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modelling together with suggestions for barriers to
protect areas of Goma, while allowing certain areas to
be inundated without impacting the city.

Piton de la Fournaise, La Réunion, France
Piton de la Fournaise is one of the world’s most active
volcanoes, frequently producing lava flows although the
majority of the eruptions occur wholly within the caldera
(Davoine and Saint-Marc2016; Staudacher et al.2016).
It is well monitored by the Piton de la Fournaise volcano
observatory to protect the towns on the volcano’s flanks.
There are six major towns on Piton de la Fournaise’s
flanks, with none located in the large valley to the cra-
ter’s east (Gillot and Nativel1980). A major transporta-
tion route runs across the valley, though (Harris and
Villeneuve2018a). Since 1950, inhabited areas have been
threatened or inundated in 11 eruptions (Table6). Since
lava flows frequently threaten towns on La Réunion, citi-
zens are not averse to evacuating when necessary (Nave
et al. 2016). There are no reports of any actions being
undertaken to mitigate the potential impacts of lava
flows nor reports describing inundated areas being used
again (Global Volcanism Program2019g; Table6).

Karthala, Grande Comore, Comoros
Karthala is the southern volcano on Grande Comore,
the largest island in the Comoros. It has two rift zones
that extend to the north-northwest and the southeast
(Bachelery et al.2016). While it erupts frequently, most

eruptions remain in the main crater (Chahale) where
they do not threaten settlements. The only effusive
eruption that has impacted settlements since 1950 oc-
curred in 1977 (Table7). The three affected settlements
were all located in relatively low lava flow hazard zones
(Bachelery et al.2016). Since this eruption, a volcanic
observatory has been built (Bachelery et al.2016) al-
though its monitoring networks frequently are pilfered
by locals (e.g. Morin and Lavigne2009; Morin et al.
2016). Although Karthala has affected settlements less
frequently than other case studies presented here,
Grande Comore has been the focus of multiple studies
on lava flow hazard and community’s understanding of
it (e.g. Morin and Lavigne2009; Morin et al. 2009;
Mossoux et al.2019).

Fogo, Fogo, Cape Verde
Fogo is the volcano on island of the same name, off the
western coast of Africa. There are several villages and
settlements built in its caldera with a total population
that has grown from 1300 people to 1500 people be-
tween 1995 and 2014 (Komorowski et al.2018). These
settlements are agricultural, including a vineyard (Jen-
kins et al. 2014), so effusive eruptions can mean pro-
longed economic downturns as lava flows generally do
not improve the agricultural value of land (Deligne
2012). Another 11,000 people live on Fogo’s northeast-
ern flank which is open to the caldera (Komorowski
et al. 2018). Over the past 70 years, the settlements in

Fig. 3 Left image is of a lava flow between two factories in Vestmannaey during the 1973 Eldfell eruption. The image on the right was taken a
year later from the same location after the lava flow had been removed and reconstruction of the factories had begun. Images courtesy of U.S.
Geological Survey, from Williams and Moore (1983)

Table 4 Table summarising basaltic lava flow events at Vestmannaeyjar Volcanic Field that have threatened inhabited areas since 1950

Eruption Overview, including impacts
(Eruption duration)

Response Recovery & Applying lessons learned

1973 A new volcanic vent in the Vestmannaeyjar
Volcanic Field opened near the town of
Heimaey. The eruption fire-fountained,
creating tephra and lava flows. The lava
flow stopped advancing before inundating
the entire town and harbour. (5 months)

Villagers evacuated the island along with
their belongings and livestock. The first
responders put out fires and tried to
protect the town’s harbour using water
pumped from the harbour. Iceland
requested aid from other countries
to ensure enough equipment.

Some of the town was rebuilt; other parts
were unburied and continue to be used.
Within a year, two of the town’s fish factories
had been unburied and were in working
order again (Fig. 3). Additionally, the town
used the cooling lava flows to create energy
to power the town for over a decade.

Thorarinsson et al. (1973), Williams and Moore (1983), McPhee (1989)
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the caldera have been threatened and/or inundated by
lava flows in three eruptions (Table8). The National
Civil Protection Service, which is led by the local
military, was established relatively recently, so it was
only involved in the response to the 2014 eruption
(Komorowski et al.2018).

