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Identifying the most complete (best recorded) portion of an eruption record is essential before estimating
eruption recurrence and probability. This is typically achieved by plotting cumulative eruptions through time.
Here, we evaluate eruption data completeness from a new perspective, by compiling the first dated Holocene
eruption from each volcano in the Volcanoes of the World (VOTW) database (i.e., First Recorded EruptionS in the
Holocene (FRESH)). In our first analysis, we compared the subregional distribution of FRESH with time using
Kolmogorov-Smirnov (K—S) test. We found that the eruption record was best categorised into 31 regions con-
taining subregions with similar degrees of completeness. This opened the way to define new Relative
Completeness Date(s) (RCD) as a function of eruption size, volcanic characteristics, and region, by identifying
multiple points in the record where the root-mean-square (RMS) level changes abruptly, corresponding to a gap,
a decrease or increase in the FRESH rate. Regional RCDs in the Common Era (CE) range from as recently as 1964
CE in the Indian Ocean (southern) to 200 CE in Middle East and Western Indian Ocean. In contrast, some regions
like Kamchatka and Mainland Asia have near-constant rates of FRESH over the last 12,000 years, making RCDs
impossible to assign. We present and make available our FRESH database, and describe and implement an
automatic approach to detect RCDs across our newly defined volcanic regions. We suggest that the different
degrees of completeness observed at a regional scale can be explained by: socio-historical events, access to
geological studies, submarine volcanism, and/or remoteness. The FRESH database, together with the new regions
and proposed RCDs can be used in future studies to estimate eruption probabilities at volcanoes without Ho-
locene records and identify which subregions are most likely to produce a FRESH in the future.

et al., 2012; Mead and Magill, 2014). One solution is to rely on the most
complete portion of the catalogue. However, a number of questions

1. Introduction

Eruption under-recording remains one of the main obstacles when
working with global catalogues. Despite the rising number of recorded
eruptions in the Smithsonian's Global Volcanism Program (GVP) erup-
tion catalogue (Siebert et al., 2011), nearly 40% of the volcanoes (n =
566) in the Volcanoes of the World (VOTW) database lack dated Holo-
cene eruptions (GVP, 2013). Moreover, the percentage of missing
eruptions increases significantly as we go back in time (Rougier et al.,
2018), meaning that eruption recurrence and probability are likely
underestimated if we consider the whole Holocene catalogue (Jenkins

arise: i) given that the degree of completeness varies geographically and
across characteristics (e.g., Volcanic Explosivity Index (VEI)), what
portion of the catalogue can be considered as the most complete?; ii)
how do we best identify the most complete portion?

Several approaches have been proposed to assess the completeness of
eruption records. The most straightforward approach, known as ‘break-
in-slope’, visually identifies the point at which the cumulative number of
eruptions increases most rapidly with time (Jenkins et al., 2012). This
approach works for records with a well-defined breakpoint, but when

Abbreviations: BCE, Before Common Era; CE, Common Era; ECDF, Empirical Cumulative Distribution Function; FRESH, First Recorded EruptionS in the Holocene;
GVP, Global Volcanism Program; K-S, Kolmogorov-Smirnov; RCD, Relative Completeness Date; RMS, root-mean-square; VEI, Volcanic Explosivity Index; VOTW,
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the break-in-slope is unclear, the selection is more subjective. Another
method of identifying break-in-slope was proposed by Mulargia et al.
(1987), who modified a version of the Kolmogorov-Smirnov (K—S) test
and combined it with Monte Carlo simulations to identify breakpoints in
Mount Etna's records corresponding to different eruptive regimes.
Mulargia et al.'s method was also implemented by Garcia-Aristizabal
et al. (2012) to analyse the completeness of Miyakejima's eruption
record.

Rougier et al. (2016) and Rougier et al. (2018) proposed a non-
parametric approach to represent the global recording rate of large
explosive eruptions. A parametric alternative to the ‘break-in-slope’
approach is modelling the probability of recording an eruption at a given
time. Guttorp and Thompson (1991) originally proposed a time-
smoothed probability function, and Coles and Sparks (2006) later
developed a method based on the theory of extreme values to tackle
recording bias through modelling large-magnitude eruptions as a Pois-
son point process. This method, also used by Deligne et al. (2010), is
based on a predefined function shape, and assumes that the probability
of recording an eruption increases when recent and of large magnitude.
A similar method was proposed by Kiyosugi et al. (2015) to model the
recording rate of large explosive eruptions with an exponential decay
function. To avoid choosing a specific function shape, Furlan (2010) and
Mead and Magill (2014) combined the theory of extreme values with a
step function, and used the Metropolis-Hastings Markov chain Monte
Carlo (MCMC) to obtain a distribution of the model parameters. In
contrast with other approaches, Wang et al. (2020) proposed using
Bayesian inference methods, to fit a logistic function to the observed
intensity function of a marked point process which allowed them to
assess the models' goodness-of-fit.

Proposed completeness dates (i.e., date after which it is estimated
that 100% of the eruptions are reported and captured in the records) in
the literature vary across data sets, eruption sizes, and regions. For
example, Guttorp and Thompson (1991) modelled the probability of
observing an eruption of any given size using the Volcano Reference File
from Simkin et al. (1981), which could be considered the first version of
the VOTW database, and assuming that this probability was 100% after
1980, while Wang et al. (2020) reported 1985 as the completeness date
for the VOTW database. Other studies identified a global improvement
in eruption recording between 500 and 200 years ago (Mead and Magill,
2014; Siebert et al., 2011). When Newhall and Self (1982) introduced
the VEI scale, it was already noted that the completeness of the eruption
record ranged from a few decades for small eruptions of VEI < 3 to a few
centuries for large eruptions of VEI > 4. More recently, Rougier et al.
(2016) assumed 1980 as the completeness date for magnitude (M) > 4
eruptions, as described in Mason et al. (2004) ‘s magnitude scale, in the
LaMEVE database from Crosweller et al. (2012). Rougier et al. (2016)
reported an improvement in the global recording rate of M > 4 eruptions
after the 15th century and found that global recording probability was
lower than 20% and 50% before 1100 CE and 1600, respectively. Var-
iable completeness of records has also been reported for regions and
single volcanoes (Jenkins et al., 2012; Kiyosugi et al., 2015; Mead and
Magill, 2014; Rougier et al., 2018), underscoring the importance of
using an appropriate spatial scale when estimating eruption recurrence
and probability.

