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Abstract Imaging magma storage beneath active calderas requires resolving crustal structure at scales
comparable to those of individual reservoirs. To identify potential reservoirs beneath Kilauea, Hawai'i, we
conducted a hybrid seismic experiment at its summit for 37 days in 2023 that combined more than 1,800 three-
component nodal seismometers with 396 vibroseis source positions, yielding about 15 million P- and S-wave
arrivals. Joint inversion of earthquake and active-source travel times yields three-dimensional models of V,,, V,
and V,,/V, within the upper ~4 km beneath the summit relative to mean sea level, parameterized on a 500 m
grid, within which the resolution tests demonstrate recovery of sub-kilometer to kilometer-scale structure. The
models delineate two principal magma storage regions beneath Halema'uma'u and the south caldera, each on the
order of 2 km across. Both reservoirs are expressed as localized zones of reduced V; and moderately reduced V),
with locally elevated V,,/ V at depths of 1-3 km below sea level. The anomalies are laterally distinct at shallow
levels but appear to merge within a broader zone of reduced velocities at depth. Surrounding higher-velocity
domains likely represent mechanically stronger intrusive complexes that confine magma storage. Spatial
correspondence between seismic velocity anomalies and independently modeled geodetic deformation sources
supports the interpretation that the imaged structures represent magma storage regions. These results
demonstrate that dense nodal arrays combined with hybrid passive-active tomography can resolve reservoir-
scale structure at active volcanoes and provide an improved framework for interpreting magma storage and
transport beneath Kilauea.

Plain Language Summary We used earthquake and controlled-source vibrations recorded by a
dense network of small seismic sensors to create detailed images of the subsurface beneath the summit of
Kilauea. These images show that magma beneath the summit is stored in two regions. One reservoir lies beneath
Halema'uma'u crater and is characterized by reduced shear-wave speeds at depths of about 1-3 km, consistent
with hot, fractured rock that may contain magma and volcanic gases. A second reservoir lies beneath the south
caldera, is more confined, and is characterized by reduced seismic velocities, consistent with magma storage.
Although the two reservoirs are laterally separated at shallow depths, our results suggest that they may be linked
at greater depth within a broader zone of reduced seismic velocities. The surrounding higher-velocity rock likely
acts as a mechanical boundary that helps confine magma and influence how it moves beneath the summit. The
seismic patterns agree with independent measurements of ground deformation, increasing confidence that the
imaged features represent real magma storage regions. By resolving structures at the sub-kilometer to kilometer
scale, this study improves our understanding of how magma is stored and transferred beneath Kilauea and
illustrates an approach applicable to other active volcanoes.

1. Introduction

Kilauea, the most persistently active basaltic volcano on Earth, has long served as the premier natural laboratory
for investigating magma generation, transport, and storage in basaltic systems. Its frequent eruptions, near-
continuous summit activity, and exceptionally dense geophysical and geological monitoring record have made
Kilauea central to advances in volcanology and solid Earth geophysics. Continuous observations of seismicity,
deformation, gas emissions, and eruptive behavior have enabled the development and testing of physical models
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for magma plumbing systems that are difficult to constrain at less active volcanoes. As a result, conceptual models
developed at Kilauea have often informed interpretations of basaltic volcanoes worldwide.

Prior to 2018, decades of seismological, geodetic, geological, and petrological investigations led to a broadly
accepted conceptual model of the summit magma system (e.g., Cervelli & Miklius, 2003; Eaton & Murata, 1960;
Okubo et al., 1997; Poland et al., 2014; Ryan, 1988), in which shallow magma reservoirs beneath the summit
caldera fed eruptions and intrusions along the East and Southwest Rift Zones. Geodetic observations spanning
leveling, electronic distance measurement, tilt, interferometric synthetic aperture radar (InSAR), and continuous
Global Positioning System (GPS) documented repeated summit inflation and deflation cycles associated with
magma accumulation and withdrawal (e.g., Baker & Amelung, 2012, 2015; Cervelli & Miklius, 2003; Delaney
et al., 1990; Dzurisin et al., 1984; Montgomery-Brown et al., 2010; Owen et al., 2000; Segall et al., 2001). In
particular, InNSAR measurements provided spatially continuous constraints on summit deformation at Kilauea that
complemented ground-based geodetic networks and helped resolve the geometry of shallow deformation sources
beneath the caldera (e.g., Baker & Amelung, 2012, 2015). In parallel, seismicity patterns delineated rift-zone
conduits, ring-fault structures, and fault-controlled magma pathways extending away from the summit
(e.g., Klein et al., 1987; Lin, Shearer, et al., 2014; Matoza et al., 2013; Okubo et al., 1997; Syracuse et al., 2010).
Despite this progress, fundamental aspects of the summit system, including the total volume of shallow magma
storage, the geometry and connectivity of individual reservoirs, and their physical state, remained incompletely
constrained (e.g., Okubo & Wolfe, 2008; Poland et al., 2014). In particular, the degree to which summit reservoirs
were vertically connected, laterally segmented, or mechanically isolated from one another remained uncertain.

The 2018 Lower East Rift Zone eruption and the accompanying summit caldera collapse fundamentally chal-
lenged these preexisting models. Rapid drainage of magma from the summit into the rift zone, coupled with
progressive subsidence and structural failure of the caldera floor, demonstrated that shallow magma storage was
both more extensive and more efficiently connected to the rift system than previously inferred (Anderson
et al., 2019; Denlinger et al., 2024; Lin & Okubo, 2020; Neal et al., 2019; Patrick et al., 2020). Subsequent
analyses further suggested that magma transport beneath Hawai'i may be organized within a complex deep
magmatic system, including a mantle sill complex at depths of 36-43 km that may be connected to Kilauea and
Mauna Loa (Wilding et al., 2023). These observations underscore the multiscale connectivity of the Hawaiian
magmatic system and highlight the need for improved constraints on the three-dimensional (3-D) shallow
structure of the summit region.

Seismic imaging has played a central role in efforts to characterize Kilauea's magmatic architecture. Early body-
wave tomography studies identified broad regions of reduced seismic velocity beneath the summit and rift zones,
establishing the existence of a shallow summit magma complex and rift-related low-velocity structure
(e.g., Crosson & Koyanagi, 1979; Dawson et al., 1999; Okubo et al., 1997; Rowan & Clayton, 1993; Thurber,
1984). Subsequent investigations using expanded data sets and improved inversion strategies refined these images
and better constrained the depth extent of rift- and summit-related anomalies, including evidence for deeper
magma bodies beneath the East Rift Zone (e.g., J. Got et al., 2006; J. L. Got et al., 2008; Haslinger et al., 2001;
Monteiller et al., 2005; Park et al., 2007, 2009). Island-scale and summit-focused 3-D body-wave tomography
that incorporated waveform cross-correlation relocation and joint inversion of P- and S-wave information
demonstrated that shallow low-velocity structure beneath Kilauea is spatially complex and strongly heteroge-
neous, and highlighted the importance of explicitly accounting for strong lateral heterogeneity when locating
earthquakes and interpreting magma-related anomalies (Lin, Amelung, et al., 2014; Lin, Shearer, et al., 2014).

More recent regional-scale body-wave and ambient-noise tomography studies have imaged large low-velocity
anomalies beneath the summit and East Rift Zone that were interpreted as interconnected magma pathways
extending from shallow to mid-crustal depths. Ambient-noise surface-wave tomography has provided laterally
continuous constraints on shallow shear-wave velocity structure beneath the summit and rift zones of Kilauea
(Wei et al., 2023). Complementary attenuation and velocity-ratio analyses further showed that regions of low
velocity beneath Kilauea are commonly associated with high attenuation and anomalous ratios of compressional-
wave velocity (V) to shear-wave velocity (V;), V,/V;, consistent with elevated temperatures, partial melt, and
volatile-rich conditions in the shallow crust (Lin, Amelung, et al., 2015; Lin, Shearer, et al., 2015). Time-
dependent seismic velocity monitoring has also demonstrated that summit velocities evolve in response to
pressurization, intrusion, and withdrawal (Lin & Shearer, 2021; Wu et al., 2025).

LIN ET AL.

2 of 29

25LBD11 SUOWILIOD BANERID) 3[qedt|dde AU Aq paueAch a1 SIPILE VO 98N JO 3N 10§ AZRIGIT BUIUO AB1IM UO (SUONIPUOD-PU.-SUULBYLI0D"AB] 1M ARi 1BUUO//STNY) SUONIPUOD PUE SWLB | 3U) 89S *[9Z02/TT/70] U0 Aeiqi auliuo a1 ‘seded Aq STSYEOSN9Z0Z/620T OT/10p/wioo Ao Areiqputuo'sandnBe//sdny o1 pepeojumo ‘0T ‘9Z0Z ‘956669TZ



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2026JB034515

While these approaches provide important complementary constraints on the shallow volcanic system, they do
not directly resolve absolute 3-D body-wave velocity structure at the kilometer and sub-kilometer scales needed
to characterize the reservoir system beneath Kilauea. The ability to resolve fine-scale structure in the uppermost
kilometers has been limited by the restricted spatial distribution of permanent seismic stations and the resulting
uneven earthquake ray-path coverage. These factors severely limit resolving power in the shallow crust, where
magma storage, withdrawal, and deformation are concentrated and where velocity heterogeneity is strongest.
Although methodological advances such as waveform cross-correlation relocation and improved parameteriza-
tion (including finer, adaptive grid spacing and refined damping and regularization schemes) have enhanced
imaging fidelity (e.g., Lin & Okubo, 2016; Lin, Shearer, et al., 2014; Matoza et al., 2013), resolution limits
imposed by network geometry remain difficult to overcome using existing permanent arrays alone.

Studies at other volcanic systems have demonstrated that dense seismic arrays can substantially improve reso-
lution of shallow magmatic structure. At Mount St. Helens, dense deployments combined with ambient noise
tomography enhanced imaging of shallow shear-wave velocity structure associated with magma storage
(Y. Wang et al., 2017). At Yellowstone volcano, temporary dense seismic arrays similarly provided improved
constraints on shallow magma reservoirs and anisotropic structure through ambient noise analysis (Wu
et al., 2023).