Izu-Oshima, Oshima Island, Japan
Oshima Island is the largest island in the Izu island
group off the coast of Japan, south of Toyko. Oshima
Island has been built by three volcanoes that began
erupting in the Pliocene; the youngest volcano Izu-

Oshima is still active (Sumner1998). Izu-Oshima’s peak
Mt. Mihara is slightly to the southwest of the centre of
the island, which is home to approximately eight
thousand people (Global Volcanism Program2019c).
Although there have been at least 20 eruptions at Izu-
Oshima in the last 70 years, most have remained in the
crater. Only one has created lava flows that have ex-
tended beyond the crater and, therefore, could poten-
tially threaten local communities and/or structures
(Global Volcanism Program2019c; Table 9). Four
seismic stations and two deformation stations are used
to monitor Izu-Oshima.

Fig. 4 Map of proposed lava mitigation measures to protect Goma and Gisenyi based on DOWNFLOW lava flow modelling. Structures in the
dotted area would need to be relocated. Legend refers to probability of inundation after the walls are built. Modified from Chirico et al. (2009)

Table 5 Table summarising basaltic lava flow events at Nyiragongo Volcano that have threatened inhabited areas since 1950

Eruption
(References)

Overview, including impacts (Eruption
duration)

Response Recovery & Preparation for subsequent
eruptions

1977 (1, 2) The lava lake suddenly drained and
reappeared through a fissure. (1 day)

No response actions reported; this
sudden onset eruption was short-lived.

A monitoring system was installed
but is not always functional.

2002 (3, 4, 5, 6, 7) The lava lake suddenly drained and
reappeared through a fissure. The
resulting lava flow advanced through
the city of Goma. (2.5 weeks)

There was little coordinated response
although residents self-evacuated.
International organisations (e.g. the
United Nations) set up refugee shelters
in Rwanda.

Within a month, lava flows that traversed
roads already had new paths and/or roads
across them. Lava flow modelling was
conducted leading to the proposal of
mitigation measures (Fig. 4). This eruption
led to the development of volcanic
contingency plans in DRC and Rwanda
by international organisations.

1: Tazieff (1977), 2: Tazieff (1985), 3: Lacey (2002a Jaunary 21), 4: Lacey (2002b Janary 23), 5: Allard et al. (2003), 6: Giordano et al. (2007), 7: Finkel (2011)
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eruption towards data collected (i.e. an“x”) in Table 12.
This data type is included in the overview column of the
summary tables.

Lava flow attributes
There are many attributes used to describe lava flows. For
example, a lava flow’s flow front advancement rate,
temperature, or geochemistry can be described. These attri-
butes influence the flow’s morphology and the hazard it
poses. They also may be used as criteria to determine if one
lava flow is analogous to another. Some of these attributes
must be recorded during the eruption as they change with
time (e.g. lava flow core temperature at a given location)
while others can be measured after an eruption ends (e.g.
bulk geochemistry, final flow dimensions). As this data type
is very broad, it can be difficult for any single study to be
comprehensive. Often, certainattributes are published in
more details than others. Thus, we have assigned data col-
lected symbols (i.e.“x” symbols) to eruptions that have at
least several attributes described over time. We emphasise
that does not mean every attribute has been collected, but
that this eruption is better studied than eruptions with a no
data collected symbol (i.e. an“o”). Given that we have already
narrowed our case studies to basaltic eruptions (Section 1.1),
we did not analyse the case studies for geochemical data.
This data is included in Electronic Supplemental Material A
in instances where it is publicly available.

Detailed physical impact data
In order to enable the creation of lava flow vulnerability
models, detailed physical impact data is needed (Wilson
et al. 2017). Impact data consist of a description of the
damage observed. This data could be collected by field
teams or by more remote methods such as unmanned
aerial systems or satellite imagery. For example, the im-
pact data collected by a field team could be“all con-
crete within 1 m of the lava flow front spaulded.” The
location, time, and date of the data should be noted,
and ideally, images should be taken. Since the localised
hazard caused the damage being documented, localised
lava flow attributes are necessary. To continue with the
example above, lava flow attribute data such as the local
temperature of the flow front are needed. The height of
the flow front and how cohesive the flow front is could
also be important. Impacts are dependent on the vul-
nerability of the asset, which should also be recorded.
In the field, this often translates to details about what
the structure is made of, angles of the structure, an esti-
mate of how old the structure may be, etc. Alterna-
tively, camera footage collected using unmanned aerial
systems can be analysed for damage to structures near
the edge of the flow. At this scale, damage could in-
clude singe marks or budging of fences or walls. Simi-
larly, satellite imagery can also be used to classify

building types by material. Repeat flybys would enable
progressive damage states to be documented. It is also
important to note that some of this data can also be es-
timated and/or extracted from overlaying final lava
footprints over infrastructural maps and/or remote
sensing imagery.

