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Abstract
Nyiragongo Volcano is located in the western part of the African Rift. Deep fractures allow gas upwelling during passive and 
active periods. This study presents the variability of sulfur dioxide (SO2) concentration measured at the Rusayo site and carbon 
dioxide (CO2) measured at five separate sites (Bugarura and Munigi) and the seismic activity, most of these measurements 
were made before and after the eruption. The peak concentrations of SO2 and CO2 correlate well with the tremor measured 
continuously on the volcano. The Nyiragongo volcano erupted on the evening of Saturday, May 22, 2021 at 6:15 pm local time 
in Goma. Lava flowed in two directions from the flanks of the Nyiragongo volcano, killing 32 people, destroying 17 villages in 
the Nyiragongo territory, and cracking the ground in the city of Goma and Gisenyi.  The Nyiragongo volcano is infamous for 
its extremely fluid lava that flows like water when the lava lake flows. Nyiragongo is a major contributor of SO2 and CO2 to the 
atmosphere.  Note that this eruption of 2021 is similar to the one of 2002, which caused the death of a hundred people and the 
evacuation of many people, the most deadly date of 1977, had killed more than 600 people. The earthquakes were felt, after the 
eruption May 22, 2021 the strongest had a magnitude of 5.2
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Introduction
Volatile constituents dissolved in magmas and then emitted to 
the surface by volcanoes are a crucial source of information for 
understanding magmatic processes and predicting eruptions. 
Large increases or decreases in gas emission rates and pronounced 
changes in the composition of gas emissions are often early 
warning signs of an eruption [1].

The Nyiragongo volcano erupted on the evening of Saturday, May 
22, 2021, at 6:15 p.m. local time in Goma, about 20 kilometers 
north of the city of Goma and Lake Kivu and west of the border 
with Rwanda, causing the destruction of houses and cracks in the 
ground. 

A fracture opened up and the first flow went towards the south-
east of the crater. A large quantity of lava flowed through several 
villages in the Nyiragongo Territory. Later, on the same night of 
May 22-23, the activity quickly migrated southward and another 
fracture was opened in which lava flowed into the city of Goma 

(Figure 1). In total, 17 villages were affected, the main road in 
the region, linking Goma to the north of the province, and a high-
voltage line were cut. The death toll amounted to 32 people burned 
by lava and asphyxiated by the smoke from the eruption, including 
ten people asphyxiated by toxic gases, and at least 13 people died 
as a result of the panic that gripped the city of Goma. A vehicle 
whose driver lost control ended up in a ravine, killing nine people, 
and four inmates of the central prison in Munzenze tried to escape, 
but were hit by bullets from the security forces. Around the city, the 
material damage is considerable. After the lava flow stopped the 
next day in the suburbs of Buhene, which marks the northeastern 
limit of Goma. The city of Goma was barely spared, but the 
inhabitants and the government were worried about a possible 
resumption of the eruption. This latest eruption of Nyiragongo 
is similar to that of January 17, 2002. The Nyiragongo volcano 
threatens the inhabitants of Nyiragongo territory, the city of Goma 
and ∼ 2 million inhabitants of the cities of Goma (DR Congo) and 
Gisenyi (Rwanda).
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Opening of the fracture 
where the first lava flow 
came out

Opening of the fracture where 
the second lava flow began

 

 

 

   Figure 1: Distribution of earthquakes after the May 22, 2021 eruption, May 26 screenshot.

The volcanic activity of Nyiragongo is closely followed by the 
inhabitants, and any news related to increased activity agitates the 
inhabitants of the region, especially the inhabitants of Nyiragongo 
territory, Gisenyi and those of Goma. Nyiragongo Volcano is a 
beautiful and active volcano, a large stratovolcano near Lake Kivu 
on the eastern border of DR Congo with Rwanda in the Virunga 
National Park, with a slope of about 35° on average, nearly 200 
km3 in volume and about 1.2 km in diameter [2]. Nyiragongo 
Volcano is infamous for its extremely fluid lava that flows like 
water when the lava lake flows, it is well known for its lava lake 
and its Hawaiian-like eruptive dynamics (Sadaka K, 2003).

Indeed, from 1928 to 1977, Nyiragongo crater had a large lava 
lake that disappeared completely with the eruption of January 10, 
1977 [3]. Another lava lake reappeared from 1982 to 1983 [4]. 
The active volcanoes of the Virunga chain expose the Nyiragongo 
region to numerous natural hazards such as lava flows, gas plumes, 
epidemiological diseases and armed conflicts. Of these hazards, 
volcanic gases are the most permanent threat to the Nyiragongo 
population because gases are emitted from volcanoes not only 
during the eruptive period but also during quiet periods [5, 6, 7, 8]. 
Among the gases emitted are direct emanations from the ground 
in volcanic regions to the atmosphere. For example, the Virunga 
Volcanic Province (VVP) has several such areas of gas release, 
including carbon dioxide (CO2) and sulfur dioxide (SO2).

