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The magmatic web beneath Hawai‘i
John D. Wilding*†, Weiqiang Zhu†, Zachary E. Ross, Jennifer M. Jackson

The deep magmatic architecture of the Hawaiian volcanic system is central to understanding the transport
of magma from the upper mantle to the individual volcanoes. We leverage advances in earthquake monitoring
with deep learning algorithms to image the structures underlying a major mantle earthquake swarm of
nearly 200,000 events that rapidly accelerated after the 2018 Kīlauea caldera collapse. At depths of 36 to
43 kilometers, we resolve a 15-kilometers-long collection of near-horizontal sheeted structures that we identify
as a sill complex. These sills connect to the lower depths of Kīlauea’s plumbing by a 25-kilometers-long belt
of seismicity. Additionally, a column of seismicity links the sill complex to a shallow décollement near Mauna
Loa. These findings implicate the mantle sill complex as a nexus for magma transport beneath Hawai‘i and
furthermore indicate widespread magmatic connectivity in the volcanic system.

T
he structures responsible for transport-
ing magma from the upper mantle to
crustal storage chambers have great in-
fluence on the dynamical behavior of a
volcanic system. These transport struc-

tures also encode details about the processes
that created them and therefore document the
system’s history and evolution. The Hawaiian
volcanic system has served as a global case
study in howmany volcanoes grow, erupt, and
collapse (1, 2) because of the frequent eruptive
activity, the abundance of seismicity, thewealth
of instrumentation, and the presence of many
volcanoes spanning various stages of life.
These factors have led to Hawai‘i’s Kīlauea
Volcano being among the best understood
volcanoes in the world, with detailed knowl-
edge of the locations and extent of the magma
chambers that supply it (3, 4); detailed knowl-
edge of the geometry of its rift zones (5); and
a physical understanding of the eruptive pat-
terns, accompanying seismicity, and geodetic
deformation signals (6–8). Despite thesemajor
successes, the structures and processes by
which magma is transported to these shallow
crustal depths remain rather elusive.
Kīlauea’s magma supply system is generally

believed to follow a near-vertical pathway at
shallow depths (9). Although there is geochem-
ical evidence for subcrustal magma storage
(10), the magmatic architecture beyond this
depth is far less clear, particularly because the
current position of the Hawaiian hot spot is
believed to be offset from Kīlauea by tens of
kilometers (10). A leading idea to explain late-
ral deepmagma transport from the hot spot to
Kīlauea is through a set of structures making
up a mantle fault zone (11). These structures
were first proposed after observations of a
persistent, near-horizontal belt of mantle seis-
micity at ~30- to 35-kmdepth to the southwest
of Kīlauea. This idea was built upon further

by other studies (9, 10, 12, 13) that have argued
for the existence of these structures in the
upper mantle.
In 2018, Kīlauea experienced its largest

caldera collapse and major summit eruption
in more than two centuries (2, 14). In August
of 2019, ~1 year after the conclusion of this
collapse sequence, a marked increase in earth-
quake swarms at 30- to 40-km depth occurred
~30 km southwest of Kīlauea, near the town of
Pāhala (Fig. 1) (15). The depth to theMoho has
been estimated at 13 and 18 km underneath
Kīlauea and Mauna Loa, respectively, which
indicates that the swarms occurred well into
the upper mantle (16). The swarms were scat-
tered across a region ~15 km in diameter and
close to the area thought to be the current
position of the Hawaiian hot spot (9).
To better understand the origin of these

Pāhala swarms and how they might relate to
the deeper magmatic architecture, we used an
earthquake monitoring workflow with deep
learning algorithms to reprocess the contin-
uous seismic waveforms across the island and
build an extremely detailed seismicity catalog.
Imaging the magma plumbing systems from
mantle to crust remains challenging for most
geophysical methods, such as seismic tomog-
raphy, geodetic inversion, and gravity and
electromagnetic surveys, because these meth-
ods typically are unable to resolve the distri-
bution and transportation pathways ofmagma
(17). High-resolution earthquake catalogs built
with deep learning provide an unprecedented
opportunity to study the detailed spatial and
temporal evolution of volcanic earthquake
swarms and to characterize the driving mech-
anisms of magma plumbing systems. The
improved picture of magma migration from
mantle to crust could thus provide important
information for estimating magma intrusion
and forecasting volcanic eruption.