Recent eruptions challenge the notion that lava flows
always cause binary impacts (i.e. either complete de-
struction or no damage at all, depending on whether the
lava is in contact with the structure of interest), but the
creation of vulnerability models depends on sufficient
data about the potential range of impacts (Jenkins et al.
2014; Wilson et al.2014). Data from multiple eruptions
is required to ensure vulnerability models are widely ap-
plicable (Wilson 2015). As this data type can aid in fu-
ture studies that aim to build vulnerability models, the
bar for a data collected symbol in Table12 was high.
Not only did an impact have to be recorded, but at least
a few details about the impacted structure needed to be
included (i.e. the damaged buildings were wooden). This
data is included in the response column of the summary
tables.

Response narrative
A response narrative is a description of the response ac-
tions taken because of the eruption. Anyone affected by
the eruption could have undertaken response actions.
For example, a scientist may hold a press conference to
inform the public about the eruption, a government offi-
cial may call an evacuation, or a community member
may buy a generator in case they lose electricity. Ideally,
all of these actions are documented with an explanation
about what triggered each action (e.g. lava flow model-
ling indicated Zafferana Etnea could be inundated by
lava if the eruption lasted long enough, prompting the
creation of lava flow diversion measures; Table1). The
criteria for an eruption to be awarded a data collected
symbol for a recovery narrative in Table12 was very
similar to the criteria used for eruption narrative. We
searched for a narrative timeline of actions undertaken;
we posit that the narratives that include rationales could
be more useful to future studies than those without such
rationales. For example, a narrative that includes data
such as“we issued an evacuation order because the flow
front was 1 km away” not only provides the response ac-
tion undertaken but also why it was undertaken. Thus,
this criteria could be included in future plans or be
adapted if improvement was needed. This data type is
included in the response column of the summary tables.

Communication approaches
Once an eruption commences, the official communica-
tion between scientists, government officials, and the
public can influence the effectiveness of public and
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private response actions (e.g. Brantley et al.2019; Ching
et al.,2020) or cause mistrust of public officials. We ana-
lysed the case studies for a published communication
strategy (e.g. Brantley et al.2019) and for evidence that
official communication was occurring. In the latter case,
quotes from scientists or emergency managers in news-
paper articles were considered evidence that scientists
and/or emergency managers sought to communicate
with the public. Either a published account of a commu-
nication approach (e.g. Brantley et al.2019) or news-
paper articles quoting scientists or emergency managers
counted towards an eruption being awarded a“x” in
Table 12. This data type is not included in the summary
tables.

Evacuation data
Evacuations are one common type of governmental re-
sponse action to a lava flow crisis (e.g. Watts1986). An
evacuation can have both social and economic impacts.
How evacuations are implemented can affect how well
exclusion zones are maintained (e.g. Williams and
Moore 1983; Lacey2002a, 2002b). For example, first re-
sponders have commented that the non-binding evacu-
ation order issued during Kīlauea’s Lower East Rift Zone
Eruption in 2018 made it implement exclusion zones
(Tsang and Lindsay2019). We looked for comments on
evacuations in journal articles as well as Global Volcan-
ism Bulletin reports and newspaper articles. Some of the
evacuations in response to eruptions were voluntary
while others were mandatory and enforced by govern-
ment officials. In order to be awarded an“x” in Table
12, there had to be published information that an evacu-
ation occurred and there had to be at least some infor-
mation about its nature (e.g. did people leave on their
own accord). Some evacuations were described in detail
(e.g. how quickly they occurred, by what transportation
means, when people returned). We suggest that these
more detailed evacuation data are more useful when
extracting lessons and are, therefore, preferable. This
data type is included in the response column in the
summary tables.

Recovery narrative
After an eruption, communities and affected land often
undergo a recovery period. We analysed the literature
for recovery narratives. These descriptions of how the
land and communities recover over time after an
eruption can indicate how severe an eruption was as well
as providing details about necessary clean-up actions,
potential positive outcomes from an eruption (e.g. Wil-
liams and Moore1983), and how long it could be until
land can be used again. All of these descriptions of re-
covery can help for future eruptions. When searching
for such narratives, it is important to note that recovery

narratives can exist even if physical impacts have not
been documented, as recovery also includes non-
physical recovery, sometimes described at a community
level without reference to detailed physical impact data.
Similar to eruptive and response narratives, a narrative
timeline of recovery actions needed to be publicly avail-
able in order to be awarded an“x” in Table 12. This data
type is included in the recovery column of the summary
tables.

Community reactions
Community reactions to actions taken during the emer-
gency management cycle are needed to evaluate whether
actions functioned well/as intended or needed improve-
ment (Ching et al.,2020). Examples of positive commu-
nity reactions would be a local business member saying
that an emergency manager’s daily visits helped in
decision-making or residents reporting feeling comforted
by earthen barriers (where the positivity of a reaction is
based on the community members’ feelings). We were
looking for either peer-reviewed and/or grey literature
that was written by (or relied on interview data from)
community members to receive an“x” for this category
in Table 12. This data type is not included in the sum-
mary tables.