The completeness dates proposed by the studies reviewed above
were based on eruption records from one or multiple volcanoes. These
completeness dates can then be used to estimate eruption recurrence and
likelihood for volcanoes with recorded eruptions. However, it has not
been established yet if these completeness dates are applicable to the
hundreds of volcanoes without Holocene dated eruptions that have the
potential of erupting again. Before being able to estimate how often we
can expect an eruption from a volcano without records, we have to
assess eruption data completeness from a new perspective: instead of
considering the entire record for each volcano, we look at the first dated
eruption from each volcano in the VOTW database with confirmed
eruptions. These eruptions have been compiled into the First Recorded
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EruptionS in the Holocene (FRESH) database. Henceforth, we refer to
each of these eruptions as a FRESH. Assuming that the occurrence of
FRESH per region and volcanic characteristics (e.g., VEI) can be
described as a homogenous Poisson process (De la Cruz-Reyna, 1991),
the two main research questions addressed in this study are:

(1) Do the GVP regions contain subregions with significant differ-
ences in the distribution of FRESH with time? Statistically distinct
subregions should be considered as individual regions for the
eruption data completeness analysis.

(2) Does the FRESH rate vary over the Holocene as a function of VEI,
primary volcano type, major rock composition, tectonic setting,
and region? An increase in the rate would indicate an improve-
ment in eruption recording.

To answer the first question, we analysed the subregional distribu-
tions of FRESH with time using the two-sample Kolmogorov-Smirnov
(K—S) test. Based on our results, we modify several GVP regions and
create new regions containing subregions with similar degrees of
completeness. To answer the second question, we followed the most
abrupt change point approach implemented by the findchangepts func-
tion (Mathworks, 2021) that detects significant changes in the root-
mean-square (RMS) level of the time between consecutive FRESH start
dates. With this straightforward approach, we can detect multiple
change points in the FRESH rate automatically and define the Relative
Completeness Date (RCD) (i.e., date after which there is a relative
improvement in eruption recording) for different subsets of the FRESH
database. Another significant advantage is that this method also detects
gaps in the record or decreases in the FRESH rate. Future studies can
benefit from the FRESH database, the proposed new regions and RCDs,
when estimating the regional probabilities of having an eruption at
volcanoes without Holocene records. Furthermore, the FRESH database
can provide insight into the occurrence of eruptions at apparently quiet
volcanoes without Holocene records.

2. Methodology
2.1. Data

The FRESH database was compiled from the VOTW database, the
most comprehensive global database of Holocene volcanic eruptions
(GVP, 2013). Of the 1431 Holocene volcanoes in the VOTW database,
865 have had at least one confirmed eruption since the beginning of the
Holocene until December 2018 (v. 4.7.5, 21 December 2018). We
extracted the details of the first dated Holocene eruption (e.g., VEI and
start date) as well as general information on each of these volcanoes (e.
g., tectonic setting and region), and saved all the data in the FRESH
database (Table S1 in Supplementary Material). For the evidence dating
method, we follow the GVP nomenclature for the category Historical
Observations and refer to the other methods (e.g., tephrochronology,
radiocarbon, and Ar/Ar, among other techniques (Siebert et al., 2011) as
non-historical methods. Note that each FRESH might not be the first-
ever eruption in the Holocene or the eruption that first formed a spe-
cific volcano. Rather a FRESH is the first Holocene eruption recorded in
the VOTW database for a volcano that has a reported age. We consider a
volcano to follow the terminology used in the GVP to describe the pri-
mary volcano type (e.g., a volcanic field might have multiple volcano-
forming monogenetic eruptions, but we consider the first recorded Ho-
locene eruption for the whole volcanic field).

While we acknowledge that start dates in the GVP may be subject to
uncertainty, we do not consider dating uncertainty in our study due to
lack of data: 629 out of 865 FRESH (72.7%) do not have an error
assigned to the start year of the eruption in the VOTW database. This is
in line with most studies on eruption under-recording and data
completeness, which similarly do not consider dating errors because of a
lack of data (Guttorp and Thompson, 1991; Jenkins et al., 2012;
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Kiyosugi et al., 2015; Mead and Magill, 2014; Rougier et al., 2018, 2016;
Wang et al., 2020). Volcano types with similar morphologies were
grouped into general categories to minimise the effect of small sample
sizes on the statistical analysis. We transformed the 29 primary volcano
types (Siebert et al., 2011) into the following types: caldera (n = 65),
stratovolcano (n = 462), complex (complex, and compound) (n = 43),
fissure vent (crater rows, and fissure vent) (n = 11), explosion crater
(maar, tuff ring, and explosion crater) (n = 11), shield (shield and py-
roclastic shield) (n = 86), submarine (n = 74), lava dome (n = 26),
subglacial (n = 5), volcanic field (n = 33), and cone (pyroclastic cone,
tuff cone, lava cone, and cone) (n = 49).

2.2. Regional (in)homogeneity

Volcanoes in the GVP are grouped into 19 regions that were adopted
from the Catalogue of Active Volcanoes of the World (CAVW) (Neumann
van Padang, 1951) and the Data Sheets of Post-Miocene Volcanoes
(IAVCEL, 1973) (Siebert et al.,, 2011), and modified over time
throughout the VOTW database versions. The delimitation of the orig-
inal regions was partly due to the presence of the experts that contrib-
uted to compiling the data in each area (e.g., CAVW: Kurile Islands by
Gorshkov (1958) or CAVW: New Zealand by Cole and Nairn (1975)).
Later on, IAVCEI (1973) defined the regions in the Data Sheets of Post-
Miocene Volcanoes, also known as sector maps, based on areas of
particular density of volcanoes. As a result, the GVP regions, further
divided into subregions, often cover large geographical areas with
multiple tectonic settings and countries. Additionally, as Mead and
Magill (2014) suggested, eruption data completeness analysis can be
improved when volcanoes are grouped into regions based on their
observation history. To test whether the subregions within each GVP
region are characterised by similar degrees of completeness, we
compared the Empirical Cumulative Distribution Function (ECDF) from
the FRESH start dates across subregions using the two-sample K—S test.
One advantage of this non-parametric test is that it does not require
knowledge of the underlying FRESH distribution. The null hypothesis
(Hp) states that the FRESH data from two subregions come from the
same continuous distribution. If the P-value is lower than the signifi-
cance level a = 0.05, we reject Hp and accept the alternative hypothesis
(H;) that the two subregions have significantly different ECDF (Massey,
1951). We iteratively compared the ECDF from one subregion against
the ECDF from all the remaining subregions, following a leave-one-out
cross-validation approach (e.g., we tested the FRESH ECDF from
Sumatra against the FRESH ECDF from the whole of Indonesia except
Sumatra). To account for the multiple comparison problem, we applied
the Bonferroni correction to the P-value (P-valueg) based on the number
of statistical tests performed (ngs), which corresponds to the number of
subregions within each region (1). This conservative method reduces the
chances of obtaining false positives (Shaffer, 1995). Lastly, each subre-
gion with a significantly different ECDF was considered as a new region,
while the other subregions remained grouped in the same region.