Description of The Study Environment 
The Nyiragongo volcano is located in Nyiragongo Territory near 

the Rwandan-Congolese border (Figure 2). Its permanent activity 
and its proximity to the cities of Goma (D.R. Congo) and Gisenyi 
(Rwanda) explain its dangerous character for the respective 
populations; the main risks being lava flows, gas emanations (CO2, 
SO2, ...), volcanic ashes, etc. Nyiragongo (1.52°S, 29.25°E, 3,469 
m, code GVP 0203-03) is a stratovolcano located on the western 
ascending branch of the East African Rift, in the Democratic 
Republic of Congo (D.R.C.). Nyiragongo is located about 20 km 
north of Lake Kivu (surface area 2,060 km2), and 18 km from the 
city of Goma (population over 2 million), (Figure 2).  The Goma 
agglomeration continues into Rwanda with the city of Gisenyi 
(100,000 inhabitants). Nyiragongo has a volume of 500 km3 and 
its lava flows cover 1,500 km2. It is located on the Kivu-Virunga 
regional dome. The volcanic edifice has a summit crater of 1,300 
m in diameter and main adventitious cones located respectively on 
the southern (Shaheru, 2,800 m) and northeastern (Baruta, 3,200 
m) flanks. There are also about 100 small adventitious cones along 
radiative fissures south of Shaheru, west of the summit in a NE-
SW direction to Lake Kivu (4 km from the city of Goma) [9]. 

Nyiragongo volcano is one of the most active volcanoes in Africa. 
In addition to Nyiragongo and Nyamulagira remain active, the 
Virunga chain contains six other volcanoes that are considered 
dormant; these are Mikeno, Karisimbi, Visoke, Sabinyo, Muhavura 
and Gahinga
The Territory of Nyiragongo is a deconcentrated administrative 
entity in the eastern part of the province of North Kivu in the 
Democratic Republic of Congo (Figure 2). It has only one chiefdom, 



Volume 6 | Issue 1 | 354Eart & Envi Scie Res & Rev,  2023

headed by the Mwami, and is divided into seven groupings of 58 
villages (Figure 2). The chief town is the locality of Kibumba.  
With an estimated population of some 145,748 inhabitants around 
2016 (Bureau Central de la Zone/Territoire Nyiragongo, February 
2016) and an area of 163 km2
 It is limited: 

- In the North: The chiefdom of BWISHA in Rutshuru territory;
- To the South: The commune of Karisimbi in the city of Goma;
- To the East: The Rwandan Republic;
- To the West: The free zone of the Virunga National Park which 
separates it from the chiefdom of Bahunde in the territory of 
Masisi.

 Figure 2: territories of the province of North Kivu

Volatile Compounds Emitted By Nyiragongo Volcano During 
Passive and Active Periods
The Nyiragongo volcano emits several volatile compounds into 
the atmosphere, of these compounds, our study focuses only on 
carbon dioxide (CO2) and sulfur dioxide (SO2). Volcanic gases 
have been described as telegrams from the interior of the earth 
[10]. Carbon dioxide (CO2) accumulates by gravity making the 
air toxic, even lethal. CO2 is a heavier-than-air gas that is toxic at 
high concentrations and asphyxiating, irritating to the eyes, nose 
and throat, and deadly at concentrations as low as 15% [11, 12, 
13, 14, 15, 16, 17]. The concentration of CO2 in the air is mainly 
due to local outgassing from the ground, while the contribution of 
crater gas emission is negligible at the human breathing height and 
always remains well below the lowest threshold for interior CO2 
concentration [18].  

In magmatic processes, among the volatile elements, water is the 
main player, as carbon dioxide and other gases, less soluble in 
magma, have only a minority action. Carbon dioxide and sulfur 
dioxide, however, have a significant impact on the climate during 
major eruptions [19].

Seismicity
The eruption of Nyiragongo, notably in January 2002, the main 
signals occurred while the edifice was erupting (about one hundred 
tremors of M>3.5), (Michel Detay, 2011).  January 10, 1977, This 
is the first and most historically known eruption, the seismicity 
before and after the eruption, at the time the Virunga region 
did not have a seismographic network to properly monitor the 
seismic activity. Nevertheless, some earthquakes were felt by the 
population between September and December 1976. We retained:- 
An earthquake, considered as a trigger for the magmatic activity 
of Nyiragongo took place at Ngweshe (South Kivu Province), 150 
km southwest of this volcano, on December 5, 1976 (Mb=5), [20].- 
After this shock, two strong earthquakes were felt in January 1977, 
a few days before the eruption of January 1, 197, and on January 
6, with a greater magnitude (M = 5.3) [21]. During this period, the 
seismic activity was marked by the recording of volcanic tremors. 
After the eruption many earthquakes were felt by the population. 
As of January 16, 1977, 4 strong earthquakes were felt (Sadaka 
K. K et al 2003). The activity of the shallow magma chamber of 
Nyiragongo volcano is well limited by the fact that there is an open 
system (i.e., the lava lake) that allows for the loss of energy and 
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gases, and then acts as an overflow pipe that somehow regulates 
the energy. However, it is still necessary to monitor Nyiragongo’s 
activity very closely in order to better understand the next phases. 
As is known from previous experiments [22, 23]. Nyiragongo lava 

lake activity can change over periods of minutes to hours, and is 
expressed primarily in lake level changes, but eruptive activities 
such as those in 1977 and 2002 have shown that there were pre-
eruptive signals weeks before [24, 25, 26, 27]. 

