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ABSTRACT

Magma supply rates from the mantle to Hawaiian volcanoes serve as an important control on eruptive behavior at the surface.
The Pahala Sill Complex, a collection of magma-bearing, seismogenic structures at 40 km depth beneath Hawai'i, presents an
opportunity to elucidate interactions between stress and magma transport processes in the mantle. We invert for full moment
tensors of sill earthquakes and identify predominantly shear mechanisms with persistent tensile faulting components. Slip
occurs in-plane with the sill structures. Pressure axes are radially oriented about a point near Mauna Loa, consistent with a stress
field generated by a flexural load. Together, these observations suggest that magma flux through the sill structures generates
seismicity by increasing pore pressure and promoting slip. Our results suggest that stress changes in mantle structures may
enable fluctuations in magma supply rates to the surface over short timescales.

KEYWORDS: Moment tensor inversion; Kilauea; Mauna loa; Magma transport; Deep volcano plumbing.

1 INTRODUCTION

The rate at which magma is supplied to a volcano’s near-
surface storage reservoirs from its deep plumbing system ex-
erts a primary control on the character and rate of eruptive
activity. Early work on supply rates to Rilauea posited that
historic magma supply rates were effectively constant [Swan-
son 1972]. More recent studies have shown that significant
variations in magma supply may occur on timescales ranging
from years to centuries [Dvorak and Dzurisin 1993; Swanson
et al. 2014; Anderson and Poland 2016]. These fluctuations
may affect eruptive productivity at Kilauea and additionally
modulate the transition from effusive to explosive eruptions
[Swanson et al. 2014]. A growing body of work suggests that
activity in deep magma plumbing systems can influence erup-
tive behavior at the surface over relatively short timescales
(e.g., days to months) [Shapiro et al. 2017; Cesca et al. 2020,
Greenfield et al. 2022]. Understanding the deep structures and
processes responsible for magma transport to the surface is
thus crucial to analyzing the dynamics of shallow activity and
may be important for improving the resolution of eruption
forecasting [Dzurisin and Poland 2019].

Elastic modeling and analog experiments indicate that the
state of stress in the mantle can play an important role in
the development of ocean island volcano magma structures
at multiple scales, which in turn affect inter-volcano spacings
[Hieronymus and Bercovici 1999] and the localization of indi-
vidual magma bodies and cracks [Rubin 1995; Watanabe et al.
2002; McGovern 2007]. Interactions between the stress state
of the mantle and the evolution of magma transport pathways
are evinced by the subhorizontal mantle fault zone beneath
south Hawai'i [Wolfe et al. 2003], which likely formed due to
flexural stresses [Pritchard et al. 2007] but is thought to repre-
sent a pathway for lateral magma transport from the hotspot
to Kilauea [Wright and Klein 2006; Wech and Thelen 2015].
Although stress is recognized as a primary control on the long-
term development of the deep plumbing system, its influence
on short-term magma transport dynamics is less well estab-
lished.

*& jwilding@caltech.edu

Transient, mantle-driven surges in magma supply to
Hauwaiian volcanoes have been observed, but the factors that
enable this behavior remain poorly understood [Dzurisin and
Poland 2019]. One such surge to Kilauea and Mauna Loa was
documented between 2003-2007 [Poland et al. 2012]; more re-
cently, an ongoing 2015- surge has been suggested [Burgess
and Roman 2021]. The present surge has been accompanied
by a mantle earthquake swarm below 30 km depth beneath
the town of Pahala, characterized by seismicity rates which
are several orders of magnitude larger than the typical back-
ground rate for the region [Burgess and Roman 2021]. Wilding
et al. [2023] performed waveform relocation of these earth-
quakes and identified a 10 x 16 x 7 km collection of subhor-
izontal sheeted structures which they termed the Pahala Sill
Complex (PSC) (Figure 1). On the basis of the PSC’s proximity
to a tremor-generating volume [Aki and Koyanagi 1981; Wech
and Thelen 2015], diffusively migrating seismicity through the
structures, long-period earthquakes, and previous work sug-
gesting that Hawaii’s deep plumbing system may intersect
with the PSC region [Wright and Klein 2006], Wilding et al.
[2023] identified the PSC as a major magma transport feature.
Studying the PSC might provide an opportunity to elucidate
magma processes in the Hawaiian mantle. The intense seis-
mic activity of the PSC also raises further, related questions
regarding magma dynamics within the sills: namely, why ap-
parent magma transport is so seismogenic in PSC structures,
and how these structures might regulate magma flux.

In order to investigate the influence of stress on magma
transport processes within the PSC, we perform moment ten-
sor inversion for 9,472 events from the Wilding et al. [2023]
catalog. We use P-wave amplitude data and implement an
automated P-wave amplitude measurement procedure. Our
workflow also involves calculating the event spectra of target
events to ensure that amplitudes are measured in an appropri-
ate frequency band for each event. Moment tensor inversions
are performed as Bayesian inference problems, allowing us to
fully characterize uncertainties in moment tensor components,
and include empirical corrections for 3D attenuation structure.
Most solutions are shear-dominated with a positive isotropic
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Figure 1: Overview of south Hawai'i. Left: Location of the Kilauea and Mauna Loa summits and the Pahala Sill Complex (PSC)
swarm (boxed). Seismicity below 30 km depth from the Wilding et al. [2023] catalog is plotted. Right: map view and cross-
section of seismicity in the boxed region. Individual structures are colored for clarity.

source component consistent with a faulting process precipi-
tated by high pore pressure. Observed faulting geometries are
consistent with a flexural stress field produced by the Hawai-
ian island load and suggest that flexure provides the necessary
conditions for seismogenic magma transport in the mantle.

