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Abstract. The volcanic hazards mitigation was studied on the basis of the Nyiragongo volcano
eruption on January 17, 2002, in the Virunga volcanic region, Western Rift Valley of Africa. The
survey of Nyiragongo volcano began from its flank fissure eruption on January 10, 1977. Several
precursors wer e pointed out prior to Nyiragongo flank fissure eruption on January 17", 2002 such as,
direct effect of local seismicity on the lava lake activity, the change of volcanic seismic activity pattern
characterized by the intermittent occurrence of small swarms of low frequency volcanic events
followed by tremors of large amplitude, the black smoke spread from the summit crater; the increase
of temperature on fissures on the volcano flank and summit crater, the increase of gas emission along
fissures and the occurrence of many vibration and grumblings. Although poor, these observations
should have been used for the prediction of Nyiragongo eruption of January 17, 2002. Several
villages were destroyed by the lava flows, 13% of Goma city and 80% of its economical district area
and also more than one hundred citizens were killed.

The Goma experience was a severe one because no measures were taken for the mitigation of hazards
even if the volcanic eruption was almost predicted.

1. INTRODUCTION

The East African Rifts system extends from the Red Sea and Gulf of Aden at Afar
triangle, Ethiopia in the north to Mozambic in the south, and divided into two branches (the
Eastern and the western which come across at the lake Malawi) (Fig.1). The Western branch
includes six lakes, namely: Albert, Edouard, Kivu, Tanganyika, Rukwa and Nyasa (Malawi).

Nyiragongo with geographical coordinates 1°.31'S and 29°.15' E is a stratovolcano
(Simkin, T. et a., 1981) belonging to the Virunga volcanic region located just at the northern
end of lake Kivu (1460m).
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Fig.1: Map of the Western and Eastern branches of the East African Rifts System.

This volcanic region with eight maor volcanoes divided in three groups mainly
eastern (Muhavura, Gahinga and Sabinyo), central (Visoke, Karismbi and Mikeno) and
western (Nyiragongo and Nyamulagira) (Fig.2).
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Fig.2: Map of the Virunga volcanic region in the Western Rift.



The volcanoes in the eastern and central groups are believed to be in the dormant
stage; however the volcanoes in the western group (Nyiragongo and Nyamulagira) are in the
Rift floor and are now in the most active stage. As a matter of fact, an extremely short
eruption occurred 10 km away from Visoke volcano’'s top on August 1%, 1957 (Tazieff,
1977).

The volcanoes extending about 50km in the east-west direction, nearly perpendicular
to the strike of the Rift System.

The Nyiragongo volcano is a stratovolcano composed of a central cone of 1.3km of
diameter at 3470 m above the sealevel and two secondary cones on the south and the north-
east flanks, namely the Shaheru (2800m) and Baruta (3200m), respectively (Fig.3).
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Fig.3: Map of Nyiragongo volcano complex (Dement et al., 1994).
In red, lava flows from Nyiragongo 1977 eruption.



This volcano is located about 20 km in the northern end of Lake Kivu, and 15 km in
the north of Goma city, with a population of more than 400,000 people in 2002. Goma is
connected with another city called Gisenyi in Rwanda with a population of more than 100.000
inhabitants.

The eruptive activity of the Nyiragongo volcano is related to Hawaiian type,
dominated by effusive and passive emission of low viscosity lava at high temperature. The
low viscosity is due to its basaltic composition with high content of silicate, so the lava flows
generated have high speed. According to Macdonald’s (1972) table of active volcanoes of the
world and the Bulletine of Volcanic Eruptions (No.18), the long-lived lava lake activities
were confined to the following five volcanoes in the world: Mt. Erebus, Kilauea, Erta Ale,
Nyiragongo and Nyamulagira.

The lava lake in the summit of Nyiragongo was formed probably in the period from
1928 til 1977 (Tazieff, 1977 and Hamaguchi et a., 1982) (Fig.4).

Fig. 4. Nyiragongo lava lake in 1958 (Haroun Tazeff).

The inside of the crater is encircled with three platforms called terraces. The first
terrace is located at 180m below the crater rim, the second 180m below the first and the third
60m below the second.

The level of the first platform is considered to be the critical level of the lava lake
enabling a flank fissure eruption. The lava lake level of Nyiragongo was fluctuating up and
down (Pouclet, 1973, Tazieff, 1977). On December 5, 1976 the level of the lava lake reached
the first terrace and on January 10, 1977 aflank fissure eruption occurred (Tazieff, 1977 and
Hamaguchi et al., 1982).