Beyond ambient-noise approaches, hybrid experiments that integrate passive earthquakes with controlled active
sources have further sharpened images of volcanic plumbing systems. Such experiments, and the purely active-
source surveys that preceded them, have a long history at volcanoes worldwide and provide the closest precedents
for the present study. Active-source surveys have proven effective at calderas: at Campi Flegrei the SERAPIS
survey resolved the buried caldera rim and shallow velocity structure (Zollo et al., 2003), and at Mount Vesuvius
the TOMOVES and related experiments imaged a mid-crustal low-velocity zone and an extended magmatic sill
(Auger et al., 2001; Zollo et al., 1996). Comparable surveys have constrained shallow structure and conduit
geometry at stratovolcanoes, including Merapi volcano in Indonesia, where dense deployments characterized
shallow scattering and velocity structure (Wegler & Liihr, 2001), Mount Asama and Mount Iwate in Japan (Aoki
et al., 2009; Tanaka et al., 2002), and Mount Erebus in Antarctica (Zandomeneghi et al., 2013). Experiments that
invert active and passive arrivals together are closer analogs still: TOMO-ETNA combined active marine shots
with local seismicity beneath Mount Etna (Ibdfiez et al., 2016), and SEA-CALIPSO at Soufriere Hills volcano,
Montserrat, combined onshore-offshore active sources with passive recordings to image the upper crust of an
active arc volcano (Paulatto et al., 2010; Shalev et al., 2010). The experiment described below builds on these
efforts and is distinguished by its exceptional nodal density, its very large vibroseis data set, and the joint
inversion of passive and active-source arrivals on a 500 m parameterization beneath an active summit caldera.

Between 2 May and 8 June of 2023, a large-scale seismic experiment was conducted to re-examine the summit
region of Kilauea using an unprecedentedly dense array. More than 1,800 three-component seismic nodes were
deployed across the summit and caldera, recording both passive local earthquakes and active-source signals
generated by a triaxial vibroseis buggy (Denlinger et al., 2024). This hybrid experimental design provided
complementary ray coverage, with active sources offering well-controlled constraints on shallow structure and
earthquakes sampling deeper portions of the volcanic edifice. Together, these data sets enable construction of
high-resolution 3-D velocity models beneath the summit caldera that are not achievable with permanent networks
alone.

In this study, we apply body-wave tomography to the combined active-source and passive earthquake data sets to
invert for V), V,, and V,/V, beneath Kilauea's summit. The resulting models provide new constraints on the
geometry, extent, and physical state of shallow magma storage and its connections within the summit region. By
leveraging dense nodal observations and a hybrid data strategy, this work builds on earlier seismic imaging
studies at Kilauea and extends them to substantially finer spatial scales. More broadly, the experiment demon-
strates the capability of large-N nodal deployments to achieve sub-kilometer to kilometer-scale imaging in
complex volcanic environments, offering new perspectives on how magma is stored, connected, and mobilized
within the shallow crust and pointing toward a new standard for investigating active magmatic systems
worldwide.
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Figure 1. Seismic experiment layout at the summit of Kilauea during the 2023 deployment. Red triangles indicate permanent
seismic stations operated by the Hawaiian Volcano Observatory (HVO). Temporary three-component seismic nodes are
shown in green (HVO, 83), blue (Geophysical Technology, Inc. [GTI], 152), and magenta (EarthScope Primary Instrument
Center [EPIC], 1,580). Yellow circles mark the 396 T-Rex vibroseis shot locations. Gray lines denote mapped faults,
eruptive fissures, and crater and caldera rims of the summit region. Labeled features are the summit caldera, Halema'uma'u
crater, the Upper East Rift Zone, and the Koa'e fault system. The inset shows the Hawaiian Islands, with the red box on the
Island of Hawai'i marking the experiment area.

2. Experiment and Data Set
2.1. Deployment Overview

Given the heightened volcanic and seismic activity across Hawai'i, particularly following the 2018 Kilauea
eruption, temporary dense seismic arrays have increasingly been deployed at Kilauea and elsewhere on the Island
of Hawai'i to achieve high spatial resolution for imaging volcanic structure and monitoring eruptive processes
(Denlinger et al., 2024; Janiszewski et al., 2024; Lanza et al., 2025; Wei et al., 2020; Wu et al., 2020; Yang
et al., 2026). The tomographic analysis presented in this study is based on seismograms recorded by an extensive
passive- and active-source seismic experiment conducted at the summit of Kilauea from May to June 2023
(Denlinger et al., 2024). The deployment geometry, station distribution, and active-source layout are shown in
Figure 1. A total of 1,815 three-component seismic nodes were deployed across the summit region, covering an
area of approximately 12 X 12 km and providing exceptionally dense spatial sampling of the shallow volcanic
edifice.

The array incorporated multiple types of three-component nodes, with different sensor natural frequencies to
achieve both high spatial density and broad frequency sensitivity, including 1,580 SmartSolo short-period 5 Hz
nodes from the EarthScope Primary Instrument Center (EPIC; formerly the IRIS PASSCAL Instrument Center),
152 intermediate-frequency (2 Hz) nodes from Geophysical Technology, Inc. (GTI), and 83 low-frequency
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(0.2 Hz) SmartSolo nodes provided by the U.S. Geological Survey (USGS) Hawaiian Volcano Observatory
(HVO). Station spacing in the central summit region was typically 100-200 m, enabling sensitivity to sub-
kilometer heterogeneity in the upper crust.

Most EPIC nodes were deployed on unconsolidated volcanic substrates using ground spikes to promote good
coupling. For about 100 EPIC nodes, substrate conditions such as competent lava flows, paved surfaces, or
limited soil cover were less favorable, and those sensors were installed in weighted sand buckets to improve
coupling and reduce site effects. The GTI and HVO nodes had triaxial leveling legs and were deployed on hard
lava surfaces. Similar installation strategies have been used successfully in temporary dense seismic arrays
deployed on volcanic terrains (e.g., Janiszewski et al., 2024; Wu et al., 2020; Yang et al., 2026). Together, these
approaches provided dense and relatively uniform coverage across the caldera and surrounding summit region
while accommodating logistical and safety constraints.

Controlled-source seismic experiments have proven effective for resolving shallow velocity structure in volcanic
and geothermal settings, particularly when implemented with dense receiver arrays (e.g., Aoki et al., 2009; Shalev
et al., 2010; Wegler & Liihr, 2001; Zandomeneghi et al., 2013). Building on this approach, the 2023 Kilauea
seismic experiment incorporated active-source data generated by a 30,390 kg triaxial vibroseis truck (T-Rex)
operated by the Natural Hazards Engineering Research Infrastructure (NHERI) at the University of Texas at
Austin. The T-Rex system generated controlled vertical and horizontal vibrations over a frequency range of
5-28 Hz at 396 source locations distributed along paved roads within the summit region (yellow circles in
Figure 1). Seismic energy from these sources was recorded by the full nodal array as well as by permanent stations
of the USGS HVO seismic network, providing dense short-offset ray coverage that strongly constrains near-
surface velocity variations. Accelerometers installed at each source site monitored ground motion in real time
to ensure vibration amplitudes remained below established permitting and safety thresholds.

The controlled and repeatable nature of the vibroseis source, combined with dense station spacing, yields high-
quality active-source travel-time data that complement passive earthquake observations and strengthen resolution
of the shallow summit structure. Full details of the experimental design, instrumentation, logistics, and safety
considerations are provided by Denlinger et al. (2024).

2.2. Earthquake Catalog

Passive-source P- and S-wave arrival times used in this study were estimated using three automated picking
approaches: short-term-average/long-term-average (STA/LTA) (e.g., Allen, 1978; Earle & Shearer, 1994; Jones
& van der Baan, 2015), the RESTX package (Comte et al., 2019), which is based on the autoregression algorithms
of Pisarenko et al. (1987), and PhaseNet (e.g., Zhu & Beroza, 2019a), a widely used deep-neural-network-based
picker. The primary reason for using multiple approaches was to exploit their complementary strengths: RESTX
and STA/LTA tend to perform well for P arrivals because they are relatively waveform agnostic, whereas
PhaseNet often performs better for more complex S arrivals because it is trained on labeled seismic waveforms. In
practice, the final P arrivals were drawn primarily from RESTX and STA/LTA and the final S arrivals primarily
from PhaseNet. Where picks from different methods overlapped, their agreement served as an automated quality
check, and arrivals were retained when the independent estimates were mutually consistent. Phase association and
preliminary event locations were carried out within the RESTX framework (Comte et al., 2019). This catalog is
therefore referred to throughout as the RESTX catalog.

Application of STA/LTA and RESTX resulted in detection of more than 35,000 potential earthquakes within a
30 km radius of Kilauea's summit. The STA/LTA and RESTX detections were generated independently and
subsequently merged. A preliminary catalog of the larger-magnitude events was first constructed using only the
permanent HVO network, because most events of usable size are well recorded there. This HVO catalog, together
with the STA/LTA catalog, was then used to guide detection and association across the dense nodal array. Within
the RESTX framework, individual station detections were associated into candidate events based on the number
of detections falling within a moving time window scaled to the apparent wave speeds across the network, using
the one-dimensional (1-D) layer-average model of Lin, Shearer, et al. (2014) to predict P- and S-wave travel
times. Because RESTX was developed for sparser, regional-scale deployments, its default association criteria are
poorly suited to the station spacing (~100 m) and station count (~1,800) here, which together yield a very low
detection threshold and a correspondingly large number of candidate detections. We therefore raised the mini-
mum number of associated detections required to declare an event. This choice reflects the imaging objective of
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Figure 2. Earthquake distribution recorded during the 2023 experiment. (a) Map view of 12,150 earthquake epicenters (magenta dots) across the southeastern Island of
Hawai'i, underlain by shaded topography (color scale). Black lines denote mapped faults, rift zones, and eruptive fissures, together with crater and caldera rims and the
coastline. Labeled features are the Kilauea summit caldera, the Koa'e and Hilina fault systems, the Southwest and East Rift Zones, and the Ka'6iki and Hilea seismic
zones. The black star marks Pahala. The white box outlines the summit inversion region beneath Kilauea. (b) Earthquake latitude versus depth and (c) longitude versus
depth. (d) Histogram of earthquake depths, highlighting shallow seismicity beneath the summit (<10 km) and a deeper cluster beneath the Pahala region (~30 km).

this study, emphasizing events recorded across many tens of stations that are most useful for tomography, rather
than seeking catalog completeness for the smallest events. For 12,150 of the best-recorded events, onset estimates
from the three algorithms were combined to generate an initial catalog containing about 10 million P arrivals and
5 million § arrivals (Figures 2a—2c, Roecker et al., 2026). Initial P- and S-wave arrival times were spot-checked
manually to ensure consistency and accuracy across the dense nodal array. Manual review was concentrated in the
early stages of processing, when close to 100% of the picks were inspected in order to verify the behavior of the
automated algorithms and to tune their control parameters. Once the pickers performed as expected, review was
targeted at events that retained unusual outliers, roughly 10% of the picks, to diagnose the conditions under which
the algorithms fail rather than to re-inspect picks that were already well behaved.

