hazards and Vulnerability to Support Risk Management 

SSD-Science for a Sustainable Development Ɗ Natural risks in Central Africa  34 

systems exist, but the most significant in terms of seismic risk is the NW-trending strike-

slip fault system that developed on the western side of Lake Kivu (Masisi region), 

probably during the Late Pan-African time (early Palaeozoic). It was mapped by Boutakoff 

(1939) and appear to control numerous hot thermal springs (Boutakoff (1933) and 

therefore considered as active. During the early stage of rift development (probably 

during the Late Miocene-Pliocene), a first system of rift faults developed in a general NE-

SW to NNE-SSW trend controlling the early development of the Kivu rift system. At that 

time, the Kivu rift system was continuing south-westwards by the Mwenga-Kamituga rift 

basin, now less tectonically active. During the Quaternary, a new fault system of general 

N-S trend developed, probably due to the linkage of the current Kivu basin to the 

northern end of the Lake Tanganyika rift basin via the Rusizi accommodation zone. As a 

consequence, rifting ceased in the Mwenga-Kamituga basin which became a failed rift. 

Despite their age of initiation (pre-, early, or late rift), these three fault systems are 

currently active, as shown by their association with thermal springs and seismic 

epicentres. 

Field investigation of potential active faults was performed in a few places. It was not 

possible to perform paleoseismic trenching due to lack of time and funding, but also 

because of the difficulty to find suitable trenching sites and the generally poor 

morphological expression of the neotectonic faults. Instead, the fault kinematics were 

investigated for a few faults by an assistant of the Université Officielle de Bukavu in the 

frame of the collaboration with project RGL_Georisk and under the supervision of the 

MRAC, with the aim of reconstructing the tectonic paleo-stress and comparing it with the 

current stress field deduced from earthquake focal mechanism (Ganza et al., in press). 

The reactivation potential of the major fault systems was determined by the application of 

stress field determined from stress inversion of earthquake focal mechanisms using the 

Slip Tendency method which defines the ability of a fault to slip under a given stress field 

(Morris et al., 1996). The stress pattern over the Kivu region clearly suggests that the 

recent N-S faults of the active rift valley are in favorable orientation for being reactivated. 

The lateral variation of the stress trajectory on the western shoulder of the rift also 

suggests that the NE-trending normal faults of the Mwenga-Kamituga failed rift can also be 

reactivated, as the NW-trending (subvertical?) faults in the Masisi region. 

 

2.3.3. Seismic hazard assessment 

The seismic hazard assessment was performed using the probabilistic method, using the 

catalogue of known seismic activity. A deterministic approach is not possible in the Kivu 

Rift region due to the lack of knowledge of the paleosismic activity of the faults.  
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The probabilistic method for seismic hazard assessment involves the definition of seismic 

source zones for which the Gutenberg-Richter (G-R) laws needed for the seismic hazard 

assessment are considered as uniform. Important parameters related to these laws are Mc, 

the magnitude of completeness of the catalogue; Mmax, the maximum regional 

magnitude; lambda, the mean seismic activity rate; the a-value (intercept of the G-R linear 

fit); and the b-value (slope of the G-R fit, indicating the relative weight of large versus 

small events). 

The definition of the seismic source zones was performed on the basis of the new 

geological and neotectonic maps as compiled above, taking into account the basement 

structure and the distribution of neotectonic faults, thermal springs and Quaternary 

volcanic centers as well as the seismic epicentres. A total of 7 zones have been 

determined (Figure 3). For the entire area and for each zone, the G-R parameters were 

determined by both the least square linear fit and maximum likelihood methods (program 

AUE, Kijko and Smit, 2012), assuming that earthquake magnitudes follow a double-

truncated G-R cumulative magnitude-frequency distribution with a Poissonian model of 

earthquake occurrence and that the catalogue is complete above the magnitude threshold 

Mc. The results of the maximum likelihood and the G-R values obtained (Table 4 of 

Delvaux et al., 2016) are coherent with the tectonic setting of each zone (discussion in 

Delvaux et al., 2016).  
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Figure 3.  Study region with outlines of the seven seismotectonic source zones defined for 
seismic hazard calculation (marked by black polygons, numbered), together with seismicity and 
fault map. Plotted on top of general geological map, with hill-shading from the SRTM DEM (30 m 
resolution). The white rectangle shows the area for which the seismic hazard was computed, 

taking into account also the seismic data from the surrounding area (from Delvaux et al., 2016). 

 

Another important parameter in the probabilistic method is the choice of the appropriate 

attenuation laws. It was not possible to derive new ground motion parametric equations 

for Central Africa due to the lack of local acceleration data for known earthquakes in the 

Kivu rift region. We used instead existing attenuation laws developed for the Kivu rift 

region (Mavonga, 2007), Uganda (Twesigomwe, 1997) and southern Africa (Jonathan, 

1996).  

With the G-R parameters for the 7 seismic source zones and those attenuation laws, we 

computed the probabilistic seismic hazard maps for the area with the CRISIS2012 

software for probabilistic seismic hazard analysis of the bedrock. The three maps 

obtained (Figure 4) display different levels and patterns of peak ground acceleration 

(PGA) with the lowest PGA values for 475-year return period along the axis of the 

Western branch of the East African Rift with the attenuation law of Mavonga (0.17 Ɗ 0.32 

g), intermediate values with the law of Twesigomwe (0.28 Ɗ 0.37 g). 
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Figure 4. Seismic hazard assessment results for the central target area, for a 475-year return 
period in terms of Peak Ground Acceleration (PGA) on the bedrock: computation with the 
attenuation law of a): Mavonga (2007); b): Twesigomwe (1997); c): Jonathan (1996). On all maps 

are plotted also the main seismic shocks (circles with size according to magnitude), country 
borders, contour of Lake Kivu (in blue) and main cities. d) Averaged 475-year PGA estimate for 
cities in the target area with indication of the dominant magnitude-epicentral distance pair 
provided by the disaggregation charts: 3 values of Magnitude and epicentral distance, 
respectively, for each town, corresponding to results obtained for the 3 attenuation laws (from 
Delvaux et al., 2016). 

 

The obtained PGA values vary laterally in function of the tectonic setting, with the lowest 

value in the volcanically active Virunga Ɗ Rutshuru zone, highest in the currently non-

volcanic parts of Lake Kivu, Rusizi valley and North Tanganyika rift zone, and 

intermediate in the regions flanking the axial rift zone. They are also significantly higher 

than the previous estimates by Midzi et al., 1999 (maximum: 0.24g) and Mavonga and 

Durrheim, 2009 (maximum: 0.15g). The higher PGA/acceleration values obtained in our 

study can be, at least partly, due to a finer seismic zonation and a longer duration of the 

dabase than in the previous studies, and possibly also due to a different computation 

method used. 
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Assessing local seismic hazards is the final part of the general seismic hazard assessment 

for a region. Since predicting local effects requires much more detailed information, this 

can only be done for some selected areas. We selected one profile crossing Bujumbura. 

Along this profile, 101 microseismic measurements (30 near two schools and 71 along 

the profile starting in the hills, crossing the city and finishing near the lake) have been 

completed during 2 weeks (through collaboration with local partners from the 

department of Physics, University of Burundi). In the eastern higher parts of Bujumbura 

site effects were identified in connection with colluvium or weathered bedrock material 

near the surface. In the Central and Western part, higher resonance frequencies and 

related amplification are probably related to the presence of fluvial and lake deposits that 

may reach a thickness of more than 10 m. 

A more detailed analysis of the local seismic hazard situation of Bujumbura could, 

however, not be carried out due to the critical political situation that started in Burundi 

soon after our mission in summer 2014. Therefore, we recommend the cities of Bukavu 

(DRC) and Cyangugu (Rwanda) near the Kivu Lake for future local seismic hazard 

assessment, especially as the Kivu region had been impacted by damaging earthquakes 

during the last few years. Those two cities are likely to be located on amplifying 

sediments. 

 

The second hazard type studied in details in the framework of the GeoRisCA project was 

the volcanic hazard in North Kivu province (DRC). The volcanic hazard is multifaceted, 

as we will explain in the following part of this report. The scientists involved in this study 

have deeply improved the knowledge and understanding of the various volcanic threats 

endangering the city of Goma. 
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2.4. First detailed study of volcanic hazards from Virunga volcanoes 

For this part of the project, intensive and targeted field campaigns were conducted in the 

Virunga Volcanic Province (VVP) to collect geological and monitoring observations 

required to validate satellite images analyses and geomorphological interpretation, verify 

observations reported in the literature and collect samples to constrain eruption 

mechanism and lava flow rheological properties. Data collected was stored in secured 

places and backed up. Its quality was assessed for the analysis and interpretation of 

remote sensing monitoring results and lava lake variation analysis. In addition, fieldwork 

was performed for the installation, repair and maintenance of various monitoring 

instruments mentioned in the present report. These campaigns were always organised in 

collaboration with scientists from the Goma Volcano Observatory (GVO) with specific 

care given to transferring know-how and methods to enable local implementation. 

 

2.4.1. Geomorphological analysis based on HR-DEM 

METHODS 

Geographical Information System (GIS): A high-resolution (HR) Digital Elevation Model 

(DEM) was produced from TanDEM-X satellite data obtained by RMCA for the entire 

Virunga Volcanic Province (VVP) at a spatial resolution of 5 meter (Albino et al., 2015). 

In combination with published and unpublished geological and volcanological field 

maps, available at RMCA, and high-resolution satellite images (Pleiades, SPOT), this DEM 

was used as base to produce a volcano-structural map of the VVP in the form of a 

Geographic Information System (GIS) in the ArcGIS software. The GIS database contains 

all acquired DEMs, satellite images, scanned and georeferenced RMCA archive maps and 

point, line and polygon shapefile layers describing administrative and volcano-structural 

features ( 

Figure 5). 
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Figure 5. Structure of the Geographical Information System (GIS) created for the Virunga Volcanic 
Province and employed in WP 2000. 