2 METHODS

Our data consist of vertical-component velocity waveforms
recorded on the HV (Hawaiian Volcano Observatory Net-
work) and PT (Pacific Tsunami Warning Seismic System) seis-
mic networks on the island of Hawai'i [USGS Hawaiian Vol-
cano Observatory (HVO) 1956; Pacific Tsunami Warning Cen-
ter 1965]. We select waveforms for analysis using the P wave
arrival times of the Wilding et al. [2023] catalog, which were
produced by the automated picking algorithm PhaseNet [Zhu
and Beroza 2019]. The catalog spans November 2018 to April
2022.

Body wave amplitude measurements are one of the various
data types commonly used in moment tensor inversions [Fitch
et al. 1980; Ebel and Bonjer 1990; Kwiatek et al. 2016]. Here,
we restrict ourselves to the use of signed P-wave amplitude
data, which can more easily be measured by an automated
process than signed S-wave amplitudes. The amplitudes of
the first swings of P waves are an accurate representation
of the radiation pattern in the point source approximation,
so the P-wave amplitude must be measured over sufficiently
low frequencies to exclude finite-faulting effects. Although
the Wilding et al. [2023] catalog does not report magnitudes,
the Hawaiian Volcano Observatory (HVO) earthquake cata-
log reports a magnitude range My, 0.98—4.67 in the PSC over
the period spanned by the catalog [USGS Hawaiian Volcano
Observatory (HVO) 1956]. Over this magnitude range, event
spectra and corner frequencies may vary considerably, so re-
liable measurements cannot be attained within a uniform fre-

quency band. A conservatively chosen frequency band that
represents the largest events as a point source would result in
diminished SNR for the smaller events; conversely, measure-
ments at higher frequencies can improve the SNR of smaller
arrivals but may introduce finite-faulting effects for measure-
ments of the larger earthquakes.

2.1 Determining optimal frequency bands for each event

To ensure our amplitude measurements occur over an appro-
priate frequency range for each event, we perform spectral de-
composition [Shearer et al. 2006] to estimate the source spectra
and corner frequencies of each target event. Below, we sum-
marize our methodology, which adheres closely to the steps
outlined in Trugman and Shearer [2017].

We identify 66,048 events within the PSC with at least 20
P-wave picks. For each pick, we define a noise window (2.3 to
0.3 seconds before the P-wave arrival) and a signal window
(0.3 seconds before to 1.7 seconds after the P-wave arrival).
Our 2 second window is shorter than that employed by Trug-
man and Shearer [2017]; we selected this length after manual
inspection of several waveforms revealed high-amplitude sec-
ondary phases arriving approximately 2 s after the P-wave
onset. Spectra are computed from vertical-component veloc-
ity waveforms using the mtspec software package [Prieto et al.
2009; Prieto 2022] with a time-bandwidth product of 3.5 and
5 tapers, then converted to displacement. We filter for high-
quality spectra by requiring that the mean spectral amplitude
of the signal window exceed the mean spectral amplitude of
the noise window over five non-overlapping frequency bands
from 2.5-25 Hz. We discard events with less than 5 recordings
meeting these criteria, resulting in 15,075 target events.

We use these spectra to solve an overdetermined linear sys-
tem of equations for event terms at each frequency point
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Figure 2: Results of the spectral decomposition procedure. (a) Event spectra binned by spectral moment. (b) EGF-corrected
binned spectra and theoretical spectra for a Brune model. The EGF is determined by the best-fitting [eg, ;] parameter vector.
(c) Corner frequencies f. and low-frequency spectral asymptotes Qq for our target events. Green lines are plotted for two
theoretical Ao values, with Ao greater than Ao by 2 orders of magnitude. The majority of retrieved Ao values are within this
range. (d-e) Examples of spectral fitting to determine corner frequency.

log;o(dij) =logq(e;) +logyo (i) +logio(stj) (1)

where d;; is the recorded spectral amplitude of event i at sta-
tion j, e; is the event term of event 7, ##;; is a travel-time term
(discretized in 1-second bins), and st j is the station term of sta-
tion j. Because we do not remove instrument response, the
station term is informed by contributions from near-site effects
and the transfer function of the recording instrument. HVO re-
ported changes to the instrument responses of stations AIND,
ALEP, RIND, NAHU, OTLD, and UWE during the study pe-
riod [USGS Hawaiian Volcano Observatory (HVO) 1956, so
for these stations we define separate station terms before and
after the instrument response change. We solve the system of
linear equations at each frequency point between 2.5 and 25
Hz using an iteratively reweighted least-squares technique to
suppress the influence of outliers.

The retrieved event terms represent relative spectra in the
logarithmic domain. To determine corner frequencies of in-
dividual events, an empirical Green'’s function (EGF) must be
subtracted from all spectra to retrieve absolute spectra. We
employ a stacking approach following Trugman and Shearer
[2017]. We bin event spectra by mean log amplitude over the
2.5-4 Hz frequency band (Figure 2a), using a bin width of 0.2
logarithmic units. We exclude high- and low-amplitude bins
that contain insufficient events and are contaminated by high-
frequency noise. We then calculate theoretical spectra for each
bin by parameterizing the logarithm of stress drop as

log,((Ac) =€ +€1Qg (2)

where [eg, €1] is a parameter vector defining the stress drop-
moment scaling relationship and Qg is the low-frequency

asymptote of the spectrum. This approach allows some devi-
ation from self-similar earthquake scaling, as expressed by the
€1 parameter. The binned spectra are subtracted from the the-
oretical spectra, and the residuals from each bin are stacked to
form an EGE. We calculate a misfit by evaluating the L2 norm
between the theoretical spectra and the EGF-corrected binned
spectra. We grid search over values of €y and €; to minimize
this misfit, first resampling the spectra in the log domain to
suppress the influence of noise at higher frequencies.