Figure 3: Laves in fractures after the eruption of May 22, 2021

Figure 4: Image showing the formation of the lava lake after the eruption of May 22, 2021
eruption of 2002
The Nyiragongo eruption of January 17, 2002, where 14 to 34 
million cubic meters (Mm3) of lava poured out (Michel Detay, 
2011).
During the eruption, lava flows flowed along a north-south oriented 
fracture network, along the axis of the Albertine rift. Fractures 
appeared on the flank of the volcano and generated two lava flows. 
The first destroyed the central area of the city up to Lake Kivu, or 
about 15% of the city of Goma, leaving 120,000 people homeless. 
There were 470 injuries of varying severity and 170 deaths directly 
or indirectly related to the eruption. (Michel Detay, 2011). This 
eruption caused a massive exodus to Rwanda. The second flow 
was directed towards Lake Kivu. The Nyiragongo volcano had 
produced lava flows that invaded almost the entire territory of 
Nyiragongo, the city of Goma and destroyed the economic district 
of the city, forced a massive exodus of the population and caused 
the loss of many lives. The latter had caused the death of about 
140 people, the destruction of housing of about 120,000 people, 

the evacuation of about 300,000 people (Charles M. Balagizi et 
al 2018). 

5.1. before the eruption of Nyiragongo Volcano on January 17, 
2002
Seismic activity prior to this eruption was characterized and 
dominated by type A, B and C earthquakes as well as volcanic 
tremors [28], which were considered precursors of this eruption. 
Sometimes the earthquakes appeared as swarms. Two earthquake 
shock swarms (fractures) were recorded in the Nyiragongo area in 
October 2001, then on January 4, 2002, 13 days before the start of 
the eruption and then increasing seismicity between January 4 and 
17, which included several felt earthquakes and volcanic tremors. 
On January 16, a few hours before the start of the eruption, an 
unusually strong smell of sulfur dioxide was also noticed by the 
pilot of a small private plane flying north of Nyiragongo [29]. 

In addition, earthquakes of magnitude greater than or equal to 4 
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were felt and recorded. Some authors had specified that after these 
earthquakes, there was a remarkable change in the lava lake of 
Nyiragongo volcano. These earthquakes are cited by (Wafula M. 
2011, and Kasereka.M, 2001): the tremors of March 2 followed 
those of September 12, 2000 and January 10, 2001. After others 
were felt: the earthquake of October 7, 2001 of local magnitude 
4.6 located in the northern part of Lake Edward to about 140 km, 
the earthquake of January 4, 2002, 13 days before the eruption, 
of local magnitude 4.8, generated volcanic tremors of large 
amplitudes associated with vibrations and rumblings felt by the 
local population and even the emanation of black smoke at the top 
of the crater and a significant increase in temperature along the 
cracks located on the southern flanks of the volcano.

5.2. After the eruption of Nyiragongo Volcano on January 17, 
2002
Post-eruption seismic activity was characterized by a large number 
of earthquakes of magnitude 3.5 or greater. A few earthquakes 
of magnitudes greater than 3.5 have been recorded by global 
seismic networks (USGS). The strongest had a magnitude of 5.2. 
in the two weeks following the eruption, the cities of Goma and 
Gisenyi were shaken by frequent felt earthquakes, some of which 
caused damage to buildings and occasional deaths. Many of these 
tremors were felt as far away as Kigali (120 km) and Bukavu (60 
km). Sadaka K. K. AND AL (2003) added that the eruption was 
followed by intense seismic activity never recorded in the recent 
history of the Virunga Region.

Materials and Methods 
For the measurement of CO2 concentration in cracks especially 
in Bugarura and Munigi stations we used a portable gas 
analyzer GA5000 (Geotechnical Instruments, UK) which gives 
the concentration in percentage with typical accuracy. CO2 is 
measured with a wavelength infrared detector (WIRD) with a 
reference channel. The GA5000 is equipped with a pump and a 

gas inlet connected to a plastic tube. The end of the hose is placed 
at the precise location where the concentration is to be measured. 
The pumped gases first pass through a 0.45 μm polysulfone filter 
and are then conducted to an IR analyzer. The results are displayed 
on the instrument’s screen [30, 31, 32, 33]. Carbon dioxide was 
measured at ground level at the Bugarura and Munigi stations 
in a spot manner. For SO2 data, the technical means to know the 
composition of the volcanic plumes are improving with time, for 
the collection of SO2 data we used the DOAS which is installed at 
RUSAYO (Figure 6a and 6b).