 

The volcanic subfields of the VVP are based on topographic escarpments or known 

boundaries of historic lava flows (Smets et al., 2010). Tectonic faults and topographic 

lineaments, eruptive fissures and the positions of small eruptive centres (cones, rings, 

maars) were mapped based on their well-known geomorphological characteristics on 

DEM-derived and satellite data. The morphological base of all volcanic cones was 

outlined automatically using NETVOLC (Euillades et al., 2013). Linear spectral mixture 

analysis was applied on Landsat TM and ALI scenes to characterise vegetation fraction on 

lava flows of different ages within Nyamulagira flow field (Li et al., 2015). Mapping of the 

historical lava flows combined with the TanDEM-X were used to re-assess the aerial 

coverage and volume of Nyamulagira and Nyiragongo lava flows (Albino et al., 2015, 

Smets et al., 2015). 

Morphological analysis: Orientation analysis of the eruptive fissures was carried out by 

plotting their azimuths in stereoplots per VVP-subfield. Using the TanDEM-X DEM for the 

small cones, and the SRTM DEM (30 m resolution) for the 8 large volcanoes, a set of 

morphometric parameters was calculated for each cone using MORVOLC (Grosse et al., 

2012). At last, SHAPEVOLC was used through a collaboration with Pierre Lahitte 

(Université Paris Sud), which resulted in the reconstruction of non-eroded volcano 

DEMs 
(DEM, hillshade, slope) 

 

- Shuttle Radar Topography Mission / SRTM (30 & 90 m) 
- TanDEM-x (5 m) 

Satellite imagery 
(multispectral/panchromatic) 

 

- SPOT ( 5 m W-VVP; 10 m E-VVP; 2013), Landsat 5/7/8 
- Pléiades ( 0.5 & 2 m; Nyamulagira & Nyiragongo; 2013) 
- Ikonos (2008) 
-  

Administrative 
features 
 

- National boundaries 
- Roads 
- Urban area 

Tectonic 
Features 
(shapefiles) 

 

- Tectonic faults 
- Topographic lineaments 
- Georeferenced scans of tectono-structural maps from 

literature & RMCA reports 

Volcano-
structural 
features 
(shapefiles) 

 

- VVP volcanic subfields 
- Large volcanoes (8) and small eruptive centers (>500) 
- Volcanic crater rims 
- Eruptive fissures 
- Eruptive cones 
- Volcanic cone base outlines (large and small) 
- Lava flow outlines 
- Mazuku locations 
- Cones with phreatomagmatic nature 
- Locations of samples with published geochemical data 
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surfaces from the SRTM DEM (30 m), and estimates of volume of eroded rock for each of 

the six off-rift volcanic edifices. The calculated MORVOLC parameters of the small cones 

were used to contrast average cone shape between the different cone clusters in the VVP-

subfields, as indicators of their erosion grade. The morphometric signature of the large 

volcanoes, notably their ellipticity and irregularity were compared qualitatively, in order 

to assess morphological age. 

A critical literature review  including colonial field reports available in the archives of the 

RMCA was carried out to summarise the known eruption history of Nyamulagira (Smets 

et al., 2015) and Nyiragongo volcanoes (Smets et al., in prep.) and the off-rift part of the 

Uhqtmf`+ `r ` eq`ldvnqj enq hmsdqoqdshmf Mx`ltk`fhq`ƍr `mc Mxhq`fnmfnƍr lnmhsnqhmf

data and the morphometric dataset of W.P.2100. 

 

RESULTS 

The volcano-structural map resulting from the integration of all GIS-mapped volcano-

structural features (Figure 6) was presented on several international assemblies (e.g. 

Poppe et al., 2013). Besides the eight large volcanoes Nyamulagira, Nyiragongo, Mikeno, 

Karisimbi, Visoke, Sabinyo, Gahinga and Muhabura, > 600 small eruptive centres 

scattered around the province have been mapped. Dominant NNW-SSE orientations of 

eruptive fissures within the rift valley itself are attributed to the proximal interaction of 

Nyamulagira and Nyiragongo volcanoes, with subordinate N-S orientations at 

Nyiragongo (Smets et al., 2016). In the off-rift part of the VVP, fissures are oriented 

dominantly NE-SW, similar to the orientation of inherited structures in the Precambrian 

basement which underlies the VVP (Smets et al., 2016). 
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Figure 6. Volcano-structural map of the Virunga Volcanic Province, based on post-colonial maps 
and reports, scientific publications and detailed analyses of high-resolution satellite imagery and 
topographic data (adapted from Poppe et al., 2013). 

 

The historical eruptive history of Nyamulagira was reconstructed thanks to the 

combination of archive literature and the new GIS database. Results show that erupted 

volumes poorly correlate with other eruption characteristics (Smets et al., 2015). On the 

other hand, the duration and location of eruptions allow the distinction of four eruption 

types: summit/upper-flank, classical flank, long-lived flank and atypical eruptions. The 

interpretation of these groups suggests that all Nyamulagira eruptions are related to the 

main crustal magmatic system, except for atypical ones (1904, 1912, 1991-1993), which 

seem directly related to a deeper magma reservoir. The 1938-1940 eruption, is also 

atypical, but is related to a caldera collapse and an important drainage of the upper 

magma plumbing system. The main edifice of Nyamulagira strongly influences the 

eruption location. No tectonic trigger of eruption is evidenced, but cone and eruptive 

fissure alignments suggest that rift structures also influence, in a lesser extent, the 

eruption location and duration. Data also suggest that major eruptions of Nyamulagira 

along structural axes close to Nyiragongo can induce a change in the eruptive activity of 

this neighbouring and hazardous volcano (Smets et al., 2015). In addition, the extraction 

of vegetation fraction for the Nyamulagira lava flows highlighted that vegetation recovery 

starts 10-15 years after emplacement and that 50% of the vegetation has recovered 40 
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years after emplacement. These spectral evolutions offer the potential to refine the age 

sequence and mapping of lava flows in poorly documented flow fields (Li et al. 2015). 

For Nyiragongo, the variations of the lava lakes and the two historical eruptions were 

reconstructed based on literature. This review highlighted that the latest stage of eruptive 

activity is characterised by a succession of intracrateral eruptions and flank events that 

drained the uppermost magma conduits. Intracrateral eruptions are divided in two types: 

persistent lava lake activity and ephemeral lava lake activity. The drainage of the 

uppermost magmatic system during the 1977 and 2002 flank eruptions appeared as the 

consequence and not the cause of flank events. Field observations as well as seismic, 

petrological and geodetic results indeed indicate that these eruptions have an intimate 

link with deep magma intrusions and rift tectonics. As suggested by this interpretation, 

the volcanological mapping of the Nyiragongo lava field and the morphology and 

dimensions of the main volcanic edifice, there is no direct relationship between the mean 

elevation of the Nyiragongo lava lake and the imminence of a future flank eruption, as 

claimed in some publications. It is rather the intensity of eruptive lava lake activity and 

brutal changes in this activity, which provide such information (Smets et al., in prep). 

The morphometric characterisation of the eight large Virunga volcanoes (MORVOLC 

and SHAPEVOLC) reveals three different groups of morphological age (Poppe et al., 

2013, Lahitte et al., 2015): Nyiragongo and Nyamulagira are the recently active 

volcanoes with their slope profiles not affected by erosion, in contrast to Mikeno and 

Sabinyo volcanoes, which are the most eroded and thus inferred to be the oldest edifices 

in the VVP. Karisimbi, Visoke and Muhabura yield erosive grades intermediate between 

both end-members, while Gahinga appears surprisingly poorly eroded for a volcano 

without known historic eruption. Furthermore, the signature of a steep flank collapse 

scarp was clearly identified at Mikeno, while at Muhabura a similar signature in the 

morphometric slope profile revealed at least three minor scarps. Although this volcano 

has no clear signs of a previous catastrophic flank collapse, its morphometry clearly 

reveals the potential for flank failure in the future. The morphometric results are 

summarised in a manuscript in preparation for submission to the international scientific 

journal Geomorphology 

The analysis of the parasitic cone morphometry show (i) that the cones of the Central 

and Eastern part of the VVP are not more degraded than Western ones, which suggest 

that these cones are not very old, and (ii) that the cones located in the Western rift 

shoulder are more degraded, which suggest that these cones might be the oldest of the 

VVP. We highlighted that the cones of the Nyamulagira volcanic field experience 

frequent cone burial by lava flows of Nyamulagira. 
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2.4.2. Paleo-volcanology at a scale of the Virunga Volcanic Province 

METHOD 

The morpho-geology of Lake Kivu bathymetry was analysed combining low resolution 

bathymetric datasets for the entire lake floor with high resolution bathymetry data 

acquired for the Northern basin of Lake Kivu (Ross et al., 2015, Smets et al., 2016). 

Identification of sub-lacustrine volcanic edifices and faults, confirmed by seismic profiles, 

and extrapolation of the on-land lithologies based on Lake Kivu floor morphology, 

provided a geological map of Lake Kivu, constraining the extent of the Virunga and South 

Kivu volcanic provinces. 

Identifying regional explosive volcanism in the Virunga was the main focus of W.P.2200. 

Fieldwork concentrated on identifying indicators of explosive magma-water interaction 

`knmf K`jd Jhutƍr mnqsgdqm rgnqdkhmd hm `mc `qntmc Fnl`- Ctqhmf svn ehdkc lhrrhnmr hn 

2013, volcanic deposits associated with small eruptive centres within 4 km of the Lake 

Kivu shoreline were described for geometry, texture and lithology, using widely accepted 

criteria (White & Houghton, 2006). Where deposits were inaccessible, observations were 

complemented with those of Denaeyer (1975) and Capaccioni et al. (2003). Qualitative 

observations of clast type and componentry of representative facies were performed on 

thin sections. Twelve paleosol samples and one gastropod shell collected from seven 

different horizons were dated through radiocarbon dating at Beta Analytic Inc. (Florida, 

USA) using Accelerator Mass Spectrometry. Paleosol samples were collected from the 

soils in the uppermost parts of the deposits immediately below overlying, more recent 

lava flows (Poppe et al., in press). 