P —valuep < P —value X Ny (€]

2.3. Abrupt change points

In this study, we propose applying a straightforward approach to
automatically identify multiple change points (k) followed by either a
gap in the record, a decrease or an increase in the slope of the cumulative
number of FRESH over time (i.e., FRESH rate). These change points were
identified using the findchangepts function implemented in MATLAB,
which detects automatically the point(s) where a statistical property of a
given signal changes most significantly (Killick et al., 2012; Mathworks,
2021). The signal was defined as the time between consecutive FRESH
start dates, and the RMS level was chosen as the statistical property
instead of the mean because we are seeking periods of constant rate.

The automatic steps in the findchangepts function as described in
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Mathworks (2021) are:

1. The signal (x) (i.e., time between consecutive FRESH start dates) is
partitioned into k + 1 subsets at arbitrary data points.

2. The RMS level (xRMS) of the n-by-1 signal, where n is the number of
FRESH, is calculated for each subset (2). This statistic gives a
smoothed level for the subset against which variability can be
measured.

1 & 2
RMS = [~ 3 |, 2
xRMS nr:l\x\ 2

3. For a given signal data point in a subset, the deviation of the esti-
mated RMS level of the subset from that signal data point is calcu-
lated as the log weighted dispersion. Then, the log weighted
dispersion from all the data points in a given subset is summed to
obtain the total log weighted dispersion (i.e., total deviation) in a
subset:

1 )
(n—m-‘rl)log(m ;%)

(Mathworks, 2021)

4. The total log weighted dispersions from all the subsets are summed to
obtain the total log weighted dispersion of the signal (x).

5. The location of the partition data point (k) is changed repeatedly
until the total log weighted dispersion of the signal is minimised by
using an exhaustive algorithm based on dynamic programming with
early abandonment (Mathworks, 2021).

To find the optimal number of change points for a maximum k = 50,
we used the elbow method (Fig. 1A), which is commonly applied in
clustering problems (e.g., Antunes et al. (2018)). The elbow point rep-
resents the inflexion in the curve where the total log weighted dispersion
improvement obtained from adding more k declines the most. We
identified the elbow by minimising the sum of errors derived from fitting
two lines at each side of each data point. Additionally, we forced k =1 to
find the most abrupt change point in the signal, which we define as the
RCD if it is followed by a sharp increase in the FRESH rate indicating a
significant improvement in eruption recording relative to the previous
portion of the database (Fig. 1B). In other words, we identify the time
window between the RCD and the present as the most complete (but not
necessarily 100% complete) portion of the FRESH database. We
searched for the change points in the FRESH database as a function of
VEI primary volcano type, tectonic setting, major rock composition, and
region.

With this approach, we assumed that the occurrence of FRESH is a
stationary process and that the global/regional FRESH database fits a
Poisson distribution (De la Cruz-Reyna, 1991; Papale, 2018; Papale
et al., 2022). We attribute the changes in the slope to variations in the
completeness since i) Newhall and Self (1982) confirmed that global and
regional eruption records are more strongly influenced by under-
recording than by non-stationary processes, and b) we cannot capture
variations in regional or single volcano eruption rates from looking at
one eruption per volcano.

3. Results
3.1. FRESH database

Here, we provide our key findings and discuss potential reasons and
implications in the Discussion section. Fig. 2 shows that nearly half of
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Fig. 1. Example of the abrupt change point approach using the RMS level to identify multiple change points in the global FRESH database. A: Elbow point plot and
selection of the optimal number of change points (k = 12); B: Cumulative number of FRESH over time with the change points indicated by dashed black lines and the
most abrupt change point (i.e., RCD = 1747 CE) indicated by a red dashed line. Fig. B has 7 change points instead of 12, because multiple FRESH were reported in the

same year,
legend, the reader is referred to the web version of this article.)
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Fig. 2. Histogram of FRESH as a function of VEI and as a function of evidence
method reported in the VOTW database. The percentage of FRESH per VEI is
calculated from the total number of FRESH with assigned VEIs (n = 496).

the global FRESH database lacks a VEI (43%, n = 369), out of which 340
are FRESH dated with non-historical methods (e.g., tephrochronology,
radiocarbon, and Ar/Ar, among other techniques (Siebert et al., 2011)).
The remaining data show that the most common eruption size is VEI 2,
followed by VEI 0 and VEI 3. Meanwhile, VEI > 4 accounts for 24% of
the FRESH with a known eruption size. The evidence method (i.e., dated
with historical observations or non-historical methods) shows that the
proportion of historical FRESH (i.e., dated with historical observations)
decreases as the VEI increases. The exception is VEI 0, which has a high
proportion of FRESH dated with non-historical methods.

The categories of tectonic setting, primary volcano type, and major
rock composition with the highest percentage of historical FRESH are
rift intermediate (82%, n = 9), submarine (55%, n = 41), and foidite
(43%, n = 3) (Table 1). In comparison, rift continental (12%, n = 6), lava
dome (15%, n = 4), and rhyolite (11%, n = 4) have the lowest per-
centages of historical FRESH.

