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1.  Introduction
In the year 2018, Kı̄lauea Volcano on the Island of Hawai’i went through a major eruption. The eruption was 
the most intense one observed at the volcano over the past 200 years, causing its caldera to collapse (Neal 
et al., 2019). The eruption was preceded by the inflation at Pu’u‘ō‘ō since mid-March and the collapse of the 
Pu’u‘ō‘ō vent on May 1 (UTC). The first fissure opened on May 4 (UTC) in the lower East Rift Zone and was 
followed by the 2018 Mw 6.9 Kalapana earthquake under the south flank of Kı̄lauea, which might have been trig-
gered by the dike intrusion in the East Rift Zone. In the following weeks, a total number of 24 fissures opened 
in the lower East Rift Zone, pouring out ∼0.8 km 3 or more of lava before the eruption completely ended (Neal 
et al., 2019). The extraction of magma led the lava lake level at the Kı̄lauea summit to drop at the start of May, and 
the summit caldera began to collapse at the end of May. The caldera collapse stopped, and the eruptive fissures 
became minimally active in early August. The last fissure eruptive activity was observed on September 6, mark-
ing the end of the 2018 Kı̄lauea eruption.

The eruption provided the volcanological community a great opportunity to pursue a number of scientific ques-
tions, including eruption triggering (Farquharson & Amelung, 2020; Patrick et al., 2020) and the subsequent 
caldera collapse mechanism (Anderson et al., 2019). Researchers from various agencies and institutions reacted 
quickly to this eruption. The rapid responses included deployment of several temporary seismic arrays (Figure 1), 
with the instrument types varying from broadband seismometers, ocean bottom seismometer (OBS), to nodal 
seismometers (Shiro et al., 2021; Wei et al., 2021; Wu et al., 2020). Although the Hawaiian Volcano Observatory 
(HVO) successfully monitored the seismicity during the eruption, such as the down-rift dike intrusion and the 
caldera collapse, the existing catalogs only used the permanent seismic networks on land (Lengliné et al., 2021; 
Lin & Okubo, 2020; Shelly & Thelen, 2019). The permanent seismic networks had a larger inter-station distance 
in the lower East Rift Zone of Kı̄lauea, which limited its detection ability in this area. Furthermore, the permanent 
networks had no stations in the offshore area, making them poorly suited for monitoring the underwater after-
shocks of the 2018 Mw 6.9 Kalapana earthquake (Wei et al., 2021). Although there have been studies building 
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detailed earthquake catalogs from template matching (Lengliné et al., 2021; Shelly & Thelen, 2019), their results 
could still be limited by the available waveform templates, particularly in the seismically less active areas before 
the eruption, including the offshore flank.

To provide a more complete earthquake catalog as a foundational data set to better understand the eruption 
processes, we incorporated most of the available onshore and offshore seismic data in this study. The new catalog 
contains approximately fourfold more earthquakes compared with the existing HVO catalog of the same time 
span, and can be used to gain new insights into the initiation, development, and cessation of the eruption.

2.  Data
We collected most of the available data on the Island of Hawai’i from March 1, 2018 to September 30, 2018 
(Figure 1), including data from the following permanent networks: HVO (network code: HV; Okubo et al., 2014; 
Shiro et  al.,  2021), Pacific Tsunami Warning Center (network code: PT), and Global Seismograph Network 
(network code: IU). In addition, three temporary seismic networks were included: a rapid response nodal array 
(network code: Z1; Wu et  al.,  2020), a rapid response OBS array (network code: Z6; Wei et  al.,  2021), and 
a four-station temporary broadband network(network code: 4S; Johnson et  al.,  2018). All of these data were 
downloaded from the Incorporated Research Institutions for Seismology (IRIS). Finally, the Raspberry Shake 
Network (network code: AM) was used as a supplementary network. We did not use the United States National 
Strong-Motion Network (network code: ZU) as it had limited publicly available data.

The HVO network is the backbone among all of the networks (Shiro et al., 2021). Nearly all of the stations of the 
permanent networks were equipped with at least a velocity sensor, and a few stations were equipped only with 
accelerometers. Only the velocity components were used, unless acceleration components were the only choice.