The spatial distribution of earthquakes in the RESTX catalog closely follows long-recognized seismicity patterns
beneath Kilauea. The majority of events (9,782 earthquakes) are concentrated beneath the summit region at
depths shallower than 10 km, within the summit inversion region (white box in Figure 2a). In contrast, deeper
earthquakes extending to depths of approximately 30 km are primarily clustered in the Pahala region (Figure 2d),
consistent with earlier studies documenting deep seismicity beneath the south flank of Hawai'i (e.g., Janiszewski
etal., 2024; Klein, 1981; Wolfe et al., 2004). The relationship between P- and S-wave travel times for the RESTX
catalog (Figure Sla in Supporting Information S1), commonly referred to as a Wadati diagram (Wadati &
Oki, 1933), provides an empirical basis for selecting an appropriate initial V,,/ V ratio of 1.74 for the tomographic
inversion.
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3. Tomographic Inversion
3.1. Tomographic Event Selection

To achieve spatially uniform sampling of the summit region while maintaining computational efficiency, we
selected a subset of representative earthquakes as tomographic events for the arrival time inversion. Event se-
lection was guided by local seismicity density and the number of high-quality phase picks available for each
event, an approach commonly adopted in local-earthquake tomography to balance spatial coverage and data
quality (e.g., Haslinger et al., 2001; Lin, Shearer, et al., 2014; Lin et al., 2007; Thurber et al., 1997). Within each
0.5 km horizontal interval, the earthquake with the largest number of reliable phase arrivals was retained for
tomography, ensuring that well-constrained sources dominate the inversion while avoiding excessive clustering
of nearby events.

This procedure yielded a total of 799 hypocenters located within the summit inversion region (Figure 3a). Their
depth distribution (Figure 3b) is strongly skewed toward shallow depths, peaking at 1-2 km below sea level, with
the majority of events shallower than 5 km and only a small number of deeper events, and mirrors the seismicity
recorded within the summit inversion region targeted by the tomography (white box in Figure 2a). The resulting
passive data set comprises 932,740 P-wave and 413,264 S-wave first arrivals, corresponding to averages of 1,167
P arrivals and 517 S arrivals per event. The large number of picks per event reflects both the exceptional station
density of the nodal array and the high signal-to-noise ratio of many local earthquakes. The relationship between
P- and S-wave travel times for the selected tomographic events (Figure S1b in Supporting Information S1),
estimated using the robust mean method of Lin and Shearer (2007), closely matches that of the full catalog,
indicating that the tomographic event subset preserves the statistical and kinematic characteristics of the broader
data set. The RESTX catalog is deliberately inclusive: each arrival carries an uncertainty estimate derived from
the shape of the picking estimation function, and marginal readings are flagged rather than discarded. Arrivals are
flagged when their preliminary residuals relative to the 1-D initial model exceed 1 s or 5% of the travel time, and
also when the picking algorithm grades them as problematic on other quality criteria despite acceptable residuals.
Prior to inversion we removed all flagged arrivals along with picks that lacked agreement among the independent
picking methods. The nodal array provides far more high-quality picks than the inversion requires, so this
conservative selection still leaves a large and well-distributed data set.

In addition to the passive earthquake data, the inversion incorporates 209,824 P-wave arrivals from 396 active
T-Rex vibroseis shots (white dots in Figure 3a), with an average of approximately 530 arrivals per shot. Arrivals
from the vibroseis shots were picked within the RESTX framework operating in its source-augmentation mode, in
which the known shot locations and origin times (specified through a source table) are used to predict and refine
the phase arrivals rather than solving for source parameters, in contrast to the standard detection-and-association
mode used for the earthquakes. Although the triaxial T-Rex source radiates both compressional and shear energy,
and clear P arrivals are observed at many stations from both vertical and horizontal source orientations, we were
unable to identify consistent, coherent S arrivals on the vibroseis records. We searched for shear arrivals on the
appropriate components, including the strong SV motion expected on the vertical components at the short source-
receiver offsets sampled here, but no coherent shear phase or associated Rayleigh-wave signature could be
reliably distinguished from the later wavetrain. The most likely explanation is a near-surface propagation effect:
energy injected at the surface into a shallow, strongly scattering, low-V, waveguide generates intense scattered
coda that obscures coherent phases arriving after the direct P wave. This interpretation is consistent with the
observation that usable S arrivals are still recovered from local earthquakes, whose ray paths originate beneath this
shallow scattering layer and traverse it only along a short final segment. Isolating the responsible mechanism will
require dedicated analysis of the vibroseis wavefield. Regardless of the mechanism, the practical consequence is
that the active-source inversion uses P arrivals only. The vibroseis sources provide dense, short-offset ray paths
that complement the longer-offset earthquake rays and significantly enhance resolution of the shallow subsurface.
The combined use of tomographic earthquakes and controlled sources follows established practice in hybrid
tomographic studies and has been shown to improve stability and resolution, particularly in the upper crust
(e.g., Lin et al., 2010).

3.2. Grid Selection

In travel-time tomography, achievable lateral resolution is fundamentally constrained by the width of the first
Fresnel zone, which depends on the dominant seismic wavelength and source-receiver geometry (e.g., Dahlen
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Figure 3. Tomographic events, event-depth histogram, inversion geometry, and one-dimensional (1-D) initial velocity model
beneath Kilauea, Hawai'i. (a) Map view showing surface topography together with 799 tomographic earthquakes (black dots)
and 396 T-Rex vibroseis sources (white dots) used in the inversion. The red star marks the Cartesian coordinate origin, with x
positive to the west and y positive to the north. (b) Histogram of the depth distribution of the tomographic events used in the
inversion, showing that most events are shallower than 5 km beneath the summit, with a small number of deeper events. (c) Map
view of the inversion setup. Orange squares indicate the horizontal inversion grid. North—south profiles (1-1’ to 4-4") are shown
as pink lines, and the west—east profiles A-A’, B-B’, and C-C’ together with the northwest—southeast profile d-d’ as dark blue
lines. These profiles define the locations of the depth views shown in the following figures. (d) 1-D initial V,, model adapted
from Lin, Shearer, et al. (2014), together with the corresponding V; model defined using a constant V,,/ V; ratio of 1.74. Depth is
referenced to mean sea level. Here V), is compressional-wave velocity, V; is shear-wave velocity, and V,,/V; is the ratio of
the two.

et al., 2000; Nolet, 2008). Following Nolet (2008), we estimate the first-Fresnel-zone diameter as d = \/E,
where 4 = v/f is the dominant wavelength, f is the dominant frequency, and L is the source-receiver offset. The
velocity v is taken from the P- and S-wave profiles of the 1-D initial model (Figure 3d), so the diameters reported
below depend jointly on velocity, frequency, and offset and describe a range of finite-frequency sensitivities
rather than a single resolution length. For the active-source data set used here, source-receiver offsets ranging
from approximately 50 m to 10 km and dominant frequencies of 5-28 Hz yield Fresnel-zone diameters of roughly
70-250 m at near offsets and 1-2.4 km at the largest offsets, evaluated at the shallow P-wave velocity of the 1-D
initial model. The near-offset values imply sub-kilometer sensitivity to velocity structure in the shallowest few
hundred meters, whereas the larger offsets that sample greater depths carry kilometer-scale sensitivity. Passive
earthquake data, recorded predominantly near 5 Hz with offsets extending to 10 km, produce Fresnel diameters of
approximately 0.6-3 km for P waves and 0.5-2.3 km for S waves, indicating kilometer-scale resolving power at
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greater depth. Representative Fresnel-zone diameters across the dominant frequency and offset ranges are
tabulated in Table S1 in Supporting Information S1.

In practice, resolution is further enhanced by the exceptionally dense station spacing, favorable azimuthal
coverage, and extensive overlap of ray paths provided by the combined data set, as demonstrated by checkerboard
resolution tests. Such coverage improves model stability, reduces trade-offs, and aids recovery of coherent
anomalies, but it cannot overcome the finite-frequency sensitivity of the wavefield. Effective resolution is set
jointly by Fresnel-zone width, ray-path density and azimuthal coverage, damping, and data noise, so dense
sampling brings the model closer to the best resolution these factors permit rather than beyond it (e.g., Rawlinson
et al., 2010). Based on these considerations, we adopted a horizontal grid spacing of 500 m for the final velocity
models (Figure 3c). This choice is consistent with the minimum resolvable scale supported by the data, minimizes
discretization bias, and avoids oversampling that could introduce instability or spurious structure
(e.g., Nolet, 2008; Rawlinson et al., 2010). We emphasize that this 500 m value denotes the model parameter-
ization (grid spacing) and not the spatial resolution, which varies across the model and is assessed independently
through the ray coverage and resolution tests. The spacing was chosen to be fine enough to represent the data-
supported structure implied by the Fresnel-zone estimates above, yet coarse enough to avoid over-
parameterization and spurious small-scale features. The final model was selected after inversions using various
horizontal grid spacings and rotated inversion grids, across which the principal velocity anomalies are robust
within the well-resolved areas. Finer parameterizations proved computationally prohibitive for the full data set, so
we adopt 500 m as the finest discretization it can support in practice.

Vertical discretization employs variable layer spacing. All depths in this paper are referenced to mean sea level
(MSL), unless otherwise noted. From 1.5 km above to 1 km depth, layers are defined at 0.5 km intervals to capture
fine-scale shallow structure where velocity gradients are strongest. From 2 to 7 km depth, layer spacing is
increased to 1 km, while below 7 km depth, progressively coarser spacing ranging from 2 to 8 km is used to
stabilize the inversion and reflect the decreasing resolving power at depth. Such variable vertical parameterization
is commonly employed in volcanic tomography to balance resolution and stability across a wide depth range
(e.g., Haslinger et al., 2001; Lin, Shearer, et al., 2014; Thurber, 1993). The inversion grid has a flat top referenced
to MSL, and topography is incorporated through the station and shot elevations used in ray tracing rather than
through a deformed top surface. The grid is extended to 35 km only to provide a stable far-field boundary for ray
tracing. The experiment provides essentially no turning rays at those depths, so nodes below about 5 km remain at
or very near their 1-D initial values, and no structure is interpreted below 4 km depth.

