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The Failure Forecast Method (FFM) was introduced as an empirical model for forecasting catastrophic 
material failures related to natural hazards, such as landslides and volcanic eruptions, with mixed success. 
During the 2018 eruption of Kilauea volcano, Hawaii, the draining of the summit magma reservoir 
into the Lower East Rift Zone resulted in the formation of a new caldera at the summit. I tested the 
applicability of the FFM to caldera collapse by analyzing the cyclical earthquake swarms and ground 
deformation that occurred between 62 sudden major caldera collapse events. The progression of both the 
cumulative moment release of the cyclical earthquakes and the GNSS displacement show a major change 
in mid-June. In late May through early June, the progression of the parameters is consistent with strain 
localization or creep progression related to the development or activation of the ring fault system. From 
late June until the end of the eruption, parameter progression is roughly steady with initial accelerating 
increases in cumulative moment and displacement that shift to approximately linear progression. Analysis 
of repeating earthquake families in the cyclical swarms showed that the behavior of the repeaters was 
consistent with that of the cyclical swarms as a whole and suggested that each family undergoes its 
own progression of activation to termination. While the FFM analysis identified the system change in 
mid-June, it did not demonstrate an ability to forecast collapse events or the end of the eruption.

Published by Elsevier B.V.
1. Introduction

Material failure processes are important in many contexts, from 
engineering to natural hazards, and on a wide range of scales. In 
geosciences, the study of material failure has been applied to a 
variety of processes from rock fracturing to natural hazards. The in-
troduction of the failure forecast method (FFM; e.g., Voight, 1988; 
Voight and Cornelius, 1991) has led to a variety of attempts to 
predict sudden catastrophic failure events, such as landslides (e.g., 
Federico et al., 2012; Carlà et al., 2017) and volcanic eruptions (e.g., 
Kilburn and Voight, 1998; Tárraga et al., 2008). The study of mate-
rial failure can also be used to gain more insight into the processes 
involved in failing systems and why not all failing systems end in 
a catastrophic material failure (e.g., Cornelius and Scott, 1993; Sor-
nette et al., 2004; Gershenzon, 2019).

Material failure laws have been applied to different geophysi-
cal parameters related to strain and energy release. In the context 
of natural hazards, these parameters are typically geodetic (e.g., 
ground movement, tilt, length changes) or seismic (e.g., root-mean 
square amplitude, earthquake rates). The success of applying the 
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FFM to these different parameters to effectively forecast catas-
trophic failure events has been mixed, with limitations of the FFM 
noted (e.g., Cornelius and Voight, 1994; Bell et al., 2011; Boué 
et al., 2016; Bevilacqua et al., 2019). One reason for this may be 
choosing a parameter that does not accurately reflect the failure 
process in the given situation. Another may be the lack of un-
derstanding of the processes involved in the failure and how to 
evaluate if a catastrophic failure should be expected.