The best-fitting combination of values is [€g, €1] = [2.9, 0.15],
representing a slight deviation from self-similarity, consistent
with previous applications of this technique [Trugman and
Shearer 2017; 2018; Trugman 2020] (Figure 2b). For each
event, we subtract the retrieved EGF to convert the relative
event spectrum into an absolute spectrum, resample the spec-
trum at evenly spaced points in the logarithmic domain, and
fit a Brune source model [Brune 1970),

Q

Q(f) = ——2
D= T

(3)

where Q is spectral amplitude, f is frequency, and f. is the
corner frequency (see Figure 2d-e for examples). Retrieved
Qo and f. values imply a range of stress drops spanning ap-
proximately two orders of magnitude, consistent with obser-
vations of other earthquake sequences (Figure 2c) [Trugman
and Shearer 2017; Shearer et al. 2022]. For 30 events, event
spectra are too flat over the 2.5 to 25 Hz frequency band for
reliable f. values to be determined (these are excluded from
the figure).
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Figure 3: lllustration of the automated amplitude measurement procedure for a high-SNR (left) and a low-SNR (right) waveform.
Top panel: raw instrumental velocity waveform, with local extrema plotted. Middle panel: differences between each pair of
consecutive local extrema. The first swing of the P-wave occurs between the first pair of extrema whose absolute difference
surpasses the detection threshold 3 - d,,,i5.. Bottom panel: Displacement waveform with instrument response removed. The
shaded region is integrated to measure the P-wave amplitude. All steps in this procedure are automated.

2.2 Automated P-wave amplitude measurements

With corner frequency estimates available for 15,075 events,
we can measure P-wave amplitudes in a frequency band ap-
propriate for each event. We measure P-wave amplitudes by
integrating the first swing of the phase arrival on a vertical-
component displacement waveform [Kwiatek et al. 2016]. For
each event, we take measurements in a passband of 1 Hz to f;
Hz, which we take to adequately approximate the frequency
range over which the spectrum is flat. If f. > 20 Hz, we fil-
ter from 1 to 20 Hz. To measure amplitudes systematically
across all events, we employ an automated technique which
examines the waveform for sudden changes in the differences
between consecutive local extrema. Our methodology for a
single waveform recording is described next.

We define a to 4.75 s-long noise window starting 5 s be-
fore the picked P-wave arrival and a 1.75 s-long signal win-
dow starting 0.25 before the pick. We require the variance of
the signal window to exceed the variance of the noise win-
dow by a factor of 30; otherwise, the waveform is discarded.
Next, we determine the polarity of the first swing and estimate
the approximate onset time using the raw velocity waveform
recorded by the instrument. To do so, we identify all local
extrema (peaks and troughs) in the combined noise and sig-
nal windows. We then calculate the differences between all
consecutive pairs of local extrema; these values include peak-
to-trough and trough-to-peak values, but for simplicity of ter-
minology we refer to them as extrema differences. We define
dyoise as the maximum absolute extremum difference in the
noise window. The first swing of the P-wave arrival is ten-
tatively identified by finding the first pair of extrema in the

signal window with a difference > |3 - djpis5¢|- This extrema
difference must meet two further conditions designed to filter
out waveforms with emergent arrivals: the preceding absolute
extrema difference must be smaller by a factor of at least 5,
and no earlier absolute peak-to-trough difference can exceed
[1.2 - dyoise|- If these conditions are not met, the waveform
is discarded. If these conditions are met, the approximate
swing onset time 7g;4,+ is determined as the time of the first
extremum in the selected extrema pair, and the polarity is de-
termined as up if the selected extrema difference is positive
or down if the difference is negative. See Figure 3 for a visual
explanation of these steps.

If an approximate onset time and polarity are success-
fully determined, the instrument response is deconvolved, the
waveform is converted to displacement, and the amplitude of
the displacement waveform at 754, is subtracted from the
signal. Next, we identify the time range which spans the first
swing. The beginning of the first swing is identified as the first
zero crossing after ¢4, 4., with the correct polarity (negative-to-
positive for up; positive-to-negative for down). The end of the
first swing is identified as the next zero crossing of the wave-
form. Two further checks are implemented to ensure that the
measurement is not contaminated by low- or high-frequency
noise: the number of local extrema within the swing must not
exceed 3, and the swing end must be at least 0.05 seconds (5
samples) later than the swing start. If these conditions are not
met, the waveform is discarded; otherwise, we integrate the
waveform between the swing start and swing end and record
the measurement.

The quality control checks that we implement cause many
waveforms with insufficient SNR to be discarded. However,
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we can take advantage of the spatial density of earthquakes
within the PSC to identify highly similar P-wave arrivals from
nearby events that may have higher SNR. We can then mea-
sure a P-wave amplitude for a low-SNR event by rescaling
and measuring the amplitude of a higher-SNR waveform. The
steps involved in this procedure are described below.

If the measurement procedure fails for a given waveform,
we identify all events within 0.5 km of the target event that
have picks on the same station. For each neighboring event,
we retrieve its recorded P waveform, filter from 1 to f. Hz,
and cross-correlate the neighboring event signal with the tar-
get event signal. Cross-correlation is performed using a 1.5
s window from 0.5 s before to 1.0 s after the neighboring
event’'s P-wave pick. If the maximum cross-correlation co-
efficient is greater than 0.9, we scale the amplitude of the
neighboring event waveform to the amplitude of the original
event and re-attempt the measurement procedure described
above on the rescaled waveform (see Figure 4 for examples of
matched waveforms). We attempt this process on all neigh-
boring events until a successful measurement is made, or all
waveforms are discarded. This approach increases the num-
ber of events with > 20 measured amplitudes from 3,900 to
9,472. For stations whose instrument response changed over
the catalog period, we do not correlate event pairs which span
the station response change.

We apply the measurement procedure to 652,291 picked
P-wave arrivals from PSC events in the Wilding et al. [2023]
catalog and record 361,792 total successful measurements. We
empirically evaluate the accuracy of the measurements by ran-
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Figure 4: Examples of the waveform amplitude rescaling pro-
cess. Several high-SNR waveforms are rescaled to the ampli-
tude of low-SNR waveforms from neighboring events. In each
case, the automated measurement procedure has failed on the
low-SNR waveform; the high-SNR waveforms are rescaled to
the amplitude of the low-SNR waveform and used to retrieve
an amplitude measurement.

domly sampling 1000 waveforms and manually examining
them for incorrectly picked first swings. Of these, we find
that 6 have incorrectly picked first swings.

