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ABSTRACT
Lava flows are the primary volcanic hazard on basaltic volcanoes, such as those of Bioko Island (Equatorial Guinea). The last
eruption on Bioko occurred in 1923, and current emissions of CO2 indicate the presence of magma at depth and the potential for
future activity. Yet, lava flow hazards associated with these volcanoes have not been assessed. Using the probabilistic Q-LavHA
model, we create a series of lava hazard maps based on a 12 m resolution TanDEM-X digital elevation model. To constrain the
lava flow length parameter, we map seven flows ranging from 2 to 12 km in length, including the reconstructed 1923 lava flow. We
constrain the flow elevation corrective factors through field observations to 2–8 m. Based on 436 mapped vents, we calculate
a kernel density estimation and use it to weight the probability of vents opening in a given location. The highest vent opening
probabilities coincide with increased lava inundation probabilities and are located along the main rift zones of the volcanoes,
where the highest density of existing lava sources are found (e.g. cinder cones). Important infrastructure, including the capital
city of Malabo, are mostly located in coastal areas with relatively low lava inundation probabilities. Simulated lava pathways
follow erosional incisions, with a channeling effect that becomes less pronounced with increasing flow thickness. Simulated
lava flows are often redirected by structural features such as the summit graben at Pico Basilé.

RESUMEN
Los flujos de lava son el principal peligro volcánico en los volcanes basálticos, como los de la Isla de Bioko (Guinea Ecuatorial).
La última erupción en Bioko ocurrió en 1923, y las emisiones actuales de CO2 indican la presencia de magma a profundidad y el
potencial de actividad futura. Sin embargo, los peligros asociados con los flujos de lava en esta isla volcánica no se han evaluado.
Utilizando el modelo probabilístico Q-LavHA, proponemos una serie de mapas de peligro de los flujos de lava basados en un
modelo digital de elevación con resolución de 12 m, obtenido con TanDEM-X. Para restringir el parámetro de longitud del flujo de
lava, mapeamos siete flujos que varían de 2 a 12 km de longitud, incluyendo la longitud supuesta del flujo de lava emitido en 1923.
Restringimos los factores correctivos del espesor de los flujos mediante observaciones de campo a 2–8 m. Basándonos en 436
conos de escoria mapeados, calculamos una estimación de densidad de conos y la utilizamos para ponderar la probabilidad de
la ubicación de las futuras bocas eruptivas. Las probabilidadesmás altas de apertura de bocas eruptivas coinciden conmayores
probabilidades de inundación por lava y se localizan a lo largo de las principales zonas de rift de los volcanes, donde se encuentra
la mayor densidad de fuentes de lava existentes (como los conos de escoria). Infraestructuras importantes, incluida la ciudad
capital de Malabo, se encuentran mayormente en áreas costeras con probabilidades relativamente bajas de inundación por lava.
Las trayectorias de lava modelizadas siguen las incisiones erosionales, con un efecto de canalización que se vuelve menos
pronunciado con el aumento del espesor del flujo. Los flujos de lava simulados a menudo son redirigidos por características
estructurales como el graben del summit en el Pico Basilé.

KEYWORDS: Lava hazard mapping; Vent opening probabilities; Probabilistic lava modeling; Lava pathway controls.

1 INTRODUCTION
Volcanic oceanic islands are edifices typically formed by the
buildup of low-viscosity basaltic lava flows from repeated
eruptions, often interspersed with layers of pyroclastic ma-
terial, and structurally influenced by volcano-tectonic defor-
mation processes. As a consequence, although lava is the pri-
mary volcanic hazard on such islands, other common pro-
cesses are significant, such as flank instability, spreading, and
dike intrusions as demonstrated by recent eruptions of e.g. Mt.
∗Q jb4356@drexel.edu

Karthala (the Comoros, 2007), Pico de Fogo (Cape Verde, Por-
tugal, 2015), Cumbre Vieja (the Canary Islands, Spain, 2021),
Piton de la Fournaise (La Réunion, France, 2022), K̄ılauea
(Hawai‘i, USA, 2023), the fissure eruptions near Grindavík (Ice-
land, 2024), and La Cumbre (Galápagos, Ecuador, 2024).
Although remotely sensed imagery and easily applicable
models are readily available, volcanic hazards are often in-
sufficiently assessed for many volcanic regions. For exam-
ple, Bioko (Equatorial Guinea, Figure 1) is a volcanic island
that consists of three coalescent volcanoes: Pico Basilé, Pico
Biaó, and Gran Caldera de Luba. The last documented erup-
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Figure 1: Bioko Island. [A] Inset showing the location of Bioko Island relative to Africa. [B] Shaded relief map of Bioko Island
highlighting the NE-SW structurally elongated shape and location of the three main volcanic edifices (Pico Basilé, Pico Biaó,
and Gran Caldera de Luba), major cities (red dots), critical infrastructure (yellow dots) such as the international airport and the
Punta Europa LNG terminal (PE), and roads (black lines). The dash-lined box outlines the location of Figure 3. Based on a digital
elevation model from TanDEM-X.

tion occurred in 1923 at Pico Basilé [Enciclopedia universal
ilustrada europeo americana 1924]. The three volcanoes are
part of the Cameroon Volcanic Line (CVL). Other volcanoes of
the CVL, and in particular Mt. Cameroon (Cameroon), erupted
effusively multiple times over the last decades, with the last
eruption occurring in 2000 [Suh et al. 2003; Bonne et al. 2008;
Njome et al. 2008; Thierry et al. 2008]. In contrast to Mt.
Cameroon [Favalli et al. 2012], the lava flow hazards for the
volcanoes on Bioko have never been assessed, although there
are indicators that the system is still active. Volcanic gas (CO2)
is being emitted at multiple sites all over the island [Sealing
2023]. Furthermore, there are eyewitness reports of a steam-
ing event affecting multiple craters at the summit of Pico Basilé
in 2012. The majority of the island’s 340,000 inhabitants live
in the capital city of Malabo (Figure 1B), close to the active
volcanoes, highlighting the need for a hazard assessment.