The DOAS is another instrument, using a spectrometer sensitive 
to ultraviolet wavelengths; it is a relatively new tool, increasingly 
used to study the degassing and chemistry of a volcanic plume. 
It is also used in volcanic monitoring and even during phases of 
eruptive activity, measurements near Nyiragongo volcano allow 
an estimation of the gaseous composition of volcanic plumes 
leaving the crater (Figure 6a and 6b). SO2 is an important source 
of information on the gases present in volcanic plumes, at larger 
spatial scales than local measurements. For seismic data, they are 
acquired from the Kivu Snet seismological network that currently 
has more than fifteen stations installed around the volcanoes 
and in the southeastern part of Lake Kivu; it facilitates real-time 
monitoring of the evolution of magmatic activity. These data were 
recorded automatically and arrived in real time. We then proceeded 
to the statistical analysis which consisted in counting the recorded 
earthquakes on a daily basis. These results are presented in Figure 
7.

Results and Discussion
The monitoring du CO2
Carbon dioxide measurements taken at various sites in Bugarura 
and Munigi during the passive and active periods of the Nyiragongo 
volcano show that CO2 is always present at concentrations well 
below the lethal dose of 15%.
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Figures 5: monitoring of CO2

We note that during the entire period of CO2 monitoring before 
the eruption of May 22, 2021, in the month of April we observed 
a large increase in the concentration of CO2 at the site Bugarura II, 
the concentration had left from 0.1% to 6.5%.  The concentration of 
CO2 in the Atmosphere is 0.04% [34], in our sites the concentration 

of carbon dioxide has never dropped to 0.04%. Modeling suggests 
that CO2 is the primary species to be monitored in the event of 
a cleanup [35]. As suggested by the modeling in the monitoring 
of active volcanoes, CO2 from Nyiragongo Volcano is punctually 
sampled by the scientific community of the G.V.O

7.2.  Sulphur dioxide (SO2)

SO2 of April 20, 2021 we have registered 4943Ton/day (Figure 6 a)

SO2 of April 24, 2021 we have registered 7043 Ton/day (Figure 6 b)



Volume 6 | Issue 1 | 358Eart & Envi Scie Res & Rev,  2023

The amount of SO2 emitted continuously during passive emissions 
is therefore non-negligible compared to the amounts emitted 
during eruptive activity [36]. 

Volcanic eruptions are difficult to study and their behavior remains 
poorly understood, despite several decades of research [37]. Lascar 

volcano emits a significant source of SO2 during passive degassing 
with fluxes measured by the DOAS technique ranging from 200 to 
2300t/d [38, 39, 40, 41, 42,43] unlike Nyiragongo volcano which 
emits between 4943 and 7043t/d even more during passive periods 
(Figure 6a and 6b) we can note that Nyiragongo volcano releases 
a larger amount of SO2 into the atmosphere than Lascar volcano.

Seismicity

Figure 7: Number of earthquakes recorded daily until July 2021

During the days of 24, 25 and 26 the number of earthquakes reached respectively 120, 120 and 119. Their distributions are presented in 
the maps below:

Figure 8: Map of Distribution of epicenters after the May 22, 
2021 eruption, May 22 at 7:30 p.m. to May 31, 2021

Figure 9: Map of Distribution of epicenters during the month 
of June 2021, after the eruption of May 22
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That the eruption of 2021 is similar to that of 2002       
The eruption of Nyiragongo Volcano on May 22, 2021 
Compared to other eruptions that Nyiragongo volcano has 
experienced, the seismic activity before the eruption of May 
22, 2021 was not too alarming. Because there were no strong 
earthquakes (greater than or equal to 3.5) that preceded a few 
months before the eruption, as had been noticed in previous 
eruptions. Even the population did not feel anything. However, 
from the month of April some fracture seisms justifying the 
magmatic intrusion were recorded and analyzed by the seismology 
team of the OVG. During the same month, a swarm of long-period 
earthquakes was recorded between April 20 and 24, 2021, just one 
month before the eruption. After eruption, an exceptional seismic 
activity was noticed. Many earthquakes of magnitudes greater than 
or equal to 3.5 were recorded by the local seismographic network. 
These earthquakes were felt, the strongest had a magnitude of 5.2. 
This activity generated a lot of concern, prompting the government 
to evacuate the population because of a suspected magma intrusion 
under the city of Goma and the possibility of an eruption. This 
activity remained at a high level during the month of May, after 
eruption. The daily average of recordings was 100 earthquakes. 
Although the peaks for the concentration of CO2 was high, the 
concentration of SO2 as of April 20 and 24 we recorded 4,943 
and 7,043 tons per day (Figure 6), during the same Month there 
were some fracture earthquakes justifying the magmatic intrusion 
was recorded and analyzed by the seismology team of the OVG 
but however the scientific community of the O. V.G missed the 
eruption, we point out that it is not the first community to have 
missed the eruption, as of September 27, 2014, An unexpected 
eruption at Mount Ontake, Japan, erupted, killing more than 40 
people, even though it is a well monitored volcano. This may seem 
surprising for a technologically advanced country accustomed 
to volcanic activity, especially considering that Mount Ontake is 
one of 47 active volcanoes in Japan that are closely monitored. 
(https://cordis.europa.eu/article/id/115892-trending-science-
unexpectederuption- at-mount-ontake/fr).

