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Abstract Kīlauea Volcano on Hawai'i Island is host to a complex volcanic and interwoven fault system.
Over the last ∼120 years, a range of seismic events, including large earthquakes such as the 1975 Mw7.7
Kalapana earthquake, creep, and slow slip events, have occurred along the décollement underlying Kilauea's
south flank. We explore both the deformation and stress changes of Kīlauea from 1896 to 2018 by collating six
geodetic data sets and creating an analytical model to determine the dominant deformation sources (i.e., fault
planes, rifts, magma chambers) driving this system at different times. The 1975 Kalapana earthquake
significantly altered the region's state of stress and deformation; we find the average slip along the décollement
was reduced from 10 cm/yr prior, to 4 cm/yr after the rupture. Prior to 1975 no slip is resolved along the
décollement where the earthquake nucleated, suggesting that this portion may have been locked leading up to
the rupture. After 1975, décollement slip overall is smaller and more irregular, suggesting increased control by
spatial variation of mechanical properties. We find increases in shear stress along the Kīlauea décollement and a
decrease in normal compressive stress within the East Rift Zone prior to the Kalapana earthquake, creating
favorable conditions for failure of the décollement and subsequent magmatic intrusion.

Plain Language Summary Kīlauea Volcano on Hawai'i Island encompasses a complex volcanic and
interwoven fault system. The low‐angle fault underlying the volcano has consistently been moving it southward,
and has a high hazard potential due to large magnitude earthquakes. The complexity of this region leads to
questions about the evolution of deformation and its seismic cycle. The 1975 Mw7.7 Kalapana décollement
earthquake is of particular interest because large magnitude ruptures can dramatically alter the state of stress
within a region. We therefore explore both the deformation and stress changes of Kīlauea's décollement from
1898 to 2018 by collating a wealth of surface displacement observations. We create a model to reproduce the
observed displacements throughout time and to identify key structural features causing the deformation, such as
fault planes, rifts, and magma chambers. Multiple deformation sources were needed to model the observations,
with more of these sources required prior to the 1975 Kalapana earthquake than afterward. We also find varied
patterns and magnitudes of deformation and stress both temporally and spatially within the region. Kīlauea's
history has important implications for our understanding of the relationship between magmatic and earthquake
cycle processes.

1. Introduction
Hawai'i Island was formed by the growth of five major shield volcanoes, two of which, Mauna Loa and Kīlauea,
are still active. The complexity and interactions of these volcanoes have resulted in a wide range of magmatic and
seismic activity (Atkinson, 2010; McNamara et al., 2020). For example, the 29 November 1975 Mw7.7 Kalapana
earthquake, which occurred along the south flank of Kīlauea volcano near the coastline (Figure 1), generated an
average total slip of 7.9 m and an average vertical slip of 0.91 m (Nettles & Ekström, 2004). This devastating
event also resulted in a large tsunami (maximum wave height of 14.6 m) that hit the southeast shore of the island,
causing significant damage and two fatalities (Ma et al., 1999). In addition to large earthquakes, micro‐seismicity
and slow slip events (SSEs) have been found to contribute to the region's seismic cycle (e.g., Brooks et al., 2008;
Foster et al., 2013; Lin et al., 2020; Montgomery‐Brown et al., 2010; Wolfe et al., 2007), and in the past ∼20 years
a consistent southward displacement of ∼6 cm/yr has been observed along Kīlauea's south flank (e.g., Delaney &
Denlinger, 1999; Miklius et al., 2005).

The seismic evolution of these volcanic systems is also related to a complex sequence of magmatic intrusion,
storage, and eruption at the Earth's surface (Yin & Kelty, 2000). Early work by Swanson et al. (1976) proposed
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Figure 1.
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that increased pressure from forceful dike intrusion into the rift zones could displace the south flank of Kīlauea
volcano seaward. Lipman et al. (1985) suggested that inflation of Mauna Loa volcano to the north, resulting in a
July 1975 summit eruption, may have contributed to the destabilization of Kīlauea's south flank and triggering of
the earthquake. More recent work (e.g., Borgia et al., 2000; Morgan et al., 2003; Phillips et al., 2008) suggests that
the inherent gravitational instability caused by the topography of Kīlauea's south flank, also contributes to the
observed southward displacement of the region, resulting in both secular motion and catastrophic failure, like that
of the 1975 Kalapana earthquake.

Deformation from these volcanoes has been heavily monitored by geologic and geophysical observations dating
back to the 19th century (e.g., Swanson et al., 1976; Wright & Klein, 2014; Wyss, 1988), and in more recent (∼40)
years the modeling of these observations has led to a better understanding of the hazards associated with Mauna
Loa and Kīlauea. Various deformation sources have been inferred from such deformation observations (e.g.,
Arnadottir et al., 1991; Baker & Amelung, 2015; Crosson & Endo, 1981; Hooper et al., 2002; Segall et al., 2001;
Wu et al., 2021). Specifically, these deformation sources include: (a) low‐angle, thrusting detachment faults
between the base of the volcanic edifices and the pre‐Mauna Loa seafloor (décollements), (b) opening and
contracting magmatic rift zones and subsequent surface faults, (c) high‐angle normal faults caused by gravita-
tional instability from the weight of the volcanic island on the crust and upper mantle, and (d) inflation and
deflation of magmatic chambers/conduits from the movement of magma beneath the surface. Thrust faulting,
however, is responsible for most (∼80%) of the seismic energy released (Gillard, Rubin, & Okubo, 1996),
particularly deep within the flank, while normal faulting dominates the shallower portions of the crust (Yin &
Kelty, 2000).

Similar deformation mechanisms may have also contributed to several other ∼Mw6 earthquakes, such as the 2018
Mw6.9 earthquake (Liu et al., 2018; Neal et al., 2019), the 1989 Mw6.1 earthquake along Kīlauea's décollement
near the East Rift Zone (Arnadottir et al., 1991; Hooper et al., 2002), and the 1983 Mw6.6 earthquake along the
Kaoiki fault system near the Southwest Rift Zone (Okubo et al., 1997). Furthermore, in 1868, the ∼Mw8 Great
Ka‘ū earthquake caused slip along Kīlauea's décollement, and is considered to be a large Kalapana‐like earth-
quake (Wyss, 1988). Other recent major events include the 1977 eruption within the East Rift Zone (Delaney
et al., 1992; Lipman et al., 1985), which was followed by the Pu‘u ‘Ō‘ō eruption that started in the East Rift Zone
in 1983 (Gillard, Wyss, & Okubo, 1996) and persisted for over 35 years (Garcia et al., 2021). These events (and
many others, see Table S1 in Supporting Information S1) demonstrate that abundant, complex, deformation
occurs within this region, as well as along Kīlauea's décollement, creating both seismic and volcanic hazards. The
connections and interactions of these deformation sources and processes are fundamental for our understanding of
natural hazards throughout Hawai'i.

While many previous studies have considered a single type of geodetic data set, specific time period, or sole event
to investigate deformation sources within the seismically and magmatically active regions of Hawai'i Island, this
study considers deformation observations within the broad southeast Mauna Loa and Kīlauea region (18.9°–
19.8°N, 154.6–155.8°W) from several types of geodetic data over the past 122 years. Although it is a sequence of
individual events whose cumulative effects generate the long‐term deformation signals, focusing on these in-
dividual events runs the risk of losing sight of the big picture in the details of the complex interactions between
these events. Instead, our goal is to determine the combinations of deformation sources necessary to describe
broad patterns of displacement and stress through three specific epochs during this period, and examine any

Figure 1. (a) Regional map of the southeast portion of the Big Island of Hawai'i with elevation and bathymetry contours and surface fault traces. Thick gray dashed lines
show approximate perimeters of Mauna Kea, Mauna Loa, and Kīlauea volcanic regions. White dots denote locations of seismicity from 1933 to 2018 (see Section 2 for
data details). Triangles mark key observation locations shown with their time series in Figure 12. The approximate location of the ∼Mw8 1868 Great Ka‘ū earthquake
(Wyss, 1988) is indicated by a star; and Centroid‐Moment‐Tensor (CMT) solutions (from www.globalcmt.org: Dziewonski et al., 1981; Ekström et al., 2012) are plotted at
the epicenters of the Mw7.7 1975 Kalapana earthquake (Nettles & Ekström, 2004), the Mw6.6 1983 Kaoiki earthquake, the Mw6.1 1989 south flank earthquake, and the
Mw6.9 2018 earthquake. Inset figure shows a full map of the Big Island of Hawai'i and the five major volcanoes that comprise the island. (b) Cross‐section of the A‐A′

profile shown on (a) and approximate projected locations of key geologic features. Note that due to the coast line being oblique to perpendicular to the cross‐section the
major earthquakes appear further offshore in this perspective than is actually the case. The orientations and southward direction of motion is shown for the décollements
below Mauna Loa and Kīlauea volcanoes and the Hilina Fault System (whose extent and orientation is poorly constrained, and we do not find necessary as an element in our
modeling). Estimated (southwest and east) rift zones and summit magma chamber/conduit locations are illustrated in red. White dots indicate seismicity locations at depth
from 1933 to 2018 within 10 km on either side of the A‐A′ profile. Kīlauea's decollement is shown here at the depth found from the analysis of our geodetic data. It is almost
certainly deeper: see text for discussion.
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differences between them. We collated geodetic data observations from 1896 to 2018 from six different geodetic
data sets that include five different types of observations: triangulation, EDM, leveling, Global Navigation
Satellite System (GNSS), and offshore pressure sensor (PS) data. As the 1975 Kalapana earthquake was the single
most significant event during this time, we divide our analysis into three distinct time periods: (a) 1896–1974,
prior to the 1975 Kalapana earthquake of 29 November 1975; (b) 1975, encompassing the Kalapana Mw7.7
earthquake, and ranging from 26 June 1974 to 21 May 1976 in order to include observations immediately prior to
and after the earthquake for a majority of the stations within our data sets; (c) 1976–2018, after the 1975 Kalapana
earthquake, which includes all observations following 29 January 1976 (1 month after the earthquake) to avoid
any afterslip or large magnitude displacements that may have occurred shortly after the rupture and that would
affect the long‐term displacement rates we are trying to resolve.