The temporary networks provided additional station coverage during various periods over the time span of this 
study (Table 1). For the nodal network, we found some of its stations along a local highway contained higher 
levels of noise (Text S1 in Supporting Information S1), which could be produced by traffic. There were also 
notable instrumental malfunctions of the OBSs, described in detail by Wei et al. (2021), and the problematic OBS 
components were not used in this study.

Figure 1.  (a) The station distribution map of this study. Different color symbols refer to seismic stations of different networks, as shown in the legend. Ka’ōiki-Hı̄lea 
refers to the Ka’ōiki-Hı̄lea Seismic Zone. (b) An enlarged map of the Kı̄lauea region, including its caldera, its East Rift Zone, and its south flank area. The red dash 
circle marks the region within 4 km distance from 19.41°N, 155.275°W encircling the caldera stations. The lava flow map (red irregular areas) is from Zoeller 
et al. (2020).
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3.  Methods
Because of the strongly uneven distributions of the seismicity and station 
coverage, we developed a workflow with parameters that were optimized via 
trial and error for the event and station distributions. The general workflow 
to construct the earthquake catalog in this study could be divided into the 
following steps. First, we marked the earthquake events on different seis-
mometer components using earthquake triggers. Second, we associated the 
triggered time windows with different events. Third, we picked the P-wave 
and S-wave arrivals and located the events. Then, we re-associated the trig-
gered time windows based on the resultant source time and locations. Finally, 
we measured the magnitude of each event and merged possibly duplicated 
events.

3.1.  Earthquake Detection

To detect earthquakes, we first bandpass-filtered the raw OBS records with 
a four-corner zero-phase-shift Butterworth filter between 8 and 12 Hz, due 

to the “6 Hz problem” (Wei et al., 2021). To keep the filters coherent but retain more energy, all the other raw 
records were filtered between 8 and 20  Hz. The design of the filters is to mainly focus on volcano-tectonic 
earthquakes, instead of long-period events. Then, we applied the recursive short-time-average/long-time-average 
(STA/LTA) algorithm (Withers et al., 1998) in the ObsPy package (Beyreuther et al., 2010), to every component 
of all the seismic stations. The standard STA window and LTA window were set to 1 and 10 s, respectively. For 
the stations near the caldera (Figure 1b), which are within 4 km of the summit (∼19.41°N, ∼155.275°W), both of 
the windows were cut to half to have better temporal resolution for the intense seismicity produced by the caldera 
collapse (Text S2 in Supporting Information S1). The triggered window's starting threshold was set to 3. The 
window ending threshold was set to 1 for all of the OBSs and stations that had no nearby stations within 8 km, 
and 1.2 for the caldera stations and the remaining stations. The network AM was not included during this step due 
to its relatively lower recording quality.

3.2.  Association

After the on and off times for the triggered windows were obtained, they were associated with different events by 
assuming the earliest triggered station as the initial source location and predicting the triggered windows at other 
stations for the P-wave and S-wave traveling with speeds of 5 and 3 km/s, respectively (Text S3 in Supporting 
Information S1). For the associated earthquakes, they were saved on all the recorded stations with the instrument 
responses removed to obtain the ground velocities.

3.3.  Phase Picker

For all stations, the data were filtered between 8 and 20 Hz before automated phase picking. The P-wave was 
picked only on the vertical component unless the vertical component was not available. The S-wave was picked 
only on the horizontal components unless the horizontal components were not available.

The phase picker in this study was built on the polarization filter and kurtosis rate function (Text S3 in Supporting 
Information S1; Baillard et al., 2014; Ross et al., 2016). If a station had three-component data, the waveform was 
filtered with the polarization filter before phase picking. The P-wave and S-wave polarization filters were calcu-
lated and applied according to Ross et al. (2016). The time window to calculate the polarization filter was 0.4 s, 
while the time window to calculate the kurtosis rate was 0.75 s. The polarization filter value was assigned to the 
central point of the window, whereas the kurtosis rate value was assigned to the end point of the window. If the 
station with the earliest detection was in the caldera region, other stations within 6 km would have their polariza-
tion filter time windows reduced to 0.3 s. We found that the polarization filter was quite effective to separate the 
S-wave (Baillard et al., 2014; Ross et al., 2016).