To assess lava flow hazards, probabilistic models can be
used to create hazard maps showing the lava inundation prob-
abilities for a given area unit. Such maps are important tools
for guiding eruption response management and risk mitiga-
tion. Over time, a variety of models were successfully em-
ployed for several highly active basaltic volcanoes. Models
based on steepest descent algorithms like DOWNFLOW [Favalli et
al. 2005], Q-LavHA [Mossoux et al. 2016], and MrLavaLoba [de’
Michieli Vitturi and Tarquini 2018] were used to create hazard
maps for Mt. Etna in Italy [Favalli et al. 2009b; de’ Michieli Vit-
turi and Tarquini 2018], Pico de Fogo [Richter et al. 2016], Piton
de la Fournaise [Chevrel et al. 2021], Mt. Karthala [Mossoux
et al. 2019], Mt. Cameroon [Favalli et al. 2012], K̄ılauea [de’
Michieli Vitturi and Tarquini 2018], Paricutìn in Mexico [Be-
cerril et al. 2021], Fagradalsfjall in Iceland [Pedersen et al. 2023],
or Mt. Nyamulagira and Mt. Nyiragongo in the Democratic

Presses universitaires de �rasbourg Page 288



VOLC

V

NIC

V

8(1): 287–304. https://doi.org/10.30909/vol/wgfj4650

Republic of Congo [Favalli et al. 2009a; Kervyn et al. 2024].
Other models based on cellular automata, which describe the
distribution of lava on a given surface as a settling process, in-
cluding GPUFLOW (an evolution of MAGFLOW [Vicari et al. 2007;
Del Negro et al. 2008; Cappello et al. 2022]) and Molasses
[Connor et al. 2012], have been applied to Mt. Etna [Vicari
et al. 2007; Del Negro et al. 2008; Herault et al. 2009; Cappello
et al. 2015a], Mt. Aragats in Armenia [Connor et al. 2012],
Tolbachik in Russia [Kubanek et al. 2015], and Pico Island in
Portugal [Cappello et al. 2015b].
In general, these models simplify lava flow properties to a
few parameters, e.g. length, thickness, or volume, and mostly
neglect characteristics such as temperature or viscosity. Nev-
ertheless, parameters like lava flow thickness and length indi-
rectly reflect the thermo-rheological properties of lava flows.
As basaltic lava cools down, it changes from behaving as New-
tonian to a Bingham fluid, and its yield strength is proportional
to the thickness of the flow [Hulme 1974; Moore et al. 1978;
Pinkerton andWilson 1994; Chevrel et al. 2013]. Furthermore,
yield strength and viscosity are directly linked to the tempera-
ture, chemical composition and in particular the silica content,
crystal content, and vesicularity [e.g. Shaw 1972; Ryerson et al.
1988; Cashman et al. 1999; Harris and Allen 2008]. The length
of basaltic lava flows is primarily controlled by effusion and
cooling rates as described by Walker [1973] and Harris and
Rowland [2009]. High effusion rates are often observed in the
initial phases of an eruption. The rapid advance of the lava
allows for relatively long flows before the flow unit ultimately
stops advancing due to the coupled decrease in temperature
and increase in viscosity. Enhanced thermal insulation (chan-
nels, crusts, or tubes) may increase potential flow lengths sig-
nificantly before reaching its cooling limits, even at decreas-
ing or low effusion rates. Eruptions with low effusion rates
typically form short lava flows. Consequently, detailed obser-
vations of flow geometries from recent flows are desirable to
constrain model input parameters and thus to create realistic
hazard maps. No data for lava flow geometries on Bioko are
available in the literature.
In addition, probabilistic models such as Q-LavHAmust con-
sider vent opening probabilities. In theory, vent density is re-
lated to the probability of future vent opening, the higher the
density, the higher the probability for a new vent to open up
in a given area [Connor and Connor 2009; Bebbington 2013;
Connor et al. 2019; Schmidt et al. 2022]. In previous studies,
eruptive centers on Bioko have been mapped based on satellite
imagery [Tibaldi et al. 2014; Schmidt et al. 2022; Brauner et al.
2024]. The vents are clustering along the volcanic rift zones
along the main axis of Pico Basilé and the saddle between
Pico Biaó and Gran Caldera de Luba [Brauner et al. 2024]. In
this study, we present the first lava flow hazard assessment
for Bioko. For this, we estimated the model input parame-
ters (flow length and thickness) based on remotely sensed and
field observations. We calculated the vent opening probabili-
ties from the mapped eruptive centers provided by Brauner et
al. [2024] to weight simulated lava flows. Using the Q-LavHA
model [Mossoux et al. 2016], we created a series of hazard
maps to account for the variability of the model input and to
test how it potentially affects lava flow pathways. To assess

the potential hazards, we identified areas that are likely to be
affected by lava with a focus on major cities, settlements, and
infrastructure.

2 STUDY AREA
The three volcanoes on Bioko Island and Mt. Cameroon form
the transition between the continental and oceanic sectors of
the NE–SW striking tectono-magmatic alignment of the CVL.
Specifically, Pico Basilé is located at the edge of the continental
shelf. The alignment extends from Lake Chad in the north-
east to the island of Annobón in the southwest [Déruelle et al.
2007] and consists of 13 major volcanoes and more than 1300
monogenetic eruptive centers [Schmidt et al. 2021]. The vol-
canic activity on the CVL started ~66 Ma on the continental
sector and 31 Ma on the oceanic sector [Marzoli et al. 2000;
Njome and de Wit 2014].
The island of Bioko itself consists of three coalescing vol-
canoes and is located at 3°30’N and 8° 42 ’E in the Gulf of
Guinea (Central Atlantic Ocean; Figure 1A). We refer to the
volcanoes by their current names, from NE to SW: Pico Basilé,
Pico Biaó, and Gran Caldera de Luba (Figure 1B). These used
to be known as Santa Isabel, San Joaquin, and San Carlos,
respectively, during the Spanish colonial era. Brauner et al.
[2024] defined distinctive rift zones striking NE–SW along the
long-axis of Pico Basilé, and E–W along the saddle between
the two southern volcanoes. Compositionally, volcanic prod-
ucts consist of basalts, hawaiites and mugearites [Yamgouot
et al. 2016]. K/Ar age measurements revealed an age <1.33
± 0.07 Ma for lava flows on Bioko [Hedberg 1969; Aka et al.
2004]). Piper and Richardson [1972] constrain the age range of
the island to the Brunhes magnetic chron (< 0.7 Ma) based on
a magnetic survey. The last eruption occurred in 1923 CE on
Pico Basilé [Enciclopedia universal ilustrada europeo amer-
icana 1924]. We did not find reports of eruptions of the other
two volcanoes.