A database of Virunga volcanic rock geochemistry was constructed from all existing 

published literature, completed with post-colonial reports from the RMCA archives. The 

database contains whole-rock, glass and mineral major and minor element compositions, 

the sample/source locations of which are localised in a GIS shapefile. This database 

provides an unprecedented base for future petrological work on the VVP and is 

accessible from www.virunga-volcanoes.com through a request form. A BSc project 

(VUB), and submitted manuscript (Barette et al., in press) performed a Principal 

Component Analysis (PCA) and cluster analysis on whole rock major element 

compositions, in order to search for spatial patterns of geochemical composition of 

Virunga volcanics. 

A tephrochronological study of Virunga tephra was initiated end of 2015 in collaboration 

with Dr. Christine Lane (Cambridge University, UK), with involvement of different 

scientific teams active in the Kivu area, i.e. C. Ebinger (University of Rochester, USA), C. 

Scholz (Syracuse University, USA), and M. Schmid and K.-A. Ross (EAWAG, 

Switzerland). Microprobe major and minor element analysis was performed in July and 
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October 2016 at Oxford University on tephra sampled from 1) subaerial 

ogqd`snl`fl`shb bnmdr `knmf K`jd Jhutƍr mnqsgdqm rgnqd 'FdnQhrB@(: 1( k`jd Jhut

sediment cores (EAWAG, Switzerland; Syracuse University, USA; Zhang et al. 2014); 3) 

the summit crater lakes of Gahinga and Muhabura volcanoes (Dublin, Ireland; McGlynn 

et al. 2013); and 5) a pumice sample from the only explosive layer deposited at 

Karisimbhƍr rtllhs b`kcdq` ƌK` Aq`mb`ƍ+ 'Cd Ltkcdq, 1980; RMCA). Geochemical tephra 

layer fingerprinting, in combination with existing radiocarbon chronologies, will allow to 

integrate the scattered chronology into a VVP-wide geochronological framework of 

Holocene, ash-producing (i.e. explosive) volcanic eruptions, and to relate at least some of 

the tephra layers in the sedimentary record of Lake Kivu to their volcanic source, in the 

VVP or in nearby volcanic segments of the EARS. This effort was initiated in a late stage 

of GeoRisCA and results will only be available after an international publication foreseen 

for 2018. 

 

RESULTS 

The geological analysis of the Lake Kivu bathymetry resulted in a mapping that covers 

the volcanically active area of the main lacustrine basin at an unprecedented resolution 

for Lake Kivu. New geomorphologic features identified on the lake floor can accurately 

describe related lake-floor processes for the first time. The late Pleistocene low-stand is 

observed at 425 m depth, and volcanic cones, tuff rings, and lava flows observed above 

this level indicate both subaerial and subaquatic volcanic activities during the Holocene. 

The geomorphologic analysis yields new implications on the geologic processes that 

have shaped Lake Kivu's basin, and the presence of young volcanic features can be 

linked to the possibility of a lake overturn (Ross et al., 2015). 

The phreatomagmatic deposits along the northern shoreline of Lake Kivu provided a 

comprehensive Holocene radiocarbon chronology, concluding that: 

1. Phreatomagmatic deposits from satellite eruptive centers of Nyiragongo and 

Nyamulagira volcanoes, along the Lake Kivu shoreline, can be subdivided into three 

types: tuff breccias from vent-clearing explosions; palagonitized tuffs and lapilli tuffs 

from water-rich phreatomagmatic eruptions; and coarse and fine lapilli tuffs from 

medium-wet to near-dry phreatomagmatic eruptions. A limited number of scoria and 

spatter cones formed by dry magmatic eruptions are also present. 

2. At least 24 phreatomagmatic events constructed at least 15 phreatomagmatic tuff 

cones, rings and maars in the last ~12.2 k.a. within a 4 km distance from the current 

northern shoreline of Lake Kivu (Figure 7). Deposit characteristics suggest that dilute 

Pyroclastic Density Currents (PDC) and ash fallout repeatedly affected the major part of 

the presently urbanised area (>1.2 million inhabitants i n 2015; Fig. 2.3). 
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3. Within the past 2,500 years at least five lava flow events occurred within the 

broader Goma area, two of which occurred in the past 500 years, and at least five 

phreatomagmatic eruptions with centennial to millennial recurrence rates, similar to 

the rate estimated from 24 tephra layers in Lake Kivu tephra record (Wood & Scholz, 

2016). 

4. We dated the occurrence of the Buyinga lava flow from Nyiragongo 1,000-800 

years ago and it was preceded, by tens to a few hundred years, by the most recent 

phreatomagmatic phase of the Mt Goma cone complex. This demonstrates Mt. Goma 

was constructed relatively recently. Moreover, the Mt. Goma is contemporaneous with 

a lake stratification destabilization event in Lake Kivu identified by Ross et al. (2015), 

but does not represent causal evidence.  

Poppe et al. (in press( `mc hsrƍ Rtookdldms`qx L`sdqh`kr oqnuhcd etqsgdq cds`hk `mc ehdkc

observations. Thanks to the field campaigns and obtained results, with the involvement 

and field training of GVO scientists, explosive magma-water interaction, or 

phreatomagmatism, is now considered a likely eruption scenario in the most recent 

contingency plan of the city of Goma. To further improve the spatial and temporal 

susceptibility model for the phreatomagmatic hazard alonf K`jd Jhutƍr mnqsgdqm

shoreline, the established geochronological framework and lithofacies analysis should be 

extended, both in sub-aerial and sub-lacustrine environments, and detailed analysis of the 

Mt. Goma and Lac Vert eruption dynamics should be carried out using convential 

physical volcanology and petro-geochemical analysis.  
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Figure 7. Spatial extent of the area potentially impacted in the past ~12.2 k.a. by PDCs from past 
ogqd`snl`fl`shb dqtoshud udmsr `knmf K`jd Jhutƍr mnqsgdqm rgnqdkhmd- @kk rta`dqh`k
phreatomagmatic vents are inferred to be of Holocene age, while the currently sublacustrine 
vents are assumed to have formed during periods of lower lake levels before ~12.2 k.a. (Ross et 
al., 2014). The impact and spatial extent of PDCs during a potential future phreatomagmatic 
eruption in the urban area would depend among others on the future vent location, eruption 
intensity and duration, and wind direction. The buffers represent areas of infrastructure damage 
ratios estimated by Deligne et al. (in rev.), based on dynamic pressures in the PDCs modeled for 

` ƌvnqrsd-b`rdƍ rbdm`qhn hm sgd `m`knftd @tbjk`mc Unkb`mhb Ehdkc+ Mdv Yd`k`mc 'Aq`mc dt al., 
2014). This map presents a qualitative estimation of the total area potentially impacted in the 
past by phreatomagmatic deposits from small eruptive centres, and should not be interpreted as a 
probabilistic hazard map. From Poppe et al. (in press). 
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The integrated database of existing geochemical analyses includes a total of 908 entries 

with 716 whole rock geochemical analyses for the entire VVP and includes information 

about the localisation of the rock samples. A statistical analysis of the overall consistency 

of the database on subsets of geochemical analyses demonstrated that the database is 

consistent. The performed spatio-statistical study confirms previously observed 

geochemical gradients and provides new insights into the geochemical variability of 

eruptive products in the VVP (Barette et al., in press): 

1. Products from volcanic vents related to the Nyamulagira and Nyiragongo volcanic 

systems are clearly separated based on their geochemistry despite their spatial overlap in 

the Bulengo area. 

2. Two derived geochemical clusters correspond to less differentiated lavas that are 

representative of a deep magmatic source, as confirmed by earlier trace element and 

isotope studies on sample subsets (e.g., Condomines et al., 2015). These more primitive 

compositions erupted across the entire VVP, at great distances of the main volcanic 

edifices, and preferentially along NE-SW volcanic alignments, interpreted as the trace at 

ground surface of deep crustal Precambrian structures reactivated by rifting processes. 

This is the case of the 1957 Mugogo eruption, which is the only historical eruption within 

the central part of the VVP and that was so far attributed to the magmatic system of 

Visoke volcano. These eruptions of primitive magma appear independent of crustal 

plumbing systems that feed the main volcanic edifices. Additional studies to better 

constrain their spatial and temporal occurrence are required to constrain the eruption 

hazard they may represent across the entire VVP in the future (Barette et al., in press). 

 

2.4.3. Lava flow hazard analysis  

METHOD 

Lava flow hazard simulation tool : Existing lava flow simulation numerical models are not 

open-source or user-friendly. In the framework of GeoRisCA, a major effort was 

developed to integrate and improve some existing probabilistic and deterministic lava 

flow models by A. Feltz (MSc thesis, VUB) and by S. Mossoux (Ph.D. student, VUB) into 

a novel probabilistic numerical lava flow modelling tool, called Q-LavHA (QGIS Lava 

flow Hazard Assessment). The code is made freely available as a plugin with a user 

interface in the open-source geographical software QGIS. The tool offers three options to 

define the constraint on the simulated probabilistic lava flow length: a fixed maximum 

length, a waning probability at the lava flow front defined by a normal distribution 

function of lava flow lengths known for the studied volcano, and a thermo-rheological 

multi -parameter constraint based on the FLOWGO model (Harris & Rowland, 2001). The 
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tool can be used for short-term or long-term hazard assessment by simulating respectively 

from a point (i.e. vent) or line (i.e. fissure), or by simulating from a Probability Density 

Function (PDF) map of vent opening susceptibility. The result in the latter case is then a 

probabilistic lava flow hazard map. The Q-LavHA code and applications are described in 

Mossoux et al. (2016). 