2.3 Moment tensor inversion procedure

Having obtained P-wave amplitude measurements within an
appropriate frequency band for each event, we proceed to the
moment tensor inversion. Following Fitch et al. [1980], we
define our forward model as

"y = P(M, 6, d)cos(1)
B 4mpadr

(4)

where u is the P-wave amplitude as measured on the vertical
component, 0 is the takeoff angle of the ray (measured from
vertical downwards), ¢ is the source-receiver azimuth, ( is the
incidence angle of the ray upon the station (measured from
vertical downwards), r is the source-receiver distance, o is the
P-wave velocity of the source region, p is the density of the
host rock at the source, and P is the P-wave radiation pattern
[Fitch et al. 1980):

P(M, 0, §) =M, sin®0 cos’p + My, sin0 sin’¢ +
My, cos®® + My, sin*0sin2¢ + (5)
M, sin20 cosp + M, sin20 sin¢.

i, 0, and ¢ are calculated using the relocated hypocen-
ters of Wilding et al. [2023] and the linear gradient veloc-
ity model of Klein [1981] Because the velocity model con-
tains no layers deeper than 16.5 km, we use constant val-
ues of a = 8.3kms™! and p = 3200kgm™2 for all events.
We also assume a constant velocity of 1.9kms™! at eleva-
tions above sea level. We use this linear forward model to
relate the six independent moment tensor components M =
(Myx, Myy, M, My, My, My;] to P-wave amplitudes.

We formulate the moment tensor inversion problem as one
of Bayesian inference to allow for each event’s uncertainty to
be quantified. For every event, we solve for a posterior dis-
tribution over the six moment tensor parameters using Stein
variational gradient descent (SVGD) [Liu and Wang 2016}, a
variational inference procedure that has previously been ap-
plied to hypocenter and waveform inversion problems [Zhang
and Curtis 2020; Smith et al. 2022]. The SVGD inference pro-
cedure represents posterior distributions as a particle cloud
in six-dimensional M space with particle density proportional
to probability density. We begin with a uniform prior over M
and represent the data likelihood with a Huber density [Huber
1964; Schumann 2009):

L = exp(—H (uops — “pred)/S) (6)

where s is an observed amplitude, upreq is the correspond-
ing modeled amplitude, and H is the Huber loss:

1.2
H(x) = {2x

3(|x| - $8) otherwise.

forx > &

()

For measurements such that |uops —upreq| < 8, the Huber loss
is proportional to an L2 norm and the Huber density is pro-
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portional to a Gaussian distribution with o = 8. For measure-
ments such that |uops — #pred|> 8, the Huber loss is propor-
tional to an L1 norm and the Huber density is proportional to
a Laplace distribution. Thus, the Huber density is fatter-tailed
than the Gaussian distribution, providing additional robust-
ness to outliers.

While the mean of the posterior distribution should be
largely insensitive to §, this parameter does control the scale
of the distribution. Therefore, § must be selected carefully to
adequately reflect measurement uncertainty. Because our in-
versions are performed iteratively (see next section), we can
select an appropriate value of 8 by taking the (global) median
absolute deviation (MAD) of amplitude residuals upes. Ampli-
tude measurements span several orders of magnitude, so for
each uqps we scale observed and predicted amplitudes to the
focal sphere before calculating uyes:

3
scaled _ 47[90( r Uop (8)
obs Mg cos(1)

3
scaled _ 4-'ITpO( r Upred (9)
pred ™ Afo cos(l) P
e = 50 (10

where M is the scalar moment of the event for which wugp
is recorded. uf)%asled and u;‘f;?d have been scaled to the focal
sphere, so that uf)%fEd € [-1,1] and u;‘;zﬁd e [-1,1]. We
calculate ures for all measurements and define 8 as the MAD
of all ures values. The scalar value & is thus a scale-invariant
estimate of the model misfit for all events. For each observa-
tion, we retrieve an appropriate 8 value by rescaling 8¢ to the
predicted amplitude:

_ Mycos(1) 5

5= (11)

4mpadr

This procedure allows us to empirically derive uncertainties in
a consistent way for our measurements across several orders
of magnitude. At each iteration of the inversion, we calculate
a new set of 6 values using My and upreq values from the
previous iteration. These values are not available for the first
iteration, so for this step we manually set § = uyps for each
observation.

We require a minimum of 20 observations to attempt an
inversion. 9,472 events meet these criteria.

2.4 Empirical 3D structure corrections

While the posterior distributions characterize the moment ten-
sor uncertainty originating from imperfect focal sphere cover-
age and errors in our automated measurements, they do not
account for error arising from 3D heterogeneities in attenu-
ation structure, which are widespread at Hawai'i [Lin et al.
2015] and may have a considerable effect on P wave ampli-
tudes once integrated from the depth of the PSC (36-43 km)
to the surface.

We perform additional corrections for unknown 3D struc-
ture by implementing a modified version of the hybridMT

technique [Linzer 2005; Kwiatek et al. 2016]. Specifically, hy-
bridMT iteratively corrects for unmodeled 3D structure and
scattering effects on P-wave amplitudes similar to traditional
station terms in hypocenter inversions. An initial set of mo-
ment tensor solutions is obtained and the ratio r = up,eq /
uops is calculated for all observations, where upreq are am-
plitudes predicted by the retrieved moment tensors and ugpg
are observed amplitudes. Then, for each station j, the median
7 of all upreq | uops values recorded at the station defines an
amplitude correction term, which is assumed to reflect contri-
butions to recorded amplitudes from commonly sensed atten-
uation structure. 7; is used to update that station’s amplitude
measurements:

updated _  obs obs / ~
u. =u; > +wu; (7 = 1),

j J (12)