The long-lived lava lake that persisted in the crater since 1928 has completely
disappeared and a big hall crater with a depth of about 800m was formed at the summit
(Fig.5).
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Fig.5: Schematic cross-section of Volcano Nyiragongo. After the 1977
eruption, the lava lake and the terraces (solid lines) completely
disappeared and a big hall crater with the depth of 800m was
formed (broken lines). Big arrows indicate the lava flows at this
level (Hamaguchi et al., 1992).

The eruption was accompanied by four fissures with lava flows (Fig.3). The main flow
run in southward toward Goma city and stopped at about 1.5 km in the northern part of Goma
international airport. The volume of lava drained out during this eruption was estimated at 22
x 10° m®. From officialy report 70 persons were killed by the lava with very low viscosity
(10%-10° poise) flowing with a speed exceeding 20km/h. The surface eruptive activities ended
within 30 minutes (Hamaguchi et al., 1992)

The small blocks of the first terrace which remained in the crater after the end of the
eruption entirely collapsed on January 16, 1977.

After 5 years of quiescence, the lavalake in the summit crater suddenly reappeared on
June 21, 1982 (SEAN Bull. Vol.7, chap.2). The lava was pumped in the pit crater and formed
apseudo lavalake. A fountain of lavawas observed at the surface until the end of September.
In October volcanic activity decreased, and on November the whole lava lake surface was
solidified at the level of the third terrace, with depth of 400m and diameter of 700m. During
this eruption of 1982, 70x10° m®of lava were accumulated inside the crater (Kraft and Kraft,
1983).

In June 23, 1994 the lava lake reappeared again in its summit crater after twelve years
of quiescence (Fig.6). During this eruption the lava lake characterized by lava fountain was
episodically seen in the pit crater.



Fig.6: Nyiragongo Lava Lake August 21, 1994 (J. Lockwood).

The most exciting episode was that observed from March 15 to 16, 1995
characterized by a high fountain of lava of about 60 m and flowing inside the crater (Fig.7).

Fig.7a: Nyiragongo episodic eruption March 15 - 16, 1995 with lava flow
inside the crater.

A cone of 30m was formed on the surface of the solidified lava from this episodic
eruption in the crater (Fig.7b). The lava lake activities ended around August, 1995 and
stabilized at the level between the first and the second terrace.



Fig. 7b: The small cone of 30 m high formed during March 15 — 16,
1995 episode.

The main aim of this paper is to present precursor signs to foretell volcanic eruptions
and to mitigate of their hazards. The Nyiragongo eruption of January 17, 2002 seemsto be a
representative case for the mitigation of hazards from dangerous vol cano.

2. GENERAL INFORMATION TASK

The eastern African lava and particularly those from Nyiragongo are of basaltic
composition. Their chemical composition includes high content of silicate inducing low
viscosity that is high in speed flow. The Nyiragongo lava flow speed can be as fast as 50 to 60
km/h (Tazieff, 1977). Basdtic eruptions are usualy free from explosive debris and
pyroclastics. Therefore, the hazards are strictly confined within the lava flow zones. Since the
neighborhood of a volcano is usually overpopulated, it means that a pertinent program of land
use is essential to reduce important hazards mainly in setting life-lines out of the most
exposed zones.

The forecasting of volcanic eruptions and the mitigation of their hazards are among the
current goals of research in the field of the volcanological science. This objective is indeed
very important scientifically and humanly. Every year the world community pays a
tremendous tribute to volcanoes in term of loss of human lives and properties as well.
However the task is quite difficult because the forecasting of volcanic eruption implies
several pertinent data such as:

- thelocation of the future active vent,

- the determination of the rupture-time of the new vent,

- the magnitude of the eruption namely the volume of the lavato be extruded,
- adetailed knowledge of the volcano geology context,

- thehistory of the volcano e.g. eruption sequences, eruption types etc..



- the ingtallation of instrumentation network, e.g., seismic network, geodetic network,
sites of magnetic measurements, temperature measurements, others etc...
- identification of baselines for hazards mitigation, e.g. hazards map, land use map etc...

So it is worthy to notice that the success of hazards mitigation programme is more
complex since it includes scientific data, local administrators contribution as well as local
community participation in term of land use programme, life-lines location such as hospitals,
schools, food storage, electric power stations, population awareness to volcanic threats and
population preparedness programme to rescue in the case of crisis etc...

The hazards mitigation includes two steps:

- The prediction of volcanic eruption. This provides the information on the date, the
location of active vent, the estimation of the lava flow extend and the duration of the
activity.