The heatmap of FRESH as a function of tectonic setting and eruption

and therefore, two or more change points were assigned to that year (e.g., around 10 ka). (For interpretation of the references to colour in this figure

size shows that VEI 0 FRESH are predominant in rift oceanic and
intraplate oceanic settings (Fig. 3A). On the other hand, most of the
largest FRESH (VEI 6 and 7) were recorded at subduction continental
setting volcanoes. Submarine volcanoes contribute to most VEI
0 FRESH, followed by stratovolcanoes and shield volcanoes (Fig. 3B),
while calderas and stratovolcanoes produce the most VEI 6 FRESH.
Fig. 3C shows that stratovolcanoes are the most abundant volcano type
in most tectonic settings. The exceptions are rift oceanic; intraplate
oceanic, and rift intermediate; and intraplate intermediate; where sub-
marine, shield, and cones, respectively, are the most frequent
morphology. Note that the results shown in Fig. 3C are independent of
the FRESH occurrence, given that tectonic setting is an intrinsic char-
acteristic of each volcano, and the primary volcano type corresponds to
the largest morphological feature (Siebert et al., 2011).

3.2. Redefining volcanic regions

Based on the P-valueg of the K—S test results (Table S2 in Supple-
mentary Material), we expanded the 19 GVP regions to 31 regions, and
used them to assess eruption data completeness at a regional level
(Fig. 4). Two different outcomes are possible from this analysis:

a) None of the GVP subregions within a given GVP region have a
significantly different ECDF (i.e., P-valueg > 0.05). Therefore, we do
not modify the GVP region (e.g., Region 1 (Alaska) in Fig. 4).

b) At least one GVP subregion within a given GVP region has a signif-
icantly different ECDF (i.e., P-valueg < 0.05). Therefore, we modify
the GVP region as follows:

i) Each GVP subregion with P-valueg < 0.05 becomes a new region (e.
g., the two GVP subregions of Tonga Islands and New Zealand,
originally grouped in the GVP region of New Zealand to Fiji, are now
the new regions with numbers 4 and 31, respectively, in Fig. 4).

ii) The other GVP subregions with P-valueg > 0.05 remain grouped,
becoming another new region (e.g., Fiji Islands; Wallis and Samoan
Islands; and Kermadec Islands (Region 3 in Fig. 4), originally
grouped in the GVP region of New Zealand to Fiji).

Fig. 5 shows the significant differences in the FRESH distributions of
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Table 1
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Categories of tectonic setting, primary volcano type, and major rock composition; number of FRESH; percentage of historical FRESH; and most abrupt change point in
the cumulative number of FRESH. The categories are ordered from highest to lowest percentage of historical FRESH. The most abrupt change points in italics represent
the RCD, which indicates a relative improvement in recording as described in Section 3.3, while the non-italicised most abrupt change points indicate that a decrease in
the FRESH rate or a gap follows the most abrupt change point. NA: RMS level was not applicable due to the small sample size.

Category

Number of FRESH

Historical FRESH (%) Most abrupt change point (calendar year)

Rift Intermediate
Subduction Unknown
Subduction Oceanic
Subduction Intermediate
Intraplate Intermediate
Rift Oceanic
Intraplate Oceanic
Subduction Continental
Intraplate Continental
Rift Continental
Submarine
Complex
Stratovolcano

Tectonic setting

Fissure
Caldera
Volcanic Field
Subglacial
Explosion Crater
Shield
Cone
Lava Dome
Foidite
Dacite

Primary volcano type

Trachyandesite/Basaltic Trachyandesite
Trachybasalt/Tephrite Basanite
Andesite/Basaltic Andesite
Basalt/Picro-Basalt
Trachyte/Trachydacite
Phonolite
Rhyolite

Major rock composition

11
51
88
51
3
75
23
447
64
52
74
43
462
11
65
33
5
11
86
49
26
7
21
8
11
557
204
9
11
18

81.8 1906 CE
70.6 1543 CE
60.2 1510 CE
58.8 1713 CE
33.3 NA
30.7 1562 CE
26.1 1966 CE
23.7 1680 CE
18.8 1883 CE
11.5 1075 CE
55.4 1773 CE
44.2 1512 CE
36.4 1500 CE
36.4 7050 BCE
21.5 1712 CE
21.2 200 CE
20.0 7050 BCE
18.2 1050 BCE
16.3 1814 CE
16.3 1842 CE
15.4 1695 CE
42.9 2750 BCE
38.1 1773 CE
37.5 1891 CE
36.4 850 CE
34.5 1510 CE
24.5 1750 CE
22.2 6540 BCE
18.2 6940 BCE
11.1 4450 BCE

the new regions that were originally grouped in the same GVP region.
For example, Hawaiian Islands vs. Pacific Ocean; Honshu vs. Izu, Vol-
cano, and Mariana Islands; and New Zealand vs. Tonga Islands. Regions
located in the left-hand side of Fig. 5 have records that go further back in
time, with most FRESH dated with non-historical methods (Table 2),
while those on the right-hand side of Fig. 5, have predominantly his-
torical records. The contrasting FRESH records found among subregions
that were grouped in the GVP demonstrate the importance of assessing
eruption data completeness at an appropriate scale to avoid aggregating
different eruption probability distributions.

3.3. Dates of improved completeness

This section will present the most abrupt change points and RCDs for
the global FRESH database and as a function of VEIL, volcanic charac-
teristics, and regions in turn. The remaining change points are presented
in Table S3 in the Supplementary Material. We identified the most
abrupt change point as the RCD if it was followed by a sharp increase in
the FRESH rate. Therefore, we assume that from this date, the FRESH
database is more complete than the previous portion of the catalogue.
For the global FRESH database, the results show that the recording of
FRESH improved after 1747 CE (Fig. 1B).

3.3.1. VEI

The RCD for VEI 1 (1730 CE) and VEI 2 (1748 CE) FRESH is close to
the global RCD, while the RCD for VEI 0 (1951 CE), VEI 3 (1510 CE), and
VEI 4 (1600 CE) differ widely from the global RCD. The RCD cannot be
defined for larger FRESH since the record follows a near-constant rate
across the Holocene, and the most abrupt change point for VEI 5 (6650
BCE) and VEI 6 FRESH (50 CE) is not followed by an increase in the
FRESH rate. The RMS level was not applied to VEI 7 FRESH (n = 3)
because of the small sample size.