Applying lessons learned
After an eruption is over, applying the lessons learned
from an eruption is a way to ensure mistakes are not re-
peated and responses are improved (e.g. Nairn and Scott
1995; Durand et al. 2001; Sword-Daniels et al.2011;
Blake et al.2015). We looked in the literature for docu-
mented actions taken after an eruption that could help
in a future eruption sequence. For example, after the
1977 Piton de la Fournaise eruption, a monitoring net-
work was installed (e.g. Lenat2016; Staudacher et al.
2016). This data type can be difficult to elicit as the ap-
plication of lessons learned could be in confidential files;
in order to ascribe an eruption an“x” in Table 12, we
looked for documentation that changes had been made
in response to the eruption. This documentation was
sometimes found near the end of impact reports, or in
the form of recent research describing changes since a
previous eruption. This is included in the applying
lessons learned column in the summary tables.

Gap analysis
Most of the literature on lava flow crises comes from
media reports (i.e. non-peer reviewed sources) or the
Smithsonian Institute’s Bulletin of Volcanic Eruptions.
The Bulletin Reports are based on field reports from
responding scientists. As the reports do not have a
standard format, the information in each report varies
significantly.
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We found that many of our identified data types have
been reported in our literature review (Table12). More
than half of the eruptions (at least 19) that we examined
contained eruption and response narratives, and evacu-
ation data. Although the amount of data and number of
details recorded varies significantly from one eruption to
the next and one volcano to another, these data types
seem to be reported on with increasing frequency during
the period of time covered by the study. Communication
approaches and preparation and recovery narratives have
been published for at least one quarter of the eruptions
(more than 11 eruptions). As these data types are also
increasing in frequency in the form of published work
(e.g. Fearnly et al.2018) and government documents
(e.g. CDEM2015; County of Hawai’i 2019), we do not
discuss them further here.

Five data types (lava flow hazard modelling, lava flow
attributes, physical impacts, community reactions, and
applications of learnings) have been published in less
than a quarter of eruptions (i.e. 11 eruptions or less) and
are the focus of the remainder of this section, with a
suggestion that in future scientists should consider col-
lecting such data when possible.

Lava flow attributes
This data type covers many types of primarily quantita-
tive data. Some categories of lava flow attribute data,
such as a flow’s petrology, are already well documented.
The reporting of other categories, such as the effusion
rate, surficial temperature, and inflation rates, are
already improving with new technologies such as remote
sensing hotspot detection (Harris et al.2016a) and un-
manned aerial systems (e.g. Turner et al.2017). Still
other categories, such as internal temperatures, are not
as frequently published (Electronic Supplemental Mater-
ial A). When these least frequently reported categories
of data are reported, it is often in Global Volcanism Pro-
gram Bulletin Reports, but their inclusion is not consist-
ent. Increasing how often these data are published
compared to the rates that other data (such as a flow’s
petrology) are published would enable many different
types of studies, such as lava flow process studies, the
creation of vulnerability models (Wilson2015), and add-
itional modelling benchmark case studies (Cordonnier
et al.2016; Dietterich et al.2017).

Lava flow hazard modelling
Aspects of lava flow hazard modelling have been well
documented. For example, Harris et al. (2016a) provided
an overview of current lava flow areal footprint models
in 2016, provide suggested best practices (Harris et al.
2016b), describe an example of how lava flow modelling
can be integrated with GIS (Latutrie et al.2016), and in-
troduced benchmarking exercises for them (e.g.

Cordonnier et al.2016). Since, additional work on using
GIS to support lava flow modelling and impact assess-
ments has been conducted (e.g. Davoine and Saint-Marc
2016; Mossoux et al.2019), and there has been extensive
work about how lava flow models can be used after re-
covery (e.g. Tarquini and Favalli2016; Scifoni et al.
2010). Despite extensive documentation on lava flow
hazard models themselves and hazard modelling during
some of the case study eruptions, reports do not consist-
ently indicate attempted unsuccessful modelling, why
modelling was not undertaken, if modelling had been
undertaken prior to the eruption onset, whether and
how modelling results informed hazard communication
products such as hazard maps, and how modelling re-
sults have influenced actions before or during an
eruption. Insights, including when modelling has not
been undertaken or did not produce results in an ex-
pected manner, can provide useful information for
modifying models and preparing for future eruptions.
Additionally, context around lava flow hazard modelling
could help emergency managers who have not
responded to an effusive crisis before in their planning.