Based on these observations and previous modeling efforts (e.g., Arnadottir et al., 1991; Baker & Amelung, 2015;
Delaney & Denlinger, 1999; Delaney et al., 1998; Hooper et al., 2002; Montgomery‐Brown et al., 2009; Owen,
Segall, Lisowski, Miklius, Murray, et al., 2000; Owen, Segall, Lisowski, Miklius, Denlinger, & Sako, 2000;
Phillips et al., 2008; Segall et al., 2001; Shirzaei et al., 2013), we developed an analytical deformation model
comprised of 15 candidate deformation sources: 11 fault planes that accommodate either décollement thrusting,
or strike‐slip and/or tensile motions along rift zone dislocations (Okada, 1985), and four inflation/deflation
magmatic sources that accommodate the influx or drainage of magma, simulated by point sources of volume
change (Mogi, 1958). Green's functions were used to invert the deformation observations for optimal slip rates or
volume changes for each model source. A 5‐fold cross‐validation technique was then used to find the optimal
combination of sources for each of the three time periods. Geometry parameter values (such as strike, dip, and
depth) of the sources were specified a priori and adjusted later using an approximate profile likelihood procedure,
where possible. Forward models were then run for each time period's optimal model configuration to estimate
displacements. Lastly, we estimated Coulomb and rift‐normal stress changes for each time period based on our
modeled slip and volume change rates (or modeled rate parameters), and considered the implications for the 1975
Mw7.7 Kalapana earthquake as well as the more recent 2018 Mw6.9 earthquake.

2. Data
We used over 15,000 displacement observations from 1896 to 2018 that span the broad Mauna Loa and Kīlauea
regions, including horizontal displacements resulting from 1896 to 1970 triangulation and trilateration surveys
(Swanson et al., 1976), changes in baseline lengths (or range) from 1970 to 1995 electronic distance measurements
(EDM), changes in height from 1963 to 2012 leveling campaigns, GNSS campaign observations from 1990 to 1996
(Owen, Segall, Lisowski, Miklius, Murray, et al., 2000) and continuous GNSS observations from 1996 to 2018, as
well as vertical offshore PS displacements from 2000 to 2004 (Phillips et al., 2008). A major component of this
study therefore involved collating multiple types of geodetic data into a compatible and comparable format and
making this data compilation accessible to the scientific community. Each geodetic data set (and its errors) was
converted into displacement rates (cm/yr) spanning the three time periods of this analysis (before, during, and after
the 1975 Kalapana earthquake). A detailed description of each data set is provided next, and data files with our
estimated displacement rates for each observation type are provided as supporting files for each time period. We
also provide seismicity data spanning 1933–2018, including data available for 1986–2018 from a high‐precision
relocation of seismicity study (Matoza et al., 2021), 1960–2016 from the Northern California Earthquake Data
Center Hawai'i Earthquake Catalog (NCEDC, 2014), and for 1933–1959 from Klein and Wright (2000). That
supporting file contains 338,396 earthquake observations with their location, depth, and magnitude.

2.1. 1896–1970 Triangulation and Trilateration Vectors

The earliest observations utilized in this study are horizontal displacements derived from regional control surveys
reported by Swanson et al. (1976), which all predate the 1975 Mw7.7 Kalapana earthquake. These observations
span Kīlauea's summit, the east and southwest rift zones, and the Hilina fault system (19.1°–19.7°N, 154.7–
155.5°W, see Figure 1). The earlier surveys are triangulations (1896 and 1949 by the U.S. Coast and Geodetic
Survey, 1958 and 1961 by the U.S. Geological Survey). The more recent survey, in 1970, by the Hawaiian
Volcano Observatory (HVO) using trilateration. A total of 43 stations were surveyed, and the horizontal dis-
placements were reported as the total observed displacements over the times between the surveys (9–62 years).
We converted these to horizontal displacement rates (cm/yr) for each station within its survey time period. If a
station was occupied multiple times throughout the full time period of the data set (e.g., 1896–1970), we took the
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average of the horizontal displacement rates at the station. Using displacement rates (Figure 2) allowed us to
compare directly with the other types of geodetic data analyzed throughout this study. The errors of each
observation (Swanson et al., 1976) were also converted into cm/yr rates (plotted as ellipses in Figure 2). Large
error rates are partially due to the uncertainty in the stability of the control stations north of Kīlauea's summit that
spanned multiple different surveys throughout the years. Uncertainties in the orientation of the horizontal
displacement vectors also arise from problems of imprecision and the sub‐optimal geometry of the survey net-
works. Although these data have their shortcomings (see Swanson et al., 1976), they reveal the early, long‐term
deformation trends of Kīlauea prior to the 1975 Kalapana earthquake. Specifically, we note the general southward
displacement of Kīlauea's south flank, as well as rift‐opening deformation along the East Rift Zone and on either
side of Kīlauea's summit. Coastal stations reveal large southward motion while inland stations show small
magnitude northward motion.

2.2. 1970–1995 Electronic Distance Measurements

Electronic distance measurements (EDM) were carried out by the HVO from 1970 to 1995 (Decker et al., 2008;
Hanatani, 1987), spanning the 1975 Mw7.7 Kalapana earthquake. This data set contains 1,917 observations of the
baseline distance between a source and target station (station pair).

There are a total of 90 stations in this data set, and 228 station pairs were utilized to create a geometric network that
spans a region of 19.1°–19.8°N and 154.7–155.5°W (Figure 3), extending farther north than the previous trian-
gulation and trilateration data sets. Within each of our three analyzed time periods (before, during, and after the
Kalapana earthquake), and for every station pair with more than one observation, the first recorded range was
subtracted from the last recorded range and divided by the time between the observations to give the displacement
rate (cm/yr) for each station pair for all three time periods. Displacement rate errors were determined by combining

Figure 2. Horizontal displacement rates from 1896 to 1970 derived from triangulation and trilateration surveys of Swanson
et al. (1976). Unique station identification numbers are also shown in parentheses next to their names. Station positions, rates,
and errors for all 43 stations can be found in our supporting data files. Stations without arrows have zero velocity with large
uncertainty.
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the errors for the first and last reported range observation and dividing by the time between those observations. Any
observations with errors greater than 5 cm/yr were excluded from the data set; we chose this inclusion threshold due
to the age of the data set and the potential transcriptional and estimation errors that may have occurred during the
several different campaigns. These errors reflect overall process errors in addition to individual observation errors,

Figure 3. Electronic distance measurement (EDM) normalized baseline displacement rates (i.e., strain rates) from 1970 to 1995 provided by the Hawaiian Volcano
Observatory (HVO) courtesy of A. Miklius and I. Johanson. EDM observations were recorded by 90 different stations and were separated into three time periods
surrounding the 1975 Kalapana earthquake: (a) 1970–1974 (before the rupture), (b) 1975 (encompassing the Mw7.7 rupture), and (c) 1976–1995 (after the rupture).
Station positions, rates, and errors from source and target station pairs can be found in our supporting data files. Leveling observations (normalized height change, or strain
rate) and associated error from 1963 to 2012 provided by the HVO courtesy of A. Miklius and I. Johanson. Observations were recorded by 919 different stations and were
separated into three time periods surrounding the 1975 Kalapana earthquake: (d) 1963–1974 (before the rupture), (e) 1975 (encompassing the Mw7.7 rupture), and (f) 1976–
2012 (after the rupture). The specific location, rates, and errors for all observations from source and target station pairs can be found in our supporting data files.
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as displacements were determined based on the full geodetic network. For plotting purposes, we divided the EDM
displacement rates by the length of the baseline (km) (Figure 3), to arrive at strain rates (mm/km/yr); thus short
baseline observations with large changes in range represent high strain rate, while long baseline observations with
large changes in range represent modest strain rate. Our sign convention is that extensional strain rate, or baseline
lengthening, is positive (red) and contractional strain, or baseline shortening, is negative (blue).

The strain rates reveal changes in distance and motion between the stations, and vary considerably over the three
time periods of this analysis. Over the 5 years leading up to the Kalapana earthquake (1970–1974, Figure 3a),
large southward motion was heavily focused on the southwest portion of the flank. The largest (>40 mm/km/yr)
extensional rates (red) were across Kīlauea's summit and the Southwest Rift Zone. The largest contractional rate
(blue) occurred also on the western edge of our field area from the coastline to the top of the Hilina Fault system.
The rest of the contractional rates are located mainly along the coast below the East Rift Zone (e.g., Swanson
et al., 1976; Thurber & Gripp, 1988). Conversely, the eastern portion of the EDM network remained close to
stable throughout time period. Deformation from the 1975 Kalapana earthquake (Figure 3b), reveals a very
different pattern of strain, greater by an order of magnitude, with a maximum 930 ± 5 mm/km/yr (∼1 m of
extension per year) spanning the Hilina fault system. Post‐earthquake deformation, in the time period of 1976–
1995 (Figure 3c), shows lower magnitude displacements than those leading up to the earthquake (1970–1974),
with extension (red) now occurring east of Kīlauea's summit as well. The largest extensional rate occurred directly
south of Kīlauea summit and across the eastern portion of the Hilina fault system (10 ± 4 mm/km/yr), while the
largest contractional rates occurred near the coast and epicenter of the 1975 earthquake (−12 ± 1 mm/km/yr).
Overall, regional displacement after 1975 is more heterogeneous than prior to the Kalapana earthquake, and the
errors are smaller due to the increased number of observations and the improvement in measurement accuracy.

2.3. 1963–2012 Leveling Data

HVO collected 13,330 leveling observations from 919 stations spanning 49 years (1963–2012). We compiled
these to establish a geometric network of 1,737 station pairs and to estimate the height change of each element of
the pair (Figure 3). Similar to the EDM data set, for each of the three time periods (before, during, and after the
Kalapana earthquake), for every station pair with more than one observation, the first recorded height was
removed from the last recorded height and divided by the time between the observations to obtain a displacement
rate (cm/yr). Displacement rate errors were determined by combining the error for the reported first and last
height observation and dividing by the time between the observations. As in our treatment of the EDM, any

Figure 4. (a) 1990–1996 campaign Global Navigation Satellite System (GNSS) horizontal observations (69 stations) reported in Owen, Segall, Lisowski, Miklius,
Murray, et al. (2000). (b) 1996–2018 continuous GNSS horizontal observations (23 stations) from our own solutions using University of Hawaii and Hawaiian Volcano
Observatory data. Large errors, mainly located in the East Rift Zone, within this data set can be attributed to multiple discrete event offsets (e.g., rapid and complex
inflation and deflation relating to local magma storage and transport) that occurred there during this time period. Unique station identification numbers are shown in
parentheses next to their names. Station positions, rates, and errors for all observations from both GNSS data sets can be found in our supporting data files.
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leveling observations with errors greater than 5 cm/yr were excluded from the data set. These errors reflect overall
process errors in addition to individual observation errors because, as in the EDM data set, displacements were
determined based on the full geodetic network. For plotting purposes and easier comparison to the EDM, we
divided displacement rates by the length of the baseline (km) to display strain rates (mm/km/yr) (Figure 4).
Similar to the EDM data, we adopt a sign convention where extensional strain rate relates to a positive (red)
change in height between stations (relative uplift) and contractional strain relates to a negative (blue) change in
height (relative subsidence).

