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Abstract 

The recent destruction of thousands of homes by lava flows from La Palma volcano, Canary Islands, and Nyiragongo 
volcano, Democratic Republic of Congo, serves as a reminder of the devastating impact that lava flows can have 
on communities living in volcanically active regions. Damage to buildings and infrastructure can have widespread 
and long-lasting effects on rehabilitation and livelihoods. Our understanding of how lava flows interact with build-
ings is limited and based upon sparse empirical data. Often a binary impact is assumed (destroyed when in contact 
with the flow and intact when not in contact with the flow), although previous events have shown this to be an over-
simplification. Empirical damage data collected after past events provide an evidence base from which to better 
understand lava flow impacts across a range of building types, environments, and eruption styles, as well as to explore 
the temporal and spatial trends in these impacts. However, information on lava flow impacts is scattered across litera-
ture, reports, and maps; no comprehensive dataset of lava flow impacts exists. In this study, we compile and standard-
ise lava flow impact information from previously compiled data, eruption records, and published literature to create 
the first comprehensive global dataset of impacts on the built environment from lava flows. We found that since the 
first recorded event between 5494 yr B.P. and 5387 yr B.P., lava flows from at least 155 events have impacted buildings 
or infrastructure (e.g., roads, electricity pylons, ski-lifts), with most (47%, n = 73) recorded as located in Europe. Over 
the last century, there have been approximately seven lava flow impact events per decade (n = 71 total). This greatly 
expands on the past compilations of lava flow impact events. Since ca. 1800 CE, impacts have been consistently 
documented for less than 14% of recorded eruptions with lava flows globally; prior to 1800 CE, impacts were recorded 
much more variably (between 0 and 70% of lava flows in any 10-year time bin). The most destructive recorded events 
were the 1669 CE lava flows at Etna volcano, Italy, which destroyed up to 12 villages and part of the city of Catania, 
and the 2002 CE lava flows at Nyiragongo volcano, Democratic Republic of Congo, which destroyed up to 14,000 
buildings. We found that few studies in the dataset report building typology, damage severity, or hazard intensity 
at the building-level scale, limiting our ability to assess past building-lava interactions. Future collection of building-
level hazard and impact data, supplemented with non-English language records, can be used to inform models 
that forecast future impacts, support lava flow risk assessments, and develop potential mitigation measures.

Introduction
Assessing the impacts of past events is an essential part 
of understanding the future risks that communities face 
in volcanically active regions. Global disaster databases 
compiling past events and impacts have been used as 
a tool to guide future research and policies in disaster 
risk reduction (e.g., Emergency Events Database [EM-
DAT]: CRED, n.d.; Global Disaster Identifier Number 
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[GLIDE]: GLIDEnumber, n.d.; Disaster Inventory Sys-
tem [DesInventar]: UNDRR 2015a). More specific data-
bases that document past impacts for natural hazards, 
including earthquakes (Spence et al. 2011), floods (Gour-
ley et  al. 2013), storms (Ciavola et  al. 2018), and land-
slides (Kirschbaum et  al. 2010), can be used to identify 
the range and scale of potential impacts expected for a 
particular hazard. Having a complete catalogue of past 
disasters is also fundamental to meeting the priorities 
of the Sendai Framework for Disaster Risk Reduction 
2015–2030 (UNDRR 2015b). These databases provide 
a baseline for researchers, governments, and communi-
ties to assess temporal and spatial trends in risk and can 
guide future decision-making and investments in mitiga-
tion measures (Mazhin et al. 2021; Moriyama et al. 2018). 
For example, where building-level empirical damage data 
are available, they can be used to provide insights into the 
vulnerability of similar buildings in future events in the 
same region or another region with similar building types 
(Wilson et al. 2014). With enough data, the relationships 
between damage and hazard intensity can be used to 
build robust impact forecasting models (e.g., Chua et al. 
2021; Williams et  al. 2020; Lallemant et  al. 2015; Sup-
pasri et al. 2011; Tomiczek et al. 2017). This analysis can 
be used to evaluate building vulnerability, improve build-
ing design, and give guidance for mitigation measures. It 
can also be used to issue warnings (Potter et al. 2021; Sai 
et al. 2018). However, in order to do this, a consistent and 
comparable catalogue of past impacts is required.

For lava flow impacts, there is no comprehensive data-
set of events despite the scale and severity of lava flow 
impacts on the built environment (Blong 1984; Harris 
2015; Jenkins et al. 2017). Lava flow impacts on popula-
tion centres were previously estimated by Harris et  al. 
(2016) to occur twice every decade. In 2021 CE alone, 
lava flows from Nyiragongo, Democratic Republic of 
Congo (DRC), and La Palma, Canary Islands, destroyed 
3,629 homes (Global Volcanism Program 2021) and 2,896 
buildings (Global Volcanism Program 2022), respectively. 
Current disaster databases include events based on dif-
ferent classifications for different purposes. For example, 
the international disaster database EM-DAT (CRED, n.d.) 
identifies key disasters, defined as events with at least 10 
or more fatalities, 100 or more people affected, a state of 
emergency declared, or a call for international assistance 
included. It records nine lava flow disasters since 1900 
CE, with the first at Fogo volcano, Cabo Verde, in 2014 
CE (CRED, n.d.), and two disasters attributed to the 2021 
CE Nyiragongo lava flows (in both the DRC and Rwanda). 
Blong (1984) described 22 case studies of past lava flow 
events across 15 volcanoes, and their impacts on struc-
tures, including their relation to hazard intensity. Recent 
volcanic studies (e.g., Harris 2015; Jenkins et  al. 2017; 

Meredith et al. 2022) have included some quantification 
of buildings or villages destroyed in past lava flow events 
to provide context to their work, but only included events 
occurring in specific years and/or affecting certain num-
bers of buildings. Other work has compiled case studies 
of lava flow crises, including those that do not contact 
structures (Peltier et al. 2022; Tsang and Lindsay 2020). A 
key recommendation of Tsang and Lindsay (2020) is the 
standardisation of past lava flow damage data. In order to 
assess the extent and range of impacts from lava flows, a 
more comprehensive catalogue of higher resolution (such 
as building-level damage information) is required, to bet-
ter inform policy, decision-making, and prioritisation of 
future study.

Damage data collection in volcanology has primarily 
focussed on impacts from tephra fall (Deligne et al. 2022). 
This study provides the first comprehensive dataset of 
recorded lava flow events that have impacted the built 
environment. We compile and standardise hazard and 
impact information from past lists of lava flow impact 
events (e.g., Blong 1984; Harris 2015; Jenkins et al. 2017; 
Tsang and Lindsay 2020; Meredith et  al. 2022), Global 
Volcanism Program (2023) records, and other English-
language published literature and newspaper articles. The 
standardisation of hazard and impact data into one cen-
tral dataset provides easy comparison between events. 
We use the dataset to assess temporal and spatial trends 
in the impact events. The dataset also provides a template 
for future data collection and guides further study. We 
use the dataset to identify gaps in current knowledge in 
terms of the precision and detail of empirical impact data 
that are recorded. We also assess whether the key lava 
flow hazard intensity metrics identified by Wilson et  al. 
(2014) are being reported in impact studies. By under-
standing the gaps in past knowledge, we can assist future 
volcanology studies to collect more useful and complete 
data in order to assess building-lava interactions and 
reduce future lava flow risk.

Methods
To assess our current knowledge regarding lava impacts 
on the built environment, we constructed a dataset of 
past lava flow impact events. A lava flow impact event 
refers to impacts during a stage of effusive activity (as 
defined by Jenkins et  al., 2007), where at least one lava 
flow impacted the built environment (buildings and/
or infrastructure). This research required an extensive 
methodology to compile information and capture every 
impact event possible. For this first compilation, we con-
strained our search to English-language records only; 
valuable future work would be to expand beyond this to 
account for local language records. Records of impacts 
from lava flows on the built environment were compiled, 



Page 3 of 19Meredith et al. Journal of Applied Volcanology            (2024) 13:1  

ranked, and selected to compile the lava flow impact 
event dataset. For an overview of the methodology used 
in this study, see Fig. 1.