- the mitigation of the hazards. This reduces the related loss of both human lives and
properties. The human lives loss can be reduced by a precise prediction of the time of
lava outburst while the lost of property depends on the land use in the area around the
volcano cone.

3. GEOPHYSICAL DATA AND METHODS

An active volcano is the source of several induced phenomena that can revea the
physical conditions of its state at any time. Therefore, the observations of these induced
phenomena are the most efficient way to evaluate its near future evolution.

The prediction is directly dependent on the geophysical data. These are generally
obtained from seismic observations, ground deformation, measurements of temperature along
the flank fissures and fumaroles field, analysis of gas composition and concentration, etc...

3.1. The seismic method

Lwiro seismic station (LWI), located about 90km to the south of the volcano
Nyiragongo was constructed in 1953. The station was equipped with the Benioff short period
seismographs (To= 1sec, T4=0,25 sec, Mag= ca.100k). This station records the volcanic
earthquakes and tremors from Virunga volcanic region. The equipment becomes very old to
maintain. Recently this station is equipped with a short period Kinemetrics vertical
component SS-1 ranger seismometer (T,=1S) connected to PS-2 seismic recorder.

Seismological studies using the temporary stations near the volcanoes have been done
by researchers. Shimozuru and Berg (1961) observed amplitudes and volcanic tremors at the
first terrace in the crater pit of Nyiragongo in 1959. Hamaguchi (1978) studied the seismicity
in the Virunga volcanic region using the data from three temporary stations installed around
the volcano and data from Lwiro station. Seismic observations were carried out in the period
of August to September, 1977, and January to February 1982, period related to Nyamulagira
(Rugarambiro) eruption on December 25, 1981. Four temporary seismic stations were
installed at Mont Goma, Kunene, Kakomero (13km south-east of Nyamulagira) and Luboga



in 1977. Six stations were working at Bulengo, Katale, Kunene, Luboga, Nyamulagira and
Rugarambiro in 1982 (Tanaka, 1983).

The basic seismic network for volcanic observations was permanently installed around
the Nyiragongo and Nyamulagira volcanoes since 1983 by the Research Center of Natural
Sciences (RCNS)/ Lwiro in French “Centre des Recherches en Sciences Naturelles’ (CRSN)/

Lwiro through the Japanese cooperation. The number of stations and quality of equipments
were progressively improved.

Due to the simultaneous eruptions of Nyiragongo on June 23, 1994 and Nyamulagira
on July 4, 1994 a telemeter network was introduced in the Virunga region. These stations
used three component of short period (one vertical and two horizontal). The seismic signals
were sent from the seismic station to Goma Volcano Observatory (GVO). The time code
accuracy of this network allowed the precise location of hypocenters. Unfortunately this
network was destroyed during the war in D.R. Congo in 1996.

On May, 2004 a new telemeter network was installed using the same stations. The
signals from these stations (three components one horizontal and two vertical) are locally
digitized from a data logger with sampling frequency of 50 Hz and an A/D resolution of 24
bits and a telemeter in the base station of Goma where signals are recorded in triggered and
continuous files. Actualy the seismic network in the Virunga region is shown in the figure

(8).
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It iswell known that seismic events are generaly classified into three types: A, B and
C-types. Volcanic tremors are also associated to the volcanic activity. All these types are
observed in the Nyiragongo and Nyamulagira volcanoes (Fig.9) (Tanaka, 1983 and L ukaya et
a, 1992).

3.2. Thecharacteristics of different types of earthquakes.
Here are the characteristics of different types of earthquakes:

A-type earthquake: The event which hasa waveform similar to the ordinary
local earthquake with clear P- and S-phases having rather high
frequency components. Also called vol cano-tectonic earthquake.
B-type earthquake: &). The hybrid event or the event with mixed frequency
components, high followed by low.
b). The event which has small P and obscure S-phases and low
frequency components (case of volcanoes Nyiragongo and
Nyamulagira).
C-type earthquake: The event which has obscures P- and S-phases and low
frequency components.

Volcanic tremors. The volcanic tremors are continuous seismic signal with low frequency
components.

3.3. Theorigin of different types of earthquakes.
Here are given the origins of different types of earthquakes:

The A-type event is associated with rocks fractures in the volcanic region due to the magma
pressure.

The B-type event has shallow depth and is associated with lava outburst or lava lake activity
prior to lava outburst in the central crater or fissures.

The C-type event is associated with magma movement in the reservoir.

However volcanic tremors are associated with continuous magma vibrations in the reservoir
or inside the magma conduit.