Conclusion 
The Nyiragongo volcano in the east of the Democratic Republic 
of Congo is known for its three historical eruptions (January 10, 
1977, January 17, 2002 and May 22, 2021). This volcano being 
less than 20 km from the city of Goma, these different eruptions 
always reach the city and cause loss of life and property. The 
activity of the Nyiragongo lava lake can change over periods of a 
few minutes to a few hours, and is expressed mainly in changes in 
the level of the lake as is the case of the eruption that took place 
in 2021 which caused the death of 32 people, unlike the eruptive 
activities such as those of 1977 and 2002 showed that there were 
pre-eruptive signals weeks before and succession of several 
earthquakes. Note that the month of April 2022, would serve the 
scientific community of Goma Volcano Observatory of (G.V.O) 
to prevent the eruption of May 22, 2022 because for this same 
month we recorded a swarm of earthquakes long periods but also 
recorded the increase in concentration of SO2 and CO2 during the 
same month.

The concentration of CO2 is still present in the territory of 
Nyiragongo, mainly in the chiefdom of Bukumu. The measurements 
show that after the devastating eruption of the Nyiragongo volcano 
in 2021, the concentration of CO2 in the sites that were already 
present before this event is still present. The concentration of 
SO2 is still permanent in the volcanic plume. We also note that 
the concentration of CO2 has not decreased or disappeared in 
this region, so the variation of CO2 in this environment makes 
us believe that an eruption will occur in the next few years. The 
political and administrative authorities of the Democratic Republic 
of Congo, in particular those of the Province of North Kivu, should 
seriously consider the risks posed by the sulfur dioxide (SO2) and 
carbon dioxide (CO2) released during passive and active periods 
by the Nyiragongo volcano and secure this area. Information and 
awareness campaigns on the risks related to sulfur dioxide and 
carbon dioxide are also recommended [44-47].

References 
1. Bredemeyer, S. (2016). Monitoring gas emissions of active 

volcanoes: Identification of natural degassing variations and 
combination of volcano monitoring techniques (Doctoral 
dissertation, Christian-Albrechts-Universität).

2. Sarah, J. (2005). Investigations of Nyamulagira and 
Nyiragongo volcanoes (DRC) using interferometric synthetic 
Apperture Radar (Doctoral dissertation, Thesis, Christ’s 
College, 2005, 194p).

3. Hamaguchi, H., Nishimura, T., & Zana, N. (1992). Process 
of the 1977 Nyiragongo eruption inferred from the 
analysis of long-period earthquakes and volcanic tremors. 
Tectonophysics, 209(1-4), 241-254.

4. Tazieff, H. (1984). Mt. Niragongo: renewed activity of the 
lava lake. Journal of volcanology and geothermal research, 
20(3-4), 267-280.

5. Blong, R. J. (1984). Volcanic hazards: a sourcebook on the 
effects of eruptions. Elsevier.

6. Williams-jones G., Rymer H (2000). Hazards of volcanic 
gases. In: Sigurdsson H, editor. Encyclopedia of Volcanoes. 
American Press; p. 997–1004. 

7. Hansell, A., & Oppenheimer, C. (2004). Health hazards from 
volcanic gases: a systematic literature review. Archives of 
Environmental Health: An International Journal, 59(12), 628-
639.

8. Viveiros, F., Ferreira, T., Silva, C., & Gaspar, J. L. (2009). 
Meteorological factors controlling soil gases and indoor CO2 
concentration: A permanent risk in degassing areas. Science 
of the Total Environment, 407(4), 1362-1372.

9. Detay, M. (2011). Le Nyiragongo: volcan de tous les dangers 
et maîtrise des risques. LAVE, revue de l’association de 
volcanologie européenne, 153, 16-29.

10. Bani, P. (2006). Caractérisation et suivi du dégazage des 
principaux édifices volcaniques actifs de l’arc insulaire du 
Vanuatu par télédetection (Doctoral dissertation, Université 
de la Nouvelle-Calédonie).