3.3.2. Volcanic characteristics

RCDs in Table 1 range from the 16th century through to the 18th,
19th or 20th century when FRESH are categorised by major rock
composition, primary volcano type or tectonic setting, respectively.
Several categories, such as subduction oceanic, complex volcano, stra-
tovolcano, and andesite/basaltic andesite, have similar RCDs ranging
between 1500 and 1512 CE. In contrast, the most recent RCDs corre-
spond to Rift Intermediate (1906 CE), which contains only volcanoes
from Africa (northeastern) and Red Sea, and Intraplate Oceanic (1966
CE), which contains mostly volcanoes from the three regions of Ha-
waiian Islands, Atlantic Ocean, and Pacific Ocean.

3.3.3. Regions

Table 2 shows the most abrupt change points and RCDs at a regional
scale. 21 out of 31 regions have been assigned a RCD. For 16 of these
regions, the RCD falls within the last 500 years. Two regions have the
RCD in the 16th century, two in the 17th century, five in the 18th
century, five in the 19th century, and two in the 20th century. The In-
dian Ocean (southern) region has the most recent RCD (1980 CE), but
the database has only five FRESH in this region. The Pacific Ocean, with
a larger sample size (n = 21), has a similar RCD in 1964 CE. The Middle
East and Western Indian Ocean region has the earliest RCD in the
Common Era (200 CE), while the Mexico, Guatemala, Nicaragua, Costa
Rica, and Panama region has the oldest RCD Before the Common Era
(7930 BCE).

Additionally, the characteristics of several regions prevented us from
defining RCDs. First, we found that several regions have a near-constant
rate of FRESH over the Holocene (e.g., Kamchatka and Mainland Asia).
Second, in regions like Iceland and the Arctic Ocean, Africa (Eastern),
and Honshu, the most abrupt change point is followed by a gap in the
FRESH record or a decrease in the FRESH rate. Third, several regions
have small sample sizes (e.g., Hawaiian Islands (n = 6), El Salvador and
Honduras (n = 5), and Greece (n = 4)), which makes identification of
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any temporal changes challenging. For more details on the temporal
distribution, refer to Fig. S1 in the Supplementary Material, which
contains the regional plots of the cumulative number of FRESH.

4. Discussion
4.1. Eruption size distribution

Despite the FRESH database being a subset of the VOTW database,
there are more differences than similarities among both records when
looking at the eruption size distribution. Of the similarities, both the
VOTW database and FRESH databases have the most common eruption
size as VEI 2, after which the number of eruptions decreases with
increasing eruption size (Siebert et al., 2011) (Fig. 2). The predominance
of VEI 2 FRESH corresponds with this value having previously been
assigned as the default VEI to explosive eruptions without detailed de-
scriptions (Newhall and Self, 1982; Siebert et al., 2011).

Compared to the VOTW database, the FRESH database differs in
three important aspects. The first difference is the high percentage of
FRESH without a VEI (43%), which is almost double the percentage of
eruptions without a VEI in the VOTW database (22%) (GVP, 2013). This
is a result of the FRESH database considering the oldest dated Holocene
eruption at each volcano. Although most FRESH without a VEI have
been dated with non-historical methods, determining eruption volume
and intensity from old eroded deposits can be challenging, even for
large-magnitude eruptions (Brown et al., 2014).

The second difference is the higher percentage of VEI 0 eruptions in

(@ 5@
%

the subset of FRESH with assigned VEI (20%) (Fig. 2) than in the VOTW
database with assigned VEI (11%) (GVP, 2013). Most VEI 0 FRESH are
reported in oceanic settings at submarine volcanoes, or at stratovol-
canoes or shield volcanoes (which may or may not be in oceanic set-
tings). Therefore, the higher percentage could reflect the reporting of
effusive submarine eruptions and dating of well-preserved old lava flows
from stratovolcanoes or shield volcanoes.

The third, and most important, difference is that 24% of the FRESH
with an assigned VEI have a VEI > 4 (Fig. 2), while <10% of the VOTW
database with an available VEI have a VEI > 4 (GVP, 2013). Two reasons
could explain this difference: i) the FRESH database contains a higher
proportion of old eruptions, as reflected in the higher percentage of
eruptions dated with non-historical methods (67%) than in the VOTW
database (35%) (GVP, 2013), and deposits from large-magnitude erup-
tions are better preserved in the geological records than deposits from
small eruptions (Brown et al., 2014; Rougier et al., 2018, 2016); and ii)
many volcanoes without dated eruptions prior to their recording in the
VOTW database might be long-dormant, and these volcanoes are more
likely to reawaken with large explosive eruptions (Bebbington, 2014;
Wadge, 1982).

4.2. Patterns across volcanic characteristics

There seems to be an influence of the tectonic setting in the occur-
rence of FRESH. For example, the low number of historical FRESH in
continental settings could be due to the control of the crustal thickness
and regional stress on eruption rates, resulting in relatively low annual
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Fig. 4. Map showing unmodified GVP regions (scenario a), modified GVP regions (scenario b), and the new regions defined in this study (solid black line). The
numbers in the map correspond to the region ID from Table 2. Of the 19 regions defined in the GVP, 10 kept the original delimitation, and 9 were divided into 21 new
regions. Basemap: ESRI grey (light).
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Fig. 5. Boxplot of the statistical distribution of FRESH start dates across regions ordered by a decreasing median represented by a horizontal red line. The box and the
whiskers represent the interquartile range, and minimum and maximum values, respectively, excluding outliers, represented by the red crosses. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

magma budgets and larger ratios of intruded and extruded magma continental crust favouring magma accumulation and differentiation
volumes in these settings (Crisp, 1984; Wadge, 1982; White et al., 2006). (Mason et al., 2004).

Similarly, the predominance of FRESH with a very large VEI in sub- The proportion of historical FRESH (i.e., dated with historical ob-
duction continental crust settings could be explained by the thick servations) is also highly variable among primary volcano types
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Table 2

Regional identification number (ID), region, number of FRESH, date of the last
FRESH, percentage of historical FRESH, and the most abrupt change point in the
cumulative number of FRESH. The most abrupt change points in italics represent
the RCD, while the non-italicised most abrupt change points indicate that a
decrease in the FRESH rate or a gap follows the most abrupt change point. NA:
RMS level was not applicable due to the small sample size.