Impact data
Details about lava flow impacts are especially sparse. Im-
pact data is frequently limited to broad statements such
as “two lava flows issued from the fissure, cutting the
main circum-island road” (Global Volcanism Program
2019g) or “lava buried 80% of the coast[al] town” (Global
Volcanism Program2019e). More useful reports would
include more detailed information. For example, the
coastal town could be described with additional details
such as what the buildings were made of or if the burn-
ing was limited to within a few metres of the lava flow.
Similarly, after the eruption ends, it would be useful to
document how far away from the fissure the damage ex-
tended. Potential information could include how far
away from the fissure volcanic ejecta have been depos-
ited (which could potentially help volcanic ballistics re-
search) but also if there is any evidence of heat damage
at distance from the lava flow(s) (which could provide
information for thermal modelling of lava). An example
of this is included on page 32 of Tsang (2019b) when
discussing the remediation of the Pāhoa Transfer Station
after the June 27th Lava Flow.

Community reactions
Evacuations are relatively commonly documented in lit-
erature, but the details (such as how the evacuated resi-
dents coped with being evacuated, when exclusion zones
were lifted, and what event triggered the lifting of an
evacuation or exclusion zone) are generally lacking. Such
data can aid in planning pre-eruption messaging and
when drafting plans. Published reports suggest that some
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evacuation zones have more support from residents and
maintain their function more efficiently. Comparing
events in which residents returned to an evacuation zone
during an eruption (e.g. during the Fogo 2014–2015
eruption) to those in which residents did not return to
an evacuation zone during an eruption (e.g. during most
Piton de la Fournaise eruptions) could help extract
evacuation zone best practices. Community member
opinions on how messaging about evacuations helped or
hindered their evacuation process enables best practices
to emerge (e.g. community members commenting that
lava flow front arrival times would have helped them
time their evacuations more appropriately in Kīlauea’s
June 27th Lava Flow in 2014–2015 (Ching et al.,2020)).

Applying lessons learned
While some businesses prepare extensively for natural
hazards, documentation is frequently internal and confi-
dential. It is rare for preparation actions and trainings by
the local community and industry to be documented,
but knowledge of such actions could aid the planning in
other areas where the local volcano has been dormant or
since the area became populated.

Additionally, reports of an eruption tend to cover the
eruption onset through the end of the activity without
reflecting on long-term impacts of the eruption. Analysis
of how processes functioned would preserve institutional
history for people or groups that experienced the
eruption and would teach other people who may experi-
ence similar situations in the future (e.g. Nairn and Scott
1995; Durand et al. 2001; Sword-Daniels et al.2011;
Blake et al.2015). In some cases, this analysis may be
done internally (e.g. Black2019), but internal documents
that are not shared do not benefit the wider community
(e.g. Black2019).

Discussion
Although lava flows directly impact fewer urban cen-
tres per eruption compared to other more distributed
volcanic hazards such as tephra, the numerous lava
flow crises since 1950 reveal that lava flows can have
significant impacts on communities. Since lava flow
crises can have expensive and/or lasting effects on
communities, it is important to consider if lava flow
impacts can be mitigated. In order to make such a
determination, several more basic questions - such as
how do lava flows cause damage, how frequently do
lava flows exhibit the qualities that cause damage,
what mitigation measures have communities tested,
and were they successful - need to be answered first.
This work represents the first step towards answering
those basic questions by collating peer-reviewed and
grey literature on lava flow crises.

Documentation of eruptions
When analysing lava flow crises since 1950, it is evident
that more recent eruptions and eruptions in which large,
novel mitigation measures were implemented have been
more thoroughly documented than other, older erup-
tions. For example, less than a year after the last active
surficial lava was seen in the 2018 Kīlauea Lower East
Rift Zone eruption, a journal article, at least 73 scientific
abstracts, and more than 6100 newspaper articles had
already all been published online. Such online access to
information does not exist for older eruptions, likely due
to a range of factors: older literature may not have been
published online nor digitised; grey literature may not
remain online indefinitely; and because international ac-
cess to eruptions has not always been as easy, leading to
fewer scientific studies. Additionally, it has become eas-
ier to self-publish articles online via blogs and personal
websites. More eruption details are routinely being cata-
logued today than in the past. With more data preserva-
tion, it is possible to begin collecting systematic data
across eruptions and volcanoes. Here we suggest 11 dif-
ferent themes for which data should be collected to im-
prove our understanding of lava flow impacts and their
social implications. Five of these themes are underre-
ported and create gaps in our understanding of past
crises.