 

Lava flow hazard modelling of Nyamulagira/Nyiragongo: Nyamulagira and Nyiragongo 

volcanoes represent a significant lava flow hazard to the urbanised area along the 

Northern shoreline of Lake Kivu. A lava flow hazard map for Nyamulagira and 

Nyiragongo volcanoes has been realised using Q-LavHA. Three input data are needed for 

the simulation of the lava flow hazard map: (1) a vent opening susceptibility PDF map, 

(2) a DEM, and (3) the calibration of Q-LavHA parameters based on past lava flows. A 

vent opening susceptibility map has been realised in ArcGIS by weighting the historic 

(i.e. the past ~120 years) and non-historic eruptive vents and fissures of Nyamulagira 

and Nyiragongo. An SRTM 90 m DEM was used as topographical basis, as higher 

resolutions for such large area result in level of details inappropriate for the scale of the 

produced map and require high computation capabilities. The model parameters for 

Nyamulagira were calibrated by systematically simulating recent lava flows of 

Nyamulagira (2004, 2006, 2010), both on steep slopes and the gently sloping lava plain 

(Peeters, 2015). The best-fit parameters for Nyiragongo were obtained from simulating the 

branches of the 2002 lava flow. Single lava flow simulations we ran on TanDEMƊX DEM 

downsampled at 20 m, the SRTM 30m and 90 m DEM for comparison. The 2006 

Nyamulagira flow is used as example in Mossoux et al. (2016). The best-fit parameter sets 

for each volcano were used to simulate from the age-weighted PDF maps a probabilistic 

lava flow inundation map (Table I), which represents the probability at which each pixel 

risks to be affected by a lava flow in the upcoming ~100 years. The map is provided 

with an explicatory notice in French and English to the Goma Volcano Observatory. 

Table I. Q-LavHA parameters used in the lava flow simulation. 

 Nyamulagira Nyiragongo 

Lava flow length1   

Mean (m) 13180 5940 

Standard Deviation (m) 6100 3150 

Thickness parameters2   

hc 3.5 1 

hp 7 3 

Distance between the vents (m) 450 450 

Iterations 50 50 

Minimum PDF value3 0.000005862 0.000005862 
1 The mean and standard deviation of the lava flow length was calculated based on the 1977 and 2002 

lava flows of Nyiragongo, and the lava flows of Nyamulagira volcano from 1938 untill 2012.  
2 These parameters approach respectively the minimum and maximum lava flow thickness. 
2 This represents the lower 20% of the vent opening susceptibility map.  
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RESULTS 

Nyiragongo 2002 lava flow Q-LavHA simulations (Table II; Figure 8) show that the 2002 

lava flow displayed a complex branching pattern, with overall high fit of the simulations 

with the actual flow outlines, resulting in slightly different best-fit simulation parameters 

for each branch. An average of all best-fit parameters could be used in a similar future 

lava flow crisis to produce a first-order short-term hazard assessment in Q-LavHA on a 

low-resolution DEM within minutes using the new vent location. 

 

Figure 9 shows the map of vent opening susceptibility for the upcoming ~100 years, 

used as a base for the lava flow hazard map. The lava flow hazard map for the part of the 

rift valley containing Nyamulagira and Nyiragongo volcanoes is presented in Figure 10. 

In general, the lava flow hazard increases with increasing distance from Nyamulagira and 

Nyiragongo volcano, as multiple lava flow branches converge together. The outline of 

the 2002 lava flow of Nyiragongo and the 2001, 2002, 2004, 2006, 2010 and 2011 Ɗ 

2012 lava flow of Nyamulagira demonstrate a good fit with moderate, high and very high 

lava flow hazard classes. High and very high lava flow hazard threatens parts of the 

densely populated city of Goma, the Bulengo area, the West and North of Nyamulagira 

area, the main road Goma- Rutshuru and to a lesser extent Sake. This map demonstrates 

that the Lac Vert Ɗ Bulengo area classifies among the areas yielding the highest hazard of 

lava flow inundation in the upcoming ~100 years, with significant implications for future 

spatial planning and risk mitigation strategies. With every future eruption of Nyamulagira 

or Nyiragongo, both the vent opening susceptibility map and the probabilistic lava flow 

inundation hazard map should be updated using a GIS software and Q-LavHA 

respectively, especially when new volcanic cones are formed in the flow fields and 

causing perturbation of the main drainage pattern. 

Table II. Best fit simulation parameters for the Nyiragongo 2002 eruption.  

Simulated vent 

location 

DEM Hc Hp Max. 

Length 

(m)  

Number 

of 

iterations 

Thres-

hold. 

True 

posit.  

True 

negat.  

False 

negat.  

NW flank 

Nyiragongo 

TanDEM-X 

20m 

0.4 1 3400 1500 0.5 0.47 0.46 0.07 

Shaheru crater TanDEM-X 

20m 

2.5 3 2700 1000 0.5 0.70 0.17 0.13 

South Shaheru Ɗ 

West 

TanDEM-X 

20m 

0.5 2 7000 1000 0.5 0.34 0.09 0.57 

South Shaheru Ɗ 

East 

TanDEM-X 

20m 

1 2 13000 1500 0.5 0.51 0.30 0.19 

Lemera 

- Mudjoga 

TanDEM-X 

20m 

1 3 11000 1500 0.5 0.34 0.55 0.11 

West Goma SRTM 90m 1 3 12000 1000 0.5    

Goma SRTM 90m 2 4 8000 1500 0.5 0.41 0.52 0.07 
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Figure 8. Probabilistic best-fit Q-LavHA simulations of lava flow inundation probability for the branches of 

the 2002 lava flow of Nyiragongo. Background: TanDEM-X DEM hillshade image (Albino et al., 2015). 
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Figure 9. Vent opening susceptibility map of the intra-rift part of the Virunga Volcanic Province 
for the upcoming ~100 years, produced in ArcGIS software, calculated from the positions of 

eruptive vents and fissures mapped from post-colonial reports, published literature and a 
morphological analysis of the TanDEM-X DEM hillshade image (in the background; Albino et al., 
2015). Highest susceptibilities can be found along the NW-SE oriented rift zone of Nyamulagira 

and towards Nyiragongo, the southern flank of Nyiragongo, and the Rushayo Ɗ Lac Vert Ɗ 
Bulengo area to the West of Goma city, where Poppe et al. (in press) also demonstrated a high 
prevalence of Holocene phreatomagmatic eruptive centres and small-volume lava flows. 
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Figure 10. Lava flow inundation susceptibility map of the intra-rift part of the Virunga Volcanic 
Province, displaying hazard for each pixel to be inundated by a lava flow in the upcoming ~100 
years. Modeling was carried out in the Q-LavHA plug-in with the SRTM DEM at 90m resolution 
acquired in 2000 as a topographical base. The model input parameters for Nyamulagira and 
Nyiragongo as reported in Table 2.1. Good fits between the Nyamulagira 2001, 2004, 2006, 
2010 and 2011-2012 flows and the Nyiragongo 2002 flows, and intermediate to high inundation 
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susceptibilities are shown. This map demonstrates several areas of high to very high susceptibility 
within the city of Goma and to its west, in the Lac Vert Ɗ Bulengo area and towards the smaller 
city of Saké. This map should not be reproduced without prior consent of the authors. 

 

2.4.4. Gas as a volcanic hazard: Mazuku 

METHODS 

CO2 concentrations were measured in two Mazuku sites surrounded by habitations, in 

Fnl` 'ƏKd Bg`kdsƐ rhsd( `mc Atkdmfo (Buhimba site), in order to study the dynamics of 

gas in these dangerous places. Measurements lasted 5 days (Nov. 2013) and 1.5 years 

(2012-2013) for the Buhimba and Le Chalet sites, respectively. These surveys were 

coupled with the measurement of meteorological parameters at both sites and radon 

fluxes at Le Chalet.  

 

RESULTS 

Results show that the evolution of radon concentrations at Le Chalet site is directly 

proportional to the evolution of CO2 concentrations. Such correlation was expected, as 

CO2 is the vector which transports radon towards the ground surface. Decorrelation 

between the two gases that could indicate stress change related to the magmatic/volcanic 

activity was not observed during the monitoring period. Results also show that 

concentrations close to the ground surface are less influenced by meteorological 

parameters. The first centimetres of air in the mazuku depression can always maintain a 

deadly concentration of CO2. CO2 concentration is higher during night-time and directly 

after rainfalls. 

Preliminary results from the remote sensing and geomorphological analysis show that 

some mazuku, identified as such in the field, can be related to anomalous low NDVI 

values, closed topographic depressions, and the edges of lava flow fronts. This is however 

not the case for all identified mazuku, and most likely the spatial extent and temporal 

continuity of Mazuku activity play a major role in this observation. 

 

2.4.5. Limnic eruption  in Kabuno bay? 

The potential of limnic eruption in the Kabuno Bay  was investigated through data 

compilation and analytical modelling, in the framework a sub-contracting mission by Dr. 

F. Darchambeau (ULg). The water column of Kabuno Bay is characterised by a very 

stable chemocline (salinity, pH, temperature) at ~11 m deep irrespective of the sampling 

period (Borges et al., 2011). Deep waters of the bay are enriched in salts, CO2 (Tietze, 



Project SD/RI/02A Ɗ GeoRisCA                                                                                           

Geo-risk in Central Africa: Integrating Multi -Hazards and Vulnerability to Support Risk Management 

SSD-Science for a Sustainable Development Ɗ Natural risks in Central Africa  55 

1978; Tassi et al., 2009) and CH4 (Borges et al., 2011, this study). Most likely, subaquatic 

springs are the source of the salts and CO2 observed in deep waters. These subaquatic 

springs are an essential feature of the physics of the bay, as they are for the main basin of 

Lake Kivu (Schmid et al., 2005). 

New observations of gas concentrations indicate that concentrations approach saturation 

at some depth in the Kabuno Bay. Particularly at 15 m depth the total gas pressure 

reaches 85% of hydrostatic pressure, which is relatively higher than in the main basin of 

Lake Kivu where, at maximum, saturation reached 56 % at 330 m in 2003 (Schmid et al., 

2005). Nevertheless, the situation in Kabuno Bay contrasts in several ways with the one 

in the main basin of Lake Kivu. First, absolute gas concentrations and total gas volume 

are much lower in Kabuno Bay than in Lake Kivu (~2.9 106 m3 and 360 109 m3 at 

Standard Temperatures and Pression, respectively). Second, the near-saturating 

concentrations are shallower and closer to the main density gradient and the oxic zone in 

Kabuno Bay than in the main basin of the lake. Therefore, loss processes of accumulating 

gas such as diffusion and, for CH4, oxidation is very active. While simultaneously the 

upwelling of the water column caused by the inflows at depth of ground waters uplifts 

the near-saturation zone, diffusion permanently transports gases upward to the mixing 

zone where they are then exchanged with the atmosphere (Borges et al., 2012, 2014), 

oxidized (Borges et al., 2011) and/or flushed out to the main basin of the lake. 