ID  Region Number Last Historical Most abrupt
of FRESH  FRESH FRESH (%)  change
(calendar point
year) (calendar
year)
1 Alaska 59 2006 CE 37.3 1760 CE
2 Hawaiian Islands 6 4650 BCE 0 7050 BCE
Wallis, Samoan,
3 Fiji, and 9 2012 CE 22.2 1866 CE
Kermadec Islands
4 Tonga Islands 16 2008 CE 93.8 1791 CE
Canada and
5 Western USA 48 1330 CE 0 4940 BCE
6 Pacific Ocean 21 2003 CE 19 1964 CE
7 Antarctica 16 2001 CE 43.8 1819 CE
Mexico,
8 Guatemala, 44 1952 CE 11.4 7930 BCE
Nicaragua, Costa
Rica and Panama
g  FHiSalvadorand 5 1770 CE 60 1510 CE
Honduras
10 South America 115 1995 CE 27.8 1748 CE
11 West Indies 12 1766 CE 16.7 790 CE
1 [lcelandand Arctic 25 1867 CE 12 5850 BCE
Ocean
13 Atlantic Ocean 25 2004 CE 36 1500 CE
Western Europe,
14 Italy, Turkey, and 26 1282 CE 11.6 5820 CE
Western Asia
15 Africa (morthern, 10 1891 CE 30 1884 CE
western,central)
16 Greece 4 1422 CE 50 NA
Middle East and
17 Western Indian 15 1937 CE 46.7 200 CE
Ocean
Africa
18 (northeastern) 17 2011 CE 76.5 1631 CE
and Red Sea
19 Africa (eastern) 16 1888 CE 12.5 5850 BCE
20 Indian Ocean 5 1995 CE 80 1980 CE
(southern)
Kamchatka and
21 Mainland Asia 69 1951 CE 29 8050 BCE
North Luzon,
Central
22 Philippines, 19 1939 CE 63.2 1765 CE
Mindanao, and SE
Asia
Indonesia
23 (without 66 2004 CE 78.8 1510 CE
Sumatra)
24 Sumatra 14 1993 CE 92.9 1770 CE
Taiwan,
Hokkaido,
25 Ryukyu Islands 37 1924 CE 16.2 1600 CE
and Kyushu
26 Luzon 8 1860 CE 12,5 3500 BCE
27 Honshu 39 1979 CE 5.1 2850 BCE
gg 12w Voleano, and 33 2013 CE 54.5 1864 CE
Mariana Islands
g9 ~ Melanesia, and 42 1996 CE 42.9 1835 CE
Australia
30 Kuril Islands 31 1972 CE 61.3 1712 CE
31 New Zealand 13 1958 CE 7.7 1180 CE

(Table 1). Morphologies such as lava domes, cones, and shields are often
the result of effusive activity that generates less-erodible deposits (de
Silva and Lindsay, 2015), making it easier to date them with geological
techniques, as reflected in the high percentage of FRESH dated with non-

Journal of Volcanology and Geothermal Research 431 (2022) 107648

historical methods. On the other hand, the high percentage of submarine
FRESH dated from historical observations can be partly attributed to
advances in the last century in ocean exploration, leading to more
eruptions reported in submarine volcanoes (Hammond et al., 2015).

Interpreting the results by composition is difficult since there is no
clear relationship between the rock types and the percentage of histor-
ical FRESH. This is likely the result of the major rock composition cor-
responding to the most abundant rock type in terms of volume or the
composition from younger edifices in long-living systems (Siebert et al.,
2011). Therefore, we cannot be certain that this composition is the same
one produced by the FRESH. Additionally, the sample size is highly
variable across rock types, ranging from 7 FRESH for Foidite to 557
FRESH for Andesite//Basaltic Andesite.

4.3. Global eruption data completeness

The RCD obtained for the global database of FRESH (1747 CE) co-
incides with the sharp increase in the estimated probability of recording
an eruption reported in Guttorp and Thompson (1991) (their Fig. 1).
This probability was obtained by fitting a linear function to the yearly
eruption count from the Volcano Reference File (Simkin et al., 1981) and
arbitrarily assuming that after 1980, the probability of recording an
eruption was 100%. Rougier et al. (2016) also assumed 1980 as the
completeness date for Magnitude>4 eruptions in the LaMEVE database,
while Papale (2018) found that the eruption rate for all VEIs remains
constant after 1975, and Wang et al. (2020) proposed that the VOTW
database is complete after 1985. Other studies have identified an in-
crease in the recording rate between 500 and 200 years ago, coinciding
with the start of the European expeditions to the Americas and Asia, and
followed by the invention of the printing press, the Industrial Revolu-
tion, and globalisation (Mead and Magill, 2014; Siebert et al., 2011).

Two factors can explain why we obtain an earlier global relative
completeness date in comparison with previous studies: i) We are
looking at a relative improvement while completeness dates imply a
100% probability of recording an eruption, and ii) in contrast with
previous research on eruption data completeness, we include in the
analysis eruptions lacking a VEI since they account for nearly half of the
FRESH database and around 20% (n = 2179) of the eruptions in the
VOTW database (GVP, 2013).

The relatively recent RCDs obtained for VEI 1-4 FRESH reflect the
poor preservation of eruption deposits from small to moderate explosive
eruptions in geological records due to erosive and alteration processes
(Siebert et al., 2011), which are highly variable among environmental
conditions and volcanoes (Blong et al., 2017). The sharp increase in the
FRESH rate following the RCD for VEI 1-4 also captures the improve-
ment in eruption records observed in global catalogues (Mead and
Magill, 2014; Siebert et al., 2011). The FRESH RCDs could be considered
early dates compared to global completeness dates found in other
studies. For example, the global completeness dates proposed by Papale
(2018) range from 1840 for VEI 4 to 1950 for VEI 1. The difference with
our results can be partly explained by the method applied by Papale
(2018), which identifies absolute completeness dates from the best
linear fit of a unified database of LaMEVE and VOTW databases. In
contrast with these results, the completeness date obtained by Papale
(2018) for VEI 0 eruptions (1950) is almost identical to the RCD for VEI
0 FRESH (1951 CE) (Fig. 6). This coincidence could be partially attrib-
uted to the development of the hydrophone during World War II and its
application to detect submarine volcanism, which likely resulted in a
global improvement (Ewing et al., 1946). Neither the under-recording of
large explosive eruptions (Deligne et al., 2010) nor the improvement on
M > 4 eruption recording observed after the 15th century in global re-
cords (Rougier et al., 2016) are reflected in the near-constant rate of VEI
5, 6, and 7 FRESH. This difference could be due to the smaller sample
size and shorter time scale used in our study. The challenge of identi-
fying change points for the scarce records of large eruptions was also
encountered by Mead and Magill (2014), resulting in greater
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uncertainties around the completeness dates.