where w is a weight term. The updated amplitude measure-
ments are used to perform a new inversion, and the process
is iterated until convergence of the station amplitude correc-
tions. The hybridMT approach is effective at correcting for
commonly sensed attenuation heterogeneities for events orig-
inating within a small source volume, so that raypaths can be
assumed to roughly coincide. The PSC, however, has dimen-
sions of approximately 10 x 16 x 7 km, so the common ray-
path assumption may not hold. For larger domains, Rwiatek
et al. [2016] suggests defining distinct subdomains and run-
ning the iterative procedure separately within each domain,
but this approach risks introducing edge effects near subdo-
main boundaries. Rather than arbitrarily partitioning the seis-
micity, we implement a source-specific version of hybridMT
that utilizes local information. For each event i and station J,
we define 7;; as the median upreq / tobs ratio of events within
a radius of A km around event i recorded on station j. 7;; is
then treated as a source-specific station amplitude correction
and used to update the measured amplitude u;;. This ap-
proach is similar to the source-specific station term approach
introduced for travel-time corrections by Richards-Dinger and
Shearer [2000] We require a minimum of 30 nearby events
for a source-specific station amplitude correction term to be
calculated. Following Rwiatek et al. [2016], use a weight term
w of 0.1. We tested several values of A between 1 and 10 km
and found that the inversion results are largely insensitive to
our choice of A. We select a value of A = 3.0km, the smallest
integer value for which most events (8,730/9,472) have > 1000
neighbors. The source-specific approach introduced here re-
sults in smoothly varying amplitude correction terms across
the PSC (Figure 5b). We evaluate the performance of the am-
plitude corrections by examining the decline in the MAD of
Ures at each iteration; we find that the MAD is finished ap-
preciably decreasing after 40 iterations and halt the iterative
process at that step (Figure 5a).

The hybridMT technique can also aid in the detection of
flipped polarities or unreliable station response information
by examining the proportion of modeled polarities that match
observed polarities at a given station. For 56 of the 61 stations
used, polarity matching per station exceeds 90%; for 60 of the
61 stations, polarity matching exceeds 80%. At station HV-
RUPD, however, polarity matching is 49%. This station is
located near several stations in the lower east rift zone with
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better polarity matching. Thus, we assume the misfit at station
HV-RUPD is the result of unspecified instrumental effects and
exclude its measurements from our inversion.

3 RESULTS
3.1 Uncertainty analysis

In order to identify high-quality solutions from our set of inver-
sion results, we examine confidence intervals (Cls) of several
parameters: 1SO%, CLVD%, and P and T axis dip and az-
imuth. ISO% and CLVD% represent the signed contributions
of isotropic and compensated linear-vector dipole components
to the moment tensor such that [ISO%| + |CLVD%| + DC% =
100, where DC% is the double-couple contribution. We em-
ploy the standard moment tensor decomposition described in
Jost and Herrmann [1989] to compute ISO% and CLVD% val-
ues. To extract Cls for a given event, we calculate the value
of these parameters for each point in the particle cloud repre-
senting the posterior probability distribution over M. The 90%
CI of a parameter is then defined as the range between the 5th
and 95th percentiles of the values. The width of the 90% CI
serves as an estimate of how well a parameter is constrained.
P and T axis dip and azimuth angles are well-constrained for
many events, with 39% (3696/9472) of events having CI width
< 30° for all four angles. ISO% is also well-constrained, with
50% (4749/9472) of events having CI width < 14%. CLVD%
is comparatively poorly constrained, with 50% (4759/9472) of
events having CI width < 55%. The weaker constraints on
CLVD% originate from a strong trade-off between CLVD and
double-couple (DC) components in our solutions. For each
solution, we estimate the magnitude of the trade-off between
ISO%, CLVD%, and DC% by calculating the absolute Pear-
son correlation coefficient between the posterior ensemble of
each pair of parameters. Histograms of correlation coefficients

between ISO-CLVD, CLVD-DC, and ISO-DC are plotted in
Figure 6. We observe moderate trade-offs in our solutions be-
tween ISO% and DC%, as well as between ISO% and CLVD%.
DC% and CLVD% components, by contrast, have correlation
coefficients > 0.9 for the vast majority of our solutions, indicat-
ing a nearly perfect trade-off. Significant trade-offs between
DC and CLVD components have been noted as a feature of
microseismic moment tensor inversions; Vavrycuk [2011] de-
composed synthetic moment tensors and found that the re-
trieved CLVD% value was more sensitive to uniformly dis-
tributed noise than the ISO% value by a factor of approxi-
mately 3. Consequently, ISO% is generally better-constrained
than CLVD% in our solutions.

To define a high-quality solution, we subset events for
which ISO% CI width < 15%, CLVD% CI width < 55%, and
P- and T- axis dip and azimuth CI width < 30° for all four
angles. After applying these criteria, we retrieve 2,301 well-
constrained events (example solution shown in Figure 7). The
following analyses use these high-quality events only.

3.2 Validation against waveform-based moment tensor inver-
sions

We validate a subset of our solutions by calculating com-
plementary focal mechanisms using the cut-and-paste (CAP)
waveform inversion method [Zhu and Helmberger 1996]. We
select the five largest events for which we have solutions; these
events range in magnitude from My, 4.01 to My, 4.55 [USGS
Hawaiian Volcano Observatory (HVO) 1956]. For these events,
clear surface wave arrivals are difficult to identify; because
these events occur at depths > 35 km, surface wave excita-
tion is weak and susceptible to being overprinted by the body
wave coda. Thus, we limit our inversion to Pnl waves. We fil-
ter Pnl waves between 0.2 and 0.5 Hz and perform bootstrap
analysis to estimate uncertainties in the CAP solutions.
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The results of the CAP inversion are compared against our
solutions in Figure 8; waveform fit plots are provided in Fig-
ures S1-S5. Waveform fits are acceptable for all events. To
facilitate comparison of our solutions and the CAP results, we
plot only the double-couple contribution of our solutions. For
all events except hv72856332, the best-fitting CAP result is
very similar to our automated result. We note that our solu-
tion for hv72856332 is poorly constrained and is not classified
as a high-quality solution according to the criteria laid out in
section 3.1. The CAP bootstrap ensemble of solutions reflects a
similarly high degree of uncertainty, and includes several solu-
tions with differently oriented mechanisms that more closely
resemble our automated solution. Because the inversion re-
sults for hv72856332 are poorly constrained across both in-
version techniques, we infer that the available data are likely
insufficient to calculate an adequate moment tensor solution.
The fact that our solution for this event is flagged as low-
quality suggests that our procedure to assess solution qual-
ity can successfully threshold low- and high-uncertainty solu-
tions. On the basis of the close correspondence between the
CAP results and our solutions for the other events tested here,
we conclude that our inversion performs reasonably well for
high-quality solutions.