Moreover, the water column of Kabuno Bay presents a highly stable density stratification 

(i.e. salty/heavier water at depth, underneath fresher/lighter water at the surface), which 

currently prevents the gases present in high concentrations in deep water from mixing 

upwards and is therefore crucial for safety. A hazard assessment demonstrated that the 

occurrence probability of a wind-induced mixing until near-saturation depth is null. 

Nevertheless, other powerful natural event (i.e. sub-lacustrine magmatic eruptions, 

earthquakes, hot lava flows from surrounding volcanoes, landslides along lake shores, 

etc.) could potentially initiate convective or advective transports of deep waters, followed 

by a disastrous gas outburst from Kabuno. Localization, magnitude and probability of 

such events were not evaluated during this study. Although the probability of such 

catastrophe is by nature rather limited, the possibility of a disastrous gas outburst cannot 

be completely ruled out. 

Finally, the natural evolution of gas concentrations should be regularly measured and we 

recommend to regularly monitor gas concentrations as well as other parameters 

influencing water density and water column stratification (salinity and temperature) of 

Kabuno Bay. Such monitoring should be performed at 3-5 xd`qrƍ shld hmsdqu`k- 
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2.4.6. Close Range Photogrammetry of the Nyiragongo crater to build 3D 

models 

METHODS 

@ 2C cdmrd onhms bkntc ne sgd Mxhq`fnmfn bq`sdq v`r oqnctbdc ax ƏRsqtbstqd-from-

LnshnmƐ 'ReL( ognsnfq`lldsqx+ trhmf fdns`ffdc hl`fdr `bpthqdc eqnl ` gdkhbnosdq ekhfgs

on 5th July 2014. This point cloud allowed the production of a DEM and an orthophoto 

of Nyiragongo crater with a resolution of 25 cm and 15 cm, respectively. According to 

the used geographic coordinates of the geotagged photographs, the relative accuracy of 

the geocoding is 16.8 m, i.e. 10.3 m, 10.9 m and 7.7 m, in X, Y and Z, respectively 

(Smets et al., in press).  

There is no other georeferenced 3D model available to assess the absolute horizontal and 

vertical accuracy of the produced model of the Nyiragongo crater. However, using a 

SPOT-5 image (pixel resolution of 2.5 m) of the crater acquired in July 2009, we can 

assess its horizontal accuracy. For that, 10 control points were selected on the SPOT-5 

image and their location compared on an orthophoto derived from the 3D model of the 

crater. As the SPOT-5 image was orthorectified using the SRTM-1 DEM (© NGA/NASA) 

and accurately georeferenced using a series of 24 ground control points acquired with a 

differential GPS in the urbanised areas surrounding the volcano, the accuracy of the 

control points selected on the SPOT-5 image is assumed to be of the order of the pixel 

size (i.e., 2.5 m). The 10 control points revealed a rotation error in the geocoding, which 

is linked to the movement of the helicopter during the geotagged-image acquisition. This 

induces a large horizontal location error of maximum 45 m (Smets et al., in press). 

However, by comparing the horizontal distances between the selected control points (i.e. 

90 baseline distances) measured on the SPOT-5 image and the orthophoto, a scaling error 

of maximum 2.9 % is detected, which is relatively good regarding the geocoding method 

applied here. As a consequence, the produced 3D model of the Nyiragongo main crater 

only provides a suitable reference for measuring distances and surface/volume changes 

(Smets et al., in press). 

Additional image datasets of part of the crater on 28 September 2011, 23 April 2012, 8 

March 2013 and 5 July 2014 were provided by D. Tedesco (University of Naples II, Italy). 

3D point clouds were produced with these images and were co-registered on the 

georeferenced 3D point cloud using the Iterative Closest Point algorithm available in the 

CloudCompare software.  
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RESULTS 

Thanks to these three 3D models of the Nyiragongo crater, a mean lava lake level 

decrease of 68 was estimated between September 2011 and July 2014. The long-term 

lava lake decrease observed between March 2012 and July 2014 was associated with the 

development of ring fissures on P3, around the lava lake pit, which were visually 

observed during fieldwork and on photographs. These ring fissures are interpreted as 

evidence of ground subsidence of P3 close to the pit. This subsidence is best illustrated 

by the difference between digital elevation models (DEM) derived from the 3D point 

clouds of the Nyiragongo crater produced using images acquired on 8 March 2013 and 5 

July 2014, which are the most detailed and less noisy point clouds of the Nyiragongo 

crater produced with images acquired by helicopter. This ground deformation was also 

detected by SAR interferograms (Geirsson et al., in press.). 

 

2.4.7. Study and monitoring of lava lake activity  

METHODS 

To study the Nyiragongo lava lake level, we developed a Stereographic Time-Lapse 

Camera (STLC) system to measure lava lake level variations. The STLC comprises two 

time-lapse cameras that synchronously take photographs of the lava lake. The main goal 

of this instrument is to regularly collect stereo-pairs of photographs, in order to create a 

time-series of 3D point clouds using SfM photogrammetry. The comparison of these 3D 

models can then be used to measure topographic changes related to the lava lake activity. 

To scale the produced 3D time-series, we used the georeferenced 3D model of the crater, 

the image-based alignment option of the PhotoScan Pro software and the Iterative Closest 

Point algorithm available in the CloudCompare software (Smets et al., in press). 

Installed in September 2011 on P1, along the southern inner flank of the crater, the STLC 

system acquired a first dataset during 48 hours (18-20 September 2011), at a rate of one 

pair of images every 2 minutes, allowing the first measurements of gas piston cycles at 

the Nyiragongo lava lake with an unprecedented resolution of 0.5 to 1 m. Stereo-pairs of 

images were also acquired with the STLC system in September-November 2011 and 

March-May 2012, at a frequency of 4 image pairs per hour. Stereo-pairs allowing the 

measurements of the lava lake level using close-range photogrammetry are however 

limited to 33 pairs for the period from 26 September to 5 October 2011 and 20 pairs for 

the period from 10 March to 18 March 2012, as steam and outgassing from the lava lake 

prevented the visibility during other periods of data acquisition.  
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RESULTS 

Results from the 48h time series of September 2011 show that the lava lake exhibited 

metre-scale vertical gas piston cycles that commonly lasted a few tens of minutes. 

According to our observations and the resolution of measurements, gas piston cycles at 

Nyiragongo show similarities with those observed in Hawaii Additional investigations are 

however required to better constrain the relationship between those level variations and 

the dynamics of outgassing. These results were published by Smets et al. (in press). 

These STLC data from the multi-week time series, together with field observations, 

revealed that the observed decrease of the lava lake level between 2012 and 2014 is not 

progressive and occurred through sporadic hour- to day-long variations. This observation 

of sporadic variations responsible of long-term lava lake level changes is confirmed by 

the innovative SAR technique to measure lava lake level changes. This technique uses 

high-resolution SAR amplitude images and consists of measuring, in the slant-range 

chqdbshnm+ sgd rg`cnv hmctbdc ax sgd udqshb`k ek`mjr ne sgd k`u` k`jdƍr ohs bqater and, then, 

assessing the height different between the pit crater rim and the lava lake surface using 

simple trigonometry. 

Using SAR measurements, we also produced the first accurate measurement of lava lake 

and Platform 3 level changes after the 2002 eruption of Nyiragongo, from May 2006 to 

February 2016. Results highlight the level increase of Platform 3, by lava lake 

overflowing up to 2008. This is followed by a progressive stabilization of the Platform 3 

level. Starting from June 2011, large decametric variations of the lava lake level are 

measured and correlate with the results of the photogrammetric approach, validating the 

SAR technique for lava lake level measurement. 

Results on the evolution of the lava lake level between 2011 and 2016 are partly found 

in the Ph.D. Thesis of B. Smets (Smets, 2016) and were presented at the AGU Fall 

Meeting in December 2015 and at the EGU General Assembly in April 2016. Their 

interpretation is still in progress. 

 

2.4.8. Space borne InSAR techniques for ground deformation  monitoring  

METHOD 

The very large InSAR archive database started in 2005 was updated regularly with each 

SAR data (COSMOSkyMed, RadarSat, TerraSAR and TanDEM-X, ENVISAT, ERS, ALOS 

and Sentinel 1) made available to us through this project or additional projects (> 800 

SAR images, which led to several thousands of interferograms). Conventional DInSAR 

mass processing and data mining tools were developed in the frame of previous projects 

'cƍNqdxd % Bdkkh+ 1/0/(- Sgd oqdrdms oqnidbs `krn admdehsr eqnl ntsotsr ne other on-going 
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BELSPO funded projects (namely RESIST and MUZUBI) where our InSAR processing 

chain was updated to the use of CSL InSAR Suite software and to the most recent sensors. 

We performed mass processing DInSAR on active volcanoes and landslides in Bukavu 

(See Section 2.4) as well as conventional time series analysis point target (Persistent 

Scatterers) and Small Baseline Subset (SBAS) techniques (Hooper, 2008, Samsonov et al., 

2010). We also used the MSBAS method, which is an advanced multidimensional time 

series analysis allowing the combination of multiple SAR data acquired with different 

acquisition parameters, such as azimuth and incidence angles, spatial resolution, wave-

length or polarity, to retrieve vertical and horizontal displacement time series (Samsonov 

% cƍNqdxd, 2012, Samsonov et al., 2013). However, because the equatorial vegetation 

induced rapid decorrelation in the Virunga to build continuous small baseline subsets 

with appropriate temporal and spatial baselines, we used a newly developed version of 

sgd LRA@R ldsgnc 'R`lrnmnu % cƍNqdxd, submitted, Samsonov et al., submitted). 

Indeed, the set of linear equations that comprises MSBAS is usually rank deficient and is 

solved in the least-square sense by applying the Singular Value Decomposition (SVD) and 

a Tikhonov regularization. In the new version of the MSBAS software, the regularization 

can be of order up to two. In case of the first and second order regularizations, the 

solution is found by least square fitting of data and by minimizing the first and second 

differences between consecutive in time deformation rates. This allows better estimation 

of the deformation velocity in the presence of small temporal gaps in small baseline 

subsets. 