3.3. Initial Model

The initial velocity model for the tomographic inversion was constructed from a layer-averaged V), profile
extracted from the regional 3-D model of Lin, Shearer, et al. (2014), which provides a geologically and
geophysically consistent representation of the average crustal velocity structure beneath Hawai'i and serves as an
appropriate background for local-scale inversion. A corresponding V profile was derived by assuming a constant
V,/ V ratio of 1.74, consistent with the robust mean slope of observed P- and S-wave travel-time pairs from the
earthquake catalog (Figure S1 in Supporting Information S1). Similar constant-ratio initial models are widely
used in joint V,, and V,,/V inversions and provide a stable reference for resolving 3-D velocity perturbations
(e.g., Eberhart-Phillips, 1990; Thurber, 1993). This 1-D model represents the average velocity structure beneath
the summit region of Kilauea and was used as the starting point for all inversions (Figure 3d). Although the choice
of initial model can influence convergence, previous studies have shown that sufficiently dense data coverage,
such as that available here, reduces sensitivity to reasonable variations in the initial model (e.g., Haslinger
et al., 2001; Lin, Shearer, et al., 2014; Rawlinson et al., 2010). We nonetheless acknowledge that, because the
inverse problem is nonlinear, the absolute velocities, anomaly amplitudes, and detailed anomaly geometry may
retain some dependence on the 1-D initial model, particularly for long-wavelength lateral structure that a 1-D
profile cannot represent. We therefore emphasize relative velocity perturbations and the locations of well-
resolved anomalies rather than absolute values, especially in less well-resolved regions. The final model was
likewise selected after testing alternative 1-D initial models, and the recovered anomalies within the well-resolved
regions are insensitive to these choices.
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3.4. Inversion Approach

Tomographic inversions were performed using the SIMUL2000 algorithm (Eberhart-Phillips, 1990;
Thurber, 1983, 1993). SIMUL2000 is a full-matrix, damped least squares inversion framework originally
developed for local-earthquake tomography and later extended to accommodate controlled-source data. The
algorithm jointly inverts P-wave arrival times and S - P times to solve for earthquake hypocenter parameters, V,,

and V,,/V, variations.

Model updates are obtained iteratively using parameter-separation techniques (Pavlis & Booker, 1980; Spencer &
Gubbins, 1980), in which hypocentral adjustments are estimated separately and velocity updates are then derived
from the remaining residual signal, together with damping to stabilize the inversion. At each iteration the
earthquake hypocenters are relocated in the current 3-D velocity model, the velocity parameters are updated from
the post-relocation residuals, and the cycle is repeated until the travel-time residuals stabilize. We use the term
“joint” in this sense, to denote the simultaneous solution for hypocentral and velocity parameters via parameter
separation, rather than a single fully coupled linear inversion. This formulation has been widely applied in
volcanic and tectonic settings and is well suited to dense local data sets with strong lateral heterogeneity
(e.g., Eberhart-Phillips & Michael, 2004; Haslinger et al., 2001; Lin & Thurber, 2012). As part of the inversion,
resolution and model covariance matrices are computed, providing quantitative measures of spatial resolution and
parameter uncertainty that inform interpretation of the final models. Arrival times were weighted according to
their estimated reading quality, with the same quality-based weighting applied to the P and S - P data. Active-
source arrivals were assigned twice the weight of passive-earthquake arrivals in the inversion. The inversion
incorporates more than 0.9 million P and 0.4 million S arrivals from the tomographic events in addition to the
active-source data. Each iteration therefore requires ray tracing for every source-receiver pair, followed by as-
sembly and solution of a large sparse sensitivity matrix, which makes each full inversion computationally
expensive.

3.5. Damping Parameter Selection

Selection of appropriate damping parameters is a critical step in balancing data fit against model smoothness and
suppressing unphysical complexity in tomographic inversions (e.g., Eberhart-Phillips, 1986; Thurber, 1993).
Damping tests were conducted sequentially. First, the V,/V, model was held fixed while a range of damping
values for V,, was explored to identify an optimal trade-off between misfit reduction and model roughness. The
optimal value was chosen near the point of maximum curvature of the trade-off curve. That is, we selected the
smallest damping that does not produce a significant increase in data misfit (Figure S2 in Supporting Informa-
tion S1). Once the optimal V,, damping was determined, that value was fixed and damping for the V,,/V, model

was selected using the same maximum-curvature criterion.

Trade-off curves illustrating these tests are shown in Figure S2 in Supporting Information S1. The final inversion
adopts damping values of 300 for V,, and 100 for V,,/ V. Similar damping strategies have been shown to yield
stable and interpretable results in other local-earthquake tomography studies (e.g., Eberhart-Phillips et al., 1995;
Lin, Shearer, et al., 2014). Together, these damping choices provide a robust basis for interpreting both the V,, and

V,/ Vs models derived from the combined active and passive data sets.

4. Resolution Assessment

To evaluate the spatial resolving power of the tomographic inversion and to guide interpretation of the final
velocity models, we performed a suite of synthetic resolution tests. Checkerboard tests remain a standard and
informative diagnostic for local-earthquake tomography, as they provide a direct assessment of how well the data
geometry, inversion parameterization, and regularization recover known structure (e.g., Haslinger et al., 2001;
Rawlinson et al., 2010; Thurber, 1993). In all tests, synthetic travel times were computed using the same station-
event geometry, ray tracing, grid parameterization, and damping as the real data set, and were inverted from the
same 1-D initial model through the same iterative procedure, with earthquake hypocenters relocated at each
iteration as in the inversion of the observed data. The tests therefore measure the resolving power of the full
procedure rather than of the velocity step alone.

The synthetic true models consist of 3-D checkerboard perturbations with 1 km horizontal spacing, corresponding
to two inversion grid intervals, and alternating sign between adjacent depth layers to evaluate potential vertical
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Figure 4. Depth cross-sections from the checkerboard resolution test along the north—south profiles (1-1" to 4-4’, shown as pink lines in Figure 3c), using the combined
active-source and passive data sets. Each column is one profile, labeled above the panels. From top to bottom, the rows show the true V), checkerboard model and the

recovered V,,, V,, and V,,/V models, each plotted as a percentage perturbation. The imposed perturbations are 5% on V,, and ¥5% on V,,/V,, so the V,,/V, rows are of
opposite polarity to the V,, rows, and the implied V; perturbation is £10%. The three color scales at the right apply to the true and recovered V), rows, the V, row, and the
V,,/ V, row. Green contours mark the 0.3 resolution threshold, and a magenta line at the top of each section indicates surface topography. Checkerboard cells are 1 km in the

horizontal, two inversion grid intervals, and the sign reverses between adjacent depth layers. Depths are relative to mean sea level. Here V), is compressional-wave velocity,

V; is shear-wave velocity, and V,,/V; is the ratio of the two.

smearing. Perturbations are imposed on the two models actually inverted for, +5% on V,, paired with —5% on
V,/V, in the same cell (and vice versa), giving exactly anticorrelated perturbation patterns and an implied V;
perturbation of approximately +10%. These amplitudes were chosen to be representative of the magnitude of
velocity variations commonly inferred beneath active volcanic systems (e.g., Dawson et al., 1999; Lin, Shearer,
etal., 2014). Recovered models were compared directly with the true patterns to assess spatial fidelity, amplitude
recovery, and the effects of damping and data coverage. With the adopted damping, the 1 km checkerboard is
recovered across much of the summit region without noticeable artifacts or excessive smoothing, and adjacent
cells remain distinct rather than merging, so the effective resolution in the best-sampled part of the summit is
somewhat finer than the 1 km cell size. Together with the restoration and spike tests described below, the
checkerboard defines the scales at which the models can be interpreted.

4.1. Resolution of V,,, V,, and V,,/ V

The checkerboard tests establish where each model can be interpreted: V), is resolved over a larger volume than V
and V,/V,, the difference is concentrated above sea level, and over the 1-4 km depth interval that contains the
interpreted reservoirs the three models are resolved comparably. Checkerboard results for the combined data set
are shown as depth cross-sections in Figures 4 and 5, and as map-view slices for V,,, V, and V,,/V, in Figures
S3-S5 in Supporting Information S1. V), is resolved over a larger volume than V and V,,/ V, and the difference is
concentrated above sea level: the S-derived models have no resolved region at —1.5 km depth and a smaller one
between —1 and 0 km, whereas between 1 and 3 km depth the resolved volumes are comparable. Above sea level,
recovered amplitudes within the commonly resolved volume are also lower for V, and lowest for V,,/ V. Between
1 and 4 km depth the recovered amplitudes of the three models are similar. This pattern reflects two fundamental
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Figure 5. Depth cross-sections from the checkerboard resolution test along the west—east and oblique profiles (A-A’, B-B’, C-C’, and d-d’, shown in Figure 3c), using the
combined active-source and passive data sets. Each column is one profile, labeled above the panels. From top to bottom, the rows show the true V), checkerboard model
and the recovered V,,, V;, and V,,/ V, models, each plotted as a percentage perturbation. The imposed perturbations are +5% on V), and 5% on V,,/ V, so the V,,/ V, rows are
of opposite polarity to the V,, rows, and the implied V; perturbation is +10%. The three color scales at the right apply to the true and recovered V), rows, the V, row, and the
V,,/ Vs row. Green contours mark the 0.3 resolution threshold, and a magenta line at the top of each section indicates surface topography. Checkerboard cells are 1 km in the
horizontal, two inversion grid intervals, and the sign reverses between adjacent depth layers. Depths are relative to mean sea level. Here V), is compressional-wave velocity,

V, is shear-wave velocity, and V,,/V; is the ratio of the two.

aspects of the data set: the absence of S-wave arrivals from the active-source vibroseis data and the smaller
number and less uniform distribution of high-quality S-wave arrivals in the passive earthquake catalog. Similar
resolution differences among V,,, V;, and V,,/ V; are well documented in local-earthquake tomography studies that
rely on joint inversion of P-wave travel times and S - P times (e.g., Eberhart-Phillips, 1990; Haslinger et al., 2001;
Lin, Shearer, et al., 2014).

Checkerboard tests for V,, (Figure S3 in Supporting Information S1) show robust recovery from approximately —1
to 4 km depth beneath much of the summit region, with the strongest resolution between —1 and —0.5 km depth.
Within this depth range, checkerboard features are laterally continuous and exhibit limited vertical smearing,
indicating that the adopted grid spacing and damping parameters are well matched to the resolving power of the
data. Recovery does not, however, degrade monotonically with depth. All three models pass through a marked
minimum between 0 and 0.5 km depth, the interval over which the dominant constraint shifts from the active-
source arrivals to the earthquake rays, and improve again below it. The shallowest slice, at —1.5 km, lies
above the summit topography over essentially the whole map and is not recovered. Resolution weakens below
about 4 km depth, particularly outside the caldera, reflecting reduced ray density at depth.