ISO-CLVD covariance
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§ 100
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€ 200
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Figure 6: Histograms of the Pearson correlation coefficient be-
tween ISQ, CLVD, and DC components for all solutions. DC and
CLVD components have a much greater covariance than either
ISO/DC or 1ISO/CLVD components, indicating significant trade-
off.

3.3 Non-double-couple components

To determine the prevalence of non-double-couple compo-
nents in our solutions, we plot the distribution of high-quality
solutions on the moment tensor lune diagram (Figure 9) [Tape
and Tape 2012]. The majority of moment tensors in this sub-
set concentrate in a single mode on the lune corresponding to
a slight positive isotropic component, with a mean ISO% of
11.7, indicating dominantly deviatoric mechanisms with a mi-
nor, but persistently observed, positive volume change. There
exists greater variability in CLVD%, with a mean CLVD% of
1.6. This mode overlaps substantially with the crack line, al-
though the mean CLVD% is too low to intersect the line; for
an ISO% value of 11.7, an event on the crack line would have
CLVD% = 9.4. We note that the crack line plotted here as-
sumes a Poisson’s ratio v = 0.25 [Tape and Tape 2012], and as
such a tensile faulting mechanism may not align with the crack
line if the local value of v deviates from this standard value.
Given the larger uncertainties in CLVD%, our results may still
be consistent with tensile faulting along the v = 0.25 crack
line. In order to test whether these moment tensors are com-
patible with a crack opening mechanism, we check whether
the posterior distributions of each event encompass a solution
on the crack line. We find that 73.1% of these events contain
a crack opening mechanism within their posterior, suggesting
that an interpretation of predominantly shear faulting with an
additional tensile opening component is compatible with the
majority of our solutions. We separately plot the full pos-
teriors for mechanisms with 90% CI widths less than 5 and
25 for ISO% and CLVD%, respectively, and find that these
mechanisms are clustered near the crack line (Figure 9). A
smaller number of earthquakes contain a negative isotropic
component (6.5% of well-constrained solutions), which may
be attributable to complementary crack closing processes.

To examine whether this positive isotropic component is
uniformly present throughout the PSC, we generate separate
lune plots of high-quality solutions for 10 of the largest discrete
structures in the sill complex (Figure 10). Discrete structures
were identified by Wilding et al. [2023] using the DBSCAN
clustering algorithm [Ester et al. 1996]. Of the 12 structures
with the most events, two contain < 10 earthquakes with high-
quality moment tensors and are excluded from plotting (“Sill
77 & “Sill 117). Positive isotropic components are dominant
within the largest two structures (“Sill 1”7 & “Sill 2”), which
together host 45% of the high-quality solutions (1,031/2,301
events). While there is greater variability in the isotropic &
CLVD components within smaller sills, earthquakes within
all structures display predominantly positive isotropic com-
ponents. The range of mean ISO% is between 7.2 and 17.1 for
all sills shown here. These results indicate that a slight, yet
significant, positive isotropic component is present for earth-
quakes distributed throughout the sill complex.

Although the relative locations of the Wilding et al. [2023]
catalog are well-constrained, absolute location uncertainty for
the catalog is on the order of 0-2 km. We undertake an addi-
tional analysis to examine the effect of absolute location error
on the non-double-couple contributions to our moment tensor
solutions. We expect our solutions to be robust with respect
to kilometer-scale mislocation, because at the depth of the PSC
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(36-43 km), ray takeoff angles are relatively insensitive to shifts
in hypocentral location. We run two tests. In the first, we
shift hypocenter locations 5 km upward. In the second, we
hold the hypocenters at their original depths and shift them 5
km to the northeast. The results of these tests are compared
to the solution with original catalog locations in Figure S6.
In both tests, the mean of the primary moment tensor mode
shifts slightly but retains its positive isotropic component. We
conclude that the positive isotropic component we observe is
robust to reasonable absolute location errors.

Anisotropy in the earthquake source region, if unaccounted
for, can introduce spurious non-double-couple components in
moment tensor decompositions. The PSC, interpreted as a col-

lection of sheeted magma-bearing structures, may host trans-
verse isotropy with the symmetry plane aligned with the sill
lagering orientation, as has been observed in shallower melt
structures [Jaxybulatov et al. 2014; Wu et al. 2023]. However,
as we demonstrate in the next section, the slip plane for most
of our solutions lies within the tangent plane of the sill, and
by extension would also be aligned with the symmetry plane.
Previous authors have demonstrated that spurious ISO and
CLVD components are not introduced in transverse isotropy
for pure shear slip within the symmetry plane [Vavrycuk 2018;
Menke and Russell 2020]. We conclude that the isotropic com-
ponents we observe are likely true reflections of positive vol-
ume change at the source.
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Figure 8: Comparison of inversion results for 5 M; > 4.0 PSC events. Top row: solutions retrieved using our automated
method. The best-fitting solution is plotted as a red line, and the ensemble of solutions from the solutions’ posterior distribution
are plotted in red. Bottom row: solutions retrieved using the CAP waveform inversion method. The best-fitting solution is plotted
as a black line, and the ensemble of solutions from bootstrap analysis are plotted in gray. Only the double-couple components
of our solutions are plotted to facilitate comparison with the CAP results.)
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Figure 9: Illustration of non-double-couple components of high-quality solutions. Left panel: Heatmap on the lune diagram of
all high-quality solutions. Middle panel: posteriors for the 12 best-constrained events. Right column: histograms of ISO% and
CLVD% for the entire catalog, displaying a prominent positive isotropic mode among the high-quality solutions.