Data sources
Data on lava flow impacts in the English language were 
compiled and interrogated from four sources: 1) Past 
published global lava impact event lists; 2) Global Vol-
canism Program (2023) records; 3) English-language 
newspaper articles; and 4) English-language published 
studies (Fig. 1). From here, a study refers to a published 
journal article, book, report, or similar found in our lit-
erature search. There may be data on multiple events 
within a single study or source, and data on a single event 
may be found across multiple studies or sources.

First, we collated data from six existing published 
global lava flow impact event lists, which filter events 
by date and/or scale of impact (Fig.  1A). Blong (1984) 
listed examples of lava flow damage to buildings from 
22 eruptions from 1706 to 1983 CE and explored these, 

and an additional three, case studies in the text, with 
information sourced from newspaper articles and other 
scientific literature. This included 12 events that are not 
in the other six event lists (Fig.  1A). Harris (2015) and 
Harris et  al. (2016) listed 13 examples of towns or vil-
lages completely or partially inundated by lava between 
1900 and 2005 CE, updating the list from Blong (1984) 
by eight events. The lava flow impact assessment of Jen-
kins et al. (2017) updated Blong (1984) and Harris (2015) 
by an additional two events, listing eruptions with lava 
flow impacts of > 20 houses destroyed between 1965 and 
2015 CE. Tsang and Lindsay (2020) investigated impacts 
from 42 basaltic eruptions that have affected surround-
ing communities since 1950 CE, of which 25 lava flow 
events have impacted either buildings and/or infra-
structure. This included eight eruptions not covered in 
the other event lists, with information sourced from an 
English-language literature review and the Global Vol-
canism Program (2023). Most recently, Meredith et  al. 
(2022) used other scientific literature and the Global 

Fig. 1 An overview of the methodology applied in this research. Four data sources are shown on the left as blue oblongs (A-D) and were compiled 
and filtered by the inclusion criteria stated within the box at the bottom right of the figure. GVP stands for the Global Volcanism Program (Global 
Volcanism Program 2023). For GVP records, the database Geological Summaries and Bulletin Reports were mined for data. For the published 
studies with impact data (D), for each impact event, each study was ranked by the specificity of study type (E; centre lower purple hexagon). The 
study types (with topic examples in brackets) ranked from highest to lowest are: 1) eruption impact assessment, 2) eruption study (e.g., eruption 
report, eruption chronology), 3) volcano study (e.g., geology of the volcano, past eruptions), 4) general volcanology study (e.g., other volcano, 
hazard modelling), and 5) other study (e.g., other natural hazard, disaster risk). Eruption or volcano studies are focussed on the eruption or volcano 
where the impact occurred. General volcanology studies include those where the focus is on a different volcano. Up to 10 of the highest-ranking 
studies for each event were selected. The hazard and impact information collated for each event across the four sources were ranked by scale (F; 
centre top purple hexagon) and the highest ranked data for each event were selected for the lava flow impact events dataset (G; right orange 
rectangle)
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Volcanism Program (2023) to list 21 eruptions with lava 
flow impacts from 1970 to 2022 CE to at least one build-
ing, four events more than listed previously. These six 
published event lists resulted in data on a total of 52 lava 
flow impact events.

In order to update the existing event lists to build a 
more comprehensive and standardised dataset with as 
many events as possible, we gathered impact data from 
three additional sources. The Smithsonian Institution’s 
Global Volcanism Program (2023) compiles records on 
global Holocene volcanoes and eruptions, with infor-
mation from scientific literature, observatories, and vol-
canological bulletins. We refer to these records as GVP 
records (Fig.  1B). We used web-scaping and program-
matically queried the Global Volcanism Program (2023) 
Bulletin Reports and Geological Summaries for mention 
of relevant strings (shown in Fig. 1B), ignoring punctua-
tion and capitalisation (the code for this is provided at: 
https:// github. com/ elino rmere dith/ GVPsc rape). We 
manually read those reports and selected those that fit 
the inclusion criteria (Fig. 1).

We extended our event search to English-language 
newspaper articles using online article databases 
Elephind, Google News Archive, and Gale NewsVault 
to search for mention of relevant strings (shown in 
Fig. 1C). We filtered up to the first 50 articles for each of 
the search terms for each website, as most search terms 
resulted in less than 50 results and any results over 50 
results became repetitive. From these, we selected news-
paper articles that fit the inclusion criteria.

The final data source was other published English-lan-
guage studies (Fig. 1D). We conducted a systematic liter-
ature search, using Google Scholar, of published research 
papers, books, reports, and grey literature to identify 
studies mentioning lava flow impacts on the built envi-
ronment (Fig.  1D). This was conducted by one author 
(EM) in September 2021 and repeated in December 2022 
for any additional studies. For the initial search using the 
terms listed in Fig.  1D, we filtered through the top 100 
results ranked by relevance. We did not filter beyond 
the 101st result for each search as the studies became 
repetitive and less relevant. Our inclusion criteria were 
studies that report past or current lava flows and focus 
on or mention qualitative or quantitative information 
about impacts to buildings (e.g., homes, villages, cities) 
or infrastructure (e.g., roads, ski-lifts, electricity network) 
(Fig. 1). To capture as much information as possible from 
these events, we conducted a further literature search 
(Fig.  1D). Using Google Scholar, we searched terms, 
shown in Fig. 1D, including the volcano name from each 
event compiled. The volcano names are provided in the 
Supplementary Material, including additional names of 
the eruptive fissures or cones, and/or alternate spellings 

for the volcano, that were included in the search. The 
first 30 results were selected, except for Etna, Kīlauea, 
and Vestmannaeyjar volcanoes where we selected the 
first 50 results, as results beyond these became repeti-
tive or irrelevant. We removed repeated results or stud-
ies that did not fit the inclusion criteria. We also removed 
from subsequent analysis studies that were unavailable 
online, even through our institutional online subscription 
services.

Many of these studies reference other sources when 
mentioning impact information. For any studies that 
cited another study when referring to lava flow impacts, 
these cited studies were added if available and filtered by 
the inclusion criteria. This process was repeated until the 
information did not have a citation. Information found 
in cited studies was duplicated in studies citing this 
source. This was done so that all impact information was 
captured and any information from unavailable studies 
would still be included.

For each study, we collated information, including 
the publish date and type of publication (e.g., eruption 
impact assessment, eruption chronology, non-volcan-
ology study). Studies were classified into different types 
(listed in Fig. 1) based on their relevance to the eruption 
or volcano where the impact occurred. For each event, we 
ranked the studies by specificity of study type (listed in 
Fig. 1) and selected the highest-ranking studies for each 
impact event. We based these rankings on study topic 
relevance. This means that the potentially less specific or 
relevant sources (e.g., general volcanology, other sources) 
were only included if there were less than 10 studies for 
a specific lava flow impact event. If multiple studies of a 
certain study type resulted in more than 10 records for 
an event the most relevant records were selected. In total, 
we collated 536 records of lava flow impacts within 299 
studies. The list of studies is given in the Supplementary 
Material.