Resolution of V| is more limited and spatially variable (Figure S4 in Supporting Information S1). Meaningful
recovery is achieved primarily between approximately —1 and 4 km depth beneath the summit. Recovery is most
laterally continuous between 1 and 3 km depth, where the resolved region is largest. At —1.5 km depth no region is
resolved at all, owing to the lack of usable S-wave constraints. Between 0 and 0.5 km depth V| passes through the
same marked minimum as the other two models, and we interpret shallow V structure with corresponding
caution.
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The V,/V, model is resolved primarily between approximately 1 and 4 km depth, best between 2 and 3 km,
together with a separate shallow patch between —1 and —0.5 km (Figure S5 in Supporting Information S1).
Between 0 and 0.5 km depth the checkerboard is not recovered, and we do not interpret V,/V, structure in that
interval. Recovered amplitudes are weakest south and east of the caldera where S-wave ray coverage decreases.
These amplitude trade-offs between V, and V,,/V; reflect inherent limitations of joint inversion and underscore
the importance of interpreting velocity ratios in conjunction with absolute velocities and resolution metrics
(e.g., Bberhart-Phillips, 1990). Because V,/V, is inverted directly from the S- P times rather than formed by
dividing independently inverted V), and Vj, its reliability depends on adequate S - P ray coverage, and we interpret
it with caution where that sampling is sparse.

Throughout this study, the interpreted volume is delimited by the 0.3 contour of the diagonal elements of the
resolution matrix. This threshold is specific to our parameterization. For a fixed data set, a finer grid distributes the
same ray coverage over more model parameters, so the diagonal values obtained on the 500 m grid used here are
systematically smaller than those of a coarser or more sparsely parameterized model, and a threshold carried over
from such a study would not mean the same thing. We therefore selected the level empirically, from the recovery
achieved across the synthetic tests presented here and in Supporting Information S1, and from the derivative-
weight-sum (ray density) distributions, shown as map-view slices for V,,, V, and V,,/V; in Figures S6 and S7
in Supporting Information S1. The principal interpreted anomalies beneath Halema'uma'u and the south caldera
lie well inside this boundary, so the main features do not depend on the precise choice of level.

4.2. Dataset-Specific V, Resolution Tests

To demonstrate the contributions of the different data types and the advantage of combining active- and passive-
source observations, we performed three additional checkerboard tests that invert exclusively for V,,: one using
active-source data alone, one using tomographic earthquake data alone, and one using the combined data set.
These tests follow established practice in hybrid tomography studies and provide a direct illustration of the
complementary resolving power of controlled sources and natural earthquakes.

The active-source-only test (Figures S8 and S9 in Supporting Information S1) demonstrates excellent near-
surface resolution from approximately —1 to 0.5 km depth beneath the summit, reflecting dense short-offset
ray coverage from the vibroseis shots. Resolution degrades rapidly below approximately 1 km depth, consis-
tent with the limited penetration of vibroseis energy and the absence of longer-offset ray paths.

In contrast, the tomographic-earthquake-only test (Figures S10 and S11 in Supporting Information S1) provides
limited shallow resolution but yields improved recovery below approximately 0.5 km depth and its strongest
recovery between 1 and 4 km, with resolvable structure extending locally to greater depths. This pattern reflects
the longer ray paths and broader azimuthal coverage provided by natural earthquakes, which are essential for
constraining deeper velocity structure beneath the summit.

The combined V),-only data set test (Figures S12 and S13 in Supporting Information S1) integrates the com-
plementary strengths of the two data types, with active-source observations stabilizing shallow structure and
tomographic earthquake rays constraining deeper regions. The resulting V), recovery is the most laterally
continuous and vertically extensive of the three dataset-specific tests. Because it solves for V), alone, it also
confirms that the resolved V), structure is not an artifact of the joint inversion for V,, and V,,/V,.

4.3. Restoration and Spike Tests

In order to complement the checkerboard, whose perturbations are aligned with the inversion grid, we performed
a restoration test, which inverts noisy synthetic travel times computed through the final 3-D model itself, and a
spike test, which places isolated compact bodies at the two interpreted targets (Figures S14 and S15 in Supporting
Information S1). The restoration test recovers the major interpreted features in place from noisy data, though
systematically weaker than the true model. The spike test uses idealized bodies at the same two locations rather
than the imaged anomalies themselves, so it measures the point-spread response there rather than validating the
anomaly shapes: an isolated body is recovered essentially in place and without measurable broadening, but with a
peak amplitude that can exceed the true one. The spike test also shows that a compact low-velocity body at
0.5-2 km depth generates on its own an apparent V,,/V, high about 1.5 km above and 2 km laterally offset from
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itself, so shallow high-V,/V, features offset above a resolved low-velocity body are not independently
constrained.

4.4. Limitations of the Resolution Tests

All three tests share the premises of the inversion itself, using the same acquisition geometry, ray-theoretical
forward calculation, isotropic parameterization, and damping. They therefore measure how well that procedure
recovers structure it can represent, not error introduced by the assumptions themselves. Each is also limited by the
structure it assumes. The checkerboard is aligned with the inversion grid and spans only two grid intervals, so it
probes structure near the finest data-supported scale and is least informative for compact, inclined, or strongly 3-D
anomalies. Longer-wavelength anomalies are recovered more robustly. The restoration test uses the imaged
model as its own true model, and the spike test uses assumed shapes at the interpreted locations. None can reveal
structure the data failed to image. Because recovered amplitudes also depend on the adopted damping, and useful
resolution contracts sharply below 3 km, all three establish the existence and approximate location of anomalies
far more firmly than their shape, extent, and amplitude. We therefore interpret no structure below 4 km, and treat
anomaly geometries as features permitted by the data and the adopted parameterization rather than as uniquely
resolved structures.

5. Final Seismic Velocity Models
5.1. P-Wave Velocity Model

The final V), model exhibits complex 3-D structure beneath the summit region of Kilauea, with well-resolved
velocity variations from approximately —1 to 4 km depth (Figure 6). These results reflect contributions from
both active-source and tomographic-earthquake ray paths and are constrained within the 0.3 resolution threshold
defined from synthetic tests. Checkerboard recovery (Figure S3 in Supporting Information S1) is strongest be-
tween —1 and —0.5 km and again between 1 and 3 km depth, with a marked minimum at 0-0.5 km. In the western
part of the model domain resolution extends to approximately 4 km depth, supported by steeper earthquake ray
paths beneath the summit. Together, these observations provide a high-resolution image of the upper crust
beneath the summit caldera within the best-resolved part of the model.

The —1.5 km slice (Figure 6a) lies above the summit topography almost everywhere and is not recovered by the
checkerboard test. It is shown for completeness only and is not interpreted. At —1 km relative to MSL (Figure 6b),
low-velocity anomalies encircle the summit caldera, whereas the caldera interior exhibits relatively high ve-
locities. These peripheral low-V), zones form a ring-like pattern that broadly follows the caldera boundary. At
—0.5 km depth (Figure 6¢), the velocity pattern changes markedly, with high velocities dominating much of the
resolved area, particularly along the north and northeast rim of the caldera. In contrast, the region south of the
caldera displays a well-defined low-velocity anomaly that extends southward into the Koa'e fault system. This
north—south asymmetry reverses at 0 km depth (Figure 6d), where lower velocities are resolved beneath the
northern summit and higher velocities beneath the southern summit.

At the 0.5 and 1 km depth layers (Figures 6e and 6f), the most prominent feature is a localized low-V,, anomaly
east of Halema'uma'u crater, inside the caldera boundary. This anomaly remains distinct across both depth slices
and marks the eastern margin of a low-velocity zone that persists over this depth interval, although its amplitude
and lateral extent vary with depth in the cross-sections presented below. At depths of 2—3 km (Figures 6g and 6h),
similar structural patterns persist, although the amplitude of the velocity contrasts is reduced. The central summit
region remains slower than the surrounding flanks, while higher velocities become increasingly prominent north
and east of the caldera margins. At 3 km depth, low-V,, anomalies dominate west of the caldera and extend
southward toward the Koa'e fault system, emphasizing the lateral continuity of reduced velocities in this sector.
Velocity gradients are strongest near the caldera walls and decrease with depth. At 4 km depth (Figure 6i), a
northwest—southeast trending high-velocity feature is observed near the edge of the resolved region and should
therefore be interpreted with caution.

5.2. S-Wave Velocity Model

The final V; model provides complementary constraints on shear-wave velocity structure beneath the summit
region of Kilauea, with reliable resolution primarily between approximately —1 and 4 km depth, interrupted by
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Figure 6. Horizontal slices of the V,, model beneath the summit of Kilauea from —1.5 to 4 km depth relative to mean sea level. White contours mark the 0.3 resolution
threshold. Geographic features are labeled in panel (a). Each panel shows V), as a percentage perturbation relative to a reference velocity indicated at the top of the panel.
The percentage color-scale range is larger for the shallow layers, where velocity variations are greatest. Pink and blue ellipses mark the geodetically modeled Halema'uma'u

and south-caldera magma reservoirs of T. Wang et al. (2021), respectively, and the black dashed ellipse marks the Halema'uma'u reservoir inferred by Anderson

etal. (2019). Each outline is the horizontal cross-section of the modeled source at the depth of that slice, so its size varies between panels, and outlines are drawn only on the
slices their source intersects. The Halema'uma'u outline of T. Wang et al. (2021) therefore appears on the 0-2 km slices (panels d—g) and that of Anderson et al. (2019) on
the 0—1 km slices (panels d—f). The south-caldera outline appears on the 2 and 3 km slices (panels g and h), and its lateral shift between them reflects the northwest dip of the

modeled sill. Here V), is compressional-wave velocity.
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Figure 7. Horizontal slices of the V; model beneath the summit of Kilauea from —1.5 to 4 km depth relative to mean sea level (MSL). Each panel shows V; as a
percentage perturbation relative to a reference velocity indicated at the top of the panel. White contours mark the 0.3 resolution threshold, and geographic features are
labeled in panel (a). Pink and blue ellipses mark the geodetically modeled Halema'uma'u and south-caldera magma reservoirs of T. Wang et al. (2021), respectively, and
the black dashed ellipse marks the Halema'uma'u reservoir inferred by Anderson et al. (2019). Each outline is the horizontal cross-section of the modeled source at the
depth of that slice, so its size varies between panels, and outlines are drawn only on the slices their source intersects. Depths are relative to MSL. Here V is shear-wave

velocity.

the same 0-0.5 km minimum seen in V,, (Figure 7). At —1 km depth, low-V; patches are concentrated around the
summit caldera, with particularly prominent low-V; structure along the caldera margins and toward the Upper
East Rift Zone, while higher V occupies parts of the surrounding summit region. At —0.5 km depth, high-V
anomalies dominate much of the summit caldera and extend into the East Rift Zone, with the strongest high-V
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values concentrated along the northern boundary of the caldera. In contrast, a pronounced low-V, zone extends
from the southern caldera margin toward the Koa'e fault system, forming a sharp north—south velocity gradient
across the summit region. At 0 km depth, low-V, anomalies dominate much of the summit caldera, forming a
broad low-velocity region within the caldera interior. Outside the caldera, particularly to the south and east, very
high-V, anomalies are resolved, producing strong velocity contrasts across the caldera boundary.