Although this collation of lava flow crises shows enor-
mous progress both in how communities respond to lava
flows and in what data is collected during effusive erup-
tions, the data presented could be augmented to aid in
lava flow vulnerability models and response and recovery
best practices. The eruptions described suggest there is
nuance to the impacts lava flows can have, but our
current damage paradigm (i.e. binary vulnerability
model) does not reflect this. Since data after an eruption
are currently collected based on the field geologist’s in-
terests and time, impact data is not always collected or
made widely accessible. Perhaps it is time to consider
creating a database with standardised data, such as an
expanded, crowd-sourced version of lava flow data in
the Critical Infrastructure Volcanic Impacts Database
proposed by Wilson (2015). One way to achieve this
would be to standardise the data collection process,
similar to what has been done for seismic damage (MBIE
2017). Although an expansion of the Critical Volcanic
Impacts Database implies a focus on physical impact
data, many of the other referenced data types would also
need to be stored to provide context for the impact data.
For example, in order to understand a concrete wall
spaudling (a physical impact), it would be important to
know how close the lava flow was, how hot it was, and
how long it was present in the final location. These are
all examples of lava flow attributes. Additional data
about the concrete itself would also help; for example,
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the age of the concrete would have implications about
its water content, which in turn affects spaulding. If the
concrete wall was part of a mitigation barrier, why was
this material selected and put in place at the given time?
Thus, while the impetus of expanding the Critical Infra-
structure Volcanic Impacts Database to more than infra-
structure would be to improve lava flow hazard and
impact studies, most of the data types described in Sec-
tion 4 should also be included in some form. The data
in such a database could also inform best practices after
lava flow crises to help guide actions related to future
eruptions and to aid people who may experience a lava
flow crises but have not yet. In order to establish best
practices, more data about the context around the lava
flow, the decisions made, the rationale for said decisions,
and the outcome of actions need to be documented.

Lessons from previous eruptions
One motivation to collate data on past lava flow inunda-
tions was to examine eruptions critically to collect les-
sons learned that can inform preparation, response, and
recovery plans at analogue volcanoes. Although we iden-
tified several key gaps during our literature review of
lava flow inundations since 1950, we were also able to
extract some key lessons that may be useful for other
areas. We group these lessons into five categories: com-
munity understanding, land use planning, evacuations,
mitigation, and recovery. Lessons from each category are
presented below.

Community understanding of the hazard
Communities that are more informed about volcanic
hazards tend to be more resilient to the negative conse-
quences of eruptions. One of the key learnings from
Piton de la Fournaise that could be applied elsewhere is
understanding the surrounding communities’ knowledge
of the volcano. Nave et al. (2016) found a positive correl-
ation between community understanding of volcanic
hazards and preparation for eruptions on the flanks of
Piton de la Fournaise (Table6). This suggests increasing
community understanding of the hazard could aid in
other locations although may prove difficult in areas
where the local volcano is not as active. In fact, some re-
searchers are actively working to improve community
understanding through novel outreach such as the game
HAZGORA (Mossoux et al.2016). One method may be
to capitalise on local indigenous knowledge and culture.
In Iceland, individuals were found to be more resilient
to and knowledgeable about volcanic phenomena due to
mythologies (Bird et al.2011). Research on community
resilience after the June 27th Lava Flow at Kilauea
showed similar results: mythology and oral traditions
have had a demonstrable effect on community and indi-
vidual resilience and understanding of the hazard (Ching

et al.,2020). Future research could include relating com-
munication strategies to a community’s understanding
of volcanic hazards.

Hazard modelling to inform planning
Studies and eruptions at several of the volcanoes have
demonstrated how lava flow footprint modelling can be
used to inform planning before, during, and after erup-
tions. After the 1986 Izu-Oshima eruption threatened
towns and key infrastructure, a lava flow model was cre-
ated to determine other areas at high risk of inundation
(Ishihara et al.1989). This study underscores how lava
flow modelling can be used during and after a crisis to
predict which areas are at highest risk and enables in-
formed planning. Scientists have undertaken taken simi-
lar work to inform mitigation measure placement during
Etna eruptions since the early 1990s (e.g. Dobran and
Macedonio 1992; Barberi et al.2003). Lava flow hazard
maps created based on lava flow modelling outputs prior
to an eruption can be compared with actual areas inun-
dated by lava flows to evaluate the efficacy of both the
maps and the modelling outputs.