The leveling data set spans a geographic region similar to the EDM data set except that, for the time periods before
and during the 1975 Kalapana earthquake, observations were limited to a smaller region surrounding the summit
of Kīlauea. The distances between station pairs are significantly smaller than those of the EDM network ‐
generally less than 0.5 km. The leveling observations reveal relative vertical displacements, highlighting more the
local‐scale deformation that occurred over the time between campaigns rather than the motion of the entire region.
We incorporated this data set to better constrain the deformation of Kīlauea's summit, which we and several
previous studies find to be a key source of deformation for the region because of the movement of magma within
its chambers and connected conduits beneath the surface (e.g., Chen et al., 2019; Delaney et al., 1998; Mor-
gan, 2006; Owen, Segall, Lisowski, Miklius, Murray, et al., 2000).

Throughout each of the three time periods, significant variations in leveling height surround the summit of
Kīlauea, revealing heterogeneous patterns of displacements. These variations are generally tied to the inflation‐
deflation cycles that occur due to the movement of magma into and out of Kīlauea's magma chamber/conduits
beneath the surface. Inflation or intrusion of magma below the summit generally results in uplift and extension
away from the summit center on the surface, while deflation or depletion of magma below the summit results in
subsidence and contraction toward the summit center on the surface (e.g., Johnson, 1987, 1992; Mogi, 1958).
Before the 1975 Kalapana earthquake (Figure 4a), the greatest increase in the rate of height change,
1,174 ± 17 mm/km/yr (∼1 m of uplift per year between the station pair), was measured across the northern edge
of the summit, while the greatest rate of height decrease, −2,067 ± 8 mm/km/yr (∼2 m of subsidence per year
between the station pair), occurred south of the summit. These reflect displacements across local faults, and
overall heterogenous height changes are seen throughout the area. During the 1975 Kalapana earthquake period
(Figure 3e), again a combination of uplift and subsidence were observed surrounding the summit with a complex
displacement pattern. A maximum uplift rate of 7,976 ± 172 mm/km/yr and a maximum subsidence rate of
−5,978 ± 106 mm/km/yr were recorded. This increased magnitude of height changes is due to the eruptions that
occurred at the Kīlauea summit and along the Southwest Rift Zone during this time period, as well as the ob-
servations' proximity to the Hilina fault system where a majority of both horizontal and vertical displacement
occurred during the earthquake (e.g., Lipman et al., 1985). After the 1975 Kalapana earthquake (Figure 3f), the
northern edge and overall area of the summit subsided by as much as −4,573 ± 2 mm/km/yr, while the southern
edge locally uplifted by at most 3,963 ± 2 mm/km/yr. This contrasts with the time period before the earthquake
and from the typical inflation‐deflation cycles that previously controlled the summit. These changes and the
increased complexity of deformation patterns, where the majority of the region surrounding Kīlauea's summit has
been subsiding since the earthquake, have also been reported by previous studies (e.g., Delaney et al., 1992, 1998;
Lipman et al., 1985; Miklius et al., 2005; Owen, Segall, Lisowski, Miklius, Murray, et al., 2000), and result
mainly from the large seaward displacement of the south flank. The remainder of the height change observations
outside of the summit region remained largely stable for the period after the Kalapana earthquake.

2.4. 1990–2018 GNSS Vectors

Two different GNSS data sets were incorporated in this study. The first data set (GNSS‐1) observed deformation
from 1990 to 1996 and was provided by Owen, Segall, Lisowski, Miklius, Murray, et al. (2000). Campaigns
measuring 69 GNSS stations were processed and reported as north and east components of displacement rate in
cm/yr (Figure 4a). These stations cover a similar region of interest (19.1°–19.8°N, 154.8–155.5°W) and provide
the highest accuracy observations with errors ranging from 0.06 to 0.59 cm/yr. Notably, the deformation during
this time period exhibited steady displacement rates, simplifying station velocity estimates and helping to
minimize their uncertainty. The majority of GNSS‐1 displacement rates show southward motion of Kīlauea's
south flank with a maximum of 7.04 ± 0.08 cm/yr at station KAEN. There is also low magnitude northward
motion on the northern side of the East Rift Zone, with a maximum displacement rate of 0.60 ± 0.39 cm/yr at
station KEAU.
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The second GNSS data set (GNSS‐2) is comprised of 23 continuous stations, covers a smaller region (19.1°–
19.6°N, 154.8–155.5°W), and is the most up to date data set considered by this study (Figure 5b). It does not
extend as far north or east as the previous 1990–1996 campaign GNSS data set, but it captures key regions such as
Kīlauea's summit, the Hilina fault system, and a large portion of the East Rift Zone. All stations exhibit southward
motion except for station UWEV just north of Kīlauea's summit. The largest southward displacement rate occurs
at station GOPM within the Hilina region at 5.80 ± 0.22 cm/yr. There are, however, seven stations that have errors
>1 cm/yr, which reside in the highly active area of the East Rift Zone. The long‐term motion of these sites is not
well represented by a single velocity due to discrete event offsets that have occurred here. These stations instead
record periods of rapid and complex inflation and deflation relating to local magma storage and transport. As a
result, the formal errors of the fits of the long‐term velocities to their displacement time‐series are very high.
Despite some large uncertainties within the GNSS‐2 data set, we incorporate it into our study to represent modern
displacement observed within the Kīlauea region.

2.5. 2000–2004 Vertical Offshore PS Data

Vertical displacements from offshore PS observations from 2000 to 2004 were also included in this study (Phillips
et al., 2008). There are nine stations each with a single vertical displacement rate (Figure 5). This data set provides
critical constraints on the far‐field deformation of Kīlauea's décollement, which is known to extend offshore (e.g.,
Denlinger & Okubo, 1995; Liu et al., 2018; Morgan et al., 2000; Owen, Segall, Lisowski, Miklius, Murray,
et al., 2000). The PS data are positioned along a transect south of Kīlauea's summit, stretching as far offshore as
the outer bench (Figure 1b). A maximum of 9.0 ± 2.4 cm/yr of uplift was found at station BM27, located around
the center of the observation region (19.0°–19.3°N, 154.9–155.3°W) in the midslope basin. All other stations
either remained stable or recorded uplift, except the southernmost observation (station D9), which observed a
subsidence rate of 1.3 ± 1.8 cm/yr. This PS data set and the leveling data set are the only data sets considered here
that depict vertical displacements.

3. Analytical Model
3.1. Model Construction

To reproduce the observed deformation from these six geodetic data sets and to understand the dominant
deformation sources driving this system, we developed a 3D analytical deformation model characterized by
dislocations (Okada, 1985) and point sources of volume change (Mogi, 1958) within a homogeneous elastic half‐
space. Although we take into account the site elevations when calculating the Green's functions for our obser-
vation locations, we do not include a topographic correction as the slopes for Kilauea and Mauna Loa are low
(e.g., Cayol & Cornet, 1998). Fifteen possible sources (Figure 7) were considered based on models from earlier
studies (mainly Owen, Segall, Lisowski, Miklius, Murray, et al., 2000) that mapped fault surface traces, and/or
documented seismic and magmatic events within the region. A list of the events considered when creating our
model can be found in Table S1 in Supporting Information S1. The dates of the major events that occurred at, or

Figure 5. (a) 2000–2004 vertical displacements at depth determined by offshore pressure sensors (Phillips et al., 2008). The bathymetric profile that runs north‐south
along the center of the observation region is shown in map view in (b). Unique station identification numbers are shown in parentheses next to their names. The
bathymetry was extracted from 50 m resolution grids available at http://www.soest.hawaii.edu/hmrg/multibeam/index.php. (b) Map view of the 9 station locations,
south and offshore from Kīlauea, Hawai'i. Positions, rates, and errors for all observations for this data set can be found in our supporting data files, as well as in Phillips
et al. (2008).
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impacted, a given model source are also noted in Figure 6. Four magmatic sources, which can inflate and/or
deflate to accommodate the influx or drainage of magma, were included, representing the summits of Kīlauea and
Mauna Loa, Mauna Ulu located in the Upper East Rift (which was active at least from 1969 to 1976 based on
surface observations (Byrnes et al., 2004; Swanson, 1973)), and Pu‘u ‘Ō‘ō located in the East Rift, where surface
activity was first observed in 1983 (Gillard, Wyss, & Okubo, 1996) and persisted for 35+ years (Garcia
et al., 2021). The remaining 11 model sources represent fault planes. Two faults are configured to represent
Kīlauea and Mauna Loa low‐angle décollements and were constrained to allow for thrusting, updip (southeast-
ward) motion only. Nine other sources were constructed as vertical planes to represent rift zones and their
interwoven fault zone systems. They accommodate dilation and contraction normal to the vertical faults (e.g.,
Owen, Segall, Lisowski, Miklius, Murray, et al., 2000; Swanson et al., 1976). The Upper East Rift, just south of
Kīlauea's summit, also allowed for strike‐slip displacement, similar to the Owen, Segall, Lisowski, Miklius,
Murray, et al. (2000) solution. We note that, although it is clearly an important structural feature for the long‐term
evolution of the south flank, and had measured displacements during the 1975 earthquake, we found that
including an element to represent the Hilina fault system did not influence our model results, so we chose not to
include it.

All fault planes were divided into 2 × 2 km patches to allow the model to resolve varying magnitude and location
of slip/opening along the planes. The patched faults thus allow us to search a larger region where potential
displacement could occur without requiring homogeneous slip on each fault plane. This adds an additional

Figure 6. Full catalog of model deformation sources used to reproduce observed displacements from the 6 geodetic data sets
spanning 1896–2018 within the southeast Mauna Loa and Kīlauea region of Hawai'i Island. Dates of some of the major
events that occurred at, or impacted, the deformation sources are also noted. There are 15 possible model sources, which
include two low‐angle decollement fault planes (dashed rectangles), nine vertically dipping fault planes that allow for
opening and contracting displacement (representing rift zone and interwoven fault zone displacements (solid lines, model
fault traces)). Along the Upper East Rift, strike‐slip motion is also permitted. Four magmatic sources, which can inflate and
deflate to accommodate the influx or drainage of magma, are marked as circles. The five model features that comprise our
base model when testing source combinations (see Section 3.2 for details) are denoted in black and include the Kīlauea
décollement, Kīlauea summit, East Rift, Upper East Rift, and Southwest Rift‐1. An animation showing the 15 possible model
features at depth with geometry parameter values from Table 1 can be found in our supporting data files.
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Figure 7.
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component of complexity to the model but allows for more realistic patterns of slip to be resolved based on the
displacement observations (e.g., Got et al., 1994; Owen, Segall, Lisowski, Miklius, Murray, et al., 2000).