Next, the kurtosis function and its time derivative were calculated on all of the components. The three trans-
formations introduced by Baillard et al. (2014) were applied when calculating the kurtosis functions. The first 

Network code Start time (UTC) End time (UTC)

HV – –

PT – –

IU – –

Z1 2018-06-15 2018-07-26

Z6 2018-07-10 2018-09-16

4S 2018-07-27 –

AM – –

Note. Dash indicates that the start time or the end time equals 2018-03-01 
(UTC) and 2018-09-30 (UTC), respectively.

Table 1 
Time Span of the Networks Used in This Study
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maximum before the S-wave trial pick was recognized as the S-wave arrival, and the global maximum before the 
P-wave trial pick was recognized as the P-wave arrival. The exact pick time was then refined to the minimum 
before the maximum (Ross et al., 2016). The picks on three-component stations would not be accepted if their 
signal-to-noise ratios (SNRs) were less than 16 and 8 for P-wave and S-wave arrivals, respectively. The pick SNR 
was defined as the average energy in the time window after the pick divided by the average energy in twice the 
time window before the pick, similar to the definition of Baillard et al. (2014). These SNR requirements were 
reduced to 10 and 5 for single component seismometers, considering that there was no applicable polarization 
filter to improve the SNR.

To better pick P-wave arrivals, an iterative process would be initiated if no P-wave arrival was found after the 
above procedures. First, we doubled the time window and recalculated the kurtosis rate to see if a P-wave pick 
could be found in the widened window. If not, the original kurtosis rate function was further multiplied with an 
STA/LTA trigger. The STA/LTA trigger was less sensitive to short-period energy fluctuations and could help 
suppress kurtosis rate peaks produced by noise. If still no P-wave arrival could be found, one last step was to 
multiply the STA/LTA trigger with the recalculated kurtosis rate function. It would be declared no P-wave arrival 
recorded if the final step still yielded no reliable pick.

Finally, for each wave type and each event, the pick times out of three standard deviations from the average of 
all of the arrival times of each event were removed, following Baillard et al. (2014). This is a tradeoff between 
minimizing erroneous picks and possibly removing a station (or stations) that has (have) very different epicentral 
distances, which are yet undetermined at this stage.

In addition, for both the P-wave and S-wave picks, we also included a clustering analysis for the caldera stations 
(Text S4 in Supporting Information S1). Because of the caldera collapses, the seismicity near the caldera was 
intense, and the automatic picker occasionally picked the arrival of the previous or next event mistakenly. To 
reduce this kind of error, we divided all of the arrivals into two sets when the two centroids of arrival time clus-
ters were more than 1.8 s apart, whatever the wave type, unless there were less than three picks. The arrivals in 
different clusters would be located separately.

Examples of the phase picks are shown in Figure 2. To highlight the increased detection capacity of the combined 
onshore and offshore networks and a phase-picking procedure tailored to the very uneven distribution of seis-
micity and stations, none of the events in Figure 2 are included in the HVO catalog. It is clear that our automatic 
picker could yield reasonably reliable picks of P-wave and S-wave arrivals. There are unreliable picks, but they 
generally get down-weighted during the following localization process. The unreliable picks can be largely attrib-
uted to low SNRs, mostly on the nodal and OBS stations. The permanent stations with only one vertical compo-
nent are also susceptible to large phase picking errors.

3.4.  Localization

For every event, the regional version NonLinLoc package (Lomax et al., 2000, 2001) was used to determine the 
maximum likelihood source origin time and location. The NonLinLoc package incorporates three-dimensional 
velocity models and topographic masks, which are important to obtain more accurate earthquake origins (Lin, 
Shearer, et al., 2014) with their depths not above the physical ground surface.

The P-wave velocity model of Park et al. (2009) was used to calculate wave travel times (Text S5 and Figure S1 
in Supporting Information S1). However, part of our study region was not included in their model. We first calcu-
lated the average velocity profiles for the model of Park et al. (2009) at a topography interval of 100 m. Then the 
average profiles were signed to the grids outside of Park et al. (2009) model space but in the same topography 
range. The Vp/Vs ratio was fixed at 1.732, close to the average Vp/Vs presented by Lin, Amelung, et al. (2014), 
and was used to obtain the S-wave velocity model. This model was chosen mainly because it was constructed 
from both earthquake arrivals and offshore airgun records and had high resolution not only for the onshore 
structures, but also for the submarine south flank of Kı̄lauea. In addition, this model was integrated with the 
topography during its inversion (Park et al., 2009). The topography mask data (Figure 1) were obtained through 
the Global Multi-Resolution Topography MapTool (Ryan et al., 2009).