3.4. The Geodesic method (ground deformation).

The Nyiragongo and Nyamulagira areas were covered by a base-lines network since 1977
established through the Japanese cooperative program (Fig. 9).
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Fig.9: Map showing the confirmation of geodimeter base linesand the
location of short base line levelling arrays (open sguares)
established in the northern part of Kivu lake since. Solid
triangles denote the sites of recent flank eruption of Nyamulagira
volcano since 1930’s (Kasahara et. al, 1989).

The baselines were destined to take mainly into account the fissures distribution
within the southern slope of Nyiragongo in order to detect the possibility of outburst of new
vents in this zone. Unfortunately this network could not be used efficiently due to the
destruction of benchmarks that were considered as indicators of some mineras by local
population.

We can, however mention that in the case of the Nyamulagira volcano, geodesic
measurements made before Kimanura eruption in 1989 using the small network around
Nyamulagira crater, showed avery clear inflation of the central crater on the approach of the
lava outburst. The maximum inflation was observed in the direction of Kimanura eruptive
side.

The tilt method is aso sufficient to detect the ground deformation associated to

volcanic activities. The GPS measurements give aso good information for ground
deformation on a volcano.
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3.5. The geochemical method.

Gas detectors for carbon dioxide (CO,), sulphur dioxide (SO,), fluoride (HF),
Hydrogen sulphur (H,S), carbon monoxide (CO), Hydrogen chloride, methane (CH,)
etc...are mostly used along fissures. This information is quite important to understand the
inner mechanism of magma reservoir behaviour and to detect the emergency precursors. An
important degassing might be an indicator of lava outburst.

3.6 . Temperature measurements

Temperature measurements are performed along fissures on the flank of the volcano or
inside the crater if possible. During magma ascension, temperature along the fissures
increases in the crater or/ and on the flanks of the volcano.

3.7 . Geomagnetic method

The formation of shalow magma reservoir inducestheincrease of the
temperature which is associated with the decrease of geomagnetic field. Unfortunately, no
geomagnetic field observation was performed before Nyiragongo eruption on January 17,
2002.

3.8. Direct Observations
Direct observations are generally based on:

- fumaroles activities along fissures on the flank or/and crater. In 1982 eruption of
Nyiragongo, the fumaroles activity started 6 months before the lava outburst;

- rising or descent of the intracrater platform of Nyiragongo;

- burned banana trees;

- abnormal increase of atmospheric temperature;

- abnormal move of wild animals and insects;

- Earth grumbles;

- Others...

4. ANALYSIS OF GEOPHYSICAL PHENOMENA OBSERVATIONS

The prediction of volcanic eruption depends on the short term ability of scientists to
find out the specific characteristic of the volcanic phenomena. The geophysical observations
and studies were performed before the Nyiragongo eruption on 2002.
4.1. Seismic activity

During the lavalake activity in the central crater in 1994-1995, the seismic activity of
high frequency events extends to southwestward and northward from the central crater

(Fig.10a) and focal depths of earthquakes clustered between 15 and 20km beneath the
Nyiragongo volcano (Fig.10b) (Wafula et al, 1999).
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b: Depth distribution of volcanic earthquakes in figure 9a (lower)
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The linear clustering of epicenters between the two volcanoes Nyiragongo and
Nyamulagiraindicated that the two volcanoes were very active during the period. Nyiragongo
erupted on June 23, 1994 and Nyamulagira July 4, 1994, only 11 days late. The seismic
activity was very shalow in the vicinity of Nyamulagira field concerned by the end of its
eruption. However, the seismic activity is deep in the Nyiragongo, the seismic gap observed
between 0 and 15 km indicated the magma conduit through which lava was pumped without
any resistance from the reservoir to the crater.

Furthermore, during the lava lake activity in 1994-1995, the seismic activity was
marked by the predominance of seismic tremors divided into two classes: low frequency and
high frequency tremors. These tremors are associated either with the ascension of fresh
magma in the conduit or with the degassing of fresh magma near the surface.

It was noticed that the seismic activity in the lake Kivu basin increased since 1997.
Many shallow earthquakes are felt by local inhabitants inducing landslides and damages on
the buildings. The volcanic activity also had increased, the Nyamulagira which erupts every
two years since 1980, has become an annual erupting volcano since 1998. The impact of local
earthquakes on vol canic activity could be clearly established.

The seismic activity pattern in Virunga has changed since December 2000 (Fig.11a).
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Fig.11la: Daily numbersof low frequency volcanic events observed at Bulengo
station 2000, 2001 and 2002. Volcanic tremors started  on January 14,
2002 in alternance with swarms of low frequency events.