Software was developed to assist the analysis of deformation time series by performing 

outliers and trend changes detection (Arjona et al., in prep.). Deformation maps were 

modelled using analytical (Cervelli et al., 2001) or numerical method (3D numerical 

modelling based on boundary elements, Cayol & Cornet, 1997) to evaluate source(s) 

parameters. 

Spaceborne data were complemented by ground-based measurements from the local 

permanent geodetic KivuGnet network (Geirsson et al., in press) and their analysis was 

assisted using results from the seismic KivuSNet network (Oth et al., 2016). KivuGNet 

and KivuSNet are both operated and maintained by NMNH/ECGS, RMCA and GVO.  

Each of the thousands of deformation maps, coherence maps and SAR amplitude maps 

are stored on servers and readily available for use with any conventional GIS tool.  

 

RESULTS 

Short-term deformations associated to various eruptions at Nyiragongo and Nyamulagira 

were detected using DORIS, SARscape and CSL InSAR Suite and analyzed and modeled 
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in detail. These results improved significantly our knowledge about the magmatic systems 

in the Virunga.  

Wauthier et al. (2012) showed that the 2002 eruption at Nyiragongo was associated to a 

40km long deep dike that extended below the Lake Kivu and that stopped 3 km below 

the surface. A shallower dike reached the surface along a 20 km long network of fractures 

`mc b`trdc sgd cq`hm`fd ne Mxhq`fnmfnƍr k`u` k`jd- Sgd knv u`ktd ne l`fl`

overpressure inferred in these dikes shows that 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.  

Ground deformations associated to Nyamulagira recent eruptions (1996-2012) were also 

studied in detail and allowed to identify shallow (~3 -4 km below the summit) and deep 

(~25 km) magma chambers and various dike intrusions (Wauthier et al., 2013, Wauthier 

et al. 2015a). The study of these eruptions shows that proximal eruptions are fed from the 

shallow reservoir through dikes while distal eruptions can be fed directly from the deep 

reservoir (Wauthier et al., 2015a). From a normal-stress change analysis, it is inferred that 

intrusions in 2010 could have encouraged the ascent of magma from a deeper reservoir 

and possibly resulting in the 2011Ɗ2012 intrusion. Repeated dike intrusions beneath 

Mx`ltk`fhq`ƍr RRD ek`mj l`x `krn dmbntq`fd hmsqtrhnmr admd`sg sgd md`qax Mxhq`fnmfn

volcano.  

Based on InSAR studies of the January Nyiragongo 2002 eruption and the October 2002 

Kalehe Mw 6.2 earthquake (the largest event recorded in the Kivu basin), a Coulomb 

stress analysis suggests that diking events, such as the 2002 Nyiragongo dike intrusion, 

could promote faulting on the Western border faults of the rift in the central part of Lake 

Kivu (Wauthier et al., 2015b). This shows that dike-induced stress changes can cause 

moderate to large-magnitude earthquakes on major border faults during continental 

rifting and suggests that dike intrusions play a major role in accommodating upper crustal 

extension in this part of the EARS, which is often considered as a magma-poor rift.  

The study of November 2011 eruption at Nyamulagira volcano using TerraSAR-X add-on 

for Digital Elevation Measurement (TanDEM-X) data also allowed to compute several high 

resolution (5m) DEM. Their absolute vertical accuracy (1.6m) was obtained thanks to the 

comparison with GPS measurements acquired around Nyiragongo and Goma area. The 

difference between pre- and post-eruption high resolution DEMs provided the first 

accurate thickness map of lava flows emplaced during an eruption at Nyamulagira. 

Values range from 3 m along the margins up to 35 m in the middle. Re-evaluation of the 

volume of historical eruptions at Nyamulagira shows that the volume of the long-lived 

eruptions such as 2011-12 may be largely underestimated if they are based on the 



Project SD/RI/02A Ɗ GeoRisCA                                                                                           

Geo-risk in Central Africa: Integrating Multi -Hazards and Vulnerability to Support Risk Management 

SSD-Science for a Sustainable Development Ɗ Natural risks in Central Africa  61 

mapping of the flows multiplied by the 3m mean thickness used in the literature (Albino 

et al., 2015).  

Ground deformations observed through DinSAR technique suggest that an intrusion that 

brought the magma from a source below the caldera to the eruptive vents located ~11 

km ENE started about two days prior the lava outburst. Using analytical models, we 

tested different deformation sources: 2 dikes (one below the caldera and one aligned with 

the two eruptive vents), a deflating point source (below the caldera) plus one dike or a sill 

from the source to the vents, and the same deflating source with a sill that turns into a 

dike. Currently we are using InSAR time series to better understand the time evolution of 

the eruption and to identify the best source model. Furthermore, an unusual large patch 

of deformation of 20 km radius was also identified by InSAR and confirmed by GPS 

around Nyiragongo area during the eruption. This seemed related to a deep magma 

reservoir that feed the shallower eruptive source. Identified deformations are analyzed 

and compared with theoretical deformation (models) such as simple elastic analytical 

solutions (Mogi, 1958; Okada, 1985).  

Long-term deformations in the Virunga have been detected through InSAR time series 

analysis (Wauthier, 2011; R`lrnmnu % cƍNqdxd, 2012). These deformations related to 

pre-, co- or post-eruptive activity or other (un)related phenomena were studied by means 

of SBAS and PS time series method using STamPS software (Hooper, 2008) as well as 

vhsg LRA@R 'R`lrnmnu % cƍNqdxd, 2012). Other deformations related to landslides were 

analyzed using time series methods (STamPS and MSBAS) in the Bukavu region.  

While studying the Nyamulagira 2010 eruption, MSBAS allowed the first unambiguous 

detection of a long-term pre-eruptive deformation occurring before an eruption in the 

Virunga (Smets et al., 2014a). That deformation was correlated with changes in seismic 

and gas emission rates. However these changes were too small to be detected and 

interpreted alone as possible pre- eruptive signals. Although this requires deeper studies, 

it potentially represents a milestone in the contribution to hazard assessment in the 

Virunga. 

Very local meter-scale ground deformations were detected inside the crater of 

Nyiragongo (out to ~200 -300 m distance from the ~200 m-wide lava lake) using times 

series of high resolution and low look angle SAR data (RADARSAT-2 and TSX-TDX data). 

The SBAS time series method allowed characterizing the linear deformation of about 50 

cm in 15 months, in the satellite line of sight. The deformation (both in amplitude and 

location) is confirmed by comparison with differences of photogrammetry-derived DEM 

models (Smets et al., in press). The deformation rate does not seem to be directly related 

to the lava lake level (see Task 2500), excluding mechanical (elastic) forcing as the 

responsible process. This leaves us to conclude that thermal contraction and mechanical 

compaction are driving the deformation of crater bottom (Geirsson et al., in press.).  
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Amplitude SAR data were also used to monitor the evolution of the collapse of the 

Nyamulagira crater, the emergence of a new lava lake in its pit crater (Smets et al., 

2014b), to better define the time evolution of the 2011-2012 eruption, and to measure 

lava lake level variations in the crater of Nyiragongo.  

Finally, a near-real time (1- day delay) fully automatized GNSS processing was set up 

using Bernese 5.2. The tool available in Luxembourg and Goma also assesses daily 

pt`khsx `mc rs`shnmƍr gd`ksg9 nardqu`shnm shld+ mtladq ne nardqu`shnmr `mc qdjected data, 

number of cycle slips, multipath (environmental signal reflections), signal-noise ratio, 

uncertainties from processing results... The near-real time results using rapid orbits are 

seamlessly merged with results using final orbit products available with 1-3 week latency 

(Geirsson et al., in press). All results, including the station health and data quality graphs, 

are displayed on a password-protected webpage, which can be accessed by GeoRisCA 

partners. Comparison was performed with the analysis of the same dataset using GIPSY-

OASIS. Both software show comparable short-term noise levels and long-term motion in 

the IGb08 reference frame. Kinematic analysis of low-latency (a few hours) data was 

implemented to run automatically since May 2016.  

Analysis of continuous GPS measurements successfully completed the InSAR results by 

confirming co-eruptive deflations associated to 2010 and 2011-12 Nyamulagira eruptions 

but also revealing slow, fairly constant, weak though clear inter-eruptive inflation signals 

attributed to on-going magma accumulationΟunder the Nyamulagira-Nyiragongo 

volcanoes (Geirsson et al., in press) that superimposes on plate motionΟacross the 

Western Ɗ East Africa Rift. A combination of Kalman filtering and principal component 

analysis also allowed detecting a pre-eruptive signal that started 6 months prior the 2011 

eruption at Nyamulagira. A Mogi point source at a depth >10 km can explain the 

displacement field suggesting a relatively deep source for the magma chamber that 

generated the inflationary signal (Ji et al., in press). GPS time series also revealed a small 

widespread deflation signal that seems to start approximately 3 days before the 2011-12 

eruption broke the surface, accompanied by increased seismic activity, and additional 

local deformation signals from shallower sources. The most straight-forward interpretation 

of the InSAR and GPS signals is that magma started leaving the deeper parts of the magma 

plumbing system (the GNSS data are best fit by an ellipsoidal magma chamber at ~13 

km depth) a couple days before the magma ruptured the surface (Nobile et al., in prep.). 

 

Finally, as explained in the next section, landslides constitute another type of hazard 

threatening the region of Bujumbura (Burundi), Bukavu (DRC), and the area around the 

lake Kivu. Various processes have been identified and studied, in order to improve 

forecasting such catastrophic events. 
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2.5. Mass movement hazard: local and regional scale studies 

Before the start of the project, Belgian, and also international landslide research in the 

GeoRisCA study area was limited to a few case studies targeting urban areas of Bukavu, 

Uvira and Bujumbura (e.g. Moeyersons et al., 2004; 2010). Those studies described 

mainly basic processes observed in the field. The scarcity of landslide investigation in the 

region was confirmed through a thorough literature review on landslide research in the 

tropics (Maes et al., 2017). In this review, we highlighted the need for landslide research 

in the region considering the high density of the population potentially at risk. 