The NonLinLoc package offers five weights for the P-wave and S-wave arrivals, ranging from level 0 to level 4, 
corresponding to arrival time uncertainties of 0.1–2.0 s (Table S2 in Supporting Information S1). Level 0 was the 
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Figure 2.  Three examples of events with their P-wave and S-wave arrival picks. The three events, of Md 0.65, 1.15, and 1.84, are located in different regions: (a) 
the caldera, (b) the East Rift Zone, and (c) the offshore region. All the traces were filtered between 8 and 20 Hz and normalized by their maximum amplitudes. The 
network, station, and components names are marked on the left side of the traces. The intense seismicity in the caldera can be seen from the left-most part of (a), where 
codas of the previous earthquake precede the new event. All traces are normalized to their maximum to better show the data quality.
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highest whereas level 4 is given 0 weight. Generally speaking, the P-wave arrivals would be assigned an initial 
weight level of 0, and the S-wave arrivals would be assigned an initial weight level of 1 during the localization 
(Text S6 in Supporting Information S1), as the automatic P-wave picks were more accurate (Baillard et al., 2014). 
During the localization, the weight would be adjusted based on their travel time misfit.

3.5.  Re-association

From all of the located events, we selected only the events with at least one valid P-wave arrival, no less than four 
total valid arrivals and the root-mean-square (RMS) misfit less than 1 s. An arrival would be considered as valid 
if its normalized weight remained more than 0.2 after the localization process (Text S6 in Supporting Informa-
tion S1). The misfit criterion would be relaxed for events with a large number of arrival times and a slightly larger 
RMS misfit (Text S7 in Supporting Information S1). Then we replaced the station having the earliest detection 
(Sta1; Text S3 in Supporting Information S1) with the event location in the association workflow to find out if the 
other stations also recorded the same event. The detection time windows were no longer based on the inter-station 
distance and the wave travel speeds, but rather on the arrival times directly predicted by the NonLinLoc package. 
We saved the station where its observed detection window overlapped with the predicted window for the event 
(Text S7 in Supporting Information S1). In addition, the detections on the Raspberry Shake Network were also 
brought into analysis.

Then, these re-associated events were located again following the workflow described in Section 3.4.

3.6.  Magnitude Determination

We followed HVO's approach to determine the earthquake magnitudes. Our primary magnitude choice for an 
earthquake was the coda/duration magnitude (Eaton, 1992), not only because it is more accurate but also easy to 
measure for small earthquakes. The vertical component records with valid P-wave picks were used. All the traces 
were high passed with a six-corner zero phase-shift Butterworth filter above 0.75 Hz and converted to envelopes. 
The envelopes were further smoothed with a 2 s long moving window before the coda durations were measured. 
The coda was set to start at the P-wave arrival time and end when the smoothed envelope value dropped back 
to the background noise level. The background noise level was defined as the average of the smoothed envelope 
inside the noise window before the P-wave arrival. The length of the noise window was adjustable from 5 to 2 s 
with an interval of 0.5 s to avoid the energy from the previous event.

On each station, the magnitude (Md) was calculated using the following equation:

𝑀𝑀𝑑𝑑 = −0.402 + 1.649log10𝜏𝜏 + 0.015𝑧𝑧 + 0.0011𝑑𝑑 + 0.0015𝜏𝜏 − 0.005𝐻𝐻(𝑧𝑧 − 26) + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� (1)

where τ, d, z, and stacorr are the coda duration in seconds, epicentral distance in kilometers, source depth in 
kilometers, and station correction term, respectively. And H(z) is the Heaviside function of z. The average of the 
magnitudes of different stations yielded the magnitude of the event and its standard deviation. Thus, at least two 
measurements were needed to calculate both values. For simplicity, no distance limitation was applied. A station 
correction term of 0.272 was applied to all of the measurements. This value was roughly inferred from the coda 
duration time and the magnitude in the USGS ComCat catalog (U. S. Geological Survey, 2017).

During this step, we also removed the duplicate events. The criteria were that the difference in the origin times of 
the two events was less than 1 s and location differences less than 0.1° in latitude and longitude. If the two events 
did not have the same arrival information, we would use all the arrival times to relocate the event once more.