In early May 2018, the long-lived lava lake in Halemaumau 
crater at the summit of Kilauea volcano, Hawaii, began to quickly 
drain after a rift zone intrusion and subsequent collapse at the 
Pu’u ‘O’o vent down-rift of the summit, marking the start of a ma-
jor eruption (Neal et al., 2019). As eruptive fissures opened in the 
lower East Rift Zone, the summit caldera began to collapse cen-
tered near Halemaumau crater. Sudden collapse events with energy 
release equivalent to M5 earthquakes occurred roughly every 1-
2 days starting May 17 (UTC) and were preceded by swarms of 
earthquakes and cycles of ground deformation (Fig. 1a). The seis-
mic rate of the earthquake swarms increased leading up to the 
collapse events, with the rate dropping significantly after a col-
lapse event occurred. From mid-May until the end of the eruption 
in early August, the summit crater continued to collapse and grow 
in size (Fig. 1b).
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Fig. 1. Caldera collapse overview. (a) Earthquake and GNSS displacement observations over the duration of the caldera collapse. Top: Earthquake count histogram using 4-hour 
bins. Middle: Cumulative moment of each earthquake swarm, not including collapse events. Bottom: Normalized vector magnitude displacements from GNSS stations. (b) Map 
showing locations of GNSS stations used in this study. Blue-green lines show horizontal displacement during each cycle with line length proportional to total displacement. 
Black line shows the extent of Halemaumau crater prior to the collapse. Red line shows the boundary of the newly formed collapse caldera. (c) An example of one cycle of 
displacement measured by NPIT for cycle 19 starting on June 7. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
The 2018 Kilauea eruption presents a unique opportunity to 
test the FFM on the roof collapse of a draining magma reservoir. 
The caldera collapse occurred over 62 repetitive cycles which also 
allows us to examine how the results of the FFM change over the 
duration of many activity cycles. This in turn provides insights into 
the caldera collapse process from the perspective of material fail-
ure. In this study, I chose to focus my analysis on the cumulative 
moment of the summit earthquake swarms that preceded collapse 
events. The earthquakes are closely tied to the stress build-up in 
the roof rock and, thus, may be linked to potential failure of the 
roof. I also consider the ground deformation recorded by GNSS 
stations close to and within the collapse caldera. These stations 
recorded accelerating displacement prior to the collapse events 
(Fig. 1c) that could be indicative of creep leading to catastrophic 
failure. For this analysis, I tested different FFM models with the 
data. Curve fitting results for both the seismic and geodetic data 
show a major change in mid-June that may indicate a shift from 
development and activation of the ring fault system to a more sta-
ble state of stick-slip motion.

2. Failure forecast method

The FFM was introduced as an empirical model to forecast the 
failure time of processes undergoing accelerating creep leading to 
failure, such as landslides or volcanic eruptions (Voight, 1988). The 
FFM relates the rate of a physical observable to its rate of change:

d2�/dt2 = A(d�/dt)α (1)

where � is an observable parameter and A and α are constants. 
The parameter α is particularly important in determining the be-
havior of the process and whether it will lead to catastrophic 
failure (α > 1). In many natural hazard situations, α is approxi-
mately 2, which is a special case where the slope of the inverse 
observable rate decreases linearly over time, making estimations 
of failure time easy (e.g., Voight, 1988). However, failure times can 
also be determined for any α > 1. For the case of α < 1, the ana-
lytical FFM solution has an infinite limit and no failure time (e.g., 
Cornelius and Voight, 1994). Some studies (e.g., McGuire and Kil-
burn, 1997; Kilburn and Voight, 1998; Kilburn, 2003) have found 
2

that α can change over time, typically moving from 1 to 2, which 
indicates a change in the physical system or dynamics.

The FFM has two generalized solutions: a power law (α �=1) and 
an exponential curve (α = 1), respectively:

�̇ = (ct + b)a (2)

�̇ = beat (3)

where �̇ is the rate of the observable, t is the time from the 
swarm start, and a, b, and c are constants. These equations can 
be integrated for the observable, �, and retain the same general 
form. The FFM parameter α can also be determined by integrating 
the solution for �̇ from Voight (1988) and comparing it to equa-
tion (2), giving α = (a − 2)/(a − 1). These equations are fit to the 
seismic and geodetic data using a least-squares method with com-
binations of several input parameters to assess the stability of the 
results.

3. Data & analysis

3.1. Seismic data

For the seismic analysis, I used the earthquake catalog from the 
U.S. Geological Survey Hawaiian Volcano Observatory (HVO). The 
catalog includes 43,773 M≥1 earthquakes between 15 May 22:35 
and 2 August 21:54, which is the period when sudden collapse 
events occurred. I removed 499 possible duplicate events from the 
catalog. The magnitude of completeness is approximately 2.5 but 
may be a little lower for earthquakes occurring within the first 
third of a cycle (Supp. Fig. S1; Shiro et al., 2018). Swarms were de-
fined as starting 5 min after a sudden collapse event and ending 
at the start of the next one. The first swarm had a manually cho-
sen onset. The first 12 swarms produced much less seismicity than 
later ones, with 7 of the swarms in May having <90 earthquakes 
(range 11-51, average 23), resulting in less reliable analyses.