From a first regional visual analysis using Google Earth (easy to use; availability of high 

resolution images over large parts of the region, 3D morphology) we obtained a broad 

picture of the landslide context at the regional level and draw preliminary conclusions:  

Ɣ Landslides are identified in many other places outside the urban areas.  

Ɣ When a landslide is recent, visual detection is easier as vegetation is disturbed; 

sometimes, vegetation can even be absent. However such a situation is not frequent 

as vegetation regrowth is rapid in tropical environments.  

Ɣ Most landslides are geomorphological historical features. In a geomorphological 

historical inventory, the age of the landslide is not differentiated. What often remains 

in the geomorphic record, or what we see in the landscape today, is probably a small 

percentage of the landslides that have occurred over the last (tens, hundreds or 

thousands of) years. Historical inventories can be the sum of many landslide events 

that have occurred over time. 

Ɣ The vast majority of landslides are covered by vegetation; in most of the cases their 

land use/land cover characteristics is similar to those of the stable slopes. In addition, 

for the oldest landslides, their morphology can be partly reshaped by erosion. 

The age of many landslides and the fact that most landslides are vegetated had strong 

implications in the realisation of the project:  

Ɣ Rapid vegetation regrowth makes an automatic identification and delineation of 

landslides from optical remote sensing impossible. Visual analysis of remote sensing 

product is therefore the only way to compile a regional landslide inventory. Field 

validation is also needed. 

Ɣ Landslide visual identification is less straightforward and therefore much more time 

consuming when features are vegetated than what is expected when recent event-

based landslides are to be mapped. The situation worsens where the morphology is 

reshaped by erosion and weathering. 

Ɣ In an event inventory, the date of landslides is known and corresponds to the date (or 

period) of the triggering event. The landslide trigger in this region can be a rainfall or 

an earthquake, sometimes combined. However, for most landslides that we mapped 
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the timing is unknown, which makes it more challenging to assess the triggering 

mechanism of the events. 

These observations allowed us to better design the landslide hazard assessment to target 

different spatial and temporal scales. We will  first present the results at regional scales 

(sections 2.4.1 & 2). Then we will focus on two local areas (sections 2.4.3 & 4) whose 

selection is driven from the results obtained at the regional level.  

2.5.1. Regional landslide inventory Ɗ description of the processes at play 

METHOD 

Table III shows the various ancillary data used for the regional inventory:  

Ɣ For the visual analysis and the geomorphologic detection and mapping of the 

landslides we used Google Earth images. It offers for most of the investigated region a 

harmonised cover of high-resolution images (often multi-temporal). Building-up of 

such a large cover would not have been possible through the acquisition and 

processing of new high resolution images within the time frame and budget line of 

the project. Since the visual identification for historical and multi-temporal 

inventories is time consuming, it was decided to restrict the focus on a target region 

that covers an extent smaller than the whole GeoRisCA area but that still includes the 

major urban centres, the rift flanks and the Ruzizi River (i.e. regions were potential 

risk is known to be high). It was also decided to consider only landslide features 

where detection is not questioned. 

Ɣ To complete the regional inventory, information was also collected though archive 

sources (articles, governmental and non-governmental reports, Internet sources); the 

methodology is described in a similar research we did in the Rwenzori Mountains 

(Jacobs et al., 2016). 

Ɣ Aware of the possible limitations related to the use of Google Earth due to poor 

topographic resolution, a specific focus was put on the rift flanks West of Lake Kivu. 

For this region, we used a high-resolution Digital Elevation Model (DEM) that was 

produced at a spatial resolution of 5 meters from TanDEM-X satellite data obtained 

by RMCA (Albino et al. 2015). This DEM (also used in WP 2000) is built from images 

between 2011 and 2012.  

Ɣ 14 field campaigns carefully targeting representative areas were performed to validate 

the inventory. 
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Table III. Ancillary data used for the regional landslide inventory, the regional susceptibility 
assessment, the landslide inventory in the rift flanks West of Lake Kivu, the landslide inventory, 
geophysical analysis and numerical modelling in Bujumbura; and the landslide inventory, hazard 
assessment and kinematics analysis in Bukavu. 

 

 

RESULTS 

From Google Earth, a regional historical inventory of 1780 landslides (hereafter called 

Əqdfhnm`k hmudmsnqxƐ( v`r bnlohkdc hm ` g`qlnmhsed way at the regional scale (Figure 11). 

The most recent Google Earth images used in the inventory are from June 2014. The 

landslides are diverse in size (up to 2 km²), shape, processes, and time of occurrence. 

They appear in various environments (urban areas, rural areas, forested natural parks). For 

the landslides of unknown timing (the majority of them), the triggering conditions can be 

inferred in some cases (e.g. earthquake-triggered when distributed along major fault 

systems) (Maki Mateso and Dewitte, 2014; Dewitte et al., in prep.). Distinction between 
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Satellite images

Pléiades images (1) 2010s D D R

Radar images (2, 3, 4) 2010s D R

Google Earth images 1980 -2000s D D D D O

Orthophotos 2014 D O

Topography (DEM)

5 m  resolution TanDEM-X (4) 2015 D D D R

10 m resolution 2011 D O

30 m resolution SRTM D D O

Natural environemt

Land cover 2010s D O

Lithology (1) 2016 D D R

Lava flow maps (1,3) 2015 D R

Seismic catalogue 2016 D R

Seimicity maps (1) 2016 D R

Soil map, national (5) 2016 D R

Soil map, regional 2013 D D O

Society

Administrative maps (1) 2014 D R

D = in digital format at RMCA; C = RMCA collection; R = RMCA research outputs ; O = other origin

1 = GeoRisCA (BELSPO-SDD, 2012-2016); 2 = RESIST (BELSPO-STEREOIII, 2014-2019); 3 = GORISK (BELSPO-STEREOII, 2007-2010); 4 = 

VI-X (BELSPO-STEREOII, 2012-2014); 5  = Carte pédologique du Burundi (BTC Project)
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shallow and deep-seated landslides (i.e. landslides with a depth respectively < or >  5m) 

is important since the occurrence of shallow movements is much more sensitive to 

surficial environmental conditions (e.g. land use/land cover and its changes) and rainfall 

conditions. With Google Earth this distinction is not always straightforward due to the 

low topographic resolution of the data. The inventory does not include the landslides that 

are linked to quarrying and mining activities. 

 

For the recent landslides that have occurred over the last 10 years (Google Earth cover), 

i.e. those where changes (e.g., vegetation disruption) are observed between two satellite 

images, rainfall-triggering conditions explain their occurrence. Apart from a magnitude 

5.6-5.8 earthquake that occurred 7th August 2015 (where only few new small shallow 

landslides were observed in the field), no earthquake with magnitude large enough to 

trigger landslides was recorded in the region during that period (see WP1; Delvaux et al., 

2016). This link to rainfall conditions was further confirmed via archive analysis. Here we 

compiled an inventory of more than 100 dated landslides (all in the last 15 years) that 

shows that the vast majority can be linked to climatic parameters (Monsieurs et al., in 

press; to be submitted).  

 

From the regional inventory alone, there were 670 landslides mapped in the focus area of 

the rift flanks West of lake Kivu (Maki Mateso and Dewitte, 2014). The maximum 

landslide size is 2 km². The use of the 5 m 2011-2012 DEM has enabled us: 

Ɣ to make the distinction between shallow and deep-seated landslides (for the pre-2012 

features); 

Ɣ to show that, except for recent (partially) non-vegetated landslides, the large majority 

of the features mapped with the sole use of Google Earth are deep-seated landslides 

(in total 600); 

Ɣ to verify that deep-seated landslides identified with the sole use of Google Earth are 

correctly delimited according to their topographic signature; 

Ɣ to identify more than 300 additional deep-seated landslides. The higher topographic 

resolution was efficient to delimit not only smaller occurrences but also larger ones 

(now several mapped landslides are ~ 4 km²). 

Ɣ to better differentiate landslides with flow patterns; 

Ɣ to better understand landslide distribution according to topographic and lithologic 

context. 

 

In addition, for the Kivu Rift flanks, Google Earth images from June 2014 to February 

2016 (new images since the compilation of the regional inventory) allowed to map more 

than 1200 new landslides linked to the fatal heavy rains of October 2014 (Maki Mateso 
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and Dewitte, 2014). These landslides are mostly shallow flowing features (validated in 

the field). In total the Kivu inventory contains 2152 landslides. Figure 11 shows 

distributions patterns that can be linked to climate triggers (clusters of shallow landslides) 

and suggests earthquake (seismic) controls in some places (Dewitte et al., in prep.). 

 

Bukavu and Bujumbura are the two populated places most affected by landslides. The 

patterns are however different between the two places. In Bukavu, landslides are present 

in the urban and populated area in itself, creating disturbance immediately on site. In 

Bujumbura, landslides extents mostly on the steep mountain slopes at the outskirt of the 

city. Their impact is indirect. Through cascading effect they can create dams on the rivers 

flowing to the city, which, when they break, cause (very often deadly) flash-floods.  

 

Both regional and Kivu inventories were validated in the field during 14 field missions in 

2013, 2014, 2015 and 2016 (Figure 12). Field validation sites were selected so that most 

representative environments were visited in the three counties. The on-site visit at 250 

landslides allowed to better identify the environmental settings (geology, pedology, 

geomorphology, vegetation), which helped improving processes understanding (Dewitte 

et al., in prep.; Draidia et al., in prep.). This was further completed with the mineralogical 

and geotechnical analyses of 50 rock and soil samples taken in stable and instable slope 

contexts in Rwanda and Burundi. This enabled us to highlight the role of weathering in 

the occurrence of some landslides (Draidia et al., in prep.). Weathering is also a factor 

that can be used to explain the presence of many deep-seated landslides in the South-

Kivu Volcanic Province (Miocene - Pliocene) and the absence of such landslides in the 

Virunga Volcanic Province that consists of much more recent lithology (Holocene) 

(Figure 12). 