Inclusion criteria
In order to compile events on lava flow impacts, we cre-
ated criteria to determine if the record of impact should 
be used in the dataset. We defined that there must be ref-
erence to hazard, asset, and impact information; Table 1 
gives examples of the terminology used to determine 
whether the information was used in the dataset. There 
must be reference to lava, and we did not include impacts 
from block-and-ash flows, nuées ardantes, or lava domes. 
We included information with phrases that refer to direct 
impact, such as damaged or destroyed (e.g., Jenkins et al. 
2017; Bonaccorso et al. 2016; Siebe 2000), and also those 
that refer to the mechanism of damage, such as engulfed, 
buried, or covered (e.g., Ramírez-Uribe et al. 2021; Brown 
et  al. 2017; Chester et  al. 1985), as these imply impact. 

https://github.com/elinormeredith/GVPscrape
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However, we did not include phrases not implying con-
tact, such as threatened (e.g., 1959 CE Mount Cameroon, 
Cameroon: Jennings 1959; 1832 CE Piton de la Four-
naise, La Réunion: Stieltjes and Moutou 1989; 1986 CE 
Izu-Oshima, Japan: Global Volcanism Program 1986). 
For the asset, we retained all information referring to 
impacts on human-made physical structures on a large 
scale (e.g., villages, settlements, cities) or individual 
structures (e.g., buildings, ski-lifts, ancient structures 
such as pyramids). If only impact on people or agricul-
ture, and not structures, was recorded, these events were 
not included unless there was reference to structures 
such as farmhouses or farmsteads (Table 1). We also did 
not include impacts on hiking trails (e.g., 2018 CE Piton 
de la Fournaise, La Réunion: Global Volcanism Program, 
2018a). Events where lava flows were recorded to have 
severed, cut across, or traversed roads were included 
(e.g., 1979 CE Etna, Italy: Chester et  al. 1985; 2004 and 
2007 CE Piton de la Fournaise, La Réunion: Peltier et al. 
2022, Tsang and Lindsay 2020; 1959 and 1982 CE Mount 
Cameroon, Cameroon: Wantim et al. 2018), as contact of 
lava with roads results in impact (Hayes et al. 2022; Mos-
soux et  al. 2019; Wilson et  al. 2014). If the phrase used 
was ambiguous, we used other studies to verify if lava 
flow hazard was present during the eruption (Table  1). 
For example, “lava reached” may not imply contact and 
“impact to populations” may not include structures.

In total, from all four sources of data (Fig.  1A-D), 
there were data across 155 lava flow impact events 
between ~ 3491 BCE and 2022 CE.

Creating the lava flow impact event dataset
For the structure of the lava flow impact event data-
set (Fig.  1G), we followed the structure of Brown et  al. 
(2017), with the aim of simplifying the information from 
different sources on each lava flow impact event into one 

standardised dataset, whilst preserving the original data. 
Each row in the dataset (as a lava flow impact event) cor-
responds to an event, referring to a stage of activity with 
lava flow impact on the built environment. For example, 
the 1983 – 2018 CE Kīlauea eruption, USA, is classified 
as two events: the Puʻuʻōʻō effusion (1983 – 2018 CE) 
impacting Kalapana and Royal Gardens, and the lower 
East Rift Zone effusion (3 May – 4 August 2018 CE). The 
impacts of the Puʻuʻōʻō effusion stage (1983 – 2018 CE) 
can be split into further episodes, which are included 
in an additional sheet in the Supplementary Material. If 
recorded, the year of impact was added, otherwise, the 
start year of the episode of activity was selected from the 
Global Volcanism Program (2023). Any record of uncer-
tainty around the impact year is added to the Stage of 
Activity column. For example, if there is an uncertainty 
range around the starting year, we selected the mean 
average starting year (e.g., 5494  yr B.P. to 5387  yr B.P. 
Etna, Italy, was entered as -3491 in the events dataset). 
To provide context for each lava flow impact event, we 
added information from the Global Volcanism Program 
(2023) including the volcano number, volcano name, 
country, region, latitude, longitude, start and end erup-
tion dates, volcano type, and tectonic setting.

For all sources of data compiled (Fig. 1A-D), we noted 
the information regarding any qualitative or quantita-
tive hazard metrics or characteristics (e.g., lava thick-
ness, velocities, field volume, field area) and impact 
(e.g., number of buildings or villages destroyed, quali-
tative impact descriptions, amount of infrastructure 
destroyed). We also recorded the scale of both hazard 
data (e.g., maximum, average, point data at one loca-
tion) and impact data (building-level, settlement-level, 
infrastructure only).

To select the most precise data for the dataset, 
for each event, we filtered the hazard and impact 

Table 1 Examples of hazard, impact, and asset terminology in the record of impact used to determine inclusion or rejection of the 
information in this research. There must be reference to hazard, impact, and asset/s (each row). However, for each row, if there is only 
reference to a term in the fourth column, the information is not included. For example, if impact from lava and block-and-ash flows 
damaging villages is recorded, this is used in the dataset compilation; however, if it only refers to impacts from block-and-ash flows 
damaging villages, it is not included. Other sources were used to verify the impact from lava flows on the built environment if only a 
term in the third column was used. For example, lava flows reaching a town would be verified with other sources

Term type Included Verified with other sources / 
marked as uncertain

Not included

Hazard Lava, lava flow Lava mud, lava flood, cold lava, lava avalanche, 
block-and-ash flow, lava dome, nuée ardente, 
PDCs

Impact Damaged, destroyed, engulfed, buried, cov-
ered, severed, cut, traversed, impacted, razed, 
invaded, into, enveloped

Reached Threatened, toward

Assets Villages, settlements, cities, towns, buildings, 
houses, roads, ski-lifts, pyramids, farmsteads, 
railways, spas, base camps, water tanks

Populations, areas, regions, properties Farms, farmland, agriculture, fences, hiking trails
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information by scale (i.e., prioritising those on a build-
ing-level scale over a settlement-level scale) (Fig. 1F). 
For quantitative data, where different sources gave 
multiple values, we selected the median value and 
provided the range of values in the Range column. 
For example, if various records for an impact event 
showed impacts of 10, 13, 20, and “many” buildings 
impacted, the data will be entered as 13 in the Median 
Buildings Destroyed column, and 10 – 20 in the Range 
of Buildings Destroyed column. All impact informa-
tion and references were included in the Damage 
Notes column. This is also the same for the lava flow 
Area and Volume columns. For qualitative impact 
data we listed all information; however, this was only 
entered when no quantitative data were available. 
Other information such as impacts to infrastructure 
(e.g., roads, ski-lifts, electricity pylons), agriculture 
 (km2 of land), and people (numbers of fatalities or 
evacuations) were also added to the dataset. If fatali-
ties were recorded, we added information about the 
fatalities from Brown et  al. (2017), if available. Haz-
ard data such as the lava flow area, volume, length, 
or velocity were also noted in the dataset if recorded. 
Data were converted into the same comparable unit in 
the lava flow impact event dataset, using the metric 
system. To establish a comprehensive dataset, we used 
additional English-language literature sources and the 
Global Volcanism Program (2023) records to fill in any 
missing hazard information if available, referenced in 
the dataset. If the Global Volcanism Program (2023) 
records state that the lava flow entered water, and/or 
the episode of activity exhibited other hazards, these 
were added. The data source references for hazard and 
impact information were added in separate columns. 
This resulted in a dataset with a total of 155 recorded 
lava flow impact events (Fig.  1G; Supplementary 
Material).

This research focussed on impacts on physical struc-
tures. The dataset solely presents the recorded impacts 
of lava flow impact events on the built environment 
(buildings and/or infrastructure) and relevant infor-
mation associated with these events (e.g., agriculture 
impacts, fatalities, evacuations). The dataset does not 
include the many other events that have caused evacu-
ations, fatalities, or impacts on the natural or agricul-
tural environment but that have not impacted the built 
environment. Wider cascading impacts or impacts on 
aviation or climate are not included. Whilst we recognise 
that these impacts and impacts recorded in non-English-
language sources, as well as other social and economic 
impacts, are important and should be expanded upon 
in a future update of the dataset, these are out of our 
research scope.

Uncertainty of impact events
We noted in the Uncertainty of Events column if there 
were any uncertain information used in the compilation 
of the dataset. However, all events were included in sub-
sequent analysis. The four sources of uncertainty are as 
follows:

A) Grouping of impact data. Impacts from additional 
hazards such as tephra fall or pyroclastic density cur-
rents (PDCs) may be included within the total num-
ber of impacted structures. In some instances, it is 
difficult to distinguish the cause of the initial impact 
when studies report total eruption impacts (1914 CE 
Sakurajima, Japan: Omori 1916). If the type of addi-
tional hazard is known, this was added to the Uncer-
tainty of Events column.