From 0.5 to 1 km depth, the low-V structure becomes more focused, with the strongest reductions centered within
the caldera, including a pronounced low-V, anomaly east of Halema'uma'u. Surrounding regions show
comparatively higher V,, emphasizing strong lateral contrasts at these depths. At 2 km depth, a coherent low-V
core persists beneath the summit, while by 3 km depth the low-V, anomalies weaken and become more localized,
consistent with reduced resolving power at greater depth. At 4 km depth, high-V; structure is apparent beneath the
summit caldera, while comparatively lower V, anomalies occur along the Upper East Rift Zone. However, given
the reduced resolution at this depth, these patterns are interpreted with caution.

Overall, the V; model exhibits pronounced lateral variations within the upper 2-3 km that broadly correspond to
features observed in the V,, model. Given the sensitivity of shear-wave velocities to temperature, melt fraction,
fluid content, and rock damage in volcanic crust, the V, structure provides complementary constraints on the
physical state of the shallow summit system.

5.3. V,/V, Model

The final V,,/ V; model reveals spatially variable velocity-ratio structure across the summit region of Kilauea, with
reliable resolution over two separate depth intervals, —1 to —0.5 km and 1 to 4 km (Figure 8). Recovery is
strongest between 2 and 3 km depth and falls away below 4 km, following the distribution of high-quality S-wave
arrivals from tomographic earthquakes. The intervening 0-0.5 km interval is not recovered by the checkerboard,
so V,/V; features confined to it are not interpreted, nor are structures below 4 km depth or near the model
margins.

No coherent V,,/ V structure is recovered at —1.5 km depth owing to the lack of usable S-wave constraints. At
—1km depth, the highest V,,/ V values occur in the western portion of the summit region, whereas lower ratios are
imaged along the northern margin. A broad zone of reduced V,/ V; is also present south of the caldera and along
the Upper East Rift Zone. At —0.5 km depth, the lowest ratios are concentrated south of the caldera, forming a
laterally continuous anomaly that is bounded to the east by higher-ratio regions. The same anomaly is present
again at 1 km depth. Because the intervening 0 and 0.5 km layers are not resolved for V,,/ V, we treat these as two
resolved expressions of the feature rather than as evidence of vertical continuity through that interval.

At 1 km depth, low V,,/V, values are observed outside of the caldera in both the southwest and southeast sectors,
whereas at 2 km depth, very low V,,/V, values are imaged along the western and eastern margins of the summit
caldera. These edge-aligned anomalies correspond to sharp lateral transitions in the V,, and V, models and persist
across multiple depth slices. A particularly coherent low-ratio anomaly west of the caldera remains evident at
3 km depth, where it spatially overlaps low-V), and low-V, anomalies. Additional low-V,/V, anomalies are also
present farther south on the flank toward the Koa'e fault system. A weak expression of the anomaly is also present
at 4 km depth, near the lower limit of reliable V,,/ V, recovery, and we therefore treat it with caution. The vertical
structure of these map-view anomalies, and their integration into a conceptual model of the summit plumbing
system, are examined in the vertical cross-sections presented next.

54. V,, Vi, and V,/V, Cross-Sections

The cross-sections show that summit velocity structure is strongly depth-dependent: a laterally extensive high-
velocity layer near sea level overlies localized low-V,, and low-V, zones beneath Halema'uma'u and the south
caldera that are laterally distinct at shallow levels and merge into a broader region of reduced velocity at greater
depth. Figures 9 and 10 show vertical cross-sections of the final V,,, V,, and V,,/V, models across the summit
region of Kilauea, with north—south profiles (1-1’ to 4-4") and west—east and oblique profiles (A-A’, B-B’, C-C’,
and d-d’), respectively. Together, these sections provide a 3-D view of the summit plumbing system and illu-
minate strong lateral and vertical heterogeneity in the upper crust that is not readily apparent from map-view slices
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Figure 8. Horizontal slices of the V,,/ V; model beneath the summit of Kilauea from —1.5 to 4 km depth relative to mean sea level (MSL). V,,/ V, is shown as a percentage
perturbation relative to the reference ratio of 1.74 (the initial-model value, indicated at the top of each panel), on a single common color scale across all depths rather than
the per-panel scales used in Figures 6 and 7. White contours mark the 0.3 resolution threshold, and geographic features are labeled in panel (a). Pink and blue ellipses
mark the geodetically modeled Halema'uma'u and south-caldera magma reservoirs of T. Wang et al. (2021), respectively, and the black dashed ellipse marks the
Halema'uma'u reservoir inferred by Anderson et al. (2019). Each outline is the horizontal cross-section of the modeled source at the depth of that slice, so its size varies
between panels, and outlines are drawn only on the slices their source intersects. Depths are relative to MSL. Here V), is compressional-wave velocity, V; is shear-wave
velocity, and V,,/ V; is the ratio of the two.

alone. The cross-sections are shown as percentage perturbations relative to the 1-D initial model. The corre-
sponding absolute-velocity versions are provided (Figures S16 and S17 in Supporting Information S1).

The north—south profiles (1-1’ to 4-4’; Figure 9) reveal pronounced lateral heterogeneity across the summit re-
gion. Within the shallowest interval in which both models are resolved, from approximately —1 to —0.5 km depth,
both V,, and V exhibit predominantly high-velocity anomalies beneath much of the caldera. This shallow high-
velocity layer is laterally extensive and contrasts with lower velocities observed above and below this depth range.
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Figure 9. North-south vertical cross-sections of the V), (top row), V, (middle row), and V,,/'V (bottom row) models, shown as percentage perturbations relative to the
one-dimensional (1-D) initial model. Each column is one profile, labeled above the panels, and the three color scales at the right apply to the V,,, V, and V,,/V, rows,
respectively. Profiles correspond to the pink lines shown in Figure 3c. White contours mark the 0.3 resolution threshold, and a magenta line indicates surface topography.
Depths are relative to mean sea level. Triangles at the top of every panel mark where each profile intersects the caldera rim and other major geologic features, with the labels
given only on the V,, row. Red triangles along profile 3-3" denote the boundaries of Halema'uma'u. Abbreviations: E, Upper East Rift Zone; K, Koa'e fault system; and H,
Halema'uma'u. The corresponding absolute-velocity sections are shown in Figure S16 in Supporting Information S1. Here V), is compressional-wave velocity, V; is shear-
wave velocity, and V,,/V, is the ratio of the two.

Below about 1 km depth, velocity structure becomes more variable. Localized low-V), and low-V; zones emerge
beneath portions of the caldera and toward the southern summit adjacent to the Koa'e fault system, producing
clear north—south gradients within the upper 2-3 km. These gradients are most evident in the central profiles (2-2’
and 3-3’), where higher velocities north of the caldera transition to lower velocities toward the southern margin.
At depths greater than approximately 2-3 km, anomalies become more localized, their amplitudes diminish
within the resolved volume, and the structure appears comparatively smoother. The V,,/V sections show ratio
anomalies in discrete shallow and mid-crustal zones that weaken below about 4 km.
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Figure 10. West—east and oblique vertical cross-sections of the V,, (top row), V (middle row), and V,,/ V (bottom row) models along profiles A-A’, B-B’, C-C’, and d-d’,
shown as percentage perturbations relative to the one-dimensional (1-D) initial model, with one profile per column, labeled above the panels. Profiles A-A’, B-B’, C-C’,
and d-d’ are those shown in Figure 3c. Profiles A-A’ and B-B’ cross the geodetically modeled Halema'uma'u and south-caldera reservoirs, respectively, while the
northwest—southeast profile d-d” intersects both. Pink and blue ellipses denote the cross-sectional projections of the Halema'uma'u and south-caldera magma reservoirs
of T. Wang et al. (2021), labeled HMM (W21) and SC (W21) in the panels, and the black dashed ellipse denotes the Halema'uma'u reservoir inferred by Anderson
et al. (2019), labeled HMM (A 19). The corresponding absolute-velocity sections are shown in Figure S17 in Supporting Information S1. White contours mark the 0.3
resolution threshold, a magenta line indicates surface topography, and depths are relative to mean sea level. Here V), is compressional-wave velocity, V; is shear-wave
velocity, and V,/V; is the ratio of the two.
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The west—east and oblique profiles (A-A’, B-B’, C-C’, and d-d’; Figure 10) image the summit reservoir system in
cross-section. Profiles A-A’ and B-B’ intersect the geodetically modeled Halema'uma'u and south-caldera res-
ervoirs of T. Wang et al. (2021) and the Halema'uma'u reservoir of Anderson et al. (2019), and the oblique profile
d-d’ crosses both. Near sea level, between about —1 and —0.5 km depth, profiles A-A’, B-B’, and d-d’ show
predominantly high V,, and V beneath the caldera, consistent with the north-south sections, whereas profile C-C’,
which lies south of the modeled reservoirs, shows more variable shallow structure and weaker contrasts at greater
depth. Below this layer, profiles A-A’ and B-B’ image pronounced low-V,, and low-V anomalies at the modeled
reservoirs. Beneath Halema'uma'u on profile A-A’, the anomaly is centered near 1-2 km depth and falls within the
outline of Anderson et al. (2019). On profile B-B’, the anomaly lies at about 1-2 km depth, immediately updip and
northwest of the south-caldera body, whose outline spans roughly 2-3 km depth and overlaps the anomaly along
its shallow margin. The oblique profile d-d’ captures both features along a single section. Elevated V,,/V; ac-
companies these low velocities in the upper 2-3 km near the reservoirs, though it is patchier and more laterally
variable than the velocity anomalies themselves. At depths greater than about 3 km, velocity contrasts weaken and
become more diffuse within the resolved volume.

Overall, the cross-sections highlight strong shallow heterogeneity beneath the summit. Both V,, and V show a
high-velocity layer near sea level, underlain by more localized low-velocity zones at depths of approximately
1-3 km. Lateral contrasts are particularly evident across the caldera and toward the Koa'e fault system, but the
pattern varies with depth and profile orientation. The northern and southern summit regions exhibit different
velocity characteristics at specific depth intervals, although these differences are not uniform throughout the crust.
This depth-dependent asymmetry provides an observational framework for interpreting magma storage and
possible transfer pathways discussed in the conceptual model of magma storage and transport developed later in
the Discussion.