Our initial analytical model was constructed using geometry parameters (i.e., strike, dip, depth) based on a priori
values determined by previous studies for each model source. We then estimated slip and volume changes for the
various sources and periods (before, during, and after the 1975 Kalapana earthquake) using cross‐validation
techniques. Finally, we revisited the geometry parameters, adjusting their values to minimize prediction error
while holding slip and volume changes constant.

The a priori value for the centroid depth for Kīlauea's décollement was 10 km (e.g., Cannon et al., 2001; Crosson
& Endo, 1981; Got & Okubo, 2003; Lipman et al., 1985; Morgan et al., 2000; Phillips et al., 2008; Swanson
et al., 1976); the décollement was also assigned an a‐priori low‐angle northwest dip of 10° (e.g., Cervelli
et al., 2002; Ma et al., 1999), a strike of 62° east of north, or parallel to the East Rift (Montgomery‐Brown
et al., 2011; Owen, Segall, Lisowski, Miklius, Murray, et al., 2000), and was positioned/emplaced to encompass
both the on‐ and off‐shore regions south of Kīlauea's summit that extend past both the Southwest and East Rift
Zones (e.g., Delaney et al., 1998; Denlinger & Okubo, 1995). As our older data sets have limited accuracy, we
assume that the decollement is sufficiently well described by a single plane despite evidence of some deepening to
the southwest due to curvature caused by the island load. This might result in a small relative underestimate of the
slip for the western portion of the decollement with respect to the eastern portion, and a consequent slight angular
rotation error of modeled surface motion vectors. Mauna Loa's décollement was assigned an initial centroid depth
of 12 km, a shallow, northwest dip of 5°, and a strike of ∼45° east of north (Walter & Amelung, 2006). It was
emplaced to meet the northwest edge of Kīlauea's décollement (Lockwood et al., 1999), where the 2 décollements
also slightly overlap. The other model faults and rift zone planes were vertical (Owen, Segall, Lisowski, Miklius,
Murray, et al., 2000; Swanson et al., 1976) from the surface to a maximum depth of 10 km, and were not permitted
to intersect the Kīlauea or Mauna Loa décollements. Faults and rift zone planes were allowed this large range in
depth to accommodate potential shallow (3–5 km, Gillard, Rubin, & Okubo, 1996) and deep down to 12 km depth
(Owen, Segall, Lisowski, Miklius, Murray, et al., 2000) displacements that mainly result from shallow magmatic
intrusions and deep magmatic pressure causing slip along weaker layers of the crust that facilitates gravitational
collapse. This 0–10 km depth range is similar to previous studies, and allows our model to explore a larger area to
resolve the location of slip at depth needed to match observations.

The strikes and lengths of the faults and rift zones were determined based on mapped surface traces. The positions
of the four magmatic sources were based on locations reported by the U.S. Geodetic Survey (www.usgs.gov). The
depth of Kīlauea's magma chamber was constrained to be less than 6 km below the surface (Wright &
Klein, 2014), while Mauna Loa's magma chamber was constrained to be ∼5 km (Amelung et al., 2007). Mauna
Ulu and Pu‘u ‘Ō‘ō were constrained to a less than 3 km depth as these magmatic sources are widely associated
with shallow rift zone eruptions (e.g., Delaney et al., 1998; Garcia et al., 2021). We assume a Poisson's ratio of
0.25 within our model.

3.2. Model Optimization

3.2.1. Defining Optimal Model Source Combinations Throughout Time

Given the large number of possible sources, the complexity of the region, and the potential interaction of these
sources, one of our goals was to find the optimal combination of sources for each time period able to reproduce the

Figure 7. The weighted root‐mean square (WRMS) distribution displayed as violin plots for all 5‐fold cross‐validation iterations for a subset of the considered model
source combinations for time periods (a) 1896–1974, (b) 1975, and (c) 1976–2018. The labels along the x‐axis indicate the combination of model sources. The “base”
model includes the Kīlauea décollement, Kīlauea summit, East Rift, Upper East Rift, and Southwest Rift‐1 (sources denoted in black inthis figure). The 15‐source model
indicates that all 15 of the possible model sources were used within the model. A label with a single source, such as “Pu‘u ‘Ō‘ō” in (a) refers to the 15‐source model with
the labeled source removed. For example, “Pu‘u ‘Ō‘ō” means that all of the 15 possible model sources were utilized except for the Pu‘u ‘Ō‘ō source. Alternatively, when
a label refers to “base,” like “base‐Kīlauea Summit” (in c), this means that all of the sources within the base model were used except Kīlauea Summit. Lastly, when
“only” is used at the end of a label, such as “Kīlauea Décollement only” (in b), then only the listed source(s) were used. The optimal source combination distribution
(having the lowest average WRMS prediction error for each time period) is shown in yellow. The distribution for the base model is shown in red. The distribution for the
15‐source model is shown in blue. The optimal model for 1896–1974 is the 15‐source model with Southwest Rift‐1 removed; the optimal model for 1975 includes only the
Kīlauea Décollement and the optimal model for 1976–2018 is the base model with the East Rift removed. The inset in panel (a) shows a violin plot for a normal distribution
with the mean, 75th and 90th percentiles marked. Wider sections of the violin plots represent higher probabilities.
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observations without overfitting the data. If all of the data were utilized for inversion, overfitting would be likely,
especially when there are numerous model sources as the prediction error will nearly always decrease as the
number of sources increases. To avoid this, we utilized a 5‐fold cross‐validation technique (e.g., James
et al., 2013).

Within each time period source geometry parameters (such as dip, depth, etc.) were fixed at the a priori values
mentioned above. Then the observations were randomized and 1/5 of the observations (the validation set) were set
aside to be later used for model validation, while the remaining 4/5's of the data (training set) were used to build
the model of slip and volume changes. In extracting the validation set, we required that the original ratio of the
number of observations per data set type remain the same. For example, if EDM observations were 50% of all the
observations for a specific time period, then the training set would also be 50% EDM observations.

To estimate the rate parameters (patched slip rates or volume changes) at each model source we used the source
Green's functions and a weighted linear least squares solution (Equation 1). The weighting matrix used in the
inversion was based on the uncertainties of the observations such that observations with low uncertainties had a
higher weight and more influence on the solution. Equation 1 shows an example inversion set‐up with all five
geodetic data types: triangulation, EDM, leveling, GNSS, and PS data.

Figure 8. The weighted root‐mean square (WRMS) prediction error for Kilauea's decollement geometry (a–e) and magma chamber depth (f). The 1896–1974 WRMS
results are shown as black dotted lines. The 1975 Kalapana earthquake time period results are shown as red solid lines. The 1976–2018 WRMS results are shown as
black solid lines. The strike, dip, and depth (structure) parameters specifically resolve model source characteristics, while the length and width parameters provide guidance
for our model construction. When a minimum WRMS was found for a given parameter, 95% confidence intervals (dashed black vertical lines for before and after 1975 time
period solutions; dashed red vertical lines for 1975 solutions) were determined by the deviance from the best fit value. A lower bound for the confidence intervals was
resolved only for the length and width geometry parameters. An analogous geometry parameter search was conducted for each model source and each time period, as
detailed in Figure S1 in Supporting Information S1. The 95% confidence intervals from the analysis of Owen, Segall, Lisowski, Miklius, Murray, et al. (2000) are also
shown for comparison. The optimal geometry parameter values identified for each model source are provided in Table 1.
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(1)

The first matrix represents the weighting scheme derived from the square root of the inverse data covariance
matrix (e). The second matrix contains the Green's functions for modeled displacements (G

¯
) determined from the

analytical dislocation model (Mogi, 1958; Okada, 1985) described in Section 3.1, where the subscripts relate to
the five different types of data sets and their observation locations. We solve for the rate parameters (either the
patched slip rates or volume changes) for each model source, m1:N , that minimize the prediction error for the
training set. The training set data consists of: vtri is the 1896–1970 triangulation horizontal velocity measure-
ments, r is the range displacement rate observations from the 1970–1990 EDM data set, h is the height
displacement rate observations from the 1963–2012 leveling data set, vGNSS contains both the 1990–1996 and
1996–2018 GNSS horizontal velocity measurements, and V is the vertical displacement rate observations from
the 2000–2004 offshore PS data set.

We then tested the accuracy of the model solution (op) by predicting the validation set observations (o), obtaining
a weighted root‐mean square prediction error (WRMS, Equation 2).

WRMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
i=1 (

o(i) − op(i)
e(i) )

2

∑n
i=1

1
e(i)2

√
√
√
√
√ (2)

The cross‐validation procedure (randomizing the data, separating it into training and validation sets, inverting the
training set of data to obtain a model solution, and calculating the prediction error on the validation set) was
repeated a minimum of 500 times for each model source combination considered. For each of our three time
periods the optimal source combination was taken to be the combination with the lowest WRMS averaged over
the 500 runs. The WRMS results for a subset of the source combinations are displayed as violin plots in Figure 7.
Wider sections of the violin plot indicate a higher probability of the source combination.

To determine which combinations of model sources to consider, we first tested a five‐source base model and 15‐
source full model for each time period. The base model consisted of the Kīlauea décollement, Kīlauea summit,
East Rift, Upper East Rift, and Southwest Rift‐1, and was constructed to be similar to the final model solutions of
Owen, Segall, Lisowski, Miklius, Murray, et al. (2000). The 15‐source model consisted of all 15 possible sources
considered in this study. After determining which of these two models resulted in a lower average WRMS, we
employed backward stepwise selection by removing single model sources from that model (James et al., 2013).
This allowed us to efficiently search for the optimal combination of model features for each time period.