3.4 Faulting geometry

We observe that the majority of mechanisms have a nodal
plane aligned with the local orientation of their host struc-
ture. We again spatially subset high-quality events by dis-
crete structures and plot the DC components of radiation pat-
terns of well-constrained events in Figure 11. For most earth-
quakes, we observe an excellent correspondence between
nodal planes and the local orientation of the sill. While some
sills exhibit significant nonplanarity, we observe that nodal
planes hew closely to local structure even in the vicinity of
undulations or kinks. To quantify the degree of alignment,

we calculate a local tangent plane for each earthquake by fit-
ting a plane to the 300 closest neighboring events and calcu-
late the angle between this tangent plane and the most closely
aligned nodal plane. Across the 10 structures, 87% (1250/1432)
of events have nodal planes within 30° of the sill orientation
(blue mechanisms in Figure 11). Within 9 of the 10 sills, in-
cluding the two largest sills, > 86% of nodal planes align with
the local sill orientation within 30°. We interpret this corre-
spondence to mean that, for most of the seismicity in the PSC,
slip occurs on the nodal plane aligned with the hosting sill
structure.
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The sense of slip for the majority of earthquakes is dom-
inated by low-angle faulting, representative of an overriding
block slipping seaward. This observation is consistent with
most previous focal mechanism studies at southern Hawai'i,
which have consistently reported approximately southward
slumping on near-horizontal faults at depths from 10 to 30 km
[Crosson and Endo 1981; Wolfe et al. 2003; 2004]. Our mecha-
nisms are also consistent with composite fault-plane solutions
previously derived for PSC events [Burgess and Roman 2021].

The azimuths of P axes across the PSC display a con-
spicuous radial pattern (Figure 12) consistent with previously
reported mantle earthquake mechanisms in Hawai'i. Hlein
[2016] examined focal mechanisms below 21 km depth and
found that P axis azimuths around the island of Hawaii were
oriented towards a point near the Mauna Loa summit. Klein
[2016] inferred that this point represented the center of load
stress exerted by the Mauna Loa and Mauna Rea volcanic piles

and demonstrated that the radial pattern was consistent with a
simple 2D cantilever model of flexural stress, implying a bro-
ken lithosphere under Hawai'i. Subsequent 3D stress model-
ing showed that this radial pattern could also be produced by
flexural stress in an unbroken plate [Bellas and Zhong 2021].

The radial pattern we observe is centered on a point ap-
proximately 8 km to the east of Klein [2016]'s stress center
(Figure 12). Although our center point and Klein’s stress cen-
ter were both determined by visual examination of P axis ori-
entations, their locations agree well. We conclude that slip for
the majority of earthquakes in the PSC is consistent with a
flexural stress field produced by the Hawaiian island load.
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4 DiscusSION

4.1 Seismogenic magma transport processes

Wilding et al. [2023] interpreted the highly productive, mi-
grating earthquake swarms within the PSC as evidence of
large-scale magma migration through sills. Migrating volcano-
tectonic seismicity is frequently used to track magma dynam-
ics in shallow crustal reservoirs and conduits [Klein et al.
1987; Ozawa et al. 2004; Agl’lstsd()ttir et al. 2019], but inferred
episodes of magmatic unrest in Hawaiian mantle are usually
evidenced by long-period (LP) seismicity or tremor signals [AKki
and Royanagi 1981; Okubo and Wolfe 2008; Wech and The-
len 2015]. Our results provide a framework for understanding
how apparent magma migration through the PSC is able to
produce swarms of volcano-tectonic seismicity.

Previous authors have suggested that volcano-tectonic
earthquakes beneath Pahala are triggered by Coulomb stress
transfer between inflated conduits and nearby pre-existing
planes of weakness [Burgess and Roman 2021]. The corre-
spondence we observe between nodal planes and local sill
orientation in the PSC instead suggests that the slip occurs
along the same planar structure responsible for transporting
magma. The persistently observed contributions of positive
isotropic source components to the shear-dominated faulting
mechanisms also indicates that localized fluid-rock interac-
tions might play a part in generating PSC seismicity. Similar
tensile components have been documented in fluid-induced
seismicity sequences near injection sites [Fischer and Guest
2011; Martinez-Garzén et al. 2017] and in volcanic environ-
ments [Dreger et al. 2000; Minson et al. 2007; Oliva et al. 2019;
Hrubcovd et al. 2021] and attributed to increased pore pres-
sure along the slip surface. Seismicity in the PSC might be
generated by a similar process if sufficient pre-existing differ-
ential stress acts upon fault planes. The presence of signifi-
cant differential stress at the depth of the PSC is supported by
previous large (M>4) earthquakes that have occurred beneath
south Hawai'i below 25 km depth [USGS Hawaiian Volcano

Observatory (HVO) 1956; Wolfe et al. 2004} Stress model-
ing indicates that flexural stresses induced by the Mauna Loa
and Mauna Rea volcanic loads are capable of reaching up to
100 MPa in the mantle [Bellas and Zhong 2021]. Because the
radial pattern of P axes we observe is consistent with predic-
tions from these stress models, we believe that the flexural
stress field provides the necessary differential stress to prime
structures in the PSC for fluid-induced seismicity.