The progression of earthquake swarms is often characterized in 
different ways, such as with earthquake rates and cumulative mo-
ment. Fig. 2 shows how earthquake rate, average magnitude, and 
cumulative moment progressed for all cycles. The earthquake rate 
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Fig. 2. Progression of earthquake swarm parameters for all cycles: (a) average magnitude, (b) average earthquake rate, (c) cumulative moment, and (d) moment rate. (a), (b), 
and (d) were calculated using 2-hr windows with 1.5 hrs of overlap. Partial lines in (a) result from windows with no earthquakes.
increases for the first ∼10 hours before leveling off, likely due 
to saturation of the catalog during high rate activity. The aver-
age magnitude continues to increase for longer, ∼20 hours, before 
the rate of increase slows or stops. The progression of the average 
magnitude is more likely related to physical changes in the system 
than a detection issue. To minimize issues with catalog complete-
ness, I chose to analyze the cumulative moment which should not 
be strongly affected by missing small magnitude events during pe-
riods of high earthquake rates when average magnitudes are larger. 
The cumulative moment is calculated from the local magnitude us-
ing the relation determined by Zúñiga et al. (1988) for Hawaii, with 
magnitude errors shown in Supplementary Figure S2. For the curve 
fitting, I used 180 combinations of initial parameters for the power 
law (equation (2)) and 35 for the exponential (equation (3)).

The cumulative moment was best fit by the power law, al-
though the exponential also provided good fits for some of the 
earlier cycles (Figs. 3a & 4a). Prior to about June 20, the a-values 
were fairly variable with most near 3-4 (mean 4.8 ± 3.1, median 
3.1 starting May 29). After this, the a-values became more stable 
around 2-2.5 (mean 2.2 ± 0.2, median 2.2). The estimates of α are 
between 0.5-1 prior to June 14 when they begin to decrease to 
around ∼0.25, by approximately June 20. This is consistent with 
the exponential fits (α = 1) being better in earlier cycles.

Given the change in character of the swarms with time (Fig. 2), 
I also tested the power law on each part of the cycles, divided 
at the time the average magnitude became approximately steady. 
For the first part of the cycles (Fig. 4b), the α-values progressed 
similarly to those of the full cycle fits but with values around 
0.5 higher. Between May 28 and June 10, α-values had a mean 
of 1.1±0.2. They became more variable between 0.5-1.25 (mean 
0.9±0.3) until about June 24 when they decreased to a mean of 
0.6±0.2. Given the α-values near 1, I also tested exponential fits 
(Fig. 3b). These provided better fits than the power law, and the 
earlier swarms were generally better fit than later swarms, simi-
lar to the power law. The second parts of the cycles were fit best 
3

by a line (a = 1; Fig. 3c), though there is some deviation from this, 
especially for earlier cycles (e.g., May, early June).

3.1.1. Repeating earthquake families
Given the complexity of caldera collapse, it is reasonable to 

assume that multiple processes and source locations are produc-
ing earthquakes during any single swarm. To separate different 
sources, earthquakes can be correlated and sorted into families of 
highly-correlated earthquakes (typically those with correlation val-
ues >0.7 in volcanic regions; e.g., Minakami et al., 1951; Green and 
Neuberg, 2006; Uchida and Bürgmann, 2019; herein “repeaters”). 
Repeaters are assumed to have a highly similar, non-destructive 
source location and mechanism and have different characteristics 
(e.g., rate variation, magnitude range) depending on the source 
process. Thus, each repeater family can be considered to represent 
a single fault or non-fault source, allowing one source to be ana-
lyzed at a time for the presence of a failure process (e.g., Salvage 
and Neuberg, 2016).