 

From field validation, we confirmed the high success rate of landslide identification 

through Google Earth (Dewitte et al., in prep.; Draidia et al., in prep.). We also show that, 

even with the 5m DEM, the number of delimited landslides is still below the reality in the 

field. However, the frequency-area distribution analysis (Malamud et al., 2004) shows 

sg`s sgd svn qdfhnm`k hmudmsnqhdr `qd tmah`rdc `mc ƏbnlokdsdƐ hm sdqlr ne k`mcrkhcd `qd`

distribution (Dewitte et al., in prep.).  
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Figure 11. (A) Regional landslide inventory compiled from Google Earth images. Yellow stars 
indicate dated landslide events. White dashed line delimits the target area. (B) Landslide 
inventory compiled with the combined use of Google Earth images and 5 m spatial resolution 
TanDEM-X data in the rift flanks West of Lake Kivu. Outside, little was checked. 
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Figure 12. Examples of landslide types (terminology after Hungr et al., 2014). Red arrows point to 
landslide heads. (A) Deep-seated rotational slide along National Road 1, Bujumbura, Burundi. 
Landslide was triggered 09 February 2014 after a heavy rainfall. Photo taken in July 2014. (B) 
Reactivation of the foot of a large slide-earthflow damaging National Road 3 along Lake 

Tanganyika, South of Bujumbura. This event occurred during the 2013-2014 wet season. Photo 
taken in March 2014. (C) Debris slides and debris avalanches in Rwanda that occurred during 
2012-2013 wet season along the Ruzizi River. Photo taken from DRC in May 2013. (D) Debris 
flow that occurred 25 October 2014 along Lake Kivu after a heavy rainfall event (Rambira, DRC). 
Photo taken in July 2015. (E) Large deep-seated rock slides of probable seismic origin that extent 
along a fault scarp along Lake Kivu (South of Kalehe). Photo taken in May 2016.  
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2.5.2. Regional susceptibility assessment Ɗ quantification of the process 

understanding 

METHOD 

To quantify the role of environmental factors (controlling and triggering) on landslide 

occurrence at the regional level, we rely on both the regional landslide inventory (that 

was proved to be reliable, Figure 11) and ancillary data that are available uniformly for 

the whole region, some being outputs from WP1000 (Table 3.1).  

 

With regards to the rather coarse spatial resolution of most of these data, we have used 

two susceptibility modelling approaches that have proved to be efficient also at a small-

scale level:  

Ɣ The first approach is a data-driven method that utilises a frequency ratio methodology 

(see description in Lee and Pradhan, 2007) which considers each environmental 

factor individually (e.g., slope), and classifies values into a set of defined bins (e.g., 

<5°, 5 -10°, 10 -15°,  etc.). A frequency ratio value is calculated for each bin as the 

percentage of landslide pixels in each bin divided by the percentage of pixels within 

the study area having the same bin values. The frequency ratio values are calculated 

for each environmental factors and their multiplication on a pixel-by-pixel basis gives 

the susceptibility estimate (Havenith et al., 2015).  

Ɣ The second approach is a process-based method that uses the mapping of the Factor 

of Safety and of the Newmark Displacements (ND) applying the method by Jibson et 

al. (2000) to map the susceptibility to seismically triggered landslides. For the Factor 

of Safety map, we needed to compile geomechanical information for all main 

lithologies (see Table 3.1). From the Factor of Safety map, the critical acceleration 

map was computed. The Arias Intensity (produced as a result of WP1; Delvaux et al., 

2016) and the Critical Acceleration maps combined allowed us to estimate the ND.  

 

RESULTS 

Figure 13 shows the most relevant model outputs obtained with each approach at the 

pixel resolution of 30m (use of SRTM topographic data). The data-driven model combines 

a selection of various environmental factors that were derived from the ancillary data 

(Table 3.1). As it is built from the landslide regional inventory, the model highlights 

factors that explain the occurrence of deep-seated processes. It highlights the role of slope 

gradient, slope aspect, lithology, land use, distance to drainage network and distance to 

fault systems as explaining factors for the landslide occurrence at the regional scale. More 
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details on the explicit role of these factors can be found in Maki Mateso and Dewitte 

(2014) and Dewitte et al. (in prep.).  

 

The susceptibility pattern highlights the region of Bukavu (and the role of the lithologic 

control linked the lavas of the South-Kivu Volcanic Province), and the southern part of 

the rift flanks West of Lake Kivu as highly susceptible (also confirmed by the inventory 

and field work). However, despite the fact that the measured success rate of the model is 

rather good with regards to the drawback of such a regional approach with limited spatial 

data (i.e. 20% of the landslides fall within the 10 % of highest susceptibility), it is 

important to keep it mind that this first regional assessment needs to be taken with the 

highest care. For example, the regions of the Masisi Territory and Bujumbura, known to 

be landslide-prone, are not highlighted at all (Maki Mateso and Dewitte, 2014; Nibigira 

et al., 2015).  

 

The Newmark Displacement (ND) model (Figure 13) also highlights the rift flanks West of 

Lake Kivu. However, in general the pattern is quite different from the data-driven model. 

For example, the region of Bukavu in itself is less susceptible according to ND, indicating 

that weathering of lava lithology could be more important than seismic activity for the 

occurrence of deep-seated landslides in this area. The differences between the two 

models could be explained by the fact that the data-driven approach relies on a historical 

inventory where landslides from seismic or climatic origin are undifferentiated. 

 

The places where ND is greater than 10cm cover an area of about 35%. This area 

contains 40% of the landslide depletion zone, meaning that the density of the landslide 

occurrences in this area is not really higher. However, the total cumulative area covered 

by those landslides represented 65% of the total area covered by the entire landslide 

inventory. The largest landslides are concentrated in the highest ND value areas; 

therefore seismicity could be considered as the main cause of those large mass 

movements. However, this requires further investigating. For example, the ND model 

shows the mountain region south of Bukavu as a susceptible area, but there is currently 

no landslide inventory for this area. 

 

Both regional models presented here are first assessments and enable us to better 

understand some processes at play but they require further development in order to 

improve their reliability.  
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Figure 13. (A) Data-driven model. Susceptibility assessment was restricted to the zones where 
landslides were inventoried (see Figure 11 (A)). Landslide susceptibility values are presented in 
five classes. (B) Newmark Displacement (ND) assessment based on the Factor of Safety map for 
average static conditions (thickness of 10 m of sliding layer, 50% water-saturated) and the Arias 
Intensity map computed for a 475-year return period (product of WP1). ND values range from 0 
cm to 19.6 cm.  

 

2.5.3. Focus on Bujumbura Ɗ detailed landslide investigation and numerical 

modelling in the context of cascading events at the border of a city 

 

Even though Bujumbura was not highlighted as a high landslide susceptibility location in 

our regional quantitative assessments (Figure 13), field evidence and visual inventory 

clearly attest of the opposite. Most landslides are actually located outside the city on the 

steep slopes along the rivers flowing towards the populated urban areas. The highest 

landslide threat is indirect, linked to river damming. When a dams breaks, it can trigger 



Project SD/RI/02A Ɗ GeoRisCA                                                                                           

Geo-risk in Central Africa: Integrating Multi -Hazards and Vulnerability to Support Risk Management 

SSD-Science for a Sustainable Development Ɗ Natural risks in Central Africa  73 

lake outbursts and massive floods downstream. Such an event happened in February 

2014 after an intense thunderstorm, causing more than 100 fatalities in few hours 

(Monsieurs et al., to be submitted)  

 

METHOD 

The first step was to complete and update the regional inventory. This enabled us to 

better understand slope deformation processes and to identify the landslides that were the 

most active over the last few years and that could present the highest threat in a near 

future. We then studied some of them by geophysical methods (microseismic zonation, 

electric resistivity). This helped collect structural information that was required for 

numerical modelling (we used the UDEC software, ITASCA). The geomorphological 

mapping was done from the regional inventory and combined with more recent Google 

Earth images, intense field survey and analysis of high resolution satellite-derived 

products (Table 3.1). 

 

RESULTS 

Geomorphological mapping and slope stability assessment were carried out for several 

tens of landslides. For the investigated sites (with recent (re)activation), we reconstructed 

the sliding history. We estimated that a very high risk (comparing all studied sites) is 

related to a reactivation of the so-b`kkdc ƏA`m`m`sqdd k`mcrkhcdƐ+ `r hs hr nmd ne sgd k`qfdrs

and most active landslide in the vicinity of Bujumbura and it has proven to have dammed 

Kanyosha River in the past (lake sediments were found upstream of the landslide), which 

most likely had been at the origin of lake outbursts with massive floods downstream. We 

therefore focused geophysical investigations on that landslide; related results were used 

as inputs for numerical back-analyses and predictive simulations to identify the original 

trigger mechanisms. Two additional landslides were also studied by geophysical 

methods. The main results for the Bananatree landslide are shown in Figure 14. More 

information on this landslide as well has on the other investigated sites can be found in 

Draidia et al. (in prep.). 
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Figure 14. Landslides along the Kanyosha river valley and National Road RN7 with location of 
the so-b`kkdc ƏA`m`sqdd k`mcrkhcdƐ(BT); an active deep-seated slide-earthflow. The yellow arrows 

indicate the head scarp. 

 

Electrical and microseismic measurements (HV) show a rather heterogeneous distribution 

of conductive and resistive, hard and soft materials, which highlight the presence of 

multiple sliding surfaces that contribute to instability (Figure 15 and Figure 16). 
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Figure 15. Electrical tomography profiles on Bananatree landslide showing a heterogeneous 
distribution of high and low resistivity materials (resistivities shown by colours range from blue 
~5 Ohm.m to red ~1000 Ohm.m).  
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Figure 16. H/V ambient noise (microseismic) spectra obtained for the different measurement 
points on the Bananatree landslide. Most indicate an amplification at around 0.7-1 Hz that 
would correspond to a thickness of sliding material of about 50m (considering a shear wave 

velocity, Vs, of the bulk clay material of 180 m/s). 

We compiled a geological section of the landslide from the data above. The complex 

structure of the landslide was taken into consideration when back-analysing the slope 

failure phenomena. First, we reconstructed the pre-sliding topography (taking into 

consideration the volume of failed material as estimated from the results of the 

geophysical surveys). This pre-sliding model was used as input for the numerical model. 




























































































































































