B) Inference of impacts. For eruptions where there were 
no direct observations of impact, some studies have 
inferred lava flow impacts based on archaeological 
evidence, or the presence of nearby settlements (e.g., 
1075 CE San Francisco Volcanic Field, USA: Elson 
et  al. 2002; 2670 BCE Harrat Ash Shaam: Trifonov 
2007; 5494 yr B.P. and 5387 yr B.P. Etna, Italy: Magli 
et al. 2022).

C) Contradictory evidence. For a few examples, other 
studies provided evidence to imply that the event or 
impact may not have occurred, had occurred at a dif-
ferent time, or was caused by another hazard (e.g., 
1902 CE Savai’i: Taylor and Talia, 1999; 1814 CE 
Mayon: Bankoff et al., 2020). For these case studies, 
contradictory evidence was noted in the Uncertainty 
of Events column. If the sources referencing the haz-
ard mark the event as uncertain this is added to the 
Uncertainty column (1883 CE Karthala, Comoros: 
Morin et  al. 2009). If there were events where later 
studies disproved the occurrence of the impact event 
these were detailed in the Later Proved Invalid col-
umn (e.g., 253 CE Etna, Italy: Branca et al. 2016; 1631 
CE Vesuvius, Italy: Arnò et al. 1987).

D) Ambiguous terminology. There are sometimes mul-
tiple or no local language translations of English 
volcanological terms (Harris et  al. 2017); this may 
lead to the term “lava” used in records to represent 
other hazards. Difficulty in determining the cause 
and result of the impacts may be apparent for the 
more andesitic eruptions in Indonesia, the Philip-
pines, and South America, where deposits of block-
and-ash flows, lahars, or PDCs are often referred to 
as lava (Orense and Ikeda 2007). In these potential 
cases, alternate studies were used, and any photo-
graphs provided were analysed to clarify the role 
that different hazards, such as lahars or PDCs, had 
in the recorded impact, and any contradictory evi-
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dence was noted in the dataset (1814 Mayon, Phil-
ippines: Bankoff et  al. 2021). If the impact or asset 
information is vague, for example, the words “area” or 
“reached” are used (Table 1), these events are marked 
as uncertain, and to be included, other studies are 
used to verify the event.

Results
There are two main components of our results: first, 
we present the sources used to build the dataset and an 
assessment of the gaps in the amount and detail of the 
information being recorded, then we present the lava 
flow impact event dataset and investigate temporal and 
spatial trends in the lava flow impact events (see Supple-
mentary Material).

Recorded lava flow impact information
The lava flow impact event dataset used four main 
sources of data (Fig.  1A-D; Fig.  2). A total of 41 GVP 
reports with lava flow impact information were used, 
with the first published in 1969 CE, and 32 newspaper 
articles were used with the first published in 1868 CE. 
There has been a marked increase in the number of 
English-language references to lava impact used in this 
research (Fig.  2). The first study included is Hamilton 
(1795), and the secondary sources cite back to studies 
as early as 1542 CE. The studies collated from our lit-
erature search include 7 studies published from 1795 to 
1895 CE, 54 studies published from 1895 to 1995 CE, 

and since 1995 CE there have been 238 studies pub-
lished. Approximately half of all studies included in this 
research (n = 148) have been published since 2011 CE 
(Fig. 2). Whilst impact events prior to 1900 CE (n = 71) 
are predominantly reported qualitatively, mostly on a 
settlement-level scale, impacts post-1900 CE (n = 84) 
include more quantitative information on a building-
level scale (Figs. 2 and 3).

Eruption impact assessment and lava impact reviews, 
which include those with their own event lists (Fig. 1A), 
are few (n = 16) and all published post-1979 (Fig.  2). 
Some specifically assess post-event lava impacts (e.g., 
Branca et  al. 2015; Jenkins et  al. 2017; Meredith et  al. 
2022). The majority of studies (n = 224; 60%) are eruption 
studies (e.g., Allard et al. 2002; Coltelli et al. 2012; Mac-
donald 1962; Wantim et al. 2018), or volcano studies (e.g., 
Branca and Abate 2019; Isshiki 1964; Le Moigne et  al. 
2020), and include impact information in the eruption 
chronology or literature review, with most generalising 
impacts qualitatively or on a settlement-level scale (e.g., 
village, town, city) (Fig.  3). These types of studies often 
either cite earlier work or do not include a citation or 
method of impact data collection. Other studies cite eye-
witness accounts, newspaper articles, personal commu-
nication, or first-hand journal notes from volcanologists 
(e.g., Cubellis et al. 2016; Harkin 1960; Thordarson 1990). 
Hazard information was recorded alongside the impact 
information for 108 of the impact events, with eruption 
parameters volume and area as the most common. Other 

Fig. 2 The sources of information used to build the lava flow impact event dataset shown as a stacked area chart timeline of the cumulative 
number of references that mention lava flow impacts based on the publication date, classified by type. The studies with past lava impact event lists 
(Fig. 1A) are included as lava flow impact assessments/reviews. Impact assessments can include both field and/or remote assessments
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information, such as the lava flow front velocities and 
lava flow lengths for some events, were supplemented 
by other sources (e.g., Calvari 2019; Walker et  al. 1973, 
Global Volcanism Programme 2023).

Lava flow impact events
In total, we identified 155 recorded lava flow impact events 
(see Supplementary Material), with the earliest event 
in ~ 3491 BCE (5494  yr B.P. and 5387  yr B.P. Etna, Italy) 
with impact inferred from presence of local settlements, 
and the latest in 2022 CE, at Mauna Loa, Hawai‘i (Figs. 3 
and 4). There are 42 events with impacts only recorded 
to infrastructure (e.g., roads, ski-lifts, water tanks). Of 
the total lava-flow-producing eruptions recorded during 

or after 1 CE until December 2022 CE (n = 2,072) in the 
Global Volcanism Program (2023), only 7% (n = 144) have 
associated impacts, recorded in the lava flow impact 
events dataset (Fig.  4B). The number of recorded lava 
flow impact events has increased through time, as has the 
number of recorded lava flows, with 68% (n = 1,402) of 
recorded lava-flow-producing eruptions and 76% (n = 109) 
of recorded lava-flow-producing eruptions with impacts 
occurring during or after 1800 CE (Fig. 4A), compared to 1 
CE to 1800 CE. Prior to ∼ 1800 CE, impacts were recorded 
variably (representing between 0 and 70% of lava flows in 
any 10-year time bin), which decreased to consistently less 
than 14% after 1800 CE (Fig. 4B).

Fig. 3 Global map of lava flow impact events at each volcano showing impacts where data are available quantitatively as the minimum 
number of buildings (circles), or settlements (squares) recorded, or where only qualitative data are available (triangles). Each portion of the icon 
represents each individual event. The icon is coloured by the year of the impact event, and the size represents the scale of impacts. Impact events 
where only infrastructure impacts are recorded are indicated as diamonds, and events including uncertainty (e.g., other hazard impacts included) 
are shown with a dashed line. The older events pre-1900 CE (darker colours: pink to purple to black) are predominantly recorded qualitatively 
and on a settlement-level scale, whilst the relatively recent events post-1900 CE (lighter colours: red to orange to yellow) are predominantly 
recorded quantitatively and on a building-level scale
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Lava flow impact events are recorded at 51 volcanoes, 
across a range of GVP-defined volcano types and tectonic 
settings (Global Volcanism Program, 2023), most com-
monly at stratovolcanoes (n = 25; 49%) and subduction 
zones (n = 25; 49%). The greatest proportion of recorded 
lava flow impact events has been recorded in Europe 
(n = 73; 47%) at 14 volcanoes (Fig.  5), where eruptions at 
Etna volcano, Italy, have led to the most impact events 
(n = 26), accounting for 17% of the dataset, including two 
later proven invalid. Lava flows at Etna have also impacted 
the highest number of settlements (12 villages and part of 
Catania city) recorded at a volcano during a single event in 
1669 CE (Table 2). While the recording of impact events 
at the regional scale remained relatively constant prior 
to 1600 CE, there has been a marked increase in the pro-
portion of impact events recorded in Africa since 1800 
CE (Fig.  5), when the first impact event was recorded at 
Kyejo volcano, Tanzania, in 1800 CE. Recorded African 
(n = 23) and Oceanian (n = 15) lava flow impact events cur-
rently account for 15 and 10% of the dataset, respectively. 
If events are classified geographically using the Global 
Volcanism Program (2023) region instead, with Hawai-
ian volcanoes classified as part of Oceania, and Piton de 
la Fournaise volcano, La Réunion, in Africa, there is also 
an increase in the proportion of impact events recorded 
in Africa with 28% (n = 44) of events at 9 volcanoes, and 
Oceania accounting for 19% (n = 30) of the dataset at 10 
volcanoes, since the first record at Ambae volcano, Vanu-
atu, in 1670 CE (Fig. 5). The highest recorded number in 