3 DATA AND METHODS
3.1 Data sources

Our morphologic dataset is based on satellite X-band (wave-
length 3.1 cm) TerraSAR-X (TSX) / TanDEM-X (TDX) syn-
thetic aperture radar (SAR) data with a nominal resolution of
3 m provided by the German Aerospace Center to investigate
volcanic structures and to model probabilistic lava flow haz-
ards on the island of Bioko. Radar signal penetration through
the cloud-covered atmosphere is a major advantage of these
data and provides gap-free coverage [Rizzoli et al. 2017]. X-
band emissions have a relatively short wavelength in the mi-
crowave range, and tend to scatter in denser canopy areas as
a result [Schlund et al. 2021]. The derived DEM (level 3 prod-
uct) is part of the TanDEM-X DEM 2020 and was released
with a nominal resolution of 12 m, and a vertical accuracy of
2 m for flat terrain and 4 m for slopes greater than 20° [Wessel
et al. 2022]. The geomorphological study and lava flow simu-
lations were performed using the full resolution (12 m) digital
elevation model.
For modeling, all geospatial data sets are projected in the
coordinate reference system EPSG:32632 - WGS 84 / UTM
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zone 32N. We used geospatial data from the OpenStreetMap
project (OSM 2021) and referenced old maps of the island [In-
stituto Geográfico Nacional 1981a; b; c; d] to identify relevant
places, geographical features such as rivers, and infrastructure.
The complete documentation of the performed analysis and
files for this study can be found in Supplementary Material 1.
Furthermore, we conducted a field campaign to ground-truth
our observations in November and December 2022.

3.2 Model and parameters

We assess the hazards of lava flows on Bioko using the proba-
bilistic Q-LavHAmodel of Mossoux et al. [2016], which is based
on the mathematical framework of Felpeto et al. [2001]. We
chose Q-LavHA because it is a user-friendly Q-GIS plugin that
allows lava flow simulations without requiring high computa-
tional power for individual flow simulations. For large num-
bers of flow simulations as required to produce lava flow haz-
ard maps on a regional scale however, the processing time
might still last several weeks or months, depending on DEM
resolution and computer capacity.
The model calculates potential lava flow pathways from a
given vent following the path of steepest descent on a given
DEM. For a single vent it simulates 𝑁 lava flows of a given
length 𝐿 flowing downhill. Based on the frequency each pixel
is invaded by lava, the model calculates the inundation prob-
ability with respect to the number of iterations 𝑁 . The model
adds the elevation corrective factor 𝐻c to the topography for
the lava-containing pixel, representing the flow’s thickness.
Another elevation corrective factor, 𝐻p, is added if the lava-
containing pixel cannot progress because the immediately sur-
rounding pixels are higher in elevation, and thus prevents flow
arrest. The model offers an 𝐻16 option that considers the 16
next surrounding pixels if neither the addition of 𝐻c nor 𝐻p
allow the lava to propagate further. Therefore, the 𝐻16 option
resembles the ability of a lava flow to fill up small depressions
before progression continues. These topographic corrections
are temporary and thus do not affect simulated flows during
subsequent iterations. Furthermore, a Monte Carlo algorithm
is applied to randomly perturb flow pathways [Felpeto et al.
2001; Mossoux et al. 2016].
The two key parameters for Q-LavHA are the length of the
flows, 𝐿, and the elevation corrective factor, 𝐻c. To con-
strain the length, we mapped lava flows on the DEM (see
Section 4.1). Accordingly, we decided to create maps for a
variable length parameter covering the range of length we
measured (Euclidean length, i.e. as-the-crow-flies distance):
3, 7.5, and 12 km.
We constrained the factor 𝐻c, based on the thickness mea-
sured on the few accessible lava flows cropping out in the field
(see Section 4.1). To evaluate the effect of flow thickness, we
created maps for 𝐻c = 2 m, 5 m, 8 m, and 𝐻p = Hc +4 m.
We assessed the effects of the variable flow length (𝐿) and
elevation corrective factors (𝐻c) parameters for simulations of
individual case studies, and for the hazard map for the entire
island. For individual case scenarios, we simulated 𝑁 = 1500
flows per vent, while for the large-scale hazard maps, we sim-
ulated a vent every 𝑑𝑉 = 300 m, and 𝑁 = 500 lava flows per
vent.

We weighted the simulated vents based on vent opening
probabilities. The probability of future vent opening is de-
termined on the basis of location of historical vents, assum-
ing that future vents are more likely to open in areas where
previous vents cluster. Furthermore, the probability of future
vent opening should be scaled to the recurrence probability.
Indeed, older vents can be masked by subsequent eruptions.
However, we do not have sufficient data on the recurrence
time for Bioko (see Section 5.1.3 for a detailed discussion) and
therefore consider that the probability density function corre-
sponds to the future vent opening probability. For this purpose
we ran a Nearest Neighbor Analysis in ArcGIS 10.8.1 on the
identified vent locations, where index values < 1 indicate clus-
tering [Le Corvec et al. 2013], and calculated a Kernel Density
Estimation (KDE) in SAGA GIS 7.8.2. The resulting prob-
ability density function provides an estimate of future vent
opening probabilities [Connor and Connor 2009; Bebbington
2013; Connor et al. 2019; Schmidt et al. 2022].
Referring to Connor et al. [2019], the kernel shape has only
minor implications on the probability density function so we
followed their recommendation and chose a Gaussian kernel
function. In order to reduce the computational efforts, we only
simulated vents in areas with an opening probability greater
than 0.01%. Schmidt et al. [2022] used the SAMSE (Summed
Asymptotic Mean Squared Error) bandwidth estimator and
calculated anisotropic bandwidths of 2913 and 3087 m for
their KDE for the vents on Bioko. In accordance, we chose
a bandwidth of 3000 m for this study. In the next step, we
weighted the inundation probabilities for each vent with the
PDF at the individual vent locations (pixel) corresponding to
the DEM resolution.

4 RESULTS

4.1 Field observations and mapping of lava flows from satel-
lite DEM

Using the DEM (12 m resolution), we were able to identify and
track six distinct lava flows from their origin to their termi-
nation, serving as a reference dataset (Figure 2A). The length
of these flows ranges from 1.9 to 4.0 km (Table 1). Addition-
ally, the 1923 eruption produced a lava flow on the eastern
flank of Pico Basilé and continued toward the sea. Although
the flow is now covered by dense vegetation and likely pro-
gressed through an erosional incision, we had to identify the

Table 1: Length of the mapped lava flow units (1–6) and the
1923 flow as shown in Figure 2 and 3.

Flow number Length [km]

1 1.9
2 2.7
3 2.3
4 2.8
5 3.8
6 4

1923 flow ∼12
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Figure 2: Lava flow mapping and field observations. [A] Overview of lava flow units 1–6 (orange lines), the location of the 1923
vent location (orange dot), and locations of insets [B] and [C], as well as outcrops ([D]–[F]; red dots). [B] Southeastern flank of
Pico Basilé including lava flow units #1 and #2, as well as a potential lava flow field (red dashed line); LC: lava channel, LF: Lava
flow, FF: Flow field. [C] Southern flanks of Pico Biaó and Gran Caldera de Luba including lava flow units #3–6 (red dashed lines);
LC: lava channel, LF: Lava flow, FF: Flow field. [D] Outcrop of an ‘a‘ā flow in an active quarry northeast of Pico Biaó. The massive
inner part has a thickness of approximately 4–6 m and is surrounded by layers of rubble at the upper and lower boundaries. [E]
Outcrop of stacked lava flows in an abandoned quarry southeast of Pico Basilé. Each flow unit is approximately 2 m thick and
covered by thin dm-scale layers of rubble. [F] Pāhoehoe lava with ropey surface on a beach southeast of Pico Basilé.

most likely source vent to constrain its length (see Section 4.2).
This constraint revealed a flow length of maximum 12 km.