No coda/duration magnitude would be given if an earthquake was closely followed by another one or its noise 
window before the P-wave arrival was contaminated by the previous event. For large earthquakes, the coda could 
be too long to measure accurately. For those events, we instead used local magnitudes (Richter, 1935).

On each station, the local magnitude (ML) was calculated using the following equation:

𝑀𝑀𝐿𝐿 = log10𝐴𝐴 − log10𝐴𝐴0(𝑟𝑟) + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� (2)

where A, A0, r, and stacorr are the observed Wood-Anderson seismometer peak amplitude in millimeters, the 
amplitude attenuation function in millimeters, hypocentral/slant distance in kilometers, and station correction 
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term, respectively. According to Uhrhammer et al. (2011), the amplitude decay function −log10A0(r) between 8 
and 500 km can be expressed as:

−log10𝐴𝐴0(𝑟𝑟) = 1.11 log10(𝑟𝑟) + 0.00189𝑟𝑟 + 0.591

+0.056𝑇𝑇0 (𝑟𝑟) − 0.031𝑇𝑇1 (𝑟𝑟) − 0.053𝑇𝑇2 (𝑟𝑟) − 0.080𝑇𝑇3 (𝑟𝑟) − 0.028𝑇𝑇4 (𝑟𝑟) + 0.015𝑇𝑇5 (𝑟𝑟)
� (3)

where 𝐴𝐴 𝐴𝐴𝑛𝑛 (𝑟𝑟) is the n the order first kind Chebyshev polynomials of 𝐴𝐴 𝐴𝐴𝐴 :

𝑇𝑇𝑛𝑛 (𝑟𝑟) = cos (𝑛𝑛 arccos 𝑟𝑟)� (4)

where

𝑟𝑟 = 1.11366 log10𝑟𝑟 − 2.00574� (5)

projects r ∈ [8, 500] to 𝐴𝐴 𝐴𝐴𝐴 ∈ [−1, 1] . More details, such as how to extend this equation for r < 8 km, can be found 
in Uhrhammer et al. (2011). The horizontal velocity records were converted to the Wood-Anderson seismographs 
with its calibrated transfer function (Uhrhammer et al., 1996) and bandpasses between 0.5 and 17.86 Hz. The 
peak amplitude was defined as half of the peak-to-peak value within a 0.8 s sliding window, which was the free 
period of the Wood-Anderson instrument. The center of sliding window search started from the earthquake 
source time until the end of the detection windows.

To reduce the uncertainty of the measurements, the local magnitude was measured only on stations with a valid 
pick. Similarly, only magnitudes within three standard deviations were used to calculate the earthquake magni-
tudes and their uncertainties.

Although all the above equations were originally formulated for California but directly carried out in the Island 
of Hawai’i, their errors could be limited, as the maximum epicentral distances in the Island of Hawai’i are not as 
large as in California.

4.  Results
We associated 650,899 events and successfully located 503,339 of them. Among those events, 420,963 origin 
time and locations were used to perform the re-association. A total number of 392,977 events were finally located 
from the 392,789 events re-associated, and ended up with a final catalog of 375,736 earthquakes, approximately 
fourfold more than the 69,686 earthquakes located by HVO (Figure 3a). For each event, there is at least one 
P-wave arrival to ensure the accuracy of its source location.

To assess the quality of our catalog, we compared our catalog with other existing catalogs of similar time span: 
the HVO catalog (Shiro et al., 2018), the caldera template matching catalog (Shelly & Thelen, 2019), and the East 
Rift Zone template matching catalog (Lengliné et al., 2021). The three catalogs were selected as their events do 
not fully overlap with each other. The HVO catalog compared here covered exactly the same time span with our 
study, while the caldera template matching catalog started on April 29 and ended on June 23. The East Rift Zone 
template matching catalog started on April 29 and ended on May 5. The details of the comparison are presented 
in Text S8–S11, Table S4, and Figure S2 in Supporting Information S1.