our dataset of buildings destroyed results from lava flows 
at Nyiragongo volcano, DRC, with at least 8,529 buildings 
destroyed (50% of the minimum total number of buildings 
recorded as destroyed in the dataset) across three events 
(Fig. 3). Nyiragongo volcano also has the highest number 
of recorded buildings destroyed by a single impact event in 
our dataset, with up to 14,000 buildings destroyed during 
the 2002 CE lava flows (Table 3). The 2002 CE Nyiragongo 
lava flows are also the deadliest, killing 47 people directly 
and 60 – 100 people during an explosion of a petrol station 
surrounded by lava (Brown et  al. 2017). Off the coast of 
Africa, Piton de la Fournaise volcano, La Réunion, has also 
produced a large quantity of lava impact events (n = 21), 
including events that impacted the main coastal highway.

We found little relationship between the size of the 
lava flow (either by volume or area) and the scale of 
impacts (Fig. 6A-D). For example, one of the largest lava 
flows by volume, the 1783  –  1784 CE Lakagígar erup-
tion at Grímsvötn volcano, Iceland, inundated ~ 14.7 
 km3 and destroyed ~  34 structures, while one of the 
smallest flows by volume, the 2002 CE Nyiragongo 
~  0.025  km3 lava flows destroyed up to 14,000 build-
ings (Fig.  6A-D; Table  3). This disparity between lava 
flow size and impact scale is also evident at the indi-
vidual volcano scale. For example, at Kīlauea, Hawai‘i, 
the 1983  –  2018 CE Puʻuʻōʻō lava flows inundated 
144.10  km2 in just over three decades and destroyed 
up to 215 structures, while the 2018 CE lower East 
Rift Zone flows inundated 35.5  km2 but damaged and/

Fig. 4 Lava-flow-producing eruptions (yellow) (n = 2,072) recorded as an eruption with at least one lava flow event in the Global Volcanism Program 
(2023), and eruptions with associated lava flow impact events (orange) (n = 144) from this study between years 1—2022 CE, binned by 10-year 
periods, and based on the eruption start year. For example, the impact events during the 1983 – 2018 CE Kīlauea eruption are presented as one 
eruption in this figure, in 1983 CE. Shown as (A) an overlay bar chart (not stacked) and (B) the proportion of all recorded lava-flow-producing 
eruptions with documented impacts in our dataset. The final bin contains eruptions starting between 2020—2022 CE, where two out of ten 
eruptions with lava flows had impacts. Five lava flow impact events prior to 1 CE are not shown
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Fig. 5 (A) Cumulative frequency of recorded lava flow impact events classified by region from 1 to 2022 CE. The inset box shows lava flow 
impact events occurring after 1800 CE, which represent ~ 71% of the total number of lava flow impact events. Lava flows starting prior to 1 CE are 
included in the cumulative count but not shown on the x-axis. (B) The proportion of cumulative lava flow impact events classified by region from 1 
to 2022 CE. Etna lava flow impact events are highlighted. In 2022 CE, the greatest proportion of the recorded lava flow impact events is in Europe 
(47%; n = 73), followed by the Americas (17%; n = 26), Africa (15%; n = 23), Asia (12%; n = 18), and Oceania (10%; n = 15). Regions are defined based 
on the UN Geoschemes (United Nations 1999) location of the GVP country in the dataset, e.g., Hawaiian volcanoes are classified as Americas 
and Piton de la Fournaise, La Réunion, is classified as Europe. If Hawaiian volcanoes and Piton de la Fournaise were classified by geographic location 
(Oceania and Africa, respectively), for 2022 CE, Oceania and Africa would represent a higher proportion in the dataset, with 28% (n = 44) in Africa 
and 19% (n = 30) in Oceania. There are no recorded lava flow impact events in Antarctica

Table 2 Lava flow events with the greatest impacts to the built 
environment, where impacts are recorded quantitatively on a 
settlement level. Events are ranked by the maximum number of 
recorded impacts to settlements. Events with inferred impacts or 
contradictory evidence are not included

aIncludes earthquake and tephra damage

Settlements

Rank Start Year Volcano Maximum # Impacted

1 1669 Etna, Italy 12 settlements and part 
of city

2 1888 Ambrym, Vanuatu 9 villages

3 1905 Matavanu (Savai’i), Samoa 5 villages

4 1700 Tseax, Canada 3 villages

5 1944 Vesuvius, Italy 2 towns

6 1643 Miyakejima, Japan 2 towns

 = 7 2011 Nabro, Eritrea 2  villagesa

 = 7 1995 Fogo, Cabo Verde 2 villages

 = 7 1946 Sakurajima (Aira), Japan 2 villages

 = 7 1943 Parícutin (Michoacán-
Guanajuato), México

2 villages

 = 7 1939 Lopevi, Vanuatu 2 villages

 = 7 1855 Vesuvius, Italy 2 villages

 = 7 1563 Pico, Azores, Portugal 2 villages

Table 3 Lava flow events with the greatest impacts to the built 
environment, where impacts are recorded quantitatively on a 
building level. Events are ranked by the maximum number of 
recorded impacts to buildings. Events with inferred impacts or 
contradictory evidence are not included

aincludes tephra damage; b1,929 including water tanks and other structures; 
cincludes earthquake damage

Buildings

Rank Start Year Volcano Maximum # 
Impacted

1 2002 Nyiragongo, DRC 14,000

2 1914 Sakurajima (Aira), Japan 4,500a

3 2021 Nyiragongo, DRC 3,644

4 2021 La Palma, Canary Islands, Spain 3,126

5 1977 Nyiragongo, DRC 800

6 1928 Etna, Italy 750

7 2018 Kīlauea, Hawai‘i, USA 716b

8 1730 Lanzarote, Canary Islands, Spain 700a

9 1983 Miyakejima, Japan 423

10 1672 Fayal, Azores, Portugal 307c

11 1973 Eldfell (Vestmannaeyjar), Iceland 300a

12 1977 Karthala, Comoros 293
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or destroyed up to 1,929 structures in several months 
(Fig. 6A-D). There is also a disparity between the num-
bers of impacts reported for single lava flow impact 
events, in terms of scale and precision, resulting in the 
range shown by the blue lines in Fig. 6. For example, the 
1955 CE Kīlauea lava flow is reported in different stud-
ies as impacting 17 (Blong 1984; Macdonald 1962), and 
over 60 buildings (Gregg 2005).