6. Discussion

The final 3-D V,,, V,, and V,/V, models provide an unprecedented view of the shallow summit structure of
Kilauea, parameterized on a 500 m grid, with recovery demonstrated at the sub-kilometer to kilometer scale. By
integrating ultra-dense nodal seismic observations, active-source vibroseis data, and a carefully selected tomo-
graphic earthquake catalog, the inversion resolves pronounced lateral and vertical heterogeneity throughout the
upper ~4 km of the crust. The inclusion of both compressional- and shear-wave constraints allows the velocity
structure to be examined not only in terms of bulk elastic properties (V,,), but also in quantities that are partic-
ularly sensitive to temperature, melt fraction, volatile content, and mechanically weak zones (V, and V,/ V).
Together, these models provide a more physically informative representation of the summit magma system than
has been possible with previous data sets.

The resolved heterogeneity reflects the combined influences of magma storage and transport, volatile accumu-
lation, hydrothermal alteration, and mechanical segmentation imposed by caldera-bounding faults, intrusive
margins, and rift-related structures. These influences vary sharply over short distances, producing strong velocity
gradients that delineate mechanically weak, melt- or fluid-rich domains from stronger, more competent crust. In
this section, we first evaluate the robustness of the final velocity models using independent validation metrics,
then synthesize the key structural features revealed by the V,, V,, and V,,/V, models, compare them with prior
studies, and discuss their implications for summit evolution, magma transport, and eruption forecasting at
Kilauea.

6.1. Model Validations
6.1.1. Travel-Time Residual Reductions

The effectiveness of the final 3-D velocity models is demonstrated by systematic reductions in travel-time re-
siduals relative to the 1-D initial model (Figure S18 in Supporting Information S1). For both the active-source and
earthquake data sets, the inversion substantially tightens the residual distributions while maintaining mean re-
siduals close to zero. This behavior indicates a significant improvement in predictive accuracy without intro-
ducing systematic timing bias and provides a quantitative measure of how well the 3-D models capture the
dominant velocity heterogeneity beneath the summit.
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For the active-source data set, residuals from shot-generated P arrivals improve from a mean of 0.135 s with a
median absolute deviation (MAD) of 0.205 s in the 1-D initial model to a mean of 0.013 s and a MAD of 0.142 s in
the final 3-D model, corresponding to a 31% reduction in MAD. Although this improvement is more modest than
that observed for earthquake arrivals, it likely reflects the strong influence of near-surface heterogeneity on short-
offset ray paths and the absence of corresponding S arrivals from the vibroseis sources, which limits joint con-
straints on shallow structure. Residual reductions for the earthquake data set are more pronounced. Residuals
from tomographic-event P arrivals improve from a mean of 0.009 s and MAD of 0.143 s to 0.003 s and 0.056 s,
respectively, representing a 61% reduction in MAD. Similarly, residuals from tomographic-event S arrivals
improve from a mean of —0.028 s and MAD of 0.233 s to a mean of 0.009 s and MAD of 0.095 s, corresponding to
a 59% reduction.

In the 1-D initial model, the near-zero mean residuals for the tomographic events indicate that the initial model
provides a reasonable first-order approximation to the average velocity structure beneath the summit. The sub-
stantial reductions in MAD achieved by the 3-D inversion therefore reflect a genuine decrease in residual scatter
associated with unmodeled lateral heterogeneity rather than compensation for large-scale bias. Following
inversion, mean residuals for all data sets remain close to zero, generally within approximately 0.015 s,
demonstrating that overall timing balance is preserved while the fit to individual arrivals is significantly
improved. The larger improvement for tomographic-earthquake P arrivals relative to shot P arrivals likely reflects
differences in ray-path sampling and source geometry. Shot arrivals primarily sample the shallowest parts of the
crust where short-wavelength and relatively high-amplitude heterogeneity is more prevalent and more difficult to
represent within the tomographic parameterization. In contrast, earthquake arrivals sample a broader depth range
and provide more uniform coverage of deeper structure. In addition, earthquake hypocenters and origin times are
solved for during the inversion, whereas shot locations and origin times are fixed, which naturally allows greater
residual reduction for earthquake arrivals. Although P arrivals dominate the data set in both quantity and quality,
the substantial improvement in S arrivals confirms the stability of the jointly inverted V,, and V,,/V; models and
supports the reliability of the inferred V structure within the well-resolved depth range. Collectively, these re-
ductions indicate that the final models capture the principal 3-D velocity heterogeneity beneath the summit and
yield markedly improved travel-time predictions for both passive and active sources.

6.1.2. Source Relocation Tests for the V, Model

An independent and physically intuitive validation of the final V,, model is provided by relocation tests using the
active vibroseis shots. In this analysis, shot locations are treated as unknown earthquake sources and relocated
using both the 1-D initial model and the final 3-D V,, model. Because the vibroseis source locations are known
with high precision, the resulting relocation errors directly quantify how well each velocity model reproduces the
observed ray geometry and travel times in a complex volcanic environment.

Relocations using the 1-D initial model exhibit substantial errors, particularly in depth. Horizontal misfits are
broadly distributed, with Ax ranging from —1,380 to 2,976 m and Ay ranging from —1,909 to 4,029 m
(Figure 11a). Corresponding error statistics are shown in Figures S19a and S19b in Supporting Information S1,
with mean values of —65 m (Ax) and 81 m (Ay), and MAD values of 220 and 485 m, respectively. Although the
mean horizontal offsets are small, indicating no strong systematic bias, the broad scatter, particularly in Ay,
highlights substantial unmodeled lateral heterogeneity in the north—south direction beneath the summit. Depth
errors dominate the misfit, with Az ranging from —4 to 2,383 m (Figure 11b), and a mean of 1,866 m (MAD
237 m; Figure S19c¢ in Supporting Information S1). In one case, a source is relocated above the ground surface
(not shown), underscoring the inadequacy of a 1-D approximation even under dense ray coverage.

In contrast, relocations using the final 3-D V), model show dramatically improved accuracy in all components.
Horizontal offsets are tightly clustered, with Ax ranging from —215 to 2,535 m (Figure 11c), and the majority of
sources located within 100 m of their true positions (mean 24 m, MAD 69 m; Figure 11e and Figure S19d in
Supporting Information S1). Similarly, Ay spans —642 to 1,654 m, with most offsets within 100 m (mean —4 m,
MAD 59 m; Figure 11e and Figure S19e in Supporting Information S1). Vertical misfits are also substantially
reduced, with Az values between 3 and 2,049 m and the majority confined within 400 m (mean 200 m, MAD
92 m; Figure 11f and Figure S19f in Supporting Information S1). All Az values are positive because relocated
sources are necessarily positioned beneath the ground surface, consistent with the true vibroseis source geometry.
The two sources with the largest errors (Ax > 1.5 km; red circles in Figure 11c¢) both lie at the far western margin
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Figure 11. Independent ground-truth validation of the final V;, model using relocation of the vibroseis sources, whose true locations are known. (a) Ax versus Ay using
the one-dimensional (1-D) initial model. (b) Ax versus Az using the 1-D initial model. (c) Ax versus Ay using the three-dimensional (3-D) V), model. (d) Ax versus Az
using the 3-D V,, model. (e, f) Enlarged views of the regions highlighted in (c) and (d). Scales are matched between panels to allow direct comparison. Positive Ax indicates
westward shifts, positive Ay indicates northward shifts, and Az is positive for all sources relocated in the 3-D model, which lie beneath the ground surface. Red circles in
panel (c) mark the two sources with the largest relocation errors (Ax > 1.5 km), both located at the far western edge of the array where ray-path coverage is one-sided.
They lie outside the plotted Ax range of panels (b), (d), (¢), and (). Here V), is compressional-wave velocity.

of the array, where ray-path coverage is strongly one-sided. Excluding these two edge sources, the largest
remaining Ax is under 300 m, confirming that the elevated maximum offsets are confined to the array periphery.

Map-view patterns of relocation error (Figure S20 in Supporting Information S1) show that the largest offsets
occur near the edges of the array, where ray-path coverage is sparser and crossing geometries are less favorable.
All sources lie within the region enclosed by the resolution contour (pink line in Figure S20d in Supporting
Information S1), and the largest misfits occur along the margins of that region, where ray coverage is weakest,
rather than in the well-resolved core beneath the summit. Within the central summit region, where station density
and ray-path overlap are highest, relocations are markedly more accurate. This spatial dependence closely mirrors
the checkerboard resolution results and reinforces the conclusion that the resolved velocity structure is most
reliable beneath the core of the experiment.

Because S-wave arrivals are not available for the vibroseis sources, this validation is necessarily limited to the V),
model. Inclusion of S-wave constraints would likely further improve depth control, particularly in the shallow
crust. Nevertheless, given the strong near-surface heterogeneity at Kilauea, the remaining mislocations likely
represent an upper bound on achievable accuracy under the present geometry. Overall, the relocation tests provide
independent confirmation that the 3-D V,, model substantially improves source-location accuracy relative to the
1-D initial model by explicitly accounting for lateral velocity heterogeneity beneath the summit. This
improvement underscores the value of the final velocity models for high-precision earthquake locations, real-time
seismic monitoring, and hazard assessment at Kilauea. Formal uncertainties for natural earthquakes are only
statistical estimates conditioned on an assumed velocity model, since the true hypocenters are unknown. The
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vibroseis shots have known locations and thus give an absolute measure of location accuracy, so we base this test
on them.

6.2. Relation to Prior Tomographic and Complementary Geophysical Studies

Seismic tomography has played a central role in shaping the current understanding of magma storage and
transport beneath Kilauea and the Island of Hawai'i. Early regional-scale studies consistently imaged broad low-
velocity anomalies beneath the summit and rift zones, establishing the existence of shallow magma storage and
deeper rift-related pathways linking the summit to the East Rift Zone (e.g., Dawson et al., 1999; Okubo
etal., 1997; Rowan & Clayton, 1993; Thurber, 1984, 1987). These foundational investigations demonstrated that
the summit and rift systems are underlain by anomalously low velocities relative to surrounding crust, but their
resolving power was limited by sparse station coverage and strongly uneven ray-path geometries.

Subsequent work using expanded earthquake catalogs and improved inversion strategies refined this picture by
confirming laterally extensive low-V), regions beneath the summit and rifts and by better delineating the depth
extent of these anomalies (J. Got et al., 2006; J. L. Got et al., 2008; Haslinger et al., 2001; Monteiller et al., 2005;
Park et al., 2007, 2009). Regional-scale body-wave tomography has resolved large-scale velocity structure
beneath Kilauea and the Island of Hawai'i, including variations in the lower crust and upper mantle that provide
important boundary conditions for summit-scale interpretations (Syracuse et al., 2010; Wolfe et al., 2009).
Nevertheless, resolution remained insufficient to robustly image narrow features, sharp velocity gradients, or
vertically continuous structures within the shallowest few kilometers, where magma storage, withdrawal, and
deformation are concentrated.