We propose that magma migration in the PSC generates
seismicity by relieving normal stress on the slip surface as it
migrates along the slipping structures, enabling local patches
to slip. This process is analogous to swarms generated by
pore pressure diffusion in the crust [Hainzl 2004] and may be
enabled at the depth of the PSC by flexurally derived differ-
ential stress. Similar compact, intensely seismogenic struc-
tures have not been identified elsewhere in the deep magma
supply system of Hawai'i, possibly because vertically oriented
slip planes are less favored to form in the radial-flexure stress
field. Consequently, we may not expect to see similar patterns
of seismogenesis in the vertical conduits beneath Kilauea and
Mauna Loa’s summits, where magma transport may be dom-
inated by buoyant flow.

4.2 Processes controlling magma transport beneath Hawai'i

Our model of seismogenesis in the PSC implies that sublateral
magma transport in the Hawaiian mantle would concentrate
along deep planes of weakness. Importantly, it also implies
that deformation would concentrate along these features, and
that this deformation would be promoted by magma transport.
Interactions between magma supply processes and tectonic
deformation have been extensively documented at basaltic
shield volcanoes [Walter et al. 2005; Froger et al. 2015; Varugu
and Amelung 2021]. These interactions can lead to positive
feedback loops between magma processes and volcano de-
formation processes [Montgomery-Brown et al. 2015]. Such
feedback is common between Kilauea’s East Rift Zone (ERZ)
and flank décollement; magma intrusions into the ERZ can
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stress the décollement, leading to earthquakes or slow slip,
while décollement motion can unclamp the ERZ and promote
magma intrusion [Montgomery-Brown et al. 2011]. If the sta-
bility of the magma-tectonic system is sufficiently disturbed
by either process, runaway intrusion-décollement slip events
can take place.

We suggest that a similar positive feedback loop could be
sustaining the long-lasting productive seismic sequence in the
PSC. In this model, a magma front propagating through one
of the sills generates a highly productive sequence of earth-
quakes. These earthquakes result in spatially concentrated
deformation and damage zones throughout the body of the
sill. This concentrated damage may serve to increase per-
meability and promote future intrusive behavior, akin to fluid
diffusion through fault damage zones in the crust following
large earthquakes [Townend and Zoback 2000; Miller et al.
2004]. Together, these coupled processes may form a posi-
tive feedback loop leading to long-lived intrusions in the sill
complex.

On long timescales, this feedback loop could sustain the
growth and persistence of lateral magma transport structures
in the PSC over many cycles of magma injection. On shorter
timescales, positive feedback could result in sudden variations
in magma flux rates through the sills and could serve as a vi-
able mechanism to explain the rapid increases in earthquake
rates measured in the PSC [Burgess and Roman 2021; Wild-
ing et al. 2023]. Order-of-magnitude increases in PSC seismic-
ity rates—likely signaling magma intrusion into the sills—were
observed in 2015 and 2019 [Burgess and Roman 2021], with in-
creased seismicity rates persisting through to the present day.
The onset of the 2019 increase was contemporaneous with
deep long-period seismicity 30 km below the Rilauea summit
and might have been spurred by pressure gradients propagat-
ing through Kilauea’s plumbing system [Wilding et al. 2023].
The increased seismic activity in 2015 was not preceded by
seismic unrest elsewhere in Hawai'i's mantle magma system,
although increased inflation began at Mauna Loa in 2014 [The-
len et al. 2017; Burgess and Roman 2021]. This inflationary
phase might have increased flexural stresses on the PSC, gen-
erating favorable conditions for the initiation of a runaway
deformation-intrusion feedback loop.

Unlike the 2015-present activity documented in Burgess
and Roman [2021] and Wilding et al. [2023], the 2003-2007
magma surge to Mauna Loa and Kilauea [Poland et al. 2012]
did not coincide with a significant uptick in PSC seismicity.
This observation suggests that the PSC was not active as a pri-
mary magma supply structure during this surge. Deep LP seis-
micity directly beneath the summit suggests that Mauna Loa
was being supplied by a vertical conduit [Okubo and Wolfe
2008]. The existence of an alternative conduit connecting the
PSC region to Mauna Loa was posited by Wright and Rlein
[2006]; Wilding et al. [2023] suggested that this Pahala-Mauna
Loa conduit may be acting as an active magma supply path to
Mauna Loa during the ongoing surge. This sudden activation
of the Pahala-Mauna Loa conduit would suggest that distinct
magma supply paths in the Hawailan mantle can reactivate
over relatively short timescales, in a manner similar to rift zone
intrusions driven by cascading stress and pressure changes in

Kilauea’s shallow magma system [Patrick et al. 2020]. Signifi-
cant nonstationarity in the deep plumbing system may com-
plicate interpretation of geochemical signatures in Hawaiian
lavas. For instance, if different supply paths sample distinct
regions of the underlying mantle plume, transient activation of
alternative conduits may play a part in forming the temporally
varying isotopic and trace element contents that have been ob-
served in Hawaiian lavas [Rhodes et al. 1989; Pietruszka and
Garcia 1999; Marske et al. 2008]. Our proposed mechanism
would imply that structural factors within the deep plumb-
ing system can contribute to dynamically modulating magma
supply rates to the surface.

5 CONCLUSIONS

We compute high-quality moment tensors for 2,301 events in
the Pahala Sill Complex to study magma transport processes
in the Hawaiian mantle. For earthquakes hosted on large, sub-
planar sill structures, slip occurs in-plane with the structure.
Source mechanisms include a component of tensile faulting,
consistent with the presence of fluids in the slip plane. Earth-
quake P axes are consistent with the expectations for a flexural
stress field from the Hawaiian island load, indicating that the
differential stress at depths of 35-45 km may be sufficient for
seismogenic magma transport within the PSC. We suggest that
episodes of enhanced magma transport within the PSC may be
enabled by a positive feedback loop between brittle deforma-
tion and magma intrusion, analogous to magmatic-tectonic in-
teractions observed at Rilauea and other basaltic shield volca-
noes. A runaway feedback loop may result in rapid increases
in magma flux through the PSC and could be invoked to ex-
plain the ongoing mantle-driven magma surge to Rilauea and
Mauna Loa. This model would imply that structural factors
within the deep plumbing system can serve as an important
control on magma supply rates to the surface.
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