4.1.  Earthquake Locations

The event spatial distributions in our new catalog and the HVO catalogs are quite similar (Figure 3). The majority 
of events are in the Kı̄lauea and Mauna Loa caldera areas, the Ka’ōiki-Hı̄lea Seismic Zone, the lower East Rift 
Zone of Kı̄lauea, the Hilina Fault Zone, and the Pāhala region. However, our new catalog shows more events in 
all of the above regions. We note that the earthquake clusters in the Kealakekua Fault Zone (Figure 1) only appear 
in our catalog. Deep events at depth ∼30 km were also observed in our catalog under the Kı̄lauea and Mauna 
Kea. In the Kı̄lauea region (Figure 4), both catalogs have abundant earthquakes in the caldera area, the Hilina 
Fault Zone and the East Rift Zone. Still, our catalog shows more events in the above regions and further reveals 
the Pu’u‘ō‘ō vent as another seismically active region during the eruption period. All of these suggest that the 
combined networks in our workflow detected smaller magnitude events not included in the HVO catalog. On the 
other hand, our catalog does have more scattered events, compared with the HVO catalog.
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4.2.  Earthquake Magnitudes

The majority of the earthquakes, 308,017 events, have a corresponding magnitude. Those without a magnitude 
are too small to have at least one P-wave pick for the coda/duration magnitude, not big enough to be measured 
by the local magnitude, or too close in time from the previous or next earthquake. The earthquake magnitude 

Figure 3.  (a) The event distribution map of the HVO catalog. The lava flow map (red irregular areas) is from Zoeller et al. (2020). The top and left panels are the 
longitudinal and latitudinal projections, respectively. (b) The event distribution map of our new earthquake catalog. The top and left panels are the longitudinal and 
latitudinal depth projections, respectively.

Figure 4.  (a) The event distribution map of the HVO catalog in the Kı̄lauea region. The lava flow map (red irregular areas) is from Zoeller et al. (2020). The top and 
left panels are the longitudinal and latitudinal projections, respectively. (b) The enlarged event distribution map of our new catalog in the same region. Five dashed 
regions of red, cyan, pink, orange, and purple mark the caldera, the Hilina Fault Zone, Pu’u‘ō‘ō, the lower East Rift Zone, and the submarine south flank used in 
Figure 6, respectively. The top and left panels are the longitudinal and latitudinal depth projections, respectively.
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frequency distributions (Figure 5) show that the magnitude of completeness (Mc) of our catalog, where the maxi-
mum curvature of the distribution appears, is around ∼1.4 and fairly consistent over different time periods. This 
Mc value is comparable to the results from the Southern California Seismic Network (Ross et al., 2019).

5.  Discussion
5.1.  Implications for the Caldera Collapse

The first collapse event (Neal et  al.,  2019) occurred on May 17 (UTC, 13  days after the eruption), and the 
large-scale and fault-bounded caldera collapses started on May 29, 25 days after the eruption initiated (Anderson 
et al., 2019; Neal et al., 2019). The onset of the collapse/explosion events followed a pulse of daily seismicity on 
May 16 (12 days after the eruption) found in our catalog (Figure 6a). Our new catalog also reveals that the daily 
earthquake number in the caldera region pulsed around May 24 (20 days after the eruption), slightly earlier than 
the actual start of the large-scale caldera collapses.

Figure 5.  The earthquake magnitude frequency distribution of (a) the HVO catalog and (b) our new catalog for the entire study period. The earthquake magnitude 
frequency distribution of (c) the HVO catalog and (d) our new catalog before and after the eruption (March, April, and September). The earthquake magnitude 
frequency distribution of (e) the HVO catalog and (f) our new catalog during the eruption period (May, June, July, and August). Notice the difference in the earthquake 
numbers of each panel.
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Figure 6.  The daily earthquake numbers of the five subregions in our catalog, (a) the Kı̄lauea caldera, (b) the Hilina Fault 
Zone, (c) Pu’u‘ō‘ō, (d) the lower East Rift Zone, and (e) the submarine south flank represented by the red, cyan, pink, orange, 
and purple curves, respectively. Black curves are the daily earthquake numbers from the HVO catalog. The onset of eruption 
is defined as May 4, 2018 (UTC), when the first fissure opened (Neal et al., 2019).
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As the large-scale caldera collapse progressed, the seismicity in the caldera area became more and more intense. 
However, the sharp increase (from ∼3,000 to ∼6,000) of the daily earthquake events from June 16 (43 days after 
the eruption) to June 21 (48 days after the eruption) cannot be explained as the result of volcanic activity. The 
deployment of nodal seismometers in the caldera area between June 15 and 16 (Table 1) did improve the earth-
quake detection ability in the caldera by doubling the total number of seismic stations (Figure 1). This is consist-
ent with the fact that no sharp seismicity increase is found during the corresponding time period in the HVO 
catalog. For the same reason, the drop in event number around July 22 (79 days after the eruption) corresponds to 
the removal of nodal seismometers in the caldera area. Thus, caution is needed when interpreting the earthquake 
occurrence in our catalog with respect to time, as the effects of the network changes during the eruption period 
can be non-negligible. A possible way to account for this would be to use the cumulative seismic moment release 
(Gudmundsson et al., 2016), which is not yet available for Hawai’i, due to the inconsistency of the earthquake 
magnitudes among different catalogs (Text S11 in Supporting Information S1).