All the lava flows mapped on the DEM are found at the
southeastern flank of Pico Basilé (Figure 2B) and at the south-
ern slope of the saddle between the two volcanoes in the south
of the island (Figure 2C). Close to the summit of Pico Basilé,
several monogenetic cones are breached and show indications
of lava flow exiting the cone. Lava flow #1 (Figure 2A, 2B) is
1.9 km long and shows well expressed levees. From crest to

crest, the channel has a width of approximately 120 m. To
the east, we observed another potential lava flow field but
we do not consider it here because it cannot be well outlined
(Figure 2B). Flow #2 is located a few kilometers down the
flank of Pico Basilé from Flow #1 and has an approximate
length of 2.7 km and shows a well expressed lobate termina-
tion, but no levees (Figure 2B). South of the caldera of Gran
Caldera de Luba, flow unit #3 extends over 2.3 km. The up-
per half of the flow shows levee structures (~100 m from crest
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Figure 3: Identification of the 1923 eruptive center at the southeastern flank of Pico Basilé (see Figure 1 for overview). The
simulations are based on the 12 m DEM with N = 1500, L = 20 km, Hc = 2 m. [A] Scoria cones V1–V4 (red circles) located
upstream of the river gullies of Rio Uba and Rio Kibaco (black dotted lines). [B] Close-up on vent V2; the red arrow indicates the
initial pathway of a lava flow towards Rio Uba. [C] Simulation of lava flow paths from vent V1. [D] Simulation of lava flow paths
from vent V2, indicating high probabilities for lava flowing down Rio Uba. [E] Simulation of lava flow paths from vent V3. [F]
Simulation of lava flow paths from vent V4. Note that the flow path simulations are affected locally by the actual road incision,
which was not present in 1923.
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Figure 4: Location of volcanic vents on Bioko, and probabilities of vent opening. [A] Distribution of the 436 vents (shown as
green dots) mapped on Bioko. [B] Probability density function (PDF) for the vents as shown in [A], brighter color indicates a
higher PDF. The PDF is normalized to 1 and corresponds to the relative vent opening probabilities for the island. The bold black
line encloses the area with a vent opening probability greater than 0.01 %. To reduce the computational time, we only simulated
vents within this area. However, it is possible that a vent opens outside this area although the probability is low.

to crest) whereas the lower part is compact and has a lobate
ending (Figure 2C). At the saddle between Pico Biaó and Gran
Caldera de Luba, we observed three individual flow lobes (#4,
5, and 6) ranging from 2.7 to 4.0 km in length. The flows
show well expressed channel structures (Figure 2C). During
our field campaign, we observed outcrops of lava flows of
different types (pāhoehoe and ‘a‘̄a) and of variable thickness.
The flow thicknesses range approximately from 2 to 8 m (Fig-
ure 2D, 2E). Thin flow units of about 2 m thickness, separated
by decimeter-scale layers of rubble, were often stacked on top
of each other (Figure 2E). The thicker ‘a‘̄a flow reaches a thick-
ness up to 8 m with the massive flow core, 4–6 m thick, sand-
wiched between top and bottom layers of rubble, 2–4 m each
(Figure 2D). Due to the dense vegetation, original surface fea-
tures like indicators for pāhoehoe lava are rarely preserved.
Nevertheless, we found ropey surfaces at two sites close to
the seashore southeast of Pico Basilé (Figure 2F).

4.2 The 1923 eruption site

The 1923 eruption produced a lava flow on the eastern flank
of Pico Basilé that inundated the area between the rivers of Rio
Uba and Rio Kibaco, possibly entering the sea [Sealing 2023].
We identified the rivers Rio Uba and Rio Kibaco in the south-
eastern sector of Pico Basilé and four potential eruption vents
(Figure 3A), hereafter labeled V1, V2, V3, and V4 (Figure 3C–
3F).
Using Q-LavHA, we modeled lava flow paths for each of
these four cones in order to identify the most likely source, by

assessing the proximity of the simulated flows to the rivers of
Rio Uba and Rio Kibaco for each vent (V1–4). For each sce-
nario, the simulated flows are confined in erosional incisions
like the amphitheater-shaped valleys and gullies that can be
found on the flanks of Pico Basilé. Although the simulated
flow patterns fan out with increasing distance from the vent,
for each scenario, there are one or two major gullies that show
significantly increased inundation probabilities. Only the sim-
ulations from vent V2 (Figure 3B, 3D) allow the majority of
simulated paths to flow within the boundaries of the rivers of
Rio Uba and Rio Kibaco (Figure 3D). The V2 vent simulations
mostly follow the course of the Rio Uba. A second branch of
simulated paths heads southwestwards before flowing downs-
lope. On closer inspection, the V2 vent breaches northwards
and appears to be feeding lava to the headwater of the Rio Uba
(Figure 3B, 3D). From this, we conclude that vent V2 was the
most likely source of the 1923 lava flow. To be able to reach
the sea, we measured a flow length of approximately 11.9 km.

4.3 Vents and probability density function

Brauner et al. [2024] identified 436 vents from the monogenetic
cones distributed over Bioko. Complex monogenetic cones
may comprise multiple vents. The majority of vents are lo-
cated on Pico Basilé with 287 vents across 1107 km2 (0.26
vents km−2), followed by Gran Caldera de Luba with 77 vents
across 412 km2 (0.18 vents km−2), and Pico Biaó with 73 vents
across 423 km2 (0.17 vents km−2). We find that vents approx-
imately align in NE–SW along the main rift at Pico Basilé, and
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in E–W along the ridge between Pico Biaó and Gran Caldera
de Luba (Figure 4A). A nearest neighbor analysis with an in-
dex of 0.48 confirms clustering for the vents on Bioko (values
<1 are interpreted as being clustered, as the average observed
distance to the nearest neighbor is lower than that distance
predicted from a random distribution). This is reflected in
the vent density analysis (Figure 4B). The probability density
function (PDF) here corresponds to the vent opening proba-
bility acting as a proxy for the spatial variation in eruption
probability. For a detailed discussion of the limitations of this
assumption, we refer to Section 5.1.3.
We observe the highest vent opening probabilities (Fig-
ure 4B) southwest and around the summit of Pico Basilé.
Other areas with increased probabilities are located along the
shallow slopes in the northeastern and southwestern sectors
of Pico Basilé, and around the central caldera of Gran Caldera
de Luba. The area around Malabo (northwestern part of the
island), as well as the southeastern flanks of Pico Basilé and
Pico Biaó, show very low vent density and hence low vent
opening probabilities. We did not find any vents within the
two craters / calderas at Pico Biaó and Gran Caldera de Luba,
although they likely were the locus of eruptive activity in the
past, but are now located in densely vegetated regions that
may perturb the radar signal (see Section 5.1.1).