During the 2018 Kilauea eruption, repeater families occurred 
both near the boundaries of the collapse caldera and within it, 
with many families active over multiple cycles (Shelly and Thelen, 
2019). The percentage of earthquakes that were repeaters signifi-
cantly increased during the first ∼20 cycles, and the most active 
locations for repeaters also varied over the eruption duration (Tepp 
et al., 2020). I applied the FFM analysis to the 13 families with 
the most repeaters (305-1020 total) and for cyclical swarms within 
each family that have at least 10 repeaters in order to have enough 
data points for reliable curve fitting. I used the catalog of Shelly 
and Thelen (2019), which is a more complete catalog of repeat-
ing earthquakes than the HVO catalog, associated with repeater 
families found by the REDPy algorithm (Hotovec-Ellis and Jeffries, 
2016; A. Hotovec-Ellis, written pers. comm., 2019). This associated 
catalog included 26,932 repeaters within my analysis period. I ap-
plied power law fits to the cumulative moment of each swarm to 
estimate α (Fig. 5).
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Fig. 3. Examples of fits to cyclical earthquake swarms. (a) Power law (top) and exponential (bottom) fits to the full cycle. (b) Exponential fits to the first part of the cycle. (c) 
Linear fits to the second part of the cycle. Blue circles show cumulative moment, and red lines are the curve fit.
The estimated α-values cover a wide range; however, most are 
<∼ 1 (with a-values typically between 1.5 and 3.5). The cumula-
tive moment of many families was roughly linear or variable. A few 
families (827, 1332, 1985, 3331) included a few swarms that did 
have clear power law (or exponential) shapes. Family 827 was the 
most interesting, having several early swarms with α-values near 
0.9. Several of the families had decreasing α-values, usually earlier 
in the sequence. Only one (277) showed a clear increase, although 
most of its swarms were close to linear. For the 5 families occur-
ring at least partially in mid-June, α-values were mostly steady 
until around June 20 when they began to decrease. This is most 
clear for the 4 families near the eastern collapse boundary. Three 
later families (near the north and south collapse boundaries) also 
show this pattern in late June-late July.

The repeater results are mostly consistent with the results from 
the analysis of all earthquakes. Shelly and Thelen (2019) noted that 
different repeater families started at different times within a single 
cycle. The curvature or linearity of the repeater swarms did ap-
pear to match with that of the full swarms, with repeater swarms 
4

that started later in cycles having a more linear cumulative mo-
ment. This suggests that their overall behavior was controlled by 
the same process as the full swarms. For several of the families, 
there was a subtle shift in the shape of the cumulative moment 
over the sequence of swarms. The earlier swarms were approxi-
mately linear, but later swarms started linear then slowed down 
near the end of the cycle. The upward curving (i.e., power law or 
exponential) swarms also almost always appeared earlier in the 
sequence. This suggests that each repeater location had its own 
progression from formation or activation to cessation of activity.

3.2. Geodetic observations

I examine displacement data from 3 GNSS stations located 
within the region affected by the caldera collapse. These sta-
tions mostly had increasing displacements leading into the col-
lapse events. The horizontal vectors varied in direction throughout 
the eruption sequence (Fig. 1b) but were nearly always consistent 
within a single cycle. Two stations, NPIT and VO46, were situated 
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Fig. 4. Curve fitting results for cyclical earthquake swarms. Fits to (a) the full cycle and (b) the first half of each cycle. Parameter a from (top) the exponential fits (equation 
(3)) and (middle) the power law fits (equation (2)) colored by the R2 value of the fit (higher is better). (bottom) Values of α determined from the power law exponent 
colored by the R2 value of the power law fit. The colored circles show the value from the best fit. The median of the 20 highest-R2 fits (or all fits with R2 ≥ 0.9) are shown 
as open markers with lines indicating the standard deviation. Red dashed lines indicate times of major changes in the collapse progression from Tepp et al. (2020).
very near the growing caldera rim (Fig. 1b) and were affected by 
cliff collapses that stopped data return after 29 cycles (ending on 
June 18) and 19 cycles (starting June 20), respectively. The sta-
tion CALS was situated within the new caldera starting on June 
20 and recorded through the end of the eruption. I averaged 5-
second, real-time-processed displacement solutions from HVO in 
10-minute, non-overlapping windows to reduce noise. The dis-
placement errors are shown in Supplementary Figure S3. I fit the 
generalized power law solution (equation (2)) to the vector mag-
nitude of the horizontal components of displacement, the vertical 
displacement, and the 3-dimensional vector magnitude to evalu-
ate the evolution of displacement and whether there is variation 
based on the components (Fig. 6). Fitting was done with 320 com-
binations of initial parameters.