A significant advance was achieved with 3-D body-wave tomography that explicitly accounted for strong lateral
heterogeneity through improved event relocation and inversion strategies (Lin, Shearer, et al., 2014). That study
resolved sharper velocity contrasts beneath the summit and demonstrated that shallow low-velocity structure is
more spatially complex than previously recognized. Related summit-focused tomographic analyses further
emphasized the importance of fine-scale heterogeneity and the limitations imposed by permanent network ge-
ometry (e.g., Lin, Amelung, et al., 2014). Despite these improvements, the effective resolution of these models
was still fundamentally constrained by station spacing and ray-path coverage.

The present study builds on this prior tomographic work by combining ultra-dense nodal coverage with both
passive earthquake and active-source data, inverted on a 500 m grid. This hybrid tomographic approach enables
imaging of sharp velocity gradients, resolution of vertically coherent low-V,, and low-V; structures, and delin-
eation of flanking higher-velocity regions that bound the summit interior at the sub-kilometer to kilometer scale.
Compared to earlier tomographic models, the results more clearly distinguish laterally extensive background
anomalies from localized, vertically organized features in the shallow crust.

Beyond seismology, independent geophysical studies provide complementary constraints on the summit struc-
ture. Ground magnetic, self-potential, and aeromagnetic surveys have mapped demagnetized and hydrothermally
altered zones beneath the caldera (Davis, 2015; Gailler et al., 2024; Hildenbrand et al., 1993), and magnetotelluric
imaging has identified shallow conductive regions interpreted to reflect fluids, alteration, and possible melt
(Hoversten et al., 2022). The low V,,, low V,, and locally elevated V,/V, anomalies imaged here are broadly
co-located with these conductive and demagnetized zones, providing multi-method support for the presence of
hot, fluid-rich, and possibly partially molten material beneath the summit.

In the following subsection, we synthesize these seismic and complementary geophysical observations to
interpret the geometry and physical state of magma storage and transport beneath the summit. A formal joint
inversion of these data sets is beyond the present scope.

6.3. Conceptual Architecture and Implications for Magma Transport

The fine spatial resolution of the seismic velocity models, enabled by the 500 m inversion grid, permits direct
comparison with independent geodetic, geologic, and petrologic constraints on recent summit activity at Kilauea.
Of these complementary observations, surface deformation is particularly informative because it helps identify
subsurface volumes undergoing pressure change during volcanic activity. The largest recent perturbation to the

summit system occurred during the 2018 eruption, when withdrawal of about 1.5 km? dense rock equivalent of
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magma was accompanied by large-scale collapse of the summit of Kilauea (Neal et al., 2019). The 2018 eruption
ended abruptly on 4 August 2018 and was followed for nearly 300 days by simultaneous inflation beneath
Halema'uma'u and deflation south of the caldera (T. Wang et al., 2021). Joint inversion of lava lake withdrawal,
GPS, tilt, and InSAR data during the 2018 collapse sequence identified a shallow Halema'uma'u reservoir
centered just east of Halema'uma'u crater at about 2 km beneath the surface, approximately 1 km below sea level
(Anderson et al., 2019). Anderson et al. (2019) also noted residual subsidence south of the caldera that likely
reflects early drainage from a deeper south-caldera storage region. In the post-2018 period, T. Wang et al. (2021)
resolved two principal source regions: an inflating Halema'uma'u source whose location closely overlaps the 2018
reservoir of Anderson et al. (2019), and a south-caldera source represented by a thin ellipsoidal body (T. Wang
et al., 2021). That source geometry was required to reproduce both the southeast-trending subsidence south of the
caldera and the strong southeastward displacements within and surrounding that area of deformation (T. Wang
etal., 2021). As shown in the map-view slices (Figures 6—8) and the reservoir-crossing cross-sections (Figure 10),
these geodetically inferred source regions correspond closely to tomographic anomalies characterized by low V,,

low Vi, and locally elevated V,/V, beneath Halema'uma'u and the south caldera.

The correspondence between these geodetically inferred source regions and the tomographic velocity anomalies
is consistent with the interpretation that the imaged structures are closely associated with the summit magma
system. Tilt and GPS observations indicate that the anomalous volume beneath Halema'uma'u, defined by low V,,
low V,, and locally elevated V,/ V;, has repeatedly marked the locus of inflation and deflation during post-2018
eruptive episodes. During the 2018 eruption, deformation was dominated by withdrawal from the shallow
Halema'uma'u reservoir modeled by Anderson et al. (2019), consistent with the large-scale summit collapse
described by Neal et al. (2019). Following the eruption, the Halema'uma'u source resumed inflation even as the
south-caldera source continued to deflate (T. Wang et al., 2021). The spatial correspondence between these
distinct but temporally related deformation sources and the tomographic velocity structure in Figures 6-8 and 10
is direct beneath Halema'uma'u, where the imaged anomaly falls within the geodetic source outline, while beneath
the south caldera the modeled outline overlaps the imaged low velocities along its shallow margin and extends
downdip of them. Taken together, this correspondence supports the interpretation that the low-V,, and low-V;
anomalies, together with locally elevated V,,/V,, define key parts of the Kilauea summit magma system.

Taken together, the seismic and geodetic observations support a summit plumbing configuration in which the
Halema'uma'u and south-caldera reservoirs occupy distinct but closely related parts of a broader shallow
magmatic system. The depth-dependent continuity of low-V, and low-V,, structure between the Halema'uma'u and
south-caldera regions along profile d-d’ (Figure 10), together with locally elevated V,/V, within these low-
velocity regions, is consistent with structural linkage and possible magma-transfer pathways beneath the summit.

The resolution tests establish that the models recover sub-kilometer to kilometer-scale structure in the best-
resolved parts of the summit region. Overall, these multidisciplinary comparisons indicate that V and V,/V;
provide important constraints on the thermal, magmatic, and volatile state of the shallow plumbing system. The
close correspondence between seismic and geodetic observations supports the interpretation of a shallow summit
core in which low-velocity regions with locally elevated V,,/V,; may mark magma storage zones embedded within
a broader structural framework that helps govern magma storage and transfer beneath Kilauea.

Several limitations bear on these interpretations. First, the inversion assumes isotropic velocities, whereas seismic
anisotropy can be significant in volcanic crust and, if neglected, may bias the recovered velocities and V,,/ V. The
models should therefore be understood as effective isotropic velocities (e.g., Araragi et al., 2015; Lo Bue
etal., 2024). In addition, low velocities and elevated V,,/ V, are non-unique indicators: similar anomalies can arise
from combinations of elevated temperature, partial melt, fluid saturation, hydrothermal alteration, fracturing, and
volatile content, and the present data cannot uniquely separate these contributions. We therefore interpret the
anomalies as consistent with magma storage rather than as unique evidence of melt, and the geodetic corre-
spondence is presented as supporting evidence rather than direct validation of the reservoir geometry. Finally, the
link between low velocities, elevated V,,/V, and melt remains qualitative here. Converting velocities and V,,/ V
into quantitative melt fractions would require thermodynamic and petrophysical modeling (e.g., MAGEMin; Riel
et al., 2022), which we identify as a valuable direction for future work.
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6.4. Methodological Advances

Several methodological elements contributed directly to the resolution achieved in this study. Dense station
spacing of approximately 100-200 m across the summit region enabled detailed sampling of shallow velocity
heterogeneity and reduced spatial aliasing of short-wavelength structure. Automated phase picking using the
STA/LTA, RESTX, and PhaseNet algorithms produced millions of consistent P and S arrivals, reducing sub-
jective bias and improving timing consistency across the large data set. As detailed above, P arrivals were drawn
primarily from RESTX and STA/LTA and S arrivals primarily from PhaseNet, with agreement among the
methods used as a quality check and phase association performed within the RESTX framework. The integration
of passive earthquake observations with active-source vibroseis data provided complementary ray-path geom-
etries, combining dense short-offset coverage in the shallow crust with longer-offset paths that constrain deeper
structure. A systematic tomographic-event selection strategy further ensured spatially distributed and well-
constrained sources, stabilizing the inversion and limiting the influence of poorly constrained hypocenters.
Together, these components improved path coverage, strengthened conditioning of the inverse problem, and
enabled recovery of localized velocity anomalies and sharp lateral gradients that are difficult to resolve with
permanent networks alone. The experiment demonstrates the value of large-scale nodal deployments for high-
resolution imaging of active volcanic systems.

7. Conclusions

The dense nodal seismic experiment and hybrid passive-active data set presented here provide high-resolution
images of the summit region of Kilauea. By resolving V,,, V,, and V,,/ V| structure at the sub-kilometer to kilo-
meter scale, the resulting models illuminate the internal architecture of the summit plumbing system with sub-
stantially improved spatial detail. The velocity models image two primary shallow reservoir regions beneath
Halema'uma'u and the south caldera, expressed as localized zones of reduced V,, and V and, in places, elevated
V,/ V, ratios. These anomalies are embedded within and defined by a heterogeneous structural framework
characterized by laterally varying high-velocity domains that likely represent mechanically stronger intrusive
complexes or coherent host rock.

Comparison with independent geodetic observations shows close spatial correspondence between seismic ve-
locity anomalies and the modeled deformation sources, particularly beneath Halema'uma'u, supporting the
interpretation that the imaged structures are consistent with magma storage regions. The enhanced expression of
reservoir-scale anomalies in V and, to a lesser extent, V,,/ V,, underscores the sensitivity of shear-wave velocities
and velocity ratios to temperature, melt fraction, and volatile content in the shallow basaltic crust. Resolving these
features at the sub-kilometer to kilometer scale represents an advance in linking elastic properties to magmatic
processes beneath an active basaltic volcano.

More broadly, this study demonstrates the feasibility and scientific value of combining ultra-dense nodal de-
ployments with hybrid passive-active tomography for imaging shallow volcanic systems. The framework applied
here, combining dense temporary deployments, automated phase detection, tomographic-event selection, and
controlled-source integration, is transferable to other restless calderas where linking surface unrest to subsurface
magma storage remains difficult. Resolving both the geometry and the elastic properties of reservoirs and their
host rock can sharpen constraints on storage architecture, structural segmentation, and potential intrusion path-
ways. The resulting velocity models provide a physically grounded baseline against which future changes in
seismic velocity, seismicity patterns, and deformation can be evaluated. As Kilauea continues to evolve following
the 2018 eruption, such high-resolution structural models provide an improved framework for interpreting magma
storage and possible transfer between summit reservoirs, and for assessing how future intrusions or eruptions may
initiate within the summit region. In this way, the 2023 Kilauea experiment serves both as a detailed case study of
an active volcanic system and as a template for next-generation seismic imaging of magmatic environments
worldwide.
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