Twenty-eight impact events are noted as having some 
uncertain information included, mostly because impact 
data are grouped into impacts from multiple hazards 
or events (n = 13). For example, buildings recorded as 
destroyed during the 1914 CE Sakurajima eruption, 
Japan, and the 2011 CE Nabro eruption, Eritrea, were 
also impacted by tephra as well as lava flows (Goitom 
et  al. 2015; Kotô, 1916; Omori 1916). In seven cases, 
there is ambiguous language about the hazard or asset, 
and in another five cases, impacts are inferred. For 
some events, other studies help to confirm or reject the 
occurrence of the impact, and seven events have con-
tradictory evidence against the impact event occurring. 
An account of the destruction of a church and town 
(Azaïs and Chambard 1931) by a 13th Century eruption 
of Fentale, Ethiopia, could be related to 19th Century 
lava flows (Fontijn et al. 2018). Two events at Etna were 
classified as later proven invalid, for example, Monaco 
et  al. (2010) stated that 252 – 253 CE Etna, Italy, lava 
flows reached the amphitheatre in Catania, referencing 
Sciuto Patti (1872); however, this impact was disputed 
by Branca et al. (2016).

Discussion
Trends in lava flow impact events
The dataset of 155 recorded lava flow impact events is 
more comprehensive than previous published lists of 
lava flow impacts. This is primarily because the dataset 
includes infrastructure impacts and starts from the first 
recorded lava flow impact event in ~ 3491 BCE at Etna, 
Italy, whereas other studies are limited to smaller time 
ranges and/or to events impacting only certain numbers 
of structures (e.g., Harris 2015; Jenkins et al. 2017; Tsang 
and Lindsay 2020). For example, Jenkins et  al. (2017) 
listed seven eruptions filtered to between 1965 and 2015 
CE with more than 20 buildings affected by lava flows. 
Our dataset shows that the frequency of events is higher 
than previously estimated. For example, Harris et  al. 
(2016) estimated two lava flow impact events to popu-
lation centres per decade, whilst our dataset presents at 
least 31 impact events to settlements or > 20 buildings in 
the past 100  years, equating to three events per decade 
(and five in the last decade). For the total dataset, there 
are approximately seven events per decade (includ-
ing < 20 structures impacted and infrastructure-only 

impacts) with 71 in the past 100 years and six in the last 
decade. Our dataset also greatly exceeds those of global 
disaster databases such as the EM-DAT database (n = 9 
between 1900 and 2022 CE). Our dataset gives a more 
comprehensive representation of past impactful lava flow 
events and thus insights into the risk posed by lava flows.

The increased rate of recorded impact events over time 
may relate to higher population exposure around volca-
noes (Chester et al. 2000; Freire et al. 2019), exemplifying 
an increasing risk from lava flows. The increased rate of 
impact events may also be due to more impact data col-
lection and recording, and a potential lack of preserva-
tion of older records (Burgos et al. 2022), highlighted by 
fewer recorded events prior to ∼  1800 CE (Fig.  4). The 
rise in lava flow impact events after ∼  1500 CE (Fig.  5) 
corresponds to an increase in eruption recording in the 
Atlantic region related to expansions of populations 
during the Age of Discovery, with the first impact event 
recorded in the Azores in 1563 CE (Burgos et al. 2022). 
The increase in African impact records after 1800 CE, 
predominantly in the East African Rift System (EARS), is 
consistent with findings of Wadge et al. (2016), whereby 
eruption records of 21 EARS volcanoes that have erupted 
historically (since 1800 CE) extend back to the 1840s, 
with oral accounts of eruptions since 1800 CE.

Of those lava flow impact events recorded before 1800 
CE, no events include solely impacts to infrastructure 
(Fig. 3), and all other impacts are recorded at a settlement 
level or for multiple buildings, except for a medicinal 
and thermal spa recorded to have been destroyed at La 
Palma, Canary Islands, in 1677 CE (Longpre and Felpeto 
2021; Carracedo et al. 1996). The first impact event post-
1800 CE where only infrastructure damage is recorded 
is during the 1843 CE Etna lava flows, Italy. This sug-
gests that the events with large impacts are more likely 
to be recorded and/or passed on through oral accounts. 
Indeed, the 1800 CE Sarabwe eruption of Kyejo volcano, 
Tanzania, that destroyed several villages, is the only erup-
tion in the Rungwe Volcanic Province that is recorded 
(Fontijn et al. 2012).

Although impact is likely to be highly related to expo-
sure, cataloguing of impact events provides examples of 
the range and scale of potential impacts to both build-
ings and infrastructure from lava flows. The size of lava 
flow fields is not correlated to the number of impacted 
buildings (Fig.  6); for example, the high number of lava 
flows in Iceland (Thordarson and Höskuldsson, 2008), 
including the 1783  –  1784 CE Lakagígar lava flows 
with a ~ 14.7  km3 volume (Grímsvötn volcano, Iceland; 
Thordarson and Self 1993), only resulted in ~ 34 struc-
tures destroyed (Fig. 6) due to low building exposure. A 
small effusive event at the highly exposed Nyiragongo 
volcano, Democratic Republic of Congo, or Vesuvius 
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volcano, Italy, is likely to pose a much greater risk than 
a flood basalt erupted at the remote Katla volcano, Ice-
land, or a high-effusion rate lava flow at Mauna Loa vol-
cano, Hawai‘i. Indeed, lava has also erupted from fissures 
opening within settlements (2018 lower East Rift Zone 
lava flows, Kīlauea, Hawai‘i: Meredith et  al. 2022; 1853, 
1946 Niuafo’ou, Tonga: Taylor 1991). Although most 
(93%, n = 1,928) lava-flow-producing eruptions since 1 
CE (Fig. 4) have no record of impacts on the built envi-
ronment, all lava flows are likely to have impacted the 
local natural environment and may also have impacted 
local communities in other ways, for example, by causing 
fatalities (Brown et  al. 2017), restricting access, burying 
farmland, affecting air quality, closing roads, or prompt-
ing evacuations (Tsang and Lindsay 2020).

The majority (n = 82, 57%) of the lava flow impact 
events have other examples of hazards, such as tephra 
fall, volcanic bombs, gases, and cracks/fissures, with 
examples of impact to structures prior to, during, or 
after lava effusion. Secondary hazards may extend 
the potential impact area beyond the lava flow margin 
(Meredith et al. 2022). For example, flooding from rivers 
dammed by lava flows occurred during the 1658 CE San 
Salvador eruption, El Salvador (Ferrés et al. 2011), and 
famine was caused by lava inundation of agricultural 
land during the 1730 CE Lanzarote lava flows, Canary 
Islands (Carracedo et al. 1992). Both flooding and fam-
ine were caused by the 1783 – 1784 CE Lakagígar erup-
tion, Grímsvötn volcano, Iceland (Boreham et al. 2020). 
One recurring impact among at least five events is the 

Fig. 6 The median of reported impacted structures for each lava flow impact event where quantitative building-level data are known, plotted 
against (A) lava flow area, (B) lava flow volume, (C) maximum recorded lava flow velocity, and (D) lava flow length. Recorded channel velocity 
is not included. Each lava flow impact event is represented as a dot. Error bars show the range of recorded lava flow area, volume, velocity, or length 
(yellow) and impact data (blue), in different records. Both x- and y-axes are on a log scale. There is little correlation between the number of buildings 
impacted and lava flow area  (R2 = 0.0079), volume  (R2 = 0.0004), front velocity  (R2 = 0.001), and length  (R2 = 0.0013). Key lava flow impact events are 
highlighted with purple arrows
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explosion of liquid tanks or petrol stations (e.g., 1843 
CE Etna, Italy: Thomaidis et al. 2021; 1944 CE Vesuvius, 
Italy: Carlino 2021; 2002 CE Etna, Italy: Ancione et  al. 
2015; 2002 CE Nyiragongo, DRC: Baxter et  al. 2002; 
2014 – 2015 CE Fogo, Cabo Verde: Jenkins et al. 2017). 
Other examples of secondary hazards associated with 
lava flow events recorded in the dataset include col-
lapsing lava flow fronts, fire spread, laze (a hydrochloric 
acid mist at ocean entry), or explosions at contact with 
water. There are also records of localised tsunamis (e.g., 
1905 – 1911 CE Matavanu, Samoa: Simanjuntak et  al. 
2020). Collapsing lava flow fronts can trigger damag-
ing block-and-ash flows, which are not included in this 
dataset as we consider the damaging hazard to be PDCs 
(1922 CE Santa Maria, Guatemala: Alvarado et al. 2007; 
Harris et al. 2002; 2018 CE Mayon, Philippines: Global 
Volcanism Program 2018b). This highlights the poten-
tial additional hazards associated with lava flow events 
that extend the impacts beyond those captured in a lava 
flow inundation map.