When considering observations from 1896 to 1974 (Figure 7a), the 15‐source model had a lower average WRMS
than the base model. We tried removing sources such as the Koa'e Fault, Southwest Rift‐2, and combinations of
Pu‘u ‘Ō‘ō, the Koa'e Fault, and the East and Upper East Rifts, but that increased the average WRMS. The only
source that significantly lowered the WRMS when removed, was the Southwest Rift‐1. Our optimal model for the
1896–1974 time period therefore consists of all 15 sources except the Southwest Rift‐1. This pre‐earthquake
period of 1896–1974 also had a higher WRMS range than the post‐earthquake time period due to decreased
data volume and resolution for these early observations.
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The 1975 time period (Figure 7b), encompassing the Mw7.7 Kalapana earthquake, had a lower prediction error for
the base model than for the 15‐source model. We also found that removing the Kīlauea Décollement from either
the base or 15‐source model caused a significant increase in average WRMS, highlighting the necessity of that
source throughout this active time period. We ultimately determined that the lowest average WRMS resulted from
using the Kīlauea Décollement as the only deformation source. This simple interpretation of deformation sources
is reasonable, despite the short (<1 year) time period, because the 1975 earthquake dominated the motions. The
magnitudes of displacement observations, with an average total slip of 7.9 m along the décollement plane (Nettles
& Ekström, 2004), were much larger than displacements related to other sources seen within the alternative time
periods.

Similar to the 1975 observations, the 1976–2018 time period (Figure 7c) also required a much simpler combi-
nation of model sources than the time period preceding the 1975 earthquake: the Kīlauea Décollement and
Summit, the Upper East Rift, and the Southwest Rift‐1. This post‐1975 time period had the largest number of
observations, as well as the lowest observation uncertainties, resulting in improved model resolution. The Upper
East Rift and Kīlauea Décollement were also important for reproducing the observed displacements following the
1975 earthquake, as WRMS values significantly increased when those model sources were removed.

3.2.2. Refining Model Structural Parameters

To further refine our optimal source‐combo models, we explored the geometry parameters, such as strike, dip, and
depth for each fault plane source, and source depth for each magma chamber (Figure 9). If a minimum WRMS
was found for a geometry parameter, we attempted to find the 95% confidence interval for the solution based on
the deviance from the geometry parameter value that minimized the WRMS. To do this, we first calculated the
prediction error (WSQ, Equation 3) over a range of values using the observations (o) model predictions (op) and
the process error (Ep) (Equation 4).

WSQ = ∑
n

i=1
(o(i) − op(i))2

/ Ep(i)2 (3)

Ep is unique for each type of data set and is determined by the total number of observations in the data set (Nd) and
the misfit between corresponding observations (od) and model estimates (opd).

Ep =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1/Nd) ∑

Nd

i=1
(od(i) − opd(i))2

√
√
√

(4)

The WSQ uses process error instead of observation errors because the observations are highly correlated within
each data set type, especially the EDM and leveling data sets that have observations based on geometric network
solutions. The process errors are inherently larger than observational errors because the modeling process that
generates each solution has uncertainties comparable in size to those of the data.

Lastly, we estimated confidence intervals based on the deviance of the WSQ solutions. The deviance function,
D(θ) , is defined as the difference between the two log‐likelihoods, which can be reduced to the difference be-
tween two WSQ (Coles, 2001). We obtain the deviance for each parameter value θ by subtracting the WSQ(θo) ,
the minimum WSQ, from WSQ(θ) (Equation 5).

D(θ) = WSQ(θ) − WSQ(θo). (5)

As we are varying only one geometry parameter at a time, we can again follow Coles (2001) and note that the
relevant Chi‐Squared (χ2) distribution that relates to the deviance function has just one degree of freedom. We can
thus approximate the (1 − α) confidence region (Cα) for θo based on the quantiles of the χ2 distribution, cα
(Equation 6). We determine the 95% confidence interval (α = 0.05) with one degree of freedom, so that cα = 3.84
and all D(θ) less than or equal to cα fall within our confidence region.

Cα = {θ : D(θ) ≤ cα} (6)

Journal of Geophysical Research: Solid Earth 10.1029/2024JB028714

YONG ET AL. 15 of 28

 21699356, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

028714 by U
niversitatsbibliothek Stuttgart, W

iley O
nline Library on [27/01/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Figure 9.
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The results of this geometry parameter analysis are provided in Figure 8; when a minimum WRMS was found for
a given geometry parameter, 95% confidence intervals are marked as dashed vertical lines. This method of
refining geometry parameters was particularly successful for the 1976–2018 time period following the 1975
Kalapana earthquake, the period with the largest number of observations and lowest uncertainty. We additionally
compared our deviance‐derived 95% confidence intervals to the 95% confidence levels reported in Owen, Segall,
Lisowski, Miklius, Murray, et al. (2000) (gray regions in Figure 8). All of our a priori values and tested geometry
parameter ranges fall within those used throughout Owen, Segall, Lisowski, Miklius, Murray, et al. (2000). We
note that the preferred depth for the decollement is shallower than the depth found for seismic solutions for the
1975 earthquake that is assumed to have occurred on it. This is consistent with other geodetic studies that have
found (Montgomery‐Brown et al., 2009) that the relatively simple models used for standard geodetic inversions
generate shallow preferred depth solutions. More complex models incorporating layered rheologies and fully‐
correcting for topography generate depths that match seismic solutions. However, this requires additional pa-
rameters and would greatly complicate the analysis and interpretation and so were not included here.

Geometry parameters that minimized WRMS, as reported in Table 1, were used for the remainder of this study.
While the strike, dip, and depth parameters specifically resolve model source geometric characteristics based on
the observed surface displacements, the length and width parameters provide only guidance for our model
construction. The patched slip solutions allow realistic slip patterns to form on the fault plane. Geometry pa-
rameters for which a minimum WRMS could not be found are unconstrained by the observations, so initial a priori
values were retained in the final models. Additionally, we note that sometimes a minimum WRMS is found, but
the WRMS range is very small (like the parameter search for the depth of Kīlauea's magma chamber in Figure 8f).
This suggests that again the model is not well enough constrained by the observations to find a robust minimum
value and that there is a large range of values that perform well. Ensemble results for all geometry parameters
(including the remaining model sources not illustrated in Figure 8) can be found in Figure S1 in Supporting
Information S1.

4. Results
The different data sets provide different levels of constraints on our model parameters, depending both on the
spatial distribution of the observation locations and the type and accuracy of the observations themselves. Results
from models inverted using each data set individually are presented in Supporting Information S1 and show that
they each capture the same primary features of the deformation field for each time period. Forward models were
run for each time period's optimal source configuration with refined geometry parameter values (see Table 1) to
predict the displacement from each type of geodetic data (Figure S2 in Supporting Information S1). Forward
modeling results for combined displacements from all available data sets are provided in Figure 9 (map view) and
10 (depth view). Average slip rates and volume change (rate parameters) for each active model source resulting
from the combined data sets for each time period can be found in Table 2. Seismicity locations and depths
throughout the time period 1933–2018 (Figure 11) were also considered when analyzing these results, as well as
modeled displacement time series for a few key observation locations that were occupied during multiple
campaigns, all of which are discussed in detail in the remainder of this section.

Figure 9. Map view patched fault slip rates and magma chamber volume change rates based on combined data sets. (a) Solutions from the combined triangulation, EDM
and leveling data sets available for the 1896–1974 time period, prior to the 1975 Kalapana earthquake. (b) Solutions from the combined EDM and leveling data sets
available for the 1975 time period, encompassing the Mw7.7 Kalapana earthquake. (c) Solutions from the combined EDM, leveling, Global Navigation Satellite System
(GNSS), and pressure sensor (PS) data sets available for the 1976–2018 time period, following the 1975 Kalapana earthquake. Slip/opening rate in cm/yr is shown along all
active sources for each time period. The Kīlauea and Mauna Loa décollement slip results can be readily seen in this map view orientation, where negative (blue) slip depicts
southward motion. The slip along the additional vertical fault planes and magma chamber volume change and depth locations can be seen in Figure 11 and within the
animations provided as supporting files for each time period. An example magma chamber with a deflation rate of −5E + 6 m3/yr is also shown in the upper left corner for
time periods that require magmatic sources. Also, note the change in scale for the color bar during the 1975 time period compared to the before and after time periods.
Observed displacements are shown as green vectors for trilateration, GNSS, and PS observations and as the thicker, bottom line for EDM and leveling observations.
Modeled trilateration, GNSS, and PS displacements are shown as black vectors, while modeled EDM and leveling displacements are shown as the narrower, top lines. The
average slip/opening along the fault planes and average volume change for magmatic sources active within each of the three time periods is reported in Table 2. The
weighted root‐mean square prediction error, normalized by the length of the baseline of each observation (NWRMS), is displayed for each time period as strain rates (mm/
km/yr). The length of the baseline for single station observation data, such as GNSS, is assumed to be 1 km. The region where slow slip events may occur is outlined with
black dashes in (c) and is adopted from Foster et al. (2013). A‐A′ and B‐B′ indicate profiles in key regions for each time period where we analyze the resulting stress at
depth in Figure 12, and Figures S3–S5 in Supporting Information S1.
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4.1. 1896–1974 Deformation Model

The 1896–1974 time period (Figures 10a and 11a; Average slip along the fault planes and average volume change
for magmatic sources is reported in Table 2) results based on the combined triangulation, EDM, and leveling data
sets show high magnitude slip occurring west of the 1975 epicenter and minimal to no slip occurring near the
earthquake's epicenter along the Kīlauea décollement. This suggests that the portion of the décollement plane
from which slip nucleated during this large magnitude earthquake may have been locked prior to rupture. The
average slip estimated across the entire Kīlauea fault plane from the ensemble of data is 10 cm/yr of southward
displacement (Figure 10a). The magnitude of slip drops toward the seaward edge of the décollement. Although
the available data have limited ability to resolve offshore slip, this is consistent with the outer bench acting as a
buttress (Morgan et al., 2003), acting as a boundary to seaward slip, and stabilizing the south flank structure.
There is also high‐magnitude slip found on the eastern end of the Mauna Loa décollement, north of Kīlauea's
summit. Our model also results in significant northwestward vectors for some of the Mauna Loa sites at the very
edge of our observing network. We hypothesize that this is representative of the difficulties in jointly analyzing
data sets spanning such a large time window, combined with poor geometric distribution of observations for
model sources at the very edge of our study region, and that these vectors, the high‐magnitude slip patch on
Mauna Loa's décollement, and the long‐term contraction of Mauna Loa's rift‐zones may not be robust results.