4.4. Regional eruption data completeness

We propose four factors that explain the different degrees of
completeness in the FRESH database across regions and subregions. The
completeness of the eruption record in a given region can be influenced
by one or more of the following factors. The first factor impacting
eruption data completeness, widely acknowledged in previous studies
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(e.g., Mead and Magill, 2014; Rougier et al., 2018; Siebert et al., 2011),
is the occurrence of socio-historical events, such as the European Age of
Discovery. This effect is also observed in the sharp increase in the FRESH
rate in several regions (Fig. 7A). For example, the RCD in Indonesia
(without Sumatra) (1510 CE) seems to be influenced by the presence of
the Europeans in the 16th century and the later establishment of the
Dutch East Indian Company in the early 17th century (Rougier et al.,
2018; Siebert et al., 2011). In contrast, the presence of the Europeans in
Sumatra is not reflected instantly as an improvement in the FRESH
database. Although the Dutch and British established trading companies
in west Sumatra in the second half of the 17th century (Colombijn,
2005), the improvement in eruption recording is not observed until
more than a hundred years later (1770 CE). The difference in the RCDs
between Sumatra and the rest of Indonesia could be explained by the
contrasting type of volcanism. While the volcanism in Sumatra is
explosive and infrequent, often coming from long-dormant calderas, the
volcanism in the rest of Indonesia, especially in Java, is less explosive
and more frequent (Bouvet de Maisonneuve and Bergal-Kuvikas, 2020).
These examples suggest that regional eruption frequency could also be a
factor when comparing eruption data completeness at different regions.

A delay between socio-historical events and an improvement in the
recording is also apparent within the region of North Luzon, Central
Philippines, Mindanao and SE Asia, where the RCD, 1765 CE, does not
seem to be linked to the Spanish settlements in the early 16th Century
(Siebert et al., 2011). This delay could also be reflecting the regional
eruption frequency. However, the influence of the regional eruption
frequency in the FRESH rate is difficult to establish due to the complex
geological setting of the Philippines (Bouvet de Maisonneuve and
Bergal-Kuvikas, 2020). One factor that could have contributed to more
FRESH reported after 1765 is the opening to international trade towards
the first half of the 19th century leading to a higher presence of, for
example, European merchants in the region (Seekins, 1993) who often
recorded eruptions in ship logs that were later conserved and published.
In contrast, the FRESH database in Luzon (i.e., excluding North Luzon,
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which is part of the abovementioned region) is dominated by eruptions
dated with non-historical methods. This difference could be because
some of the volcanoes in Luzon have produced large explosive eruptions
in the past (e.g., Pinatubo and Taal) or erupt frequently (e.g., Mayon)
(Aspinall et al., 2011). Additionally, the capital city, Manila, and other
major cities in Luzon are surrounded by volcanoes, resulting in a high
Population Exposure Index (PEI > 5) at most volcanoes in Luzon (Brown
et al., 2014b). These two reasons might have attracted the attention of
volcanologists and the local authorities, leading to more geological
studies in this region.

The second factor, which has also been discussed previously, is the
number of geological studies conducted in different regions as reflected
in the VOTW database. Several regions show a comprehensive geolog-
ical record of FRESH (Fig. 7B), which in some cases results in a near-
constant FRESH rate throughout the Holocene (e.g., Canada and West-
ern USA). As a result, most of these regions lack an RCD since the most
abrupt change point often corresponds to a deceleration in the FRESH
rate (e.g., Western Europe, Italy, Turkey, and Western Asia) or a gap in
the record (e.g., Iceland and Arctic Ocean). In these cases, having mul-
tiple change points can be helpful to overcome the uncertainty in regions
with extensive geological studies and long historical records, as noted by
Mead and Magill (2014). The comprehensive records of some of these
regions can be attributed to specific research projects focused on
studying the volcanism in certain areas (e.g., Kamchatka and Mainland
Asia (IVS, 2021)). An interesting example is the two nearby regions,
Africa (northeastern) and Red Sea, and Africa (eastern), with contrasting
degrees of completeness (Fig. 5). In the former, most of the FRESH are
historical, while in the latter most FRESH are dated with non-historical
methods. In this case, the comprehensive record of Africa (eastern)
could be partly attributed to the numerous geological studies conducted
by the local researchers and international collaborators at the East Af-
rican Rift System (EARS) (e.g., a study of the geology from the northern
sector of the Kenyan Rift Valley (Dunkley et al., 1993) or a detailed
stratigraphy of the Holocene explosive volcanism at Rungwe Volcanic
Province (Tanzania) (Fontijn et al., 2010)). Recent projects, such as
RiftVole (https://www.riftvolc.geos.ed.ac.uk) (2014-2021) (BGS,
2021), which is focused on Ethiopian volcanism, will likely result in an
increase in the number of older FRESH dated with non-historical
methods in the region of Africa (northeastern) and Red Sea. Addition-
ally, the volcanic record from this region might also benefit from the
recent increased interest in the geothermal energy potential at the EARS
and the associated research required for its exploitation (Kombe and
Muguthu, 2018).