Damage information
For eruptions prior to ∼ 1800 CE, 26 events record dam-
age data on an island or settlement-level scale (e.g., 1669 
CE Etna, Italy; 1706 CE Teide, Canary Islands; 1643 CE 
Miyakejima, Japan), compared to 14 at a building-level 
scale (Fig.  3). Studies reporting impacts from post-1800 
CE lava flows more often identify the total numbers 
of buildings destroyed or give details of building-level 
damage (n = 43) than those on a settlement-level scale 
(n = 30). Building-level, rather than settlement-level, data 
are important for local recovery and crisis management 
during and after the eruption, particularly as there are 
examples of buildings used after lava flow contact (1973 
Vestmannaeyjar lava flows, Iceland: Williams and Moore 
1983). They also allow for a better understanding of the 
scale of impacts and allow for quantified impact assess-
ments (e.g., Hayes et  al. 2019; Spence et  al. 1996; Wil-
liams et al. 2020).

Very few studies (n = 16) are post-eruption impact 
assessments or reviews, with only a small number (n = 3) 
of those focussing solely on building damage assess-
ment from a single lava flow event at a building-level 
scale (Branca et  al. 2015; Jenkins et  al. 2017; Meredith 
et al. 2022). This is fewer than the post-eruption impact 
studies or reviews identified by Deligne et  al. (2022) 
that included tephra fall (n = 39), lahar (n = 15), projec-
tile (n = 13), or PDC impacts (n = 13). The greater focus 
on tephra fall may be because lava flows typically cover 
smaller areas closer to vents than tephra falls, and so the 
likelihood of affecting a built-up area is lower, provid-
ing fewer opportunities to collect lava flow damage data 
(Deligne et al. 2022). Lava flows also pose a lower threat 

to life than tephra fall (lava flows account for < 1% of 
global volcanic fatalities compared to ~ 8% for tephra fall: 
Brown et al. 2017).

Lava flow damage assessments may also not have 
been prioritised in the past as lava flows were consid-
ered as a binary impact (buildings destroyed or intact) 
in risk assessments (e.g., Centorrino et al. 2021; Favalli 
et  al. 2012; Jenkins et  al. 2014; Lirer and Vitelli 1998), 
while tephra fall impacts are considered as gradational 
leading to a wider spectrum of perceived impacts (Del-
igne et  al. 2022). This may be appropriate for wooden 
structures that are destroyed (e.g., 1977 CE Piton de 
la Fournaise, La Réunion: Peltier et  al. 2022; 2018 CE 
Kīlauea, Hawai‘i: Meredith et  al. 2022). However, most 
studies follow this binary approach for all structure 
types, reporting numbers of buildings destroyed, but 
there are also some records, damage assessments, and 
photographs that provide evidence that structures were 
not completely destroyed (e.g., Taylor and Sapolu 2016; 
Jenkins et al. 2017; Meredith et al. 2022). For example, 
stone churches were damaged but were not destroyed 
during the 1905 – 1911 CE Matavanu lava flows, Samoa 
(Anderson 1910); 1906 CE Vesuvius lava flows, Italy 
(Chester et  al., 1985); 1943 CE Parícutin lava flows, 
México (Nolan 1972); and the 1977 CE Piton de la Four-
naise lava flows, La Réunion (Global Volcanism Pro-
gram 1977). A potential method to standardise future 
impact data collection is to use a set of damage states to 
classify damage severity from lava flows, such as those 
proposed in Meredith et al. (2022).

Hazard information
Finding relationships between damage and the char-
acteristics or intensity of the lava flow could be used to 
forecast the scale or severity of future impacts. Wilson 
et  al. (2014) proposed six hazard intensity metrics that 
can influence damage severity, which ideally would be 
useful metrics to collect when conducting an impact 
assessment: the presence of lava, depth of flow, veloc-
ity, dynamic pressure, temperature, and cooling time. 
The presence of lava, as a lava flow footprint, is an out-
put of lava flow models and is currently used to forecast 
whether structures will be destroyed by flows. Whether 
the lava flow is in contact with a building or infrastruc-
ture can be observed in the field or through remote 
imagery on a building level, for example, Copernicus 
(2021a and 2021b) classified buildings in contact with 
the lava flow as destroyed and buildings along the lava 
flow margin as damaged. However, this approach does 
not explain the observations of damage severity variation 
both within and beyond the flow margin.

Eruption parameters giving the size of the lava flow 
(lava flow area, length, and volume) are often reported 
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with generalised event impact information, and can 
serve as hazard intensity metrics; however, there is not 
a clear relationship with damage scale (Fig. 6). To assess 
building-lava interactions, building-level measure-
ments of lava flow metrics like those given by Wilson 
et  al. (2014), such as thickness, temperature, or pres-
sure, may be useful, particularly as thickness, velocity, 
and temperature are outputs of lava flow forecasting 
models (de’ Michieli  Vitturi and Tarquini 2018; Cap-
pello et  al. 2016; Fujita and Nagai 2016). The lack of 
these hazard intensity metrics in records may be due 
to these data being difficult or dangerous to collect at 
a building-level scale and/or at the time of impact, or 
potentially because it is not yet recognised as impor-
tant to collect. For example, some studies record lava 
temperatures (e.g., Macdonald 1954; Hume, 1946; Ara-
maki et  al., 1986). As the lava flow crust contacts the 
structure (Blong 1984), the radiant heat around the 
flow margin may be more important than the lava core 
temperature (Meredith et al. 2022; Wilson et al. 2014), 
but it is difficult to access the lava flow to measure tem-
perature at the site and time of impact.

The relation between lava flow pressure and subse-
quent damage has not yet been explored, as it has for 
other flows, such as PDCs or lahars (Jenkins et al., 2013; 
Jenkins et  al., 2015). However, this relation has been 
suggested as a potential influence on damage severity 
(Blong 1984; Jenkins et  al. 2017; Wilson et  al. 2014). 
Pressure from a mass flow includes a dynamic compo-
nent (Eq. 1) and a static component (Eq. 2).

where  PD is the dynamic pressure (Pa),  PS is the static 
pressure (Pa), ρ is the lava flow density (kg/m2), υ is the 
lava flow front velocity (m/s), g is the gravitational accel-
eration (9.81 m/s2), and h is the flow depth (m).

If the flow front advance rate is known, the dynamic pres-
sure of the flow can be estimated based on typical lava den-
sities using Eq. 1 (Fig. 7). The static pressure may also play 
an important role in influencing damage severity, which 
can be calculated if the lava flow thickness is known using 
Eq. 2 (Fig. 7). These could be later updated if the lava den-
sity is measured. Flow front velocities can be measured syn-
eruption with aerial monitoring (de Graffenried et al. 2021). 
Lava flow velocities have also been estimated using lava in 
contact with trees (Chevrel et  al., 2019). However, often 
lava flow front velocities are averaged as advance rates over 
a period of time, and lava density is often an estimate for 
the entire flow field. As density and flow front velocities can 
vary through time and across the lava flow field, this means 
that pressure varies temporally throughout the lava effu-
sion, and spatially across the flow front. Once a relationship 
between pressure and/or velocity at time of impact with 
damage severity is established, it can then ideally be used in 
real-time forecasts and risk assessments, if measurements 
of velocity are measured through aerial monitoring syn-
eruption, and density is estimated or known.