The end of the caldera collapse is reflected by the sudden drop in seismicity observed around August 6 (93 days 
after the eruption). Within 2 days, the daily earthquake event number dropped from ∼3,000 per day to ∼150 per 
day. This date is consistent with the time of the ending of summit subsidence reported by the HVO and the time 
when the last fissure in the rift zone became minimally active (Neal et al., 2019), supporting the coupling of 
the caldera collapse and the rift eruption (Gudmundsson et al., 2016; Patrick et al., 2020; Sigmundsson, 2019). 
Compared with the initialization and the development of the caldera collapse, its termination is much more rapid.

5.2.  Implications for the Eruption Process

Our catalog also includes many events outside of the Kı̄lauea caldera area. The events clustered near the Hilina 
Fault Zone, the Pu’u‘ō‘ō vent, and the lower East Rift Zone during the first 20 days after the eruption started 
(Figures 3a and 6b–6d). Previous study has shown the activation of a shallow detachment in the Hilina Fault Zone 
during the eruption (Lin & Okubo, 2020).

A sharp increase of the located events is found near the Pu’u‘ō‘ō vent, compared with the HVO catalog 
(Figure 6c). Unlike the Hilina Fault Zone, the Pu’u‘ō‘ō region started to exhibit a high rate of seismicity rate on 
May 1 (3 days before the eruption), due to its crater floor and lava lake collapse, along with the intrusion caused 
by the critical level pressurization in the plumbing system (Patrick et  al.,  2020). The daily seismicity stayed 
around 80–100 events during the following 30 days and gradually reduced to the pre-eruption level by mid-July 
(∼80 days after the eruption). Although the exact end time of the Pu’u‘ō‘ō vent collapse is unclear, our catalog 
suggests the date must be prior to the mid-July. This decay of the seismic rate may indicate the reduction of 
magma transport through the Pu’u‘ō‘ō region. More interestingly, the seismicity gradually increased again within 
a few days back to ∼40 events per day, much higher than the pre-eruption seismicity level in March. In addition, 
Poland et al. (2019) suggested that both uplift and spreading were observed near the Pu’u‘ō‘ō vent, since the 
end of major eruptive activity in August 2018, which is roughly the same period we observed the increase of 
seismicity. Both our seismic and the geodetic observations indicate the post-eruption magma reservoir refilling 
occurred near Pu’u‘ō‘ō.

Earthquake occurrence in the lower East Rift Zone shows a similar pattern as the Pu’u‘ō‘ō area (Figure 6d). The 
daily earthquake number started to rise also on May 1 (3 days before the eruption), as the result of down-rift dike 
intrusion (Lengliné et al., 2021). The peak seismicity took place on May 10 (6 days after the eruption), which 
may still be the result of the dike intrusion, because new fissures started to form in the same area only 2 days later 
(Gansecki et al., 2019). The high seismicity rate was also observed by HVO (Neal et al., 2019; Shiro et al., 2018). 
Similar to the Kı̄lauea caldera area, an apparent increase and a decrease of daily seismic events around June 16 
(43 days after the eruption) and July 24 (81 days after the eruption) correspond to the seismic network changes of 
the nodal array (Table 1). Another sharp increase of seismicity occurred on August 9 (97 days after the eruption), 
which was a few days later than the time when seismicity in Pu’u‘ō‘ō increased. The deployment of the network 
4S should not be the cause as it happened at the end of July. Thus, we interpret this earthquake rate increase as 
another piece of evidence of the post-eruption magma refilling in the lower East Rift Zone.
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5.3.  Implications for the Activation of the Submarine South Flank

The 2018 Mw 6.9 Kalapana earthquake took place on the submarine south flank of Kı̄lauea on May 4. It ruptured 
a large area of the mobile south flank (e.g., Liu et al., 2018) and was the third major earthquake that happened 
along the décollement fault since 1908 (Klein et al., 2001).