4.4 Hazard maps

The purpose of the produced maps is to assess potential haz-
ards and not to predict future eruptions nor to evaluate the
risks. The intended use of the maps is long-term hazard mit-
igation. These lava inundation probability maps express the
likelihood of lava invasion over the entire island for a potential
future eruption. We emphasize that, for a future eruption, the
vent opening probability becomes 100% for the actual erup-
tion site once the eruption has started and a vent has opened,
and 0% for the rest of the island. All maps and datasets are
available online (see Data availability) in high resolution.
To build the hazard maps, we simulated lava flow paths
from areas with a PDF value >0.0001, which equals a vent
opening probability of 0.01% which represents 1226 km2 (Fig-
ure 4B). We considered a vent every 300 m (1 vent / 0.09 km2),
which resulted in a total of 13622 simulated vents. Given the
limited availability of data to constrain the input parameters
further (for a detailed discussion see Section 5), we chose to
present a reference hazard map using an averaged set of input
parameters: 𝐿 = 7.5 km, 𝐻c = 5 m, and 𝐻p = 9 m (Figure 5).
Next, to test the effect of the input parameters (length and
elevation corrective factors), we build other lava flow hazard
maps for: 1) 𝐻c = 2 m, 𝐻p = 6 m, 𝐿 = 3 km (Figure 6A); 2)
𝐻c = 8 m, 𝐻p = 12 m, 𝐿 = 3 km (Figure 6B); 3) 𝐻c = 2 m,
𝐻p = 6 m, 𝐿 = 12 km (Figure 6C); and 4) 𝐻c = 8 m, 𝐻p = 12 m,
𝐿 = 12 km (Figure 6D).
In general, we observe the highest lava flow inundation
probabilities inside the deeply incised gullies cutting into the
flanks and the saddles between the three volcanoes (labeled
Pico Basilé, Pico Biaó, and Gran Caldera de Luba in Figure 1).
However, we also observe a strong structural control on lava
flow pathways. For example, the graben faults at the sum-
mit of Pico Basilé block and redirect flows (Figure 5, 6, and 7)

and thus the flank sections directly adjacent to the northwest
and southeast show only low inundation probabilities. Simi-
larly, the concentric faults around the summit of Pico Biaó act
as barriers and thus the southeastern tip of the island is not
invaded by any flows.
The areas with high vent opening probabilities show inter-
mediate lava flow inundation probabilities (Figure 4, 5, and
6). This includes the main rift zone at Pico Basilé, and the
saddles between Pico Biaó and the other two volcanoes (Fig-
ure 4, 5, and 6). For the hazard maps for short lava flows
(𝐿 = 3 km), these rift and saddle zones are the areas with
the highest hazard classes (intermediate). Furthermore, mono-
genetic cones act as obstacles. The simulated flows circum-
vent the cones, and in the areas of high cone densities (e.g.
rift zones), flows are sometimes confined and channelized be-
tween multiple cones, indicated by intermediate to high inun-
dation probabilities. The summit areas of Pico Biaó and Gran
Caldera show low probabilities of lava inundation.
As the length of the simulated flows increases, more distal
areas are possibly affected. Most cities, villages, and infras-
tructure on Bioko are located in coastal areas (Figure 1). For
the simulations with 𝐿 = 3 km (Figure 6A, 6B) the coastal
regions northwest and southeast of Pico Basilé, as well as
the city area of Malabo, except for the eastern outskirts, are
largely unaffected by lava. However, simulations for flows
with 𝐿 = 12 km (Figure 6C, 6D) show inundation probabili-
ties greater than zero for most coastal areas. Again, the highest
probabilities (high–very high) are found within erosional in-
cisions. Areas adjacent to such major gullies are forecast to
be less affected by lava. This indicates a channelizing effect
of those gullies. In contrast, relatively flat areas show rather
homogenous probability distributions. For example the east-
ern part of Malabo is incised by gullies, and with increased
flow lengths (𝐿 = 12 km) these channels are frequently in-
vaded by lava flow simulations. The western part of the city
is relatively flat and shows homogeneously, low inundation
probabilities. In particular, the northwestern part, including
the international airport and the Punta Europa LNG (liquid
natural gas) terminal, is very unlikely to be affected by lava
according to our simulations.
With increasing flow elevation corrective factor, the ob-
served channelizing effect of the gullies decreases. Simula-
tions for low flow elevation corrective factors (𝐻c = 2 m; Fig-
ure 6A, 6C) show significantly lower inundation probabilities
in adjacent areas of deep erosional incision than simulations
of thicker flows (𝐻c = 8 m; Figure 6B, 6D). In particular, the
coastal areas of the central part of the island are affected by the
simulations of thicker flows (𝐻c = 8 m; Figure 6D). In those
coastal areas, the probabilities rise from mostly none to low,
to dominantly intermediate. The bay at Riaba and the bay be-
tween Aleñá and Lubá are most likely affected by lava flows
from the saddle between Pico Basilé and Pico Biaó, depending
on if the lava flows east or west. Similarly, potential eruptions
at the saddle between Pico Biaó and Gran Caldera de Luba
may produce lava flows that block the supply roads to San
Antonio de Ureca or Lubá. In particular, the city of Lubá is
located at the outlet of a gully and thus might be impacted
by potential lava flows from Gran Caldera de Luba, although
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Figure 5: Reference map of lava flow inundation probabilities on Bioko Island for lava flows for an averaged set of parameters,
with L = 7.5 km, Hc = 5 m, and Hp = 9 m. Red dots: major cities; Yellow dots: critical infrastructure such as the international
airport and the Punta Europa LNG terminal (PE); Black lines: roads.

the overall probability for this scenario is low. The area east
and southeast of Aleñá shows the most significant increase
of pixels changing to high probabilities of lava flow invasion
(Figure 6D) while the inundation probabilities further uphill
remain almost constant. East of Aleñá, the number of simu-
lated flows from multiple upslope vents overlap more often at
greater distance from the simulated vents and thus accumulate
in relatively flat areas, being blocked and redirected by fault

structures. With an increasing flow elevation corrective fac-
tor, a growing number of flows overlap, resulting in elevated
lava invasion probabilities. We did not observe this effect at
the graben structures on the opposing (SE) flank of Pico Basilé.
There, the graben faults are repeatedly incised by erosion.