For the cycles that are well fit by the power law, the a-values 
of both CALS and VO46 typically fell within the range of 1.2-3 with 
medians of 2 and 1.7, respectively (Fig. 7a). The a-values for NPIT 
had a similar median of 2.3 but were much more variable, ranging 
from −34 to 15. Most of the first 12 cycles have low amplitude and 
are strongly affected by noise, so I exclude them from interpreta-
5

tions. Cycles 10 (May 24) and 13-15 (May 26-30) are also fairly 
noisy, but reasonable fits are possible. The horizontal and vertical 
displacements for all stations had similar a-values to those for the 
3-d displacements. For cycles that were well fit by the FFM model, 
the a-values of the top 20 fits with R2 ≥ 0.9 had little variability, 
indicating that the values are reliable. Fig. 7b shows the α-values 
estimated from the best 3-d displacement fits. Several cycles on 
NPIT prior to June 10 have α-values close to 1, after which they 
decrease toward 0. These cycles were not well fit by the power 
law and produced highly variable fit parameters (Figs. 6 & 7).

As can be seen in Figs. 1c & 6, the displacement behavior in 
some cycles is reminiscent of the creep curve from material failure 
(e.g., Chandler, 1991; Main, 2000), suggesting that there may be 
clear stages of primary, secondary, and tertiary creep. Main (2000)
introduced a hybrid model to fit the behavior of these curves:

� = c ∗ (1 + t/b)a + f ∗ (1 − t/e)−d (4)

Where a, b, c, d, e, and f are positive parameters with a < 1. 
The first term relates to the initial stage of primary creep, and the 
second term describes the tertiary (accelerating) creep stage with 
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Fig. 5. Curve fitting results for repeating earthquake families with at least 300 total earthquakes. Scatter plots show α-values estimated from FFM fits for cyclical swarms 
within each family that have at least 10 earthquakes. Marker sizes scale with the number of earthquakes in the swarm. The number of the family is given in the top left 
corner of each plot with the corresponding average family location marked on the map. Map marker sizes scale with depth (bigger is deeper). Red dashed lines indicate 
times of major changes in the collapse progression from Tepp et al. (2020).
e equal to the failure time. I apply this model to the 3-d displace-
ment data to see if the fits improve from the power law. I used 
576 combinations of initial parameters for the fits. Fig. 8 shows 
the exponents (a&d) and failure time (e) parameters from the fits, 
considering only those that meet the parameter constraints (all 
positive, a < 1) and have a failure time between a factor of 1/2 
and 2 of the real failure time. Removing the failure time constraint 
gives very similar fits but with more variability in the parameters. 
Equation (4) fits well to the NPIT data, but fits worsen after about 
June 10. The CALS and VO46 data are not as well fit by equation 
(4); however, if the equation is rewritten with all positive values 
(i.e., letting d and e be negative), the fits improve, particularly for 
cycles that have an initial bump, but remain comparable to or 
slightly worse than the power law fits. In this case, the simpler 
power law fit is preferred to avoid potential over-fitting.