Background seismicity in the offshore region, typically one or two earthquakes per day, is lower than in all of the 
other regions (Figure 6) and could be the results of both sparse station coverage and less active local structures. 
The daily earthquake number started to rise also on May 1 (3 days before the eruption), displaying a similar vary-
ing pattern compared with the lower East Rift Zone. The seismicity peaked on May 4, with the occurrence of the 
Mw 6.9 earthquake, contributed by both the aftershocks and events associated with the dike intrusion. The daily 
earthquake numbers dropped back to low levels (∼15 events per day) very quickly, over ∼25 days, indicating a 
short aftershock duration of the Mw 6.9 earthquake. This is consistent with the notion that the aftershock duration 
varies inversely with the fault loading rate (Stein & Liu, 2009). The submarine south flank has a fast shortening 
rate of 30–60 cm/yr (Morgan et al., 2003), equivalent to a slip rate of 45–150 cm/yr along the décollement fault 
(e.g., Delaney et al., 1993; Owen et al., 1995, 2000).

The deployment of the OBS array was associated with a significant increase of detected events (Figure 6d). We 
note that compared with the initial results by Wei et al. (2021), the event numbers were reduced due to the follow-
ing three reasons: First, we introduced the re-association process and found some previously detected offshore 
events were actually the S-waves of earthquakes that took place in the lower East Rift Zone. Second, we applied 
a more strict SNR check for the picks, removing some low SNR picks for the OBS stations. Finally, we found 
that station KSFG often picked the Sp phase as the P-wave arrival, so our catalog did not include those events in 
which only station KSFG had P-wave picks. Overall, the OBS data quality is not as good as onshore data. More 
work is required, including manual inspection of all located offshore events and the use of template matching, to 
better understand the activation of the submarine south flank during the 2018 Kı̄lauea eruption.

6.  Conclusions
In this study, we combined most of the available onshore and offshore seismic data during the 2018 Kı̄lauea erup-
tion and developed a workflow tailored to the very uneven seismicity and station coverage to detect, associate, 
and locate earthquakes in the Island of Hawai’i. The earthquake magnitudes were calculated for the re-associated 
events. The final earthquake catalog contains 375,736 events with an Mc of ∼1.4. There is a fourfold increase of 
the event number compared with the HVO catalog. The Mc of our catalog ∼1.4 is also considerably lower than 
(about half of) the HVO value during the same period. The located earthquakes are mainly distributed around the 
Mauna Loa summit, the Kı̄lauea summit, and the East Rift Zone of Kı̄lauea. In all the regions around Kı̄lauea, 
the seismicity peaked with the onset of the volcano eruption at the beginning of May, except the caldera region. 
The most intense seismicity near Kı̄lauea caldera is observed during the caldera collapse process, which built up 
gradually from May to June but ended abruptly in August. In addition, post-eruption lava refilling is inferred from 
the increase of seismicity near Pu’u‘ō‘ō and in the lower East Rift Zone since August. The seismicity under the 
submarine south flank dropped back to low levels in a few weeks after the main shock, which indicates a short 
duration of aftershocks, consistent with the fast slip rate along the basal décollement fault.

Overall, the new catalog provides a foundational data set, from which the earthquake locations can be refined, 
new waveform templates can be extracted to further improve the earthquake detection and localization, and new 
seismic arrival times can be used in tomographic inversion, just to name a few. It is thus a useful data set to better 
understand the eruption process, from the initiation to the dike intrusion, until the final caldera collapse.

Data Availability Statement
All of the seismic data of this study are publicly available from IRIS, under the network code HV, PT, Z1, Z6, 4S 
and from RASPISHAKE, under the network code AM. The ComCat catalog is publicly available from https://
earthquake.usgs.gov (last accessed 2 April 2021). The resultant earthquake catalog of this study is publicly 
available in the supplement or from the Dryad digital repository (Wei et al., 2022). The NonLinLoc Version 7.00 
package can be downloaded from http://alomax.free.fr/nlloc/index.html (last accessed 16 February 2021).
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