There are 12 other model sources active in this “before” time period (Figure 10a). Eight of these are fault planes
and four are magmatic sources. Both the Northeast and Northwest Rifts along Mauna Loa, and the Southwest Rift‐
2, East, and Lower East Rifts within Kīlauea's edifice, resolve average contracting displacement leading up to the

Table 1
Geometry Parameter Values Utilized in the Optimal Models; A Priori Values That Differ From the Optimal Values Are Shown in Parentheses

1896–1974 Strike (EofN) Dip (N < 0°) Length (km) Width (km) Depth (km) Longitude Latitude

Kīlauea Décollement 62° −7° (−10°) 83 30 7.0 (10.0) −155.065° 19.288°

Mauna Loa Décollement 48° −5° 48 16 11.0 (12.0) −155.495° 19.387°

Lower East Rift 61° 90° 16 6 3.0 −154.896° 19.450°

East Rift 60° 90° 26 8 4.0 −155.052° 19.416°

Upper East Rift 100° 90° 16 8 4.0 −155.216° 19.367°

Southwest Rift‐2 21° 90° 22 8 4.0 −155.459° 19.247°

Northeast Rift 60° 90° 22 10 5.0 −155.478° 19.540°

Northwest Rift 215° 90° 26 10 5.0 −155.674° 19.334°

Mauna Ulu Dike 60° 90° 24 6 3.0 −155.182° 19.367°

Koa'e Fault 48° 90° 20 8 4.0 −155.355° 19.350°

Kīlauea Magma Chamber – – – – 1.8 (<6.0) −155.273° 19.391°

Mauna Loa Magma Chamber – – – – 1.2 (5.0) −155.589° 19.457°

Mauna Ulu Magma Chamber – – – – 0.8 (<3.0) −155.201° 19.367°

Pu‘u ‘Ō‘ō Magma Chamber – – – – 0.4 (<3.0) −155.105° 19.386°

1975 Strike (EofN) Dip (N < 0°) Length (km) Width (km) Depth (km) Longitude Latitude

Kīlauea Décollement 64° (62°) −7° (−10°) 83 30 7.0 (10.0) −155.065° 19.288°

1976–2018 Strike (EofN) Dip (N < 0°) Length (km) Width (km) Depth (km) Longitude Latitude

Kīlauea Décollement 62° −7° (−10°) 83 30 7.0 (10.0) −155.065° 19.288°

Upper East Rift 100° 90° 16 8 4.0 −155.216° 19.367°

Southwest Rift‐1 60° 90° 16 8 4.0 −155.361° 19.393°

Kīlauea Magma Chamber – – – – 0.4 (<6.0) −155.273° 19.391°

Note. Three time periods surrounding the 1975 Kalapana earthquake were analyzed: 1896–1974, 1975, and 1976–2018. Strike is shown in relative degrees east of north
(north = 0°), a negative dip indicates a northward dipping plane, a length and width for each patched fault plane is provided, and the depth, longitude, and latitude refer to
the centroid locations of either a fault plane or magmatic source. Vertical fault planes (dip = 90°) extend from the surface (0 km) to 2x their centroid depth. For example,
the East Rift plane has a centroid depth of 4 km and a width of 8 km in the vertical direction, meaning its depth ranges from 0 to 8 km below the surface.
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1975 Kalapana earthquake. The Koa'e Fault, Upper East Rift, and Mauna Ulu fault planes, however, all resolve
average extension and are also located nearest to Kīlauea's summit and the area where the highest amount of
extension from decollement slip. The Kīlauea magma chamber additionally shows inflation (4.54E + 6 m3/yr),
aligning with the observed seismicity and eruptive events that preceded the earthquake, such as the 1974
Southwest Rift/Koa'e eruptions (Lockwood et al., 1999). Conversely, the Mauna Loa, Mauna Ulu, and Pu‘u ‘Ō‘ō
sources indicate various levels of deflation (−3.70, −5.62, and −3.74E + 6 m3/yr, respectively) leading up to the
1975 earthquake. Even though surface eruptions do not begin near Pu‘u ‘Ō‘ō until a couple of years after 1975,
our cross‐validation approach still found it necessary to include a model source at Pu‘u ‘Ō‘ō for this time period,
indicating a magma reservoir at or near this location caused deformation before the 1983 surface eruption.

Figure 11 plots modeled slip rates for some example locations. The high magnitude slip for the western portion of
Kīlauea's décollement is reflected in this modeled deformation time series for the Hilina site (red station in
Figures 11a and 11c). We see the least displacement leading up to 1975 at the Lower East Rift (Kaliu, yellow) and
coastal (Kupapau, blue) stations. This coastal station is alongside the portion of the décollement that exhibits little
slip during this period (Figure 9a), and coincides with the epicenter of the Kalapana earthquake. This is most
likely a frictionally locked zone.

4.2. 1975 Deformation Model

The 1975 Mw7.7 Kalapana earthquake time period (Figure 9b) requires only the Kīlauea décollement to
adequately model the EDM and leveling data and resolve southward slip across the majority of the Kīlauea
décollement with an average rate of 763 cm/yr. Since this time period encompasses the full but brief earthquake
event, which occurred within a single year, this rate is the same as the cumulative slip during the event. In contrast,

Table 2
Rate Parameters (Average Slip/Opening Rate (cm/yr)), As Well As Cumulative Slip Over the Time Period (cm), and Volume
Change (106 m3/yr) for Each Source During the Three Time Periods of This Study

s = average slip rate (cm/yr)

1896–1974 1975 1976–2018
s = cumulative slip (cm)
δV = volume change (106 m3/yr)

Kīlauea Décollement s (s) −10.14 (−790.92) −763.38 (−763.38) −3.68 (−154.56)

Mauna Loa Décollement s (s) −14.83 (−1156.74) – –

Lower East Rift s (s) −3.01 (−234.78) – –

East Rift s (s) −0.17 (−13.26) – –

Upper East Rift s (s) [open] 10.17 (793.26) – 13.10 (550.20)

Upper East Rift s (s) [strike] 9.14 (712.92) – −3.85 (−161.70)

Southwest Rift‐1 s (s) – – 2.05 (86.10)

Southwest Rift‐2 s (s) −0.75 (−58.5) – –

Northeast Rift s (s) −44.54 (−3474.12) – –

Northwest Rift s (s) −89.29 (−6964.62) – –

Mauna Ulu Dike s (s) 2.62 (204.36) – –

Koa'e Fault s (s) 48.29 (3766.62) – –

Kīlauea Magma Chamber δV 4.54 (354.12) – −6.55 (−275.10)

Mauna Loa Magma Chamber δV −3.70 (−295.62) – –

Mauna Ulu Magma Chamber δV −5.62 (−438.36) – –

Pu‘u ‘Ō‘ō Magma Chamber δV −3.74 (−291.72) – –

Note. Model results are based on the combined inversion of all available data within each time period (Figures 9 and 10). The
low‐angle décollement planes were only allowed thrusting displacement, where negative slip represents updip or southward
motion. All other fault planes were vertical and allowed opening or closing displacements, where positive values represent
opening motion, and negative represents closing motion. We note that contracting rifts might not normally be expected but
are necessary to optimally fit the data observations. Additionally, the Upper East Rift was also allowed strike‐slip
displacement, where positive slip corresponds to right‐lateral motion and negative slip refers to left‐lateral motion. A pos-
itive volume change denotes inflation at magmatic point sources, while negative volume change denotes deflation.
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the time period prior to the earthquake spans decades, and the slip rate represents a true yearly average over that
longer time frame. Again, we see the highest magnitude slip occurring beneath and just offshore of the Hilina fault
system region, consistent with several previous studies showing large southward displacement here (e.g., Delaney
et al., 1992; Lipman et al., 1985; Swanson et al., 1976). We note that the Hilina fault system was found to have
slipped during the earthquake (Cannon et al., 2001; Lipman et al., 1985). As we do not have any source elements
representing these faults, these observed displacements will therefore have to be accommodated as greater
décollement slip for this region in our model. This may mean that the magnitude of slip for the portion seaward of

Figure 10. Model solutions of patched fault slip/opening rates and magma chamber volume change rates. (a) Slip/opening and volume change from combined
triangulation, EDM and leveling data sets available for the 1896–1974 time period, prior to the 1975 Kalapana earthquake. (b) Slip/opening and volume change from the
combined EDM, leveling, Global Navigation Satellite System, and pressure sensor data sets available for the 1976–2018 time period, following the 1975 Kalapana
earthquake. The 1975 time period encompassing the Mw7.7 earthquake is omitted here as its only active model source was Kīlauea's décollement, which can be seen in
Figure 9b. Slip/opening rate (cm/yr) is resolved along all active fault model sources for each time period, where large black arrows denote the mode and average direction
of motion (all model source averages are specified in Table 2); negative (blue) depicts contraction or left‐lateral strike‐slip displacement and positive (red) depicts
extension or right‐lateral strike‐slip displacement. Only the Upper East Rift is allowed strike‐slip displacement. Scaled volume changes of magmatic point sources (squares
plotted at depth, in m3/yr; blue for deflation and red for inflation) are plotted as stem plots that connect from the surface to the depth of each magma chamber. An example
magma chamber located 4 km below the surface and with a deflation rate of −5E + 6 m3/yr is shown in the lower left corner of both (a) and (b). Gray dashed rectangles
denote the location of the active décollement(s) for each time period.
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this system, alongside the Papa‘u seamount, is higher than it should be. The consistency in the slip patch locations
with the “before” period however, suggests that high slip rates did indeed occur here. For the 1975 period, high
slip is predicted out to the seaward edge of the décollement. The geometry of our data sets only very weakly
constrains slip here, but the solution suggests that slip may have extended further seaward than in the other
periods. If this is the case, it would likely involve slip either along the thrust fault overlapping onto the outer bench
(Morgan et al., 2003), or possibly on the décollement under the bench itself. If this latter were the case, the outer
bench might represent less of a structural stabilizing effect than assumed.