The activity pattern was dominated by intermittent occurrence of volcanic swarms of
events with low frequency (C-type events) followed by volcanic tremors with high amplitude
(Fig.11b).
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Volcanic tremors observed af Bulengo station prior, during and after Nyiragongo flanc fissure eruption
on January 17, 2002.
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Fig.11b: Variation of volcanic tremors amplitude observed at Bulengo station prior,
during and after Nyiragongo flank fissure eruption on January 17,2002.

It was noticed, that when the tremors amplitude were decreasing gradually and the
swarm frequency progressively reappeared (Fig.12). This pattern didn’t change before and
after Nyamulagira eruption on February 2001. Normally no volcanic tremors can be observed
after Nyamulagira eruption. This observation should confirm the exceptional pattern of
seismic activity in Virunga region related to the abnormal activity of the lava lake of
Nyiragongo.
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Fig.12: Seismic pattern observed in Virunga at Bulengo station (July 20 — 21, 2001)
prior to Nyiragongo eruption on January 17, 2002.
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4.2. Geodetic observations

Regarding the tiltmeter installed on the southern foot of Nyiragongo in 1994-1995,
the spreading of lava showed a slow inflation of the Nyiragongo flank about 3-4 hours before
each lava in the central crater. Therefore this technique can offer a pertinent information to
detect precursors before the lava outburst.

The level lavalake in the Nyiragongo during the 1994-1995' s eruption was regularly
estimated using a laser equipment. During this eruptive activity which delayed up to August
1995, the level of lava lake rose up from 400m to 500m between the first and second
platform.

The Nyiragongo lava lake in the central crater (Fig.13) was covered by a solid lava
platform which indicated arising of about 20 m before the 2002’ s lava outburst.
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Fig.13: The variation of the Nyiragongo lava lake level from August 1994 to 2001.
The critical level islocated at 180m below the crater rim.

The model of lava lake structure was introduced by Hamaguchi (personal
communication, 1996) (Fig.14).

From this model and direct observation the content of lava lake in the crater summit
was estimated at more than 100 x 10°m>. Because of the huge amount of magma aready
present in the lava lake of Nyiragongo, the critical level was reviewed to be lower than the
level of the first platform.
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Fig.14. Schematic cross-section of lava lake at Nyiragongo volcano
(1994 — 1995).

The geodetic measurements through base lines around Nyiragongo were not carried
out before eruption on January 17, 2002 eruption, because of the destruction of benchmarks.
So no ground deformation anomaly had been detected for warning athough dangerous.

4.3. Geochemical observations
One noticed an increase of the fumaroles activities along the fissures on the flank of
Nyiragongo. The CO, and SO, measurements were carried out several times on the crater rim

of Nyiragongo (Tabl.1). The SO, was not detected during the measurements.

Tabl.1: The concentration CO, in (%) of at different sites at the crater rim of
Nyiragongo in 2001.

Dates
2001.04.05 | 2001.05.12 | 2001.10.30 | 2001.12.08
Sites
[ 4 6 9 11
[ 7 10 13 14
1 5 9 10 14
AV 6 10 11 15

It was noticed that the concentration of CO, gradually increased as the eruption on
January 17, 2002 approached. From April to December, 2001 the concentration increased
more than twice in all sites of observation (Fig.15).
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Concentration of CO2 at Nyiragongo summit crater
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Fig.15: The variation of CO2 concentration at fissures on the summit crater of
Nyiragongo in 2001 prior to Nyiragongo eruption on January 17,
2002.

Probably it increased more few time before eruption, because the concentration of CO,
measured 8 months after the Nyiragongo eruption on January 17, 2002, was 60% at Shaheru/
Nyiragongo fissures.

4.4, Temperature measurements
The temperature measurements were performed in the sites of Shaheru/ Nyiragongo
fissures for the period from March 1995 to December 2001. The results obtained are confined

inthetable (2).

Tabl.2: Variation of temperatures (°C) at Shaheru / Nyiragongo fissures for the period from
March 1995 to December 2001.

Observation |14.03. |08.06 [29.10 | 03.12 | 04.02 | 04.08 | 05.09 |03.03 | 06.04 |12.05 | 30.10 [ 08.12
Dates 1995 |1995 [1995 [1995 |1995 |1995 (1995 |1995 |2001 |[2001 [2001 |2001
Sites 56.0 | 53.0 | 540 | 53.0 | 58.0 | 53.0 | 57.0 | 56,2 | 55.4 | 50.4 | 51.5 | 60.2

III 720 | 725|720 | 725 | 7135 | 720 | 740 | 70.0 | 69.7 | 685 | 61.1 |72.6

Il 640 [ 69.0| 690 | 70.0 | 65.0 | 68.0 | 68.0 | 653 | 625 | 63.9 | 64.3 | 69.8

Y 63.0 | 620 | 65.0 | 620 | 640 | 640 | 66.0 | 63.0 | 61.3 | 65.8 | 67.2 | 75.3
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These results on the temperature are shown in figure (16). One noticed that the
temperatures at all sites of Shaheru fissures started to increase just before eruption on January
17, 2002. Probably, temperature might endure a significant increase little time before.