Modelling conducted after eruptions can also be use-
ful. For example, the 1977 and 2002 Nyiragongo erup-
tions emphasised that the foiditic composition of the
lava can produce flows that advance very quickly. After
the 2002 eruption, probabilistic lava flow modelling was
undertaken (Chirico et al.2009) to inform preparedness
and allow for mitigation planning. The results of the
modelling demonstrated that the“no man’s land” be-
tween the Democratic Republic of Congo and Rwanda
would be a realistic place to redirect lava flows (Chirico
et al. 2009). Due to the speed of the lava flows in the
area, measures to divert flows into the empty land must
be in place before the lava begins erupting.

While this tactic may work in a location like Goma
where large areas of open space can be zoned, this miti-
gation measure may not work as well in other cities.
Such modelling studies are important because they es-
tablish that a volcano without numerous background
studies detailing the lava flow’s attributes can still benefit
from hazard modelling to inform planning. Hazard mod-
elling studies can benefit from additional lava flow attri-
bute data, which can inform benchmarking studies such
as Cordonnier et al. (2016) and Dietterich et al. (2017).

Evacuations
Two evacuation lessons can be extracted from the case
studies: 1) Lava flow secondary hazards can be severe
enough to require evacuations, and 2) boat evacuations
can be highly efficient both in terms of timing and in
maintaining security. When a lava flow threatens a com-
munity, evacuations are frequently called for primary or
secondary hazards. The eruptions at Mt Cameroon
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emphasise that lava flows’ secondary hazards, such as fires
and laze, can pose an important hazard both to the built
environment and to people’s health (Global Volcanism
Program 2019a). Although towns in Cameroon have not
been evacuated because of lava flows themselves, they
have been evacuated due to poor air quality due to local
forests burning (e.g., the 1999 Mt. Cameroon eruption in
which Bakingili and Batoke were evacuated (Global Vol-
canism Program2019a)). During both the 1973 Vestman-
naeyjar Volcanic Field (Iceland) and the 1986 Izu-Oshima
eruptions, whole island evacuations were conducted using
industrial boats (Watts1986; McPhee1989). The evacua-
tions both relocated the vast majority of the islands’ popu-
lations and were completed in less than a day (Watts
1986; McPhee1989). On Heimaey the evacuation meant
access to the exclusion area was strictly controlled with
first responders evacuating buildings as needed (McPhee
1989). By strictly limiting who could enter the exclusion
area, identifying who was allowed to be in a cordoned area
was easier (than in eruptions elsewhere), and there were
no reports of looting. It has also been posited that by lim-
iting how many belongings were evacuated, the repopula-
tion process was likely faster after the evacuation order
was lifted (Williams and Moore1983; McPhee 1989).
Evacuation data is generally well reported and can inform
planning actions.

Physical mitigation measures
Although structural mitigation actions can introduce un-
acceptable legal liabilities, mitigation actions have been
shown to be effective in several eruptions. Mitigating
damage caused by lava flows generally takes an avoid-
ance approach, i.e. communities see diverting flows as
the best way to mitigate damage to an area. When miti-
gating potential damage from lava flows, the goal is not
to protect everything; it is simply to protect the most
valuable asset(s). Dropping objects in lava flows to slow
their advance has been tested although has always been
deemed unsuccessful (e.g. Barberi et al.1993). Three
methods have been tested and shown to be successful.

1. Diversion barriers. As diversion barriers are only
useful at stalling a lava flow they represent a
method to buy extra time to move people and
objects away from the projected lava flow course or
to build a different redirection method such as an
artificial channel (Barberi et al. 1993). They have
been tested during multiple eruptions at Mt. Etna.
Although Macdonald (1975) states that ‘a’ā lava
flows cannot be redirected using earthen barriers
due to their high viscosities compared to pāhoehoe
flows, Italian efforts to protect the built
environment show otherwise (Barberi et al. 1993).
During Kīlauea’s 1955 and 1960 eruptions, diversion

barriers were constructed although overtopped.
These barriers demonstrate that even if an earthen
barrier is overtopped, it may have protected the
community (Barberi et al. 1993). If the eruption
ends shortly after the barrier is overtopped, the lava
flow might not inundate the asset it is protecting
(Stewart 2014).

2. Redirection channels. Because it is potentially
problematic that lava flows thicken and overtop
diversion barriers, Italians have pioneered
redirection channels (Barberi et al. 1993). The first
attempt was undertaken in 1983 and did not divert
a significant portion of the lava (Tsang and Lindsay,
in prep). During the second attempt in the 1991–3
eruption, the hole in the side of the lava tube was
significantly larger and diverted more of the flow
(Barberi et al. 1993). Scientists credit the success of
the second attempt to lessons from the first
attempt, e.g. they learned that cooling the wall of
the lava tube to insert the explosives made the
explosives less effective (Tsang and Lindsay, in
prep). They also found that a redirection channel
only needs to be angled a few degrees subparallel to
the natural channel to be effective (Scifoni et al.
2010). The final redirection channel lesson is that
there is rarely a good place into which lava can be
redirected (e.g. Chirico et al. 2009). Although towns
were threatened during the Mt Etna 1991–1993
eruption (Table 1), any lava flow redirection would
have sent lava into land covered by native bush
(Carapezza 2017). Thus, the local environmentalist
community did not support the lava flow
redirection (Schanche 1983; Carapezza 2017).