11. Hathaway, G. J., Proctor, N. H., Hughes, J. P., & Fischman, M. 
L. (1991). Chemical hazards of the workplace. Van Nostrand 

https://doi.org/10.1016/0040-1951(92)90028-5
https://doi.org/10.1016/0040-1951(92)90028-5
https://doi.org/10.1016/0040-1951(92)90028-5
https://doi.org/10.1016/0040-1951(92)90028-5
https://doi.org/10.1016/0377-0273(84)90043-X
https://doi.org/10.1016/0377-0273(84)90043-X
https://doi.org/10.1016/0377-0273(84)90043-X
https://doi.org/10.1080/00039890409602947
https://doi.org/10.1080/00039890409602947
https://doi.org/10.1080/00039890409602947
https://doi.org/10.1080/00039890409602947
https://doi.org/10.1016/j.scitotenv.2008.10.009
https://doi.org/10.1016/j.scitotenv.2008.10.009
https://doi.org/10.1016/j.scitotenv.2008.10.009
https://doi.org/10.1016/j.scitotenv.2008.10.009


Volume 6 | Issue 1 | 360Eart & Envi Scie Res & Rev,  2023

Reinhold.
12. Langford, N. J. (2005). Carbon dioxide poisoning. 

Toxicological reviews, 24, 229-235.
13. Beaubien, S. E., Ciotoli, G., & Lombardi, S. (2003). Carbon 

dioxide and radon gas hazard in the Alban Hills area (central 
Italy). Journal of volcanology and geothermal research, 
123(1-2), 63-80. 

14. Cantrell, L., & Young, M. (2009). Fatal fall into a volcanic 
fumarole. Wilderness & Environmental Medicine, 20(1), 77-
79.

15. Lockwood, J. P., Hazlett, R. W., & de la Cruz-Reyna, S. 
(2022). Volcanoes: global perspectives. John Wiley & Sons.

16. Amaral a. F. S., Rodrigues A. S. (2011). Volcanogenic 
Contaminants: Chronic Exposure; Reference Module in 
Earth Systems and Environmental Sciences. Encyclopedia of 
Environmental Health, 681-689. 

17. Baxter P. J. (2011). Volcanoes and Human Health. Reference 
Module in Earth Systems and Environmental Sciences. 

18. Granieri, D., Carapezza, M. L., Barberi, F., Ranaldi, M., Ricci, 
T., & Tarchini, L. (2014). Atmospheric dispersion of natural 
carbon dioxide emissions on Vulcano Island, Italy. Journal of 
Geophysical Research: Solid Earth, 119(7), 5398-5413.

19. Detay, M. (2013). Impact du volcanisme sur le climat passé et 
présent de la Terre. LAVE, 162, 19-31.

20. Kasereka, M. C. (2001). Le Nyiragongo, un volcan à très haut 
risque au Nord-Kivu et ses environs. Centre de Recherche en 
Sciences Naturelles/CRSN, Département de Géophysique.

21. Durieux, J. (2003). Nyiragongo: The January 10^ t^ h, 1977, 
eruption. Acta vulcanologica, 14(1/2), 145.

22. Burgi, P. Y., Darrah, T. H., Tedesco, D., & Eymold, W. K. 
(2014). Dynamics of the Mount Nyiragongo lava lake. Journal 
of Geophysical Research: Solid Earth, 119(5), 4106-4122.

23. Bobrowski, N., Giuffrida, G. B., Yalire, M., Lübcke, P., 
Arellano, S., Balagizi, C., ... & Tedesco, D. (2017). Multi-
component gas emission measurements of the active lava lake 
of Nyiragongo, DR Congo. Journal of African Earth Sciences, 
134, 856-865.

24. Tazieff, H. (1977). An exceptional eruption: Mt. Niragongo, 
Jan. 10 th, 1977. Bulletin of Volcanology, 40(3), 189-200.

25. Kavotha, S. K., Mavonga, T., Durieux, J., & Mukambilwa, K. 
(2003). Towards a more detailed seismic picture of the January 
17^ t^ h, 2002 Nyiragongo eruption. Acta Vulcanologica, 
14(1/2), 87.

26. Komorowski, J. C. (2002). The January 2002 eruption-
The January 2002 flank eruption of Nyiragongo Volcano 
(Democratic Republic of Congo): chronology, evidence for 
a tectonic rift trigger, and impact of lava flows on the city 
of Goma. The January 2002 eruption-The January 2002 flank 
eruption of Nyiragongo Volcano (Democratic Republic of 
Congo): chronology, evidence for a tectonic rift trigger, and 
impact of lava flows on the city of Goma, 1000-1035.

27. Kavotha, S. K., Mavonga, T., Durieux, J., & Mukambilwa, K. 
(2003). Towards a more detailed seismic picture of the January 
17^ t^ h, 2002 Nyiragongo eruption. Acta Vulcanologica, 
14(1/2), 87.

28. Wafula, M. D. (2011). Etude géophysique de l’activité valcano-
séismique de la région des Virunga, Branche occidentale 
du système des rifts Est-africains et son implication dans la 
prédiction des éruptions volcaniques (Doctoral dissertation, 
thèse de doctorat. Université. 