Temperature variation at Shaheru/ Nyiragongo fissures
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Fig.16: Temperature variation at Shaheru/ Nyiragongo fissures from March
1995 to December 2001.

4.5. Compar ative precur sor s between eruptions occurred on 1977 and 2002

The January 10, 1977 Nyiragongo’s eruption was preceded by the following precursors
(Hamaguchi et al, 1982):

- The presence of active lavalakein central crater of the volcano;

- Theoccurrence of Nyamulagira eruption 18 days before that of Nyiragongo;

- Theoccurrence inside the Western Rift Valley of moderate local earthquake
(epicenter; 2.54°S, 28.66°E), my, = 5.2, about 130 km south, of Nyiragongo, on
January 6, 1977, triggering volcanic tremors of large amplitude recorded at
Lwiro station;

- Shallow earthquakes were felt by local population 3 or 4 days before
eruption.

However, the January 17, 2002’ s Nyiragongo eruption was preceded by the following
Precursors:

- The presence of lavalake in the central crater containing a huge amount of
lava;

- Theoccurrence of Nyamulagira eruptions increased,;

- Theeruptive sites were mainly located along the main fissure crossing the two
volcanoesin the NNW-SSE direction;
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Thisfissure is considered as the main weakness line Nyamulagira (Pouclet and
Villeneuve, 1972);
The intermittent occurrence of volcanic swarms of low frequency events
followed by volcanic tremors with high amplitude;
- Therising of the solid platform of solid lavain the central crater of the volcano,
- The occurrence of moderate earthquakes M, = 4.5, on October 7, 200, triggering:
* the occurrence of volcanic tremors,
* vibrations and grumblings felt by local population,
* spread of black smoke from the crater summit.
- The occurrence of moderate earthquakes M, = 4.8, on January 4th, 2002 (epicenter;
2.54° S, 29.76° E, 10km depth), triggering:
* occurrence of volcanic tremors with large amplitude,
* vibrations and grumbling felt by local population,
* occurrence of black smoke from the summit crater,
- Theincrease of temperature on the flank of the volcano,
- Theincrease of the CO, concentration at the summit crater of the volcano.

The two events happened on October 7, 2001 and January 4", 2002 inside the Western
Rift Valley, both at 150 km north-east of Nyiragongo volcano, and generated almost the same
effects on the Nyiragongo volcano. Probably the Nyiragongo volcano might be located in the
compressional area of the focal sphere of these two events. So the effect of the earthquakes
should be to sgueeze the magma under the volcano as suggested by Hamaguchi (1982) for the
January 6, 1976 moderate earthquake with my,= 5.2, in the south. In this case, it supposed that
not only the magma chamber was squeezed but also the huge volume lavain the covered lava
lake.

Even if some precursors were observed before Nyiragongo 2002 eruption the level
of catastrophe couldn't be well understood by most of people in Goma city and its
surrounding areas. So among people, communication, coordination and the evacuation
processes were very complicated. The actual generation of people in Goma didn't have
such bad experience of seeing lava flowing through the city in the past, even if the city is
built on old Nyiragongo lava flows.

The Nyiragongo eruption on January 17, 2002 started on the main cone in the

northwestern flank of Nyiragongo around 8h20° AM, associated with big swarm of high
frequency events (A-type volcanic and tectonic earthquakes) (Fig.17).
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Numbers of high frequency events (A and T) at Bulengo station 2002
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Fig.17: Daily number of high frequency eventsin 2002 showing the earthquakes
swarm associated to Nyiragongo eruption on January 17, 2002.

The seismic distribution associated to this eruption is given in figure (18). Most of

high frequency events are concentrated in the Nyiragongo field mostly in its southwestern
flank.
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Fig.18: Epicenter distribution of earthquakes (January to April, 2002)
related to Nyiragongo eruption on January 17, 2002.
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Asit can be noticed the concentration of low frequency volcanic events in the volcano
Nyamulagira field has also indicated an intensive magmatic activity in this volcano, during
Nyiragongo eruption.