4. Discussion

The value of α provides insight into the processes controlling 
the observable, �. For many natural hazards, α is found to be 
around 1 or 2 (e.g., Voight, 1988; Cornelius and Voight, 1994; 
Kilburn and Voight, 1998). When considering seismicity, Kilburn 
and Voight (1998) suggest that for low strain rates, α approaches 
1 and the formation of new cracks are the dominant fracturing 
process whereas for higher strain rates, α approaches 2 and the 
6

fracturing rate is controlled by crack growth. During system fail-
ures, α can change over time, typically moving from 1 toward 2 
as cracks grow and coalesce (Kilburn, 2003). Values of α < 1 may 
result from sparse data (Cornelius and Scott, 1993) or non-failure 
processes. For most full cycles of both the cumulative moment and 
displacement, α-values are <1 and not meaningful within the FFM 
framework. Thus, they require a little more consideration. An ob-
servable with a = 2 (α = 0) has constant acceleration, whereas an 
observable with a = 1 (α → −∞) has no acceleration. Between 
these values, the acceleration is initially large but quickly decreases 
(e.g., for a = 1.5, acceleration decreases as t−1/2). For a > 2, accel-
eration increases, and α is a positive value <1.

For the Kilauea caldera collapse, the a (or α) values for both 
the cumulative moment and displacement changed over the course 
of the eruption, most notably decreasing in mid-June, suggesting 
one or more changes in the system around that time. While both 
displacement and cumulative moment can be used as proxies for 
strain (e.g., Voight, 1988; Main, 1999), they may also be indicative 
of different processes or parts of the system. This is important to 
keep in mind while interpreting the results.

Most conceptual models of caldera collapse rely on a pis-
ton mechanism wherein a central piston forms above the magma 
reservoir and then sinks in a series of drops that generate large 
magnitude, very-long-period seismic signals (e.g., Kumagai et al., 
2001). Ruch et al. (2012) performed analog experiments to evalu-
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Fig. 6. Example fits to GNSS data. (a) Power law fits (red) to the horizontal (H) and vertical (V) magnitudes of displacement (black). (b) Equation (4) fits to the 3-dimensional 
vector magnitude of displacement.
ate how collapses happen. They found that incremental collapse, 
such as observed during the 2018 Kilauea eruption, occurs once 
ring faults surrounding the piston are established. From the sur-
ficial footprint of the Kilauea collapse, it seems likely that pre-
existing western and southern bounding faults were reactivated, 
but it is less clear whether faults were pre-existing along the east-
ern boundary. Thus, one question is whether there is evidence 
for the formation of ring faults (i.e., “failure” of the roof rock) or 
whether the collapse was entirely incremental stick-slip on pre-
existing ring fault structures. The change in the cyclical evolution 
of the displacement and cumulative moment in mid-June may in-
dicate a progression from ring fault development to incremental 
stick-slip.

The first 12-13 cycles (mid to late May) were not well fit by the 
power law or exponential curves, likely in part from often weak 
seismicity or displacement, so I do not attempt to interpret the 
results. Numerical and analog models of caldera collapse suggest 
that early ring fault development begins at depth (i.e., near the 
magma reservoir), which may explain the weak deformation at the 
surface and low seismicity (e.g., Roche et al., 2000; Holohan et al., 
2015). Additionally, Fontaine et al. (2019) noted very-long-period 
seismic signals during the 2007 Piton de la Fournaise collapse that 
7

they interpreted as collapse at depth prior to the onset of collapse 
visible at the surface. For Kilauea, it seems reasonable to conclude 
that ring fault development and collapse was occurring at depth 
during May. The first observations of large-scale collapse at the 
surface were noted on May 29 with subsidence to the north and 
west (Neal et al., 2019; Anderson et al., 2019), indicating that the 
system had reached the later stages of ring fault development.