29. Allard, P., Baxter, P., Halbwachs, M., & Komorowski, J. C. 
(2002). The January 2002 eruption of Nyiragongo volcano 
(Dem. Repub. Congo) and related hazards: observations and 
recommendations. Final Report of the French–British Team, 
Paris.

30. Yalire, M., Kasereka, M., Baluku, B., Durieux, J., Vasselli, 
O., & Tedesco, D. (2007). La concentration du dioxyde de 
carbone dans les fissures, un facteur de surveillance de 
l’activité actuelle du volcan Nyiragongo. Cahier du CERUKI, 
nouvelle série, 35, 104-115.

31. Balagizi, C. M., Yalire, M. M., Ciraba, H. M., Kajeje, V. 
B., Minani, A. S., Kinja, A. B., & Kasereka, M. M. (2016). 
Soil temperature and CO2 degassing, SO2 fluxes and field 
observations before and after the February 29, 2016 new vent 
inside Nyiragongo crater. Bulletin of Volcanology, 78(9), 64.

32. Habari, F. S., Rusimbuka, M. B., Sadiki, A. T., Yalire, M. 
M., & Balagizi, C. M. (2021). Monitoring of CO2 in the 
Nyiragongo Volcano Cracks on Bugarura and Munigi Sites 
from January 2019 to January. Journal of Natural Resource 
Ecology and Management. Vol, 6(2), 38-41.

33. M. M. kasereka, M. M. Yalire, A. S. Minani, C. V. Samba, A. 
K. Bisusa, E. K. Kamate, N. Mashagiro, M. Syauswa, J. K. 
Kavuke. (2017). Risks associate with mazuku in the Goma 
area, Democratic Republic of the Congo (east africa rift).

34. Mayengo nzita n. et Nsoni zeno J. (2010).  Maîtriser la Chimie, 
édition Loyola, p 37-200.

35. Symonds, R. B., Gerlach, T. M., & Reed, M. H. (2001). 
Magmatic gas scrubbing: implications for volcano monitoring. 
Journal of Volcanology and Geothermal Research, 108(1-4), 
303-341.

36. Grellier, L. (2014). Etude et modélisation de l’impact sur la 
chimie atmosphérique des espèces halogénées émises lors de 
l’éruption du Mont Etna en mai 2008 (Doctoral dissertation, 
Université de Toulouse, Université Toulouse III-Paul 
Sabatier).

37. Jaupart, C., & Kaminski, É. (2005). Les éruptions volcaniques 
«explosives»: des grandes aux petites échelles. Bulletin de la 
Société française de physique, (152), 5-10.

38. Andres, R. J., Rose, W. I., Kyle, P. R., DeSilva, S., Francis, P., 
& Gardeweg, M. (1991). Excessive sulfur dioxide emissions 
from Chilean volcanoes. Journal of Volcanology and 
Geothermal Research, 46(3-4), 323-329.

39. Mather, T. A., Tsanev, V. I., Pyle, D. M., McGonigle, A. J. 
S., Oppenheimer, C., & Allen, A. G. (2004). Characterization 
and evolution of tropospheric plumes from Lascar and 
Villarrica volcanoes, Chile. Journal of Geophysical Research: 
Atmospheres, 109(D21).

40. Rodriguez, L. A., Watson, I. M., Viramonte, J., Hards, V., 
Edmonds, M., Cabrera, A., ... & Bluth, G. J. S. (2005, May). 
SO2 conversion rates at Lascar and Soufriere Hills volcanoes. 