The eruption continued by the opening of fissures between the southern flank of the
main cone and Shaheru a& 9h00" AM, on the Shaheru southern flank at 9h30° AM and
southwest flank of Shaheru at 3h30" PM. An important dyke propagation of lava was
observed during this eruption mostly in the southeast flank of the volcano where the fissure
was opened at Munigi at 4h20° PM about 15 km from the Nyiragongo main cone (Fig.19a).

Fig. 19a: Munigi outburst fissure of Nyiragongo eruption on January 17, 2002
eruption. The Munigi lava flow started just southern part of this
collapsed house located on the fissures.

From Shaheru crater to Munigi outburst fissure, sets of fissures aligned in NNW —
SSE direction could be observed at some places on the ground (Fig.19b). No lava could be
seen at some parts of the fissures. This observation confirmed the dyke propagation.

22



Fig.19b: Fissures (NNW-SSE) at Munigi associated with the Nyiragongo
eruption of January 17, 2002.

This direction is that of the main fissure connecting the two volcanoes. More than 7
fissures were opened generating lava flows (Fig.20).

The lava effusion during the Nyiragongo eruption on January 17, 2002, stopped after
one day; however the lava flow lasted two days.
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Fig.20: Lava flows for the Nyiragongo eruption of January 17, 2002.
Times of the opening of the fissures.
A: 8n20" AM, B: 9h00' AM, C: 9h30' AM, D: 3h30' PM,
E: 4h20' PM.
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On the Shaheru fissures and its southern flank the lava flowed with very high speed,
this state is confirmed by the figure (21) where lava was seen attached on atree.

Fig.21: High speed pahoehoe lava from the Shaheru fissure
from Nyiragongo eruption of January 17, 2002.
Lava attached on the tree.

Based on field observations and satellite imageries, 13 % of Goma city were burned
with nearly al properties and 80% of the economic area were destroyed by the lava flows

(Fig.22a).
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Fig.22a: A part of Goma city covered by lava flows of Nyiragongo
eruption on January 17, 2002.
One noticed that most parts of the city attacked by lava flows were covered by the
(AA) lava that divided the city of Goma into two parts. the eastern and western Goma.
(Fig.22b). The pahoehoe lava was seen here and there in Goma but mostly at Munigi fissure.

Fig. 22b: Goma city downtown covered partially by (AA) lava
flow of Nyiragongo eruption on January 17, 2002.
The Nyiragongo volcano in the background.

A third of Goma international airport runway was destroyed by very slow (AA) lava
flow, on January 18 to 19 (Fig.23). The thickness of the lava flows was in average about 4m.

Fig.23: The runway of Goma airport attacked by low speed lava flow of
Nyiragongo eruption of January 17, 2002.
The little boy is not afraid of lava flow because of its very low speed.
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About 45 persons were killed by lava flows on January 17 and 60 by the explosion of
fuel tank on January 18 (Fig.24).

Fig.24: Explosion of fuel tank on January 18, 2002, Goma city.

On Saturday 19 January 2002, only 2 days after the people in Goma were exposed to a high
risk by crossing hot lava (Fig.25). Many persons were seriously injured.

.-—-—'_—___—_——_F—_

Fig. 2: People crossing the very hot pahoehoe lava flow of Nyiragongo
eruption of January 17, 2002.

On February 8, 2002, in the evening a heavy rain poured in Goma city and a big
water steam containing gases arose from the hot lava flows, it was so dark that 8 persons
crossing the lava flows were killed by gases and other seriously injured. It was also difficult
even for cars with head-lights to cross the lava flows, this situation generated traffic jam.
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The lava outburst during the Nyiragongo eruption at Munigi, relating to fissure at
more 1.5 km lengthwise was not clearly understood because of the poor monitoring system.
Only two seismic stations were operating on the day of eruption and no geophysical base line
observations were operating before the time of eruption because of the destruction of
benchmarks. So it was not well understood, if the Munigi fissure was opened just during the
time of the eruption or progressively long time before. Unfortunately this vent was the most
fatal for Gomacity.

In addition to the destructions due to the lava flows in Goma city and villages on the
flank of the volcano, the populations of Goma and Gisenyi cities and villages in the region
were terrified more than one week by high frequency of moderate earthquakes associated with
the eruption.

According to the high tectonic activity associated to this eruption, we might say that
the Nyiragongo eruption on January 17, 2002 was a tectonic eruption. This state is confirmed
by the important number of tectonic earthquakes observed, the high frequency of felt
earthquakes and the exponential decreasing of high frequency earthquakes showed a pattern
similar to that of aftershocks related to the occurrence of a big event.