(1)PD =

1

2
· ρ · v2

(2)PS = ρ · g · h

Fig. 7 Lava flow dynamic pressure as a function of lava flow front velocity (A) and static pressure as a function of flow depth (B), calculated using 
Eq. 1 and Eq. 2. The lines represent typical lava flow densities (kg/m2). Lava flow depth and velocity measured at the site of impact can be used 
to estimate pressure exerted on a building
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Final lava flow thicknesses can be used as a proxy for 
hazard intensity (Meredith et  al. 2022; Wilson et  al. 
2014) and used to calculate static pressure (Fig.  7). The 
lava flow thickness is often presented as an average or 
maximum for the flow field, but it could also be meas-
ured through observations at the site of impact. Where 
hazard intensity metrics are recorded, the method of 
how these values are measured is not always included; 
for older papers, these may be rough estimates across 
the whole flow. However, without measurements in the 
centre of the flow, estimates made from the flow margins 
are prone to error (Stevens et al. 1997). For example, the 
journals of Jón Steingrímsson give observations of lava 
flow thickness (e.g., 60 fathoms [100 m] next to the farm 
Skál: Thordarson et al., 2003) during the 1783 – 1784 CE 
Lakagígar eruption, Grímsvötn volcano, Iceland, which 
are greater than estimates and measurements from later 
fieldwork (e.g., average of lava flow sections between 10 
and 74  m: Thordarson and Self 1993). For more recent 
lava flows, thickness maps created using comparison of 
pre- and post-eruption topography derived from LiDAR 
or photogrammetric methods (e.g., Favalli et  al. 2010; 
Richter et al. 2016; Zoeller et al. 2020) allow for specific 
thicknesses to be identified at individual structures. As 
lava flow thickness is an output of some lava flow mod-
els, it can potentially be used to forecast damage in future 
lava flow scenarios.

Future expansions of the dataset
Our study provides a new dataset of recorded lava flow 
impact events. The dataset can be used to highlight the 
frequency, scale, and range of potential impacts for com-
munities at risk of lava flows. This can be used to inform 
decision-making and frame conversations around lava 
flow vulnerability when considering future lava flow risk 
in volcanically active regions. The dataset can be updated 
as future studies reveal past lava flow impact events, or 
when future lava impact events occur. Where there are 
examples of events with finer-resolution data, the dataset 
can be expanded to include a building-level impact com-
ponent. This allows for post-event building-level dam-
age data collection at future events to be added, or past 
impacts can be added with enough building-level data. 
With enough data, correlations of damage data with lava 
flow attributes such as thickness will allow for the explo-
ration of building-lava interactions and to forecast future 
damage.

A dataset of past events has its limitations, may not 
capture every event, and can be expanded further (Lin 
et al. 2021). Through our study, we had difficulty access-
ing some primary sources, and the methodology was 
constrained to English-language sources. Whilst the 
methodology includes studies that cite non-English and 

inaccessible sources, such that information from primary 
and non-English studies is collected through secondary 
sources, there may be missed impact events, for example 
through indigenous knowledge passed down through oral 
tradition and not captured in English sources. The data in 
the current dataset can be verified and/or updated with a 
systematic literature search of other sources, reports, or 
newspaper articles in local languages. For example, the 
impacts of the 1987 CE Piton de la Fournaise eruption, La 
Réunion, are detailed by Bertile (1987) in French, and the 
lava flows of Etna in 1669 and 1879 CE are explored in 
Donato et al. (2009), Manitta (2010), and Manitta (2016) 
in Italian. Such expansion of impact datasets to include 
local sources was recognised as important in Peltier et al. 
(2022). We invite any additions of lava flow impact events 
to the dataset so it can capture as many impact events 
as possible. There could also be an analysis of the source 
reliability, for example in terms of the uncertainty sur-
rounding the terminology of events that were included 
or excluded. For example, studies reporting impacts on 
farms may have affected buildings, but have not been 
included in our collation of events (Table  1). Studies 
may not have used the word “lava” to describe the haz-
ard, such as if there is only a photograph or translation 
from another language. Future study can ascertain the 
presence of lava in order to clarify the inclusion of these 
uncertain events.

Conclusion
Our dataset comprises 155 lava flow events that have 
impacted the built environment between ~ 3491 BCE 
and 2022 CE. We used 372 Global Volcanism Program 
(GVP) records, newspaper articles, or other studies pub-
lished between 1795 and 2022 CE. Our findings show a 
higher frequency of impact events than previously esti-
mated. Whilst Harris et  al. (2016) estimated the occur-
rence of approximately two events of lava flow impact to 
population centres every decade, we identify 31 events 
with impacts to settlements or > 20 buildings in the past 
100 years, and five in the last decade, equating to approx-
imately three events per decade. If including all events, 
these are approximately seven events per decade (n = 71 
in the last 100 years, n = 6 in the last decade). The most 
comprehensive source of lava flow impacts on the built 
environment prior to this study was Blong (1984) report-
ing 22 lava flow impact events between 1800 and 1983 
CE. The impacts from 28 of the events in our dataset 
were compiled with some uncertainty, with two classi-
fied as later proved invalid, mostly due to the grouping of 
impact data with other hazards.

The global lava flow impacts dataset presented here 
provides a basis for temporal and spatial analysis of trends 
at the global or local scale. Whilst most documented 
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impact events from English-language sources occurred 
at European volcanoes, primarily at Etna volcano, Italy, 
in recent years there has been a rise in the reporting of 
impact events at African and Oceanian volcanoes, with 
these regions representing 21 and 8% of the impact 
events recorded in the last 100  years. The number of 
lava flow impact events recorded has increased through 
time with ~ 50% of all impact events recorded within the 
last 110  years; likely reflecting an increase in recording 
through time, rather than a real increase in the number 
of events, as well as population growth around volcanoes 
through time increasing the exposure to lava flows. On 
average, the proportion of lava-flow-producing eruptions 
that have impacts recorded for them is less than 14% 
since 1800 CE. The highest number of buildings recorded 
as destroyed by lava flows is in 2002 CE at Nyiragongo 
volcano, Democratic Republic of Congo (at least 4,500), 
and the highest number of settlements recorded as 
destroyed by lava flows is during the 1669 CE Etna lava 
flows (12 villages and part of Catania city).

The dataset compiles eruption parameters and hazard 
intensity, and quantifies the impacts to buildings/settle-
ments and infrastructure from published sources that 
record lava impacts. Whilst studies mostly report binary 
impacts to buildings (destroyed or intact), there is little 
relationship between the number of buildings impacted 
and the size of the lava flow (area or volume), which is 
often the most common lava flow measurement reported. 
This lack of relationship is largely due to differing expo-
sure amount and distribution around the volcano, as 
exemplified by different lava flows from Kīlauea, which 
impacted up to 1,929 structures in 2018 CE from a 35.5 
 km2 lava field, and up to 215 buildings between 1983 and 
2018 CE from a ~ 144  km2 lava field. Hazard data at the 
site and time of impact such as syn-eruption flow front 
velocity (for dynamic pressure) or ambient temperature, 
may be more appropriate and useful to collect for impact 
assessment. However, these data are difficult to collect 
at the time and location of impact. Post-event measure-
ments of the hazard, such as thickness, could be used as 
a proxy for hazard intensity. Within the dataset, there 
are examples of building-level damage (not destruction) 
information and resistance of structures to the flows, 
further supporting that lava flow impacts are not always 
binary. Thus, future collection of precise impact and haz-
ard data, such as lava flow thickness, on a building-level 
scale would allow for the assessment of potential rela-
tionships of the hazard intensity and impact information. 
A key requirement of future building-lava interaction, 
and the increased collection of empirical impact data, is 
the development of the standardised dataset presented 
here, which provides a guide and template for what data 
are useful to collect (Deligne et  al. 2022). The dataset 

provides a standardised format for future data collection 
as part of post-event impact assessments. With enough 
damage and hazard data on a building level, we will be 
able to analyse building-lava interactions in order to 
develop impact forecasting models and mitigation meas-
ures in efforts to reduce lava flow risk.
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