https://link.springer.com/article/10.2165/00139709-200524040-00003
https://link.springer.com/article/10.2165/00139709-200524040-00003
doi: 10.1016/S0377-0273(03)00028-3
doi: 10.1016/S0377-0273(03)00028-3
doi: 10.1016/S0377-0273(03)00028-3
doi: 10.1016/S0377-0273(03)00028-3
doi: 10.1580/08-WEME-CR-1991.
doi: 10.1580/08-WEME-CR-1991.
doi: 10.1580/08-WEME-CR-1991.
https://doi.org/10.1002/2013JB010688
https://doi.org/10.1002/2013JB010688
https://doi.org/10.1002/2013JB010688
https://doi.org/10.1002/2013JB010688
https://www.researchgate.net/profile/Michel-Detay/publication/263621072
https://www.researchgate.net/profile/Michel-Detay/publication/263621072
https://doi.org/10.1002/2013JB010895
https://doi.org/10.1002/2013JB010895
https://doi.org/10.1002/2013JB010895
https://doi.org/10.1016/j.jafrearsci.2016.07.010
https://doi.org/10.1016/j.jafrearsci.2016.07.010
https://doi.org/10.1016/j.jafrearsci.2016.07.010
https://doi.org/10.1016/j.jafrearsci.2016.07.010
https://doi.org/10.1016/j.jafrearsci.2016.07.010
https://ui.adsabs.harvard.edu/link_gateway/1977BVol...40..189T/doi:10.1007/BF02596999
https://ui.adsabs.harvard.edu/link_gateway/1977BVol...40..189T/doi:10.1007/BF02596999
https://doi.org/10.1400/19077
https://doi.org/10.1400/19077
https://doi.org/10.1400/19077
https://doi.org/10.1400/19077
https://doi.org/10.1400/19077
https://doi.org/10.1400/19077
https://doi.org/10.1400/19077
https://doi.org/10.1400/19077
https://link.springer.com/article/10.1007/s00445-016-1055-y
https://link.springer.com/article/10.1007/s00445-016-1055-y
https://link.springer.com/article/10.1007/s00445-016-1055-y
https://link.springer.com/article/10.1007/s00445-016-1055-y
https://link.springer.com/article/10.1007/s00445-016-1055-y
https://doi.org/10.1016/S0377-0273(00)00292-4
https://doi.org/10.1016/S0377-0273(00)00292-4
https://doi.org/10.1016/S0377-0273(00)00292-4
https://doi.org/10.1016/S0377-0273(00)00292-4
https://doi.org/10.1051/refdp/200515201
https://doi.org/10.1051/refdp/200515201
https://doi.org/10.1051/refdp/200515201
https://doi.org/10.1029/2004JD004934
https://doi.org/10.1029/2004JD004934
https://doi.org/10.1029/2004JD004934
https://doi.org/10.1029/2004JD004934
https://doi.org/10.1029/2004JD004934


Volume 6 | Issue 1 | 361Eart & Envi Scie Res & Rev,  2023

Copyright: ©2023 Faustin S. Habari, et al. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and reproduction in any 
medium, provided the original author and source are credited.

https://opastpublishers.com/

In 9th Gas Workshop, Palermo (pp. 1-10).
41. Rodriguez-Iglesias, L. A. (2007). Advances in gas and aerosol 

monitoring at active volcanoes. Michigan Technological 
University.

42. Henney, L. A., Rodríguez, L. A., & Watson, I. M. (2012). 
A comparison of SO 2 retrieval techniques using mini-UV 
spectrometers and ASTER imagery at Lascar volcano, Chile. 
Bulletin of volcanology, 74, 589-594.

43. Tamburello, G., Aiuppa, A., Kantzas, E. P., McGonigle, A. J. 
S., & Ripepe, M. (2012). Passive vs. active degassing modes at 
an open-vent volcano (Stromboli, Italy). Earth and Planetary 
Science Letters, 359, 106-116.

44. de Kinshasa 4. Williams-jones G, Rymer H (2000) Hazards 
of volcanic gases. In: Sigurdsson H (ed) Encyclopedia of 

Volcanoes. American Press).
45. de Bukumu, B. D. L. C. (2016). Tableau synoptique général 

de la population Congolaise. du Territoire de Nyiragongo.
46. Balagizi, C. M., Kies, A., Kasereka, M. M., Tedesco, D., 

Yalire, M. M., & McCausland, W. A. (2018). Natural hazards 
in Goma and the surrounding villages, East African Rift 
System. Natural Hazards, 93, 31-66.

47.  Durieux, J. (2002). The pre-2002 activity-Volcano Nyiragongo 
(DR Congo): Evolution of the Crater and Lava Lakes fron 
the Discovery to the Present. The pre-2002 activity-Volcano 
Nyiragongo (DR Congo): Evolution of the Crater and Lava 
Lakes fron the Discovery to the Present, 1000-1008.

https://www.opastpublishers.com/
https://www.proquest.com/openview/00f985d7e9da970ef40d090c6b80541c/1?pq-origsite=gscholar&cbl=18750
https://www.proquest.com/openview/00f985d7e9da970ef40d090c6b80541c/1?pq-origsite=gscholar&cbl=18750
https://www.proquest.com/openview/00f985d7e9da970ef40d090c6b80541c/1?pq-origsite=gscholar&cbl=18750
https://link.springer.com/article/10.1007/s00445-011-0552-2
https://link.springer.com/article/10.1007/s00445-011-0552-2
https://link.springer.com/article/10.1007/s00445-011-0552-2
https://link.springer.com/article/10.1007/s00445-011-0552-2
https://doi.org/10.1016/j.epsl.2012.09.050
https://doi.org/10.1016/j.epsl.2012.09.050
https://doi.org/10.1016/j.epsl.2012.09.050
https://doi.org/10.1016/j.epsl.2012.09.050
https://link.springer.com/article/10.1007/s11069-018-3288-x
https://link.springer.com/article/10.1007/s11069-018-3288-x
https://link.springer.com/article/10.1007/s11069-018-3288-x
https://link.springer.com/article/10.1007/s11069-018-3288-x
https://doi.org/10.1400/19087
https://doi.org/10.1400/19087
https://doi.org/10.1400/19087
https://doi.org/10.1400/19087
https://doi.org/10.1400/19087