Due to the high tectonic activity prevailing during the post eruptive period the cover
made with solidified lava on the top of lava lake which remained in the crater of Nyiragongo
collapsed 5 days later. A big hole of about 800 m could be seen in the crater of Nyiragongo
(Fig.26). This situation is similar to that observed after Nyiragongo flank fissure eruption on
January 10, 1977. The thickness of the cover was estimated at 25m that is not so different to
the value of 28 m given by Hamaguchi in his personal communication (1996). The small
difference might be due to the high lava lake activity that eroded the cover in its low part, a
few time before eruption.

Fig. 26: Nyiragongo pit crater after the eruption of January 17, 2002,
with big hole of about 800m.
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5. CONCLUSION
The efficiency of the mitigation concerning volcanic hazards should consider:

a) Thelead-time of the prediction (that is the time between the issue of the prediction and
the beginning of the predicted phenomenon) should be large enough so that we can apply
the evacuation plan.

b) Thetime-window of the prediction (time period during which the predicted phenomenon
may be expected to occur) must be quite short to avoid that population to be boring by the
coming phenomenon.

c) Therédiability of the prediction tasks, the chance of failure to predict a destructive
eruption must be the minimum possible (UN, 1985).

This needs:

- A good experience and expertise of theloca scientists responsible of the
current management of the geophysical networks.

- The geophysical observation networks as well as data analysis should be well
implanted.

- A detailed knowledge of the topography around the volcano and preparation to face
volcanic hazards and land use maps.

- Animplication of the local authorities on the program of land use that takes into
account geophysical data.

- A good communication between scientists, local authorities, media and popul ation.

- An establishment of rescue plan in the case of crisis.

Otherwise, the hazards associated to the lava flows within inhabited area may go far
beyond the local economic capabilities and so slow down the population development
process.

The eruption of Nyiragongo on January 17, 2002 was well predicted in time at Goma
volcano observatory using very limited equipment. The critical level for the lava lake for a
flank fissure eruption was well estimated to be lower than the historical level of the first
terrace. The change in the seismic activity pattern was an important factor for the prediction
of Nyiragongo eruption. The increase of CO, concentration and temperature along fissures as
well as the direct observations and the testimonies of local people living on the flank of the
Nyiragongo volcano were important tools in the prediction of the eruption on January 17,
2002.

But the rescue plan completely failed because of insufficient knowledge of authorities,
medias and population in understanding correctly the volcanic phenomena. It was possible to
reduce the loss of human lives, and personal belongings that could be moved in case of good
preparation to face the volcanic crisis a all levels of the society. The cars in good condition
could help to evacuate people and some personal belongings from threatened areas,
unfortunately in Goma and surrounding areas the situation was more confused (Fig.27).
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Fig. 27: Carsin good condition but destroyed by the Pahoehoe lava
flows from Nyiragongo eruption on January 17, 2002.
The Nyiragongo volcano in the background.

The monitoring capability of Goma Volcano Observatory (OVG) is recently improved
with the support of the International Community. Some GPS stations were also deployed in
the south of Nyiragongo just after the Nyiragongo eruption on January 17, 2002. The
telemeter system was installed and improved in May 2004. The geochemistry measurements
are performed along fissures on the south flank of Nyiragongo at different points since July
2004. Regularly temperatures and short distance measurements are performed on fissures on
the southern flank of Nyiragongo, in Shaheru fissures. Temperatures are also measured on the
crater summit of Nyiragongo. The inclinometer measurements are also introduced and the
system may be improved in near future. Soon the remote detection method will be introduced
in GVO.

We hope that with the contributions of the International Community the OVG may be
able to focus more attention on the future flank fissure eruption of Nyiragongo.

The programme of the volcanic risks management and risks reduction are being
implanted in Goma presently.

The Goma experience is a very severe one and al measures should be taken to avoid
losses in the future, as the new lava lake has been already reappearing since November 2002
(Figs. 28a,b).
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Fig. 28a: The new Lava Lake in the Nyiragongo volcano crater,
June 22, 2006 ( Day time view).

Fig. 28b: New lava lake in the Nyiragongo volcano crater,
June 22, 2006 ( Night time view).

Another fact is that the fissures related to January 17, 2002 eruption are observed in
Goma city, this situation increases much the level of hazard. The level of the new lava lake
already accessed about 200m. So the monitoring system should be really improved, the Local
Scientists motivated and trained and local authorities, medias, populations involved in the
mitigation of volcanic hazards program. In addition a detailed knowledge of the topography
around the volcano and preparation of a volcanic risk map are needed.
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