For the simulated vent at the summit of Pico Basilé (Fig-
ure 7), two major effects can be observed. First, the flows
are being blocked and redirected by the northeastern summit
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Figure 6: Variability of the lava flow inundation probabilities on Bioko Island for different length parameters and lava flow ele-
vation corrective factors. [A] Hazard map with L = 3 km, Hc = 2 m, and Hp = 6 m. [B] Hazard map with L = 3 km, Hc = 8 m, and
Hp = 12 m. [C] Hazard map with L = 12 km, Hc = 2 m, and Hp = 6 m. [D] Hazard map with L = 12 km, Hc = 8 m, and Hp = 12 m.
To validate the effect of features such as erosional incisions and faults on the lava flow paths and the created hazard maps,
we present simulations for a single hypothetical eruption vent above the graben fault at the summit of Pico Basilé with a length
parameter that allows the flows to reach the sea and varying elevation corrective factors (Figure 7). Red dots: major cities;
Yellow dots: critical infrastructure such as the international airport and the Punta Europa LNG terminal (PE); Black lines: roads.
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Figure 7: Simulation of a single vent at the summit of Pico Basilé with lava flows with a length that allowed the flows to reach
the sea and varying elevation corrective factors, where Hp = Hc +4 m. [A] Topographic features, such as faults and erosional
incisions at the southeastern flank of Pico Basilé. [B] For Hc = 2 m, the majority of flows are being redirected by the southeastern
graben fault and channelized into erosional incisions. [C] Flows with Hc = 8 m are being less easily channelized in gullies, and
thus more likely to inundate adjacent areas. [D] First lava flows are able to overcome the graben fault at Hc = 20 m. Further
downslope, the erosional incisions are still showing the highest inundation probabilities, but large areas adjacent to the gullies
show inundation probabilities greater than zero.

graben fault, which has an offset of 50–70 m. The majority
of simulated flows are channelized northeastwards along the
graben fault, indicated by high to very high inundation prob-
abilities. The other flows head towards the southwest. Once
the flows bypassed the fault, they mostly follow erosional in-
cisions along the southeastern flank of Pico Basilé, on the map
indicated by intermediate to high probabilities. With increas-
ing 𝐻c parameters, the distribution of simulated flows fans
out. Gullies still have the highest inundation probabilities but
a higher number of simulated flows follow pathways outside
of the gullies. Very high 𝐻c values (20 m and more, Figure 7D)
allow individual flows to overcome the graben fault.

In conclusion, with an increasing flow elevation corrective
factor, simulated flows can overcome larger topographic ob-
stacles. As the flow elevation corrective factors increase, the
simulated flows are still channeled by deeply incised gullies.

However, shallow gullies have less potential to channelize
flows, and therefore the area that has an inundation proba-
bility higher than zero is larger for thicker flows.

5 DISCUSSION

5.1 Limitations

5.1.1 Model uncertainties due to vent and lava flow inventories

Although remote sensing techniques, such as satellite-based
radar, allow investigations of areas that may not be easily ac-
cessible, certain limitations such as geometric distortions and
vegetation have to be considered. Geometric distortions were
corrected by the German Aerospace Centre (DLR) in order to
generate the DEM, but resulted in a decrease of the spatial
resolution from 3 to 12 m per pixel.
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Figure 8: Simulation of a single vent at the summit of Pico Basilé with lava flows with a length that allowed the flows to reach
the sea and fixed elevation corrective factors of Hc = 2 m and Hp = 6 m on [A] a DEM with 12 m resolution and [B] a DEM with
100 m resolution.

The vertical resolution of 2 m for flat terrain and 4 m for
slopes greater than 20° is strongly affected by the dense veg-
etation on Bioko [Wessel et al. 2022]. X-band radar waves
allow penetration through canopy only to a certain degree.
The resulting vertical offset for tropical rain forests such as
that of Bioko can be up to 10 m or more [Tanase et al. 2015;
Grohmann 2018]. Therefore, volcanic features like lava flows
and monogenetic cones might be obscured on the DEM. In-
formation about number and localization of both flows and
cones is crucial as input for lava flow inundation models such
as DOWNFLOW or Q-LavHA. The arising uncertainties were eval-
uated by Tarquini and Favalli [2013]. They found that random
removal of 20–60% of information on vent locations results in
changes of 10–17% in the resulting hazard maps. The effect
is significant but does not introduce abrupt changes to the
maps. For Bioko, we assume that we included the majority
of the larger monogenetic cones and vents although we can
not rule out that small or heavily eroded cones may not have
been detectable on the DEM. At a location like Bioko, an L-
Band mission such as the planned TanDEM-L by the DLR or
the Rose-L by the European Space Agency would overcome
this limitation and allow reflectivity of the ground even in the
densely vegetated basins of Bioko Island.

5.1.2 Model parameters (Hc and L) and DEM resolution
Q-LavHA allows parametric fine-tuning by comparison of sim-
ulated lava flows and the outlines of (recent) lava flows on a
pre-eruptive topography (DEM). Since we do not have these
for Bioko, our best approach to assess lava flow hazards was
to simulate various scenarios for a range of input parameters,
based on our observations. In order to build the hazard maps
within a reasonable computing time frame, we had to make
compromises regarding the vent spacing and number of sim-
ulated flows per vent (𝑁 ).
Tarquini and Favalli [2013] evaluated the impact of a vari-
able vent spacing parameter for the DOWNFLOW model at Mt.
Etna. They concluded that a spacing below 500 m results in a

relative deviation of the resulting maps in the range of 6–8%
with respect to their reference map, which had a spacing of
80 m. Furthermore, they find that this effect is compensated
for at lower elevations. In Bioko, most of the cities, villages,
and critical infrastructure are located in coastal regions, and
thus the impact of the described effect is negligible.
Another parameter that affects the computational time is