4.3. 1976–2018 Deformation Model

The 1976–2018 time period following the 1975 Kalapana earthquake (Figures 9c and 10b) had the most data set
types available for analysis, including EDM, leveling, GNSS and PS data. This time period had a particularly low
weighted prediction error (i.e., WRMS normalized by the length of the baseline of each observation (NWRMS)) and
also finds the lowest magnitude of average slip along Kīlauea's décollement of only 4 cm/yr of southward
displacement (Figure 9c). This low average southward motion along the décollement is similar to previous studies'
findings of ∼6 cm/yr of southward displacement rates for Kīlauea's south flank (e.g., Delaney & Denlinger, 1999;
Miklius et al., 2005). It is also lower than the average rate preceding the Kalapana earthquake of 10 cm/yr.
Moreover, compared to the resolved slip pattern before the 1975 Kalapana earthquake, the slip is now distributed
into smaller and more irregular patterns of deformation that encompasses both on‐ and off‐shore areas of the Kīlauea
décollement. This could indicate the spatial variability of mechanical properties and/or differences in effective
stress that are thought to occur along the décollement (Lin et al., 2020). Overall, a much broader range of average
slip rates (4–35 cm/yr of southward displacement) along Kīlauea's décollement was found for this time period of
1976–2018. This is likely at least partly due to the improved accuracy and spatial resolution of the data, but as all
temporal variation over this period is modeled as a single static solution, temporal variation, and the superposition of
multiple processes ‐ for example, the SSEs first recognized during this time may contribute to the variation.

Along with the Kīlauea décollement, there are also three additional active model sources for the 1976–2018 time
period: the Southwest Rift‐1, Upper East Rift, and Kīlauea summit (Figure 11b). Unlike our results prior to the
earthquake, Kīlauea's magma chamber after 1975 has a negative change in volume and deflates at a rate of
−6.55E + 6 m3/yr. Deflation of this magnitude for Kīlauea was also found by Owen, Segall, Lisowski, Miklius,
Murray, et al. (2000), who found a slightly lower deflation rate of up to −2.00E + 6 m3/yr for the 1990–1996 time
period. This change from inflation at the summit prior to 1975 and deflation afterward was then followed by the
first East Rift Zone eruptions in over a decade (1977 and 1983) and is consistent with the top‐down inflation/
deflation theory where changes at the summit can promote or inhibit magmatic intrusions into the surrounding rift
zones (e.g., Baker & Amelung, 2015; Delaney & Denlinger, 1999). Additionally, both the Southwest Rift‐1

Figure 11. 1933–2018 seismicity and deformation throughout the Mauna Loa and Kīlauea regions. (a) Geographical locations of the earthquakes and key observation
locations occupied by multiple data sets positioned at the coast, mid‐elevation, in the Hilina fault system, and within the Lower East Rift Zone. (b) Seismicity time series
showing the range of earthquake depths over time. Earthquakes that occurred before 1975 are shown in dark gray, during 1975 are red, and after 1975 are light gray or
white. (c) Modeled deformation time series based on combined data sets (Figures 9 and 10) for four key stations whose locations are marked in (a). These deformation
rates are also compared to the 1896–2018 cumulative eruptive volume of magma from Kīlauea (gray lines). Time series for the coastal station Kupapau (near the 1975
earthquake epicenter) is shown in shades of blue to represent before, during, and after 1975 displacement rates. The mid‐elevation station Pulama is shown in green, the
Hilina station within the Hilina fault system in red, and the Lower East Rift station, Kaliu, in yellow.
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(4 cm/yr) and Upper East Rift (13 cm/yr) resolve extensional motion, indicating that the Upper East Rift has a
greater displacement rate on average than the Kīlauea décollement for this time period. Furthermore, the
displacement rates for all four example time series stations in Figure 12c are lower than their rates before 1975,
with the largest displacement occurring along the coast at Kupapau station.

5. Discussion
The driving forces for stress accumulation along Kīlauea's décollement have been explained by a range of
mechanisms, such as volcanic intrusions (e.g., Swanson et al., 1976), and gravitational instability arising from the
increasing mass of the growing volcano (e.g., Delaney et al., 1998). These mechanisms produce an overall
compressive stress environment, which drives the low‐angle, thrusting décollements to transport material upslope

Figure 12. Simplified schematic of average slip direction and magnitude and magma chamber volume change solutions for each active source in map view (from
Figures 9 and 10) and the resulting Coulomb stress changes (Δσc) based on a Kīlauea décollement receiver fault, and the normal stress changes (Δσn) based on the East
Rift Zone receiver fault (from Figure S3 in Supporting Information S1). Black arrows denoting fault slip are scaled by magnitude. Net inflation of a magma chamber is
shown as a red circle, net deflation is shown as a blue circle, and these are also scaled by magnitude. Coulomb stress changes that promote failure (positive) are highlighted
in red, while Coulomb stress release changes (negative) are highlighted in blue. Normal stress changes that promote failure (negative) are highlighted in red, while normal
stress release changes (positive) are highlighted in blue.
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(southward in this case) over time. It is likely that it is a combination of these mechanisms that results in the
secular southward slip along the décollement (e.g., Wright & Klein, 2014; Yin & Kelty, 2000).

The accumulation of stress along Kīlauea's décollement, and the resulting shortening of baselines across the
subaerial flank, is probably strongly associated with the continuous seaward displacement of Kīlauea's south
flank, which is frictionally resisted by coupling of the décollement (Liu et al., 2018). Day et al. (2005) note that
repeated earthquakes like the 1975 Kalapana, and ∼Mw8 1868 Great Ka‘ū earthquake (Wyss, 1988) could cause
extension and subsidence in the upper flank of Kilauea and compression and uplift of the toe region, accompanied
by slump movement (i.e., Hilina normal faulting), which stabilizes Kīlauea and makes catastrophic failure of the
volcano flank less likely.

5.1. Evolution of Slip Along Kīlauea's Décollement

It is clear from our model solutions that the magnitude and distribution of slip along Kīlauea's decollement has
varied significantly through time. Prior to the 1975 Mw7.7 Kalapana earthquake, our results suggest that, while
there was contraction beneath the Hilina fault system, there were large southward displacements, especially on the
western edge of Kīlauea's decollement, which may be coupled with large southward displacements on the eastern
edge of Mauna Loa's décollement. Spatial variability of slip on the décollement is consistent with the multiple
types of seismic events observed in recent years with improved geodetic and geophysical observation techniques.
Micro‐seismicity, SSEs, and large magnitude ruptures like the Kalapana earthquake all occur along the Kīlauea
décollement (e.g., Foster et al., 2013; Lin et al., 2020; Montgomery‐Brown et al., 2011; Wolfe et al., 2007). Foster
et al. (2013) relates the range of seismic events and subsequent slip to frictional variability along the décollement,
which appears consistent with our slip distribution pattern. For example, although we see southward slip along the
western edge of the décollement prior to the 1975 earthquake, our model requires little to no slip near the epicenter
where slip nucleated, consistent with this portion of the décollement being locked and accumulating stress leading
up to the rupture.

For the solutions plotted in Figures 9 and 10, the average southward slip rate prior to the 1975 Kalapana
earthquake is 10 cm/yr, while after the rupture it drops to 4 cm/yr. This lower magnitude of decollement slip is
also confirmed by individual station time series analysis (Figure 11c) located at the coast and mid‐elevation
stations, in the Hilina fault system and Lower East Rift region. These results are consistent with previous in-
vestigations reporting stabilization along the south flank of Kīlauea following the 1975 earthquake, while
maintaining continued extension of the region at lower rates than those prior to the Mw7.7 rupture. The reduced
interseismic rate of 4 cm/yr may also be connected to the SSEs that have recently been observed on the Kīlauea
fault plane (e.g., Brooks et al., 2008; Foster et al., 2013).

The most recent large magnitude earthquake was the 2018 Mw6.9 earthquake that occurred shortly after our last
observation time period of 1976–2018. The 2018 epicenter also resides in the same region as the 1975 Kalapana
and other large earthquakes, where our 1976–2018 model resolves minimal to no slip along Kīlauea's décollement
plane, just northeast of the region prone to SSEs (Foster et al., 2013; Liu et al., 2018) where we do resolve slip (see
Figure 9c). Unlike the 1975 Kalapana earthquake, the 2018 rupture occurred during a major volcanic eruption
involving Kīlauea's summit and East Rift Zone (Neal et al., 2019), and the earthquake was likely triggered by
magmatic intrusions within the East Rift Zone (Patrick et al., 2020).

Notably, we see slip maintained west of Kīlauea's summit, and a general migration of higher magnitude slip
eastward along Kīlauea's decollement and north of the Kalapana and Leilani Estate epicenters for the 42‐year
modern data set (1976–2018). However, Montgomery‐Brown et al. (2011) report westward migration of slip
along the décollement following the June 2007 East Rift Zone intrusion. Our slip patterns differ from those of
Montgomery‐Brown et al. (2011) and other studies that focus on smaller time periods or specific volcanic and/or
seismic events (e.g., Hooper et al., 2002; Miklius et al., 2005; Owen, Segall, Lisowski, Miklius, Murray,
et al., 2000; Owen, Segall, Lisowski, Miklius, Denlinger, & Sako, 2000). That is to be expected as we have focused
here on longer time scales and parsimonious combinations of sources for the range of magmatic and seismic events.

5.2. Stress Changes From 1896 to 2018 Based on Modeled Deformation

Earthquakes and magmatic intrusions throughout the Mauna Loa and Kīlauea regions of Hawai'i have been linked
to areas of increased stress that load a particular fault or rift until failure (e.g., Cayol et al., 2000; Crosson &
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Endo, 1981; Gillard, Wyss, & Okubo, 1996; Neal et al., 2019; Thurber & Gripp, 1988; Varugu & Amelung, 2021;
Walter & Amelung, 2006). Inferring the stress fields from deformation observations can therefore provide
additional geophysical insight into the loading conditions of events leading up to and following earthquakes and
intrusions. Taking our modeled source solutions for each time period, which includes the patched slip/opening
along fault planes and the magmatic point source deformation, we use the Coulomb 3.3 software (Lin &
Stein, 2004; Toda et al., 2011) to resolve stress changes along the Kīlauea décollement and the East Rift Zone
(Figure 12 and Figures S3–S5 in Supporting Information S1) for our three time periods. Shear stress change (Δτβ)
and normal stress change (Δσn) are resolved onto planes of specified orientation (i.e., receiver fault orientations)
and combined with an assumed coefficient of effective friction to evaluate Coulomb failure stress change (Δσc,
Equation 7). Effective friction includes the impact of pore‐pressure on the frictional strength, and we have chosen
the value μ = 0.4 (e.g., King et al., 1994, and as recommended by the Coulomb 3.3 software package) as an
appropriate default. Although previous work has shown that friction likely varies spatially across the décollement
(Foster et al., 2013) and will also vary temporally, changes in μ have been found to have only a minor impact on
this type of stress analysis (e.g., King et al., 1994).