The third factor is the presence of submarine volcanism. In regions
with frequent submarine activity, such as the Pacific Ocean; Tonga
Islands; and Izu, Volcano and Mariana Islands (Fig. 7C), the majority of
FRESH are dated from historical observations, and as a result the RCDs
are relatively recent (Table 2). The improvement in the number of re-
ported FRESH in these regions can be in part attributed to the advances
in seismic and acoustic detection techniques since the mid-20th century
(Ewing et al., 1946) (e.g., first correlation between submarine explo-
sions recorded by the Sofar network and the 1954 submarine eruption at
Myojin (Japan) (Dietz and Sheeny, 1964)). Ocean exploration programs,
such as the National Oceanic and Atmospheric Administration (NOAA)
Vent Program launched in 1983, which contributed to almost half of the
submarine vents compiled in the InterRidge Vents database (Beaulieu
et al., 2013), have also played an important role in this improvement.
For example, the first direct visual observations of a submarine explosive
eruption were made at NWRota-1 (Mariana Arc) by remotely operated
vehicles used during three diving expeditions conducted between 2004
and 2006 (Chadwick Jr et al., 2008). This type of observation would not
have been possible in the mid-late 20th century, especially for deep-sea
volcanism (i.e., >500 m depth) (see Rubin et al. (2012) for a detailed
chronology of submarine volcanism discoveries).

The fourth factor behind the different degrees of completeness is
remoteness (Fig. 7D), which is also a common factor in regions with
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submarine volcanism. The difficult access to remote continental vol-
canoes and volcanic islands often results in scarce geological records.
Additionally, remote regions are largely uninhabited, and geological
studies tend to focus on volcanoes that pose a risk to the population
living nearby. An apparent exception of a well-studied remote region is
Kamchatka and Mainland Asia, which has comprehensive geological
studies (e.g., Ponomareva et al., 2007) thanks to the fieldwork con-
ducted mainly by the Institute of Volcanology and Seismology (IVS,
2021). Interest in studying these volcanoes is motivated mainly by the
risk posed to aviation and the local population (Eichelberger et al.,
2013). The low population density might also result in scarce historical
accounts as we go back in time, with some regions showing an apparent
improvement in eruption recording with the arrival of people. For
example, the inaccessible Kuril Islands region, which lacks geological
studies, shows an increase in reported FRESH after 1712 CE. This in-
crease could be attributed to the arrival of the Cossacks in 1711 CE and
the multiple mapping expeditions that followed (Gorshkov, 1970).
Lastly, eruption records from remote regions have improved recently
thanks to remote sensing techniques that detect eruptive plumes, gas
emissions, and thermal signals from subaerial eruptions (e.g., FRESH at
Montagu Island (Antarctica) in 2001 CE; Patrick et al. (2005)).

As mentioned above, some of these factors have been previously
discussed in other studies looking at regional eruption completeness.
However, we do not compare our regional RCDs with completeness
dates proposed by other studies (e.g., Jenkins et al. (2012) and Mead and
Magill (2014)) because we: i) analyse different subsets of eruptions (i.e.,
FRESH vs multiple eruptions per volcano); ii) include eruptions lacking
an assigned VEI; and iii) use a different spatial scale.

5. Conclusions

The First Recorded EruptionS in the Holocene (FRESH) database has
been compiled from the Volcanoes of the World (VOTW) database to
look at eruption data completeness from a new perspective. We applied
a straightforward method to identify changes in the completeness of
eruption records based on the most abrupt change point approach
implemented in the findchangepts function (Mathworks, 2021). This
function can identify multiple change points in the eruption record by
looking at abrupt changes in the RMS level of the time-lapse between
consecutive FRESH start dates. With this approach, we identify gaps in
the record, a decrease, or an increase in the recording rate. Furthermore,
we propose new relative completeness date(s), RCDs, indicating an
improvement in eruption records identified from the most abrupt
change point in the FRESH rate. The completeness of the FRESH data-
base was analysed as a function of VEI, tectonic setting, morphology,
rock composition, and region. Results show significant variability across
eruption size and volcanic characteristics (e.g., 1951 CE for VEI 0 FRESH
vs 1600 CE for VEI 4 FRESH or 1951 CE for intraplate oceanic volcanoes
vs 1510 CE for subduction oceanic volcanoes).

Since a regional variability in the degree of under-recording could
also be expected, we applied the K—S test to identify which subregions
within the GVP regions have significantly different FRESH distributions.
As a result, we have expanded the number of regions from 19 to 31,
separating subregions within regions with different degrees of
completeness (e.g., Hawaiian Islands with an extensive geological re-
cord vs Pacific Ocean with a record dominated by historical FRESH) and
considering them as new regions. These results confirm that some GVP
regions are not suitable for analysing eruption data completeness at a
regional level and highlight the importance of using an appropriate
geographic scale to reduce uncertainties in eruption recurrence and
probability estimations. Furthermore, we discourage assessing eruption
data completeness by country since single countries frequently include
regions with different degrees of completeness.

We propose four key factors that explain the different degrees of
completeness observed in the FRESH database at a regional scale: i)
socio-historical events, frequently linked to the European Age of



V. Burgos et al.

Discovery, which contributed to having more historical observations (e.
g., Indonesia (without Sumatra)); ii) number of geological studies con-
ducted, resulting in regions with comprehensive eruption records (e.g.,
Canada and Western USA); iii) a dominant presence of submarine
volcanism, where a recent improvement in eruption recording is
attributable to the advances in submarine eruption detection and
monitoring, and the expansion of ocean exploration (e.g., Izu, Volcano,
and the Mariana Islands); and iv) remoteness, which usually implies low
population exposure or difficult access to the field, leading to scarce
geological records and historical accounts (e.g., Antarctica). One or
more of these factors can explain the different degrees of completeness
in a given region. Therefore, it is important to consider eruption under-
recording as a multifactorial problem when assessing data completeness.

Since the FRESH database represents a portion of the VOTW data-
base, the RCDs presented here should only be used for estimations
derived from the FRESH database or when looking at volcanoes without
Holocene records (i.e., their first known eruption will count as a FRESH).
We suggest that new RCDs should be defined when estimating eruption
frequency and probability from other datasets and assessing eruption
data completeness for different temporal and spatial scales.

This study provides a new look into eruption data completeness by
applying a straightforward method that identifies multiple change
points in the recording rate while bringing insight into the occurrence of
the first dated eruption from Holocene volcanoes. A follow-up project
will draw on the FRESH database and the new proposed RCDs to esti-
mate the recurrence interval and probabilities of having a FRESH at
volcanoes lacking records of Holocene activity.
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