The displacement and cumulative moment of cycles beginning 
on May 29 to roughly June 9 typically had α-values close to 1, con-
sistent with fracturing and development of the ring fault system. 
The percentage of earthquakes that were repeaters also greatly in-
creased during this period (e.g., Tepp et al., 2020), further evidence 
that seismic sources were being established. During this period, 
the GNSS displacements were best fit by equation (4), the model 
for creep curves defined by Main (2000). The displacement mea-
sured by NPIT in late May and early June could be interpreted 
as an accelerating failure process or strain localization, moving 
through all 3 stages of creep as the southern and eastern compo-
nents of the ring faults were formed or reactivated. The cumulative 
moment also showed this character during a few cycles (e.g., May 
29, June 9), though it was most noticeable on cycles where it 
was less present in the displacement. Tepp et al. (2020) suggest 
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Fig. 7. Results from the FFM solutions applied to GNSS displacement data. (a) a-values of fits for the horizontal vector displacement (top), vertical displacement (middle), 
and 3-dimensional vector displacement (bottom). a-values of the best fits are shown as colored markers. The median of the 20 highest-R2 fits (or all fits with R2 ≥ 0.9) are 
shown as open markers with lines indicating the standard deviation. Values beyond bounds not shown for several cycles recorded by NPIT that were not well fit by the FFM 
model. (b) α-values estimated from a-values of the best fits to the 3-d displacement. Red dashed lines indicate times of major changes in the collapse progression from Tepp 
et al. (2020).
that the main ring faults defining the piston were fully formed or 
reactivated around June 8, based on changes in the seismic and 
geodetic observations.

In mid-June (between approximately June 9 and 20-24), the 
α-values of displacement and cumulative moment decreased. The 
decrease of α-values is opposite what other studies have observed 
and may reflect a shift toward stability of the system rather than a 
growing instability. Geodetically, this period was mostly recorded 
by NPIT, on the western side of the collapse, whereas the earth-
quakes more commonly occurred on the eastern side. Since the 
displacement α-value decrease started and ended earlier than that 
of the cumulative moment, the western boundary faults may have 
activated earlier or more quickly than the eastern ones, perhaps 
unsurprisingly if they were indeed pre-existing. Fildes et al. (2020)
also noted changes in several parameters of the seismicity during 
this time.

Starting around June 20-24, the α-values became steady around 
∼0.5 with less variability. During this period, both the displace-
ment and cumulative moment seemed to take on a more linear 
shape, especially in the later part of each cycle (Figs. 3 & 6). 
At this point, the ring fault system was developed to the point 
that the central piston could undergo a relatively stable stick-slip 
movement. The initial acceleration of the piston as it began to 
drop resulted in accelerating cumulative moment release and dis-
placement, but the acceleration decreased as the cycle progressed, 
shifting the observables to an approximately linear character. The 
decrease in acceleration was most likely controlled by friction on 
the ring faults. Pressure changes in the magma reservoir could also 
have contributed, but given the eventual sudden drop of the pis-
ton, it seems less likely that pressure would be the main factor in 
slowing the piston’s acceleration.
8

CALS and VO46 recorded at the same time from the eastern 
side of the collapse caldera but from inside and outside the col-
lapse, respectively (Fig. 1b). For the first several cycles, the dis-
placement of both stations had similar a-values (i.e., progressed 
similarly) but began to separate around July 1, most notably for 
the horizontal and 3-d displacements (Fig. 7a). This observation 
suggests that the ground motion at those locations became dis-
connected. The separation began as the surface expression of the 
eastern collapse boundary became apparent (June 22-30) along 
with other changes that Tepp et al. (2020) interpreted as the for-
mation of a secondary ring fault that defined a separate block on 
which CALS was located. The independent tilting motion of this 
block could explain the differences in the CALS and VO46 dis-
placements after July 1 and the relatively high variation in CALS 
displacement a-values. The α-values of the cumulative moment in 
the first part of the cycles was also variable until around July 7, 
after which they became steady, indicating that late June changes 
in the system were also reflected in the cumulative moment. The 
changes in the observables in late June, however, were more sub-
tle, suggesting that any change in the system was relatively minor 
compared to that in mid-June.