𝑁 . Mossoux et al. [2016] state that 𝑁 = 1500 is sufficient in
most scenarios to provide robust results. For the hazard map
of Mt. Karthala, a value of 𝑁 = 500 at a vent spacing of 90 m
on a 90 m DEM has been found to be satisfactory [Mossoux
et al. 2019]. Kervyn et al. [2024] created hazard maps for Mt.
Nyamulagira and Mt. Nyiragongo with 𝑁 = 100 and a vent
spacing of 30 m on a 30 m DEM, after thoroughly testing
each parameter. Here, we found that a vent spacing of 300 m
and 𝑁 = 500 is a good compromise, and allows reasonable
computational time frames of 6–8 days per hazard map on a
DEM with 12 m resolution.
As Tarquini and Favalli [2013] showed, the flow length pa-
rameter is the most critical parameter affecting probabilistic
lava flow distribution. Typically, the length parameter is de-
termined by the length of the most recent flows, which in
turn is mostly controlled by effusion and cooling rates [Walker
1973; Harris and Rowland 2009]. Furthermore, a negative
linear relationship of vent elevations has been postulated for
volcanic systems such as Mt. Etna, Nyiragongo, and Mt.
Cameroon [Favalli et al. 2005; 2009a; b; 2012]. As Chevrel
et al. [2021] showed for Piton de la Fournaise, this relation-
ship does not hold true for every volcanic system. For the
volcanoes on Bioko, we have insufficient data to test this rela-
tionship. We identified six relatively short flows but there is
no information available on their ages. However, we have the
age and location for the 1923 eruptive vent, which produced
a lava flow of approximately 12 km. Other flows that may
have reached the sea were not identifiable on the DEM, but
field outcrops confirm that past flows have indeed reached
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the coastline. Based on these observations, we argue that the
short lava flows visible on the DEM were likely more viscous,
making them thicker and more prominently expressed in the
dataset. In contrast, longer flows, such as the 1923 flow, may
have been thinner or channelized into erosional incisions, ren-
dering them unrecognizable on the DEM.
Furthermore, basaltic magmas along the CVL (e.g. Mt.
Cameroon and Pico Basilé) have similar geochemistry [Yam-
gouot et al. 2015], and thus potentially similar thermo-
rheological properties [Wantim et al. 2013]. Compositionally,
the erupted lavas at Mt. Cameroon [Déruelle et al. 2000; Suh
et al. 2003] are quite similar to the compositions of the erup-
tive products of the volcanoes on Bioko [Yamgouot et al. 2015;
2016]. Mt. Cameroon being the closest and most active vol-
cano along the CVL with respect to the volcanoes on Bioko,
we argue that lava flow geometry statistics for Mt. Cameroon
can be used as a first-order approximation for volcanoes on
Bioko. Bonne et al. [2008] mapped a total of 42 lava flows at
Mt. Cameroon with an average length of 4.4 km, but older
and longer flows are likely to be obscured by vegetation and
in turn biasing the inventory in favor of shorter flow lengths.
The most recent six lava flows, which erupted between 1909
and 2000, ranged from 6.2 to 9.5 km with an average of 7.6 km
[Favalli et al. 2012]. This is very similar to and hence sup-
ports our assumption to use an averaged length parameter of
𝐿 = 7.5 km for the presented reference hazard map for Bioko
(Figure 5).
Ideally, the length parameter and the elevation corrective
factors (𝐻c and 𝐻p) should be determined from the compari-
son of model-generated lava flow on a pre-eruptive DEM and
the actual lava flow outline [Favalli et al. 2005; Chevrel et al.
2021]. However, as we discussed in the last paragraph, we
do not have that information. Mossoux et al. [2016] suggests
that, in absence of further information, the best approxima-
tion can be achieved by estimating an average flow thickness
based on measurements in the field. During our fieldwork
campaign, we measured the thickness of several lava flows
and constrained 𝐻c to 2–8 m, accordingly. Regarding the
aforementioned similarities of the composition and source of
lavas at Mt. Cameroon and the volcanoes on Bioko, we argue
that the lavas for both systems are within similar rheology,
and hence thickness ranges. The last six lava flows at Mt.
Cameroon, erupted between 1909 and 2000, ranged from 0.7
to 12.7 m in thickness [Wantim et al. 2010; Favalli et al. 2012;
Wantim et al. 2013], with an average of 4.9 m. This compar-
ison supports our assumption of an averaged elevation cor-
rective factor of 𝐻c = 5 m for the presented reference hazard
map for Bioko (Figure 5).
The optimal choice of elevation corrective factors also de-
pends on the DEM resolution. As Q-LavHA distributes the sim-
ulated lava from pixel to pixel, the lava flows on a coarser
DEM (e.g. 100 m, Figure 8B) are covering a larger area as
the flows on a finer DEM (e.g. 12 m, Figure 8A). Despite the
differences in the area covered by the simulated flows, the
general behavior of the flows is similar. For the simulated
vent at the summit of Pico Basilé (Figure 8), the flows are be-
ing blocked and redirected by the graben fault and then the
majority is channelized into erosional incisions, independently

of the DEM resolution. Tarquini and Favalli [2015] tested the
sensitivity of flows simulated with DOWNFLOW to changes in
the topographic resolution for well documented flows on Mt.
Etna. They conclude that, if the pixel size effect is compen-
sated (e.g. by resampling), the smoothing due to the decrease
of topographic information has an almost negligible effect on
how well simulated and real flows fit.
For multi-volcano hazard maps, the length parameter and
elevation corrective factor should ideally be constrained for
each individual volcano. As Kervyn et al. [2024] show, these
parameters can vary, even for volcanoes that are located close
to each other, such as Mt. Nyamulagira and Mt. Nyiragongo.
Given the fact that there were no eruptions that produced lava
flows on Bioko over the last decades that allowed for para-
metric fine-tuning for any of the three volcanoes on Bioko,
and that data on other parameters such as flow length and
thickness are also scarce, we argue that the reference hazard
map (Figure 5) based on averaged input parameter for all three
volcanoes, represents the best solution to assess the lava flow
hazards until further data are available.

5.1.3 Probability of vent opening

The eruption probability distribution may vary from volcano
to volcano as well. As a standard procedure, the vent den-
sity is used as an indicator for future vent opening probabili-
ties based on the assumption that every new eruption forms a
new vent with a clear morphological expression and that all
vents have the same preservation potential [Connor et al. 2012;
Connor et al. 2019]. However, vents may be masked by subse-
quent lava flows or covered by pyroclastic material from later
eruptions in the vicinity. This is true in particular in areas of
high vent densities, such as the rift zones along the long axis
of Pico Basilé. This implies that vent opening probabilities in
high vent densities areas are likely underestimated. Further-
more, our results show that the summits of Pico Biaó and Gran
Caldera de Luba show only low probabilities of lava flow inva-
sion. Although no monogenetic cones were observed inside
the calderas and craters, it is likely that they were eruptive
centers in the past and might be again in the future. Further-
more, the summit depression at Pico Biaó contains a crater
lake and thus vent features are not detectable by radar. The
PDF, and thus the resulting hazard maps, do not account for
that properly and the hazards in the summit areas of both vol-
canoes is probably higher. In conclusion, the presented PDF
probably underestimates the vent opening probability for the
volcano’s summit areas, and in particular, the rift zones with
high vent densities. In turn, the vent opening probabilities for
the areas with low vent densities are overestimated since the
PDF is normalized to 1. This also implies slightly lower lava
flow inundation probabilities for the downslope areas and in
particular the coastal areas where most of the cities, villages,
and infrastructure is located.
Another uncertainty arises from the lack of age data and
thus eruption frequencies. Assuming that the relative vent
density informs about the relative frequency of future erup-
tions between the three volcanoes is a large simplification.
Systematic dating of eruption products would be required to
further constrain the eruptive frequencies for each of the three
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volcanoes to create a more realistic estimate on vent opening
probabilities. In fact, there are indicators, such as the reports
of the 1923 eruption and steam event at Pico Basilé, which
allow the assumption that Pico Basilé is probably the most ac-
tive of the three volcanoes. Although further data would be
desirable, the highest vent opening probabilities are already
indicated for the area south of the summit and parts of the
summit itself of Pico Basilé.