Δσc = (Δτβ + μΔσn) (7)

Here we assume increasing seaward shear (updip along the décollement) and decreasing normal compressive
stress changes to be positive. Coulomb stress change is regularly used to evaluate earthquake triggering (e.g.,
Chen et al., 2019; King et al., 1994), where a positive stress change can promote fault rupture. Likewise, the
decreased (positive change) and increased normal compressive (negative change) stress across the rift zones can
promote or inhibit magmatic intrusions (Amelung et al., 2007; Walter & Amelung, 2006). The stress changes at
depth throughout time are calculated along profiles intersecting key geologic features, such as Kīlauea's summit
and décollement, the East Rift Zone, and the epicenters of the 1975 Mw7.7 Kalapana and 2018 Mw6.9 earthquake,
and then compared to observed seismicity.

We examine the changes in stress over time in terms of: (a) Coulomb stress changes along Kilauea's decollement,
where Δσc is calculated for a receiver fault geometry prescribed to be that of the Kīlauea décollement fault plane
in Table 1 (plotted on the left side of Figure S3 in Supporting Information S1); and (b) Normal stress changes
along Kilauea's East Rift Zone where the normal stresses, Δσn, are resolved across a receiver fault geometry
prescribed to be that of the East Rift in Table 1 (are plotted on the right side of Figure S3 in Supporting Infor-
mation S1). For visual reference, simplified representations of stress change from homogeneous slip along ge-
ometries consistent with Kilauea's decollement and the East Rift Zone are provided at the top of Figure S3 in
Supporting Information S1 (stress changes along the decollement and rift zones resulting only from Kīlauea
décollement displacement are shown in Figures S4 and S5 in Supporting Information S1). Figure 12 depicts a
simplified schematic of the resulting Coulomb and normal stress changes over time from our modeled
deformation.

5.2.1. 1896–1974 Stress Changes

Prior to the 1975 Kalapana earthquake (1896–1974), heterogeneous Coulomb stress changes appear along both
the Kīlauea décollement and East Rift Zone (Figure 12a; Figures S3a and S3b in Supporting Information S1) as a
result of interseismic slip (and locked patches) along both Mauna Loa and Kilauea decollements, rift zone
deformation, and magmatic inflation at Kīlauea and deflation at Mauna Loa, Mauna Ulu, and Pu‘u ‘Ō‘ō. At depth,
along the western side of the Kīlauea décollement (Figure S3a in Supporting Information S1, profile A‐A′), slip
on the decollement (Figure 9a) coincides with reduced Coulomb stress and increased Coulomb stress occurs
surrounding slipping regionsClusters of seismicity coincide with the depths of both décollements. The stress
changes surrounding the pending 1975 Kalapana earthquake epicenter (Figure 12; Figure S3a in Supporting
Information S1, profile B‐B′) reveal a small positive shear stress lobe that intersects the décollement plane. The
increase in Coulomb stress here is associated with expansion of the East Rift (see Figure S4 in Supporting In-
formation S1 for stress caused from all active sources vs. just the Kīlauea décollement for the 1896–1974 time
period). A large zone of decreased Coulomb stress also occurs updip and offshore from the 1975 Kalapana
earthquake, where southward slip was resolved by our deformation model (Figure 9a).
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Along the East Rift Zone (Figure 12; Figure S3b in Supporting Information S1), a strong decrease in normal
compressive stress is found at shallow depths Kīlauea (Southwest and East) Rift Zones. \In the East Rift zone
increased compressive normal stress is seen at 3–5 km depths as a response to dike intrusions. Above and below
this zone we find decreased compressive stress promoting shallow intrusion. This is similar to the example in the
top right panel of Figure S3 in Supporting Information S1. Both the Southwest and East Rift Zones coincide with
large clusters of earthquakes at depth, as seismic activity is heavily linked to magmatic intrusions throughout the
Kīlauea region.

The increased Coulomb stress along the Kīlauea décollement and around the location of the 1975 earthquake
epicenter portrays conditions favorable for decollement rupture leading up to the 1975 Kalapana earthquake. This
is consistent with studies that indicate the 1975 earthquake was most likely caused by a combination of pressure
changes from magmatic intrusions within the rift zones at depth and from Kīlauea south flank deformations
caused by volcanic spreading (e.g., Swanson et al., 1976) and gravitational instability (e.g., Yin & Kelty, 2000).
Both driving mechanisms are mechanically feasible and are consistent with our resultant stress field.

5.2.2. 1975 Stress Changes

Slip from the 1975 Kalapana earthquake (Figure 9b) generates stress changes (Figure 12b; Figures S3c and S3d in
Supporting Information S1) an order of magnitude greater than the time period prior. The decrease in Coulomb
stress along the decollement is a result of meters of both horizontal and vertical slip from the Mw7.7 earthquake
(Nettles & Ekström, 2004).

Resolved normal stress changes (Figure S3d in Supporting Information S1) show a broad decrease in compressive
normal stress along the East Rift Zone as a result of decollement slip from the Kalapana earthquake. This decrease
may have increased the possibility of magmatic intrusions there. This decrease also overlaps with a cluster of
earthquakes at depth. Despite these large normal stress changes, our model source analysis did not require any
opening along the East Rift Zone in order to reproduce the observed displacements, indicating that the rift‐normal
stress state remained compressional.

5.2.3. 1976–2018 Stress Changes

After the 1975 Kalapana earthquake, low‐magnitude Coulomb stress reduction is apparent over much of the
decollement (Figure 12c and Figure S3e in Supporting Information S1), consistent with low rate but spatially
extensive slip along the fault planes and decreased volume change for Kīlauea's magma chamber (Table 2). We
note the zone of reduced stress near the coastline of profile A‐A′ along the decollement (Figure S3e in Supporting
Information S1), which coincides with the region identified as hosting SSEs (Foster et al., 2013). A similar
Coulomb stress change pattern along the décollement was also found by Brooks et al. (2008) coinciding with
SSEs.

We also find decreased shear stress along the décollement coinciding with the epicenter of the future 2018 Mw6.9
earthquake (Figure 12c and Figure S3e in Supporting Information S1, profile B‐B′). While decreased shear stress
near the 2018 earthquake epicenter (rupture depth 5.7 km (Neal et al., 2019)) would not encourage future fault
failure here, the decreased compressive stress seen along the East Rift Zone (Figure 12c; Figure S3f in Supporting
Information S1) could promote favorable conditions for magmatic intrusions within the area. Intrusions into the
East Rift Zone during the 2018 eruption are thought to be the catalyst for the 2018 earthquake (Chen et al., 2019;
Neal et al., 2019) by increasing the shear stress on the décollement (Patrick et al., 2020).

6. Conclusions
We assimilated deformation observations from several types of geodetic data over the past 122 years within the
Mauna Loa and Kīlauea regions of Hawai'i Island. A range of deformation sources were investigated to reproduce
observations using an analytical deformation model that reflects three main modes of dislocation: (a) low‐angle
décollement fault planes that slip southward and underly the Mauna Loa and Kīlauea volcanoes, (b) opening and
contracting magmatic rift zones and interwoven fault systems, and (c) magmatic sources that can inflate or deflate
as a response to the movement of magma. Using a 5‐fold cross‐validation technique, we established an optimal
combination of tectonic and magmatic deformation sources during three distinct time periods surrounding the
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1975 Mw7.7 Kalapana earthquake: before (1986–1974), during (1975), and after (1976–2018). Our study
developed a robust analytical model to explore both long (1896–1974 and 1976–2018) and short (1975,
encompassing the Kalapana earthquake) timescales of deformation and stress for a variety of geodetic obser-
vations, as well as a user‐friendly compilation of data. We calculated Coulomb and normal stress changes
resulting from the modeled deformation over the three time periods.

Our conclusions are: (a) Multiple sources are needed to reproduce the 122 years of observations, with the most
needed for the period prior to the 1975 Kalapana earthquake, and these sources vary with time. (b) Complex and
high magnitude slip rates occurred throughout the region before the 1975 Mw7.7 Kalapana earthquake; despite this
high rate of motion of Kīlauea's south flank, it still experienced compression as reported by previous studies (e.g.,
Swanson et al., 1976; Thurber & Gripp, 1988). In contrast, slip complexity and magnitude are reduced throughout
the region after the 1975 rupture, where the average slip along the Kīlauea décollement decreased from 10 to 4 cm/
yr. This regional stabilization is consistent with previous studies (e.g., Day et al., 2005; Delaney et al., 1998). (c) We
find increased Coulomb stress along the Kīlauea décollement and decreased normal compressive stresses along the
East Rift Zone before 1975, promoting favorable conditions for both rifting and magmatic intrusion leading up to
the Kalapana earthquake. Both mechanisms have been suggested as plausible triggers of the 1975 earthquake. (d)
Variable Coulomb stress changes along Kīlauea's décollement after 1975 do not suggest a strong promotion of
decollement failure, but large decreases in compressive stress are noted along the East Rift Zone. Therefore,
subsequent seismic events (such as the 2018 Mw6.9 earthquake) are more likely to have been triggered by East Rift
Zone intrusions favored by this stress change. (e) The diverse patterns and magnitude of slip and stress throughout
all three time periods show how deformation changed with time and amongst deformation sources. These varied
slip patterns further promote the mechanical plausibility of diverse seismic and magmatic events produced by the
same deformation source(s). Future analyses would benefit from a search for frictional properties, especially along
the Kīlauea fault plane.

Data Availability Statement
The EDM and leveling data are available at http://pgf.soest.hawaii.edu/EXTDATA/public as are the velocities for
the continuous GNSS sites used here. The 1990–1996 campaign GNSS data set can be found within Owen, Segall,
Lisowski, Miklius, Murray, et al. (2000), the 1896–1970 triangulation and trilateration were provided within
Swanson et al. (1976), and the 2000–2004 vertical displacements obtained from offshore pressure sensors are
reported in Phillips et al. (2008). The Centroid‐Moment‐Tensor (CMT) solutions for the 2018 Mw6.9, 1989 south
flank Mw6.1, and 1983 Kaoiki Mw6.6 earthquakes are available at www.globalcmt.org (Dziewonski et al., 1981;
Ekström et al., 2012). The CMT solution for the 1975 Kalapana Mw7.7 earthquake was provided by Nettles and
Ekström (2004). The seismicity data from 1986 to 2018 was provided by Matoza et al. (2021), from 1960 to 2016 by
NCEDC (2014), and from 1933 to 1959 by Klein and Wright (2000). Elevation and bathymetry data used
throughout this study are available for download at http://www.soest.hawaii.edu/hmrg/multibeam/index.php.
Supporting Information includes Figures S1–S5 in Supporting Information S1. The data files used in this paper are
available at Yong et al. (2024).
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