3. Lava cooling. The third lava mitigation measure has
been referred to as “watering the flow” and has
been tested during the 1973 Vestmannaeyjar and
1983 Miyakejima eruptions. The Vestmannaeyjar
eruption was the first eruption in which water was
successfully used to protect an area (Williams and
Moore 1983; Aramaki et al. 1986). The success can
be attributed to many factors, including an endless
supply of water from the adjacent harbour and a
fortunate timing to the end of the eruption
(McPhee 1989). The Miyakejima eruption
demonstrated success with an order of magnitude
less total water volume, rate at which the water was
sprayed, and amount of water normalised by total
volume of lava than the Vestmannaeyjar eruption,
but the success of this method can be at least
partially attributed to the timing of the end of each
eruption.

Although each of these mitigation measures has been
enacted after the eruption onset, scientists have begun
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holding mitigation measure discussions during prepar-
ation phases of the disaster planning cycle. For example,
lava flow modelling studies at Nyiragongo have pin-
pointed the best place to redirect lava flows and pro-
posed diversion barriers (Chirico et al. 2009).
Discussions about Mauna Loa lava flows have pro-
gressed even farther. Mitigation measures have been
considered so far in advance that lava protection walls
are erected at the same time assets with high community
value are built, such as around the USA’s National
Ocean and Atmospheric Administration’s Mauna Loa
Observatory (Pipkin et al.2010; Kauahikaua and Tilling
2014). This is one approach to lava flow diversions and
mitigations and should be noted as an important lesson
for areas that could have rapid-onset eruptions.

The legal liability of such actions needs to be carefully
considered. Legally, governments in Hawaii do not want
to accept the liability of destroying one asset to protect
another (MacDonald1958; Poland et al.2015). The ex-
ception to this rule was created during discussions dur-
ing the 1984 lava flows (Poland et al.2015). When a
highly valuable community asset, such as the Hilo Hos-
pital, is threatened by a lava flow, officials in Hawaii are
willing to consider mitigating the impact of the lava flow
on this asset by diverting the flow (Poland et al.2015).

Recovery
Anecdotes from after lava flow crisis suggest two lessons
about lava flow damage: 1) lava flow damage may not be
binary, and 2) assets can sometimes be reused again after
eruptions. Although lava flows are often considered to
cause binary damage, it is not unheard of for communi-
ties to become re-established after a lava flow crisis is
over. Within two years after the 1973 Eldfell eruption,
85% of the town’s population had returned (Williams
and Moore1983). Fish processing plants which had been
partially surrounded by lava were functioning again
(Williams and Moore 1983). For over a decade after the
eruption, heat from the lava flow was being harnessed to
heat Heimaey’s water and provide electricity to the town
(Williams and Moore 1983). In less than a month after
lava flows traversed the city of Goma, people had
returned home and continued about their daily business
(Lacey2002a, 2002b). Less than a year after the town of
Portela was inundated by the 2014 Fogo eruption, the
community was rebuilding and unburying buildings
(Jenkins et al.2017).

Conclusion
Although lava flow crises capture the world’s attention,
they are not as rigorously documented by the scientific
community as other volcanic hazards are, nor have they
been systematically compared in order to investigate re-
search gaps, best practices, or vulnerability models. Here,

we summarise all basaltic lava flow crises since 1950 that
have been described in scientific or grey literature. After
analysing the published record, it becomes apparent that
certain types of data - such as physical impact data,
community reactions to the crisis, how people prepared
for the crisis, and how the crisis affected preparations
after the eruption - are rarely recorded. Additionally,
lava flow attribute data and the context and decision-
making around lava flow modelling undertaken during a
crisis are not consistently published. Thus, we recom-
mend a larger community discussion about how to col-
lect and catalogue the suggested data, which can aid in
collating information about lava flow impacts and soci-
etal effects, and best practices associated with managing
lava flow crises. Here, we presented lessons about how
increased community understanding of lava flows en-
hances community response during an eruption and
how lava flow modelling can assist in planning. Our lit-
erature review also demonstrated that some evacuation
policies are more effective than others, that some lava
flow mitigation measures have been successful, and that
inundated land can be reused.
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