5.2 Controls on lava flow pathways

The pathway of a lava flow is initially controlled by the lo-
cation of the eruptive center. On Bioko, vents are clustering
along the long axis of Pico Basilé, and the saddles between
Pico Biaó and the other two volcanoes. These observations
correspond with the accumulations of monogenetic cones and
the vent opening probabilities as calculated for the PDF (Fig-
ure 4). Accordingly, the south of the summit of Pico Basilé
shows intermediate lava inundation probabilities (Figure 5).
Lava flow pathways are mainly controlled by the topogra-
phy and gravity. However, the viscosity and the correlated
thickness of a lava flow defines the ability to surmount obsta-
cles. With increasing the flow elevation corrective factor that
acts as a proxy for flow thickness, larger topographic obstacles
can be overcome. On Bioko, topographical controls include
structural and erosional features such as faults and erosional
gullies. In addition, pre-existing monogenetic cones act as ob-
stacles. In areas of high cone densities, such as the rift zones,
the simulated flows not only circumvent these cones but also
are often confined by adjacent cones. For all simulated sce-
narios, the erosional incisions show the highest lava inunda-
tion probabilities. However, with an increasing flow elevation
corrective factor, flows are being less easily channelized in
gullies, and thus more likely to inundate adjacent areas (Fig-
ure 7). The process of lava flows filling up erosional incisions
is known from other volcanoes such as Mt. Etna [Branca 2003].
For highly active volcanoes, which are often the best-studied
volcanoes in terms of lava hazards, lava flows tend to level
out erosional effects relatively quickly compared to less active
volcanoes such as those on Bioko. In fact, the flanks of the
three volcanoes on Bioko, and in particular the coastal regions
are incised by deeply erosional processes (Figure 1). There-
fore, we argue that the effects of erosional processes might
have a greater potential impact on lava flow pathways on less
active volcanoes. The main volcano-tectonic elements are the
NE–SW-striking graben faults at the summit of Pico Basilé,
and the complexly patterned faults around the summit of Pico
Biaó (Figure 5). These faults redirect modeled lava flows path-
ways, possibly protecting large areas that would otherwise be
downslope of a given vent, but also increasing the probabil-
ities of other areas being inundated by lava (see Section 4.4).
A similar pattern of lava flow inundation probability distribu-
tion can be observed for Mt. Cameroon. At Mt. Cameroon,
the NE–SW striking graben faults are less pronounced, but
still the northwestern and southeastern flanks show low in-
undation probabilities compared to the complementary sec-
tors [Favalli et al. 2012]. In general, the channeling effect of
volcano-tectonic structures is a common feature on other vol-
canoes. For example, it has been demonstrated that the rims

of collapse structures, such as the Valle del Bove (Mt. Etna),
the Enclos Fouqué (Piton de la Fournaise), and the Chã das
Caldeiras (Fogo) have a noticeable influence on simulated lava
flow pathways [Favalli et al. 2009b; Richter et al. 2016; Chevrel
et al. 2021].
Regarding the ability of flows to overcome such structural
obstacles, we tested which flow elevation corrective factors
(𝐻c) would be necessary to overcome the eastern graben seg-
ment at the summit of Pico Basilé (Figure 7). We found that
simulated flows with 𝐻 > 20 m are able to overcome the fault.
However, the randomized perturbation of the flow path inher-
ent to the model introduced unrealistic flow pathways over-
coming the graben fault regarding the fact that it has an offset
of 50–70 m (Figure 7D). It is necessary to note that the ma-
jority of simulated flows with 𝐻c = 20 m still followed the
expected steepest pathways (Figure 7D).

6 CONCLUSIONS
The abundance of volcanic vents and outcrops of fresh lava
flows as well as the CO2 emissions on Bioko Island indicates
that the volcanic system remains active and thus presents haz-
ards for the island’s communities from likely future eruptions.
The primary volcanic hazard from these volcanoes is lava flow
inundation. To assess lava flow hazards, we used Q-LavHA
to build hazard maps for potential future eruptions on Bioko.
We gathered vents and lava flows inventory and determined
the main input parameters for Q-LavHA, the flow length and
elevation corrective factor of the lava flow, based on observa-
tions on the TerraSAR-X and TanDEM-X DEM and during
fieldwork. Our observations show that for the 7 mapped lava
flows on Bioko, lengths range from 1.9 to 4.0 km, but some-
times may be long enough to reach the sea (~12 km), as may
have occurred during the last eruption in 1923. We were able
to identify the most likely vent location of the 1923 eruption
based on comparison of flow simulations from different vents.
During a field campaign, we observed lava flows of approx-
imately 2 m to 8 m thickness. Furthermore, we mapped 436
eruptive vents on Bioko and calculated a Nearest Neighbor In-
dex of 0.48, confirming a non-random, clustered distribution.
Based on the vent locations, we calculated a kernel density es-
timation to assess the spatial variation of future vent opening
probabilities. The highest probabilities are located along the
main rift zones, in NE–SW at the long axis of Pico Basilé as
well as the E–W-oriented saddle between Pico Biaó and Gran
Caldera de Luba.
We present the first lava flow hazard map for Bioko and
we highlight the importance of faults and structures in con-
trolling the flow paths. We tested the effect of increasing lava
flow length and flow elevation corrective factor, showing that
more distal areas might be invaded by lava, and that larger
obstacles can be overcome. The most likely lava pathways
follow erosional incisions, but this confining effect becomes
less effective with increasing flow thickness. We also show
that in some places, lava flows are blocked or redirected by
structural features, such as the graben faults at the summit of
Pico Basilé or the complexly patterned faults around Pico Biaó.
Important infrastructure, like the capital Malabo, are located
in coastal areas with relatively low lava invasion probabilities,
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except for settlements like Lubá located at the outlet of an
erosional gully north of Gran Caldera de Luba. This study
provides the first long-term lava flow hazard map that may
help for future volcanic crises management but future detailed
risk assessment must be conducted.
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