The seismicity, as described by cumulative moment release, ap-
pears more indicative of stress build-up in and around the collapse 
region than accelerating failure of the ring faults. Other stud-
ies have reached similar conclusions. Shelly and Thelen (2019)
found no spatiotemporal trend in the occurrence of the earth-
quakes which might be expected for a propagating fault, although 
many earthquakes did appear to occur on the ring faults and could 
be related to fault creep during the stick-slip movement of the 
piston. They also noted a spatial difference in locations of the 
cyclical earthquakes and the hypocenters of the collapse events, 
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Fig. 8. Results from equation (4) fit to GNSS displacement data: exponents a (top) and d (middle) and failure time e (bottom). Values of the best fits are shown as colored 
markers. The median of the 20 highest-R2 fits (or all fits with R2 ≥ 0.9) are shown as open markers with lines indicating the standard deviation. Values beyond bounds not 
shown for several early cycles recorded by NPIT. Red crosses are the times of collapse events (i.e., failure). Red dashed lines indicate times of major changes in the collapse 
progression from Tepp et al. (2020).
consistent with an interpretation that there was no direct relation 
between the two as might be expected for accelerating failure of a 
fault. Butler (2020) aimed to determine whether the cyclical earth-
quakes were foreshocks or aftershocks to the M5 collapse events 
and found that they fit neither of those categories. For the caldera 
collapse of Miyakejima in 2000, Kobayashi et al. (2003) analyzed 
small earthquake swarms that occurred before 4 collapse events 
and concluded that they resulted from stress accumulation along a 
shallow part of the piston. Though the character and prevalence 
of these swarms was much different than the Kilauea collapse 
swarms, the explanation of Kobayashi et al. (2003) for their oc-
currence is similar.

The only other seismically-recorded caldera collapse with sig-
nificant non-collapse-event earthquake activity at the summit was 
the 1968 collapse of Fernandina, Galapagos (e.g., Simkin and 
Howard, 1970; Filson et al., 1973). Both the Fernandina and Ki-
lauea collapses were determined to occur with a low roof aspect 
ratio (height/width) of less than one (e.g., Simkin and Howard, 
1970; Anderson et al., 2019; Tepp et al., 2020). Other collapses that 
were well-recorded seismically (e.g., Bardarbunga, Gudmundsson 
et al., 2016; Miyakejima, Kumagai et al., 2001; Geshi et al., 2002; 
Kobayashi et al., 2003; Piton de la Fournaise, Michon et al., 2007; 
Staudacher et al., 2009) had higher aspect ratios and less summit 
earthquake activity other than the large magnitude seismic events 
related to collapses. If the non-collapse-event earthquakes are in-
deed a stress response of the shallow edifice, this may explain 
why microseismicity is more common among collapses with low 
roof aspect ratios. The shallower, broader magma reservoir may 
result in more critical stressing of the brittle rock of the shallow 
volcanic edifice, leading to more earthquake activity.

5. Summary

I applied the FFM to cyclical earthquake swarms and ground 
deformation data from the 2018 Kilauea caldera collapse to test its 
applicability to the failure of magma reservoir roofs and to exam-
9

ine whether changes in the system over the 62 repetitive cycles 
were reflected in the FFM parameters. The cumulative moment 
release and GNSS displacements showed both similarities and dif-
ferences. Both appear indicative of the overall stress state of the 
system but may be reflecting different locations or processes. The 
α-values of the displacement and cumulative moment both start 
near 1 before decreasing in mid-June. This suggests that the ring 
fault system was developing, in terms of fault reactivation or for-
mation, through early June after which it shifted toward a state of 
steady stick-slip motion. This is further supported by displacement 
curves that were well-fit by a creep curve model in early June and 
later by a near-linear power law. Once the steady state of the sys-
tem was reached in late June or early July, there was no obvious 
change indicating the end of the eruption. An analysis of individ-
ual repeater families produced similar results to the analysis with 
all earthquakes and suggested that each repeater family undergoes 
its own sequence of activation to termination.

While my analysis of cyclical cumulative moment and deforma-
tion was able to identify the major system change in mid-June, it 
was not able to be used for forecasting individual collapse events 
at the end of each cycle or the end of the eruption as a whole. 
Unlike previously studied eruptions or other failure events, the α-
values decreased over the sequence of cycles rather than increased, 
suggesting that the caldera collapse process at Kilauea moved to-
ward a state of stable change (i.e., stick-slip). A similar analysis 
of non-incremental collapses could shed light on whether some 
modes of collapse do occur as an unstable process leading to fail-
ure of the roof.
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