Pāhala sill complex

The Pāhala mantle swarm region experienced
a notable ~192,000 events over the 3.5-year
period. These events span the depth range of

36 to 51 km and can be organized into two
main bodies of seismicity that are vertically
offset from each other by ~2 km. The upper
body (36- to 43-km depth) is primarily com-
posed of volcano-tectonic (VT) earthquakes,
whereas the lower body (45- to 51-km depth)
is formed of almost exclusively long-period
(LP) volcanic earthquakes. The lower body is
within the tremor source region identified by
Wech and Thelen (12), who interpreted it as a
magma-rich volume. The bulk of the seismic-
ity is in the upper body and consists of discrete
layered, near-horizontal sheets with typical
separation of ~500 m (Fig. 2). Individually,
these sheeted structures are as large as 6 km
by 5 km with a thickness of up to 300 m. The
collection of sheets forms a major regional
seismicity feature that extends 17 km laterally
across the region and dips ~25° to the west.
Although the sheets are predominantly made
up of VT earthquakes, they are interspersed
with LP volcanic earthquakes. From the total-
ity of these observations, we conclude that the
sheeted seismicity structures form a massive
complex of mantle sills. Hereafter, we refer to
this set of structures as the Pāhala sill complex
(PSC), and we subsequently show that it likely
serves as a nexus for magmatic activity in the
volcanic system.
The seismicitywithin the PSC exhibits prom-

inent spatiotemporal patterns at multiple
scales. The entire volume of seismicity under-
goes system-wide surges in the rate of earth-
quakes along with large-scale migration of
seismicity. The largest sills within the PSC,
however, individually demonstrate strong
variations in event rates and complex patterns
of migrating seismicity and quiescence. The
disjoint nature of the sills makes them easily
extracted with a clustering algorithm.We show
the spatial and temporal evolution of the
events within four different sills in Fig. 3, with
the colors corresponding to the sills in Fig. 2.
Spatially migrating swarms initiate within the
sills at a single point and expand up, down, or
bilaterally along the feature. After their most
active phase, many swarms display a back-
front of seismic quiescence. Assuming a homo-
geneous diffusion process from a point source,
we can estimate the diffusivity of migrating
seismicity (dashed lines in Fig. 3). The esti-
mated point sources, or injection points, are
plotted as stars in Fig. 2. We observe a com-
mon diffusivity value of ~0.05 m2/s in Fig. 3, A
to C, whereas some clusters can migrate at a
much faster speed with a diffusivity of 0.54m2/s
(Fig. 3D). In many of the sills, multiple migrat-
ing swarms initiate at different times; these
later swarms often take placemore than a year
after the initial swarm began. These repeat
episodes in many cases expand the size of the
sills beyond the previous dimensions.
Several observations suggest that seismicity

within the PSC itself is related to themigration
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of magma. Spatiotemporal diffusion of seis-
micity with accompanying backfronts has pre-
viously been linked to transient fluid injection
(18). Although static stress transfer (15) could
be responsible for generating some of the
earthquakes outside of the sills, the multiple
discrete fronts of seismicity suggest that seis-
mogenic processes within the structures are
more localized.We propose that the observed
swarms are generated by the injection of
magma into the sills.
The diffuse body of LP earthquake swarms

situated beneath the sills at 45- to 51-km depth
is the most likely source region for these in-
jected fluids. This LP volume broadly overlaps
with a previously identified source region of

impulsive tremor signals and LP seismicity
(9, 12, 19). Source mechanisms for LP earth-
quakes in this volume have been posited as
either magma flux through cracks (19) or a
volumetrically dispersed stress response to
magma influx (12). Degassing of volatile-
saturated magmas during decompression has
also been proposed as a source mechanism for
deep LP earthquakes (20). Any of these source
mechanism models allows us to interpret the
swarm-like behavior between January 2019
and December 2020 as magmatic unrest pre-
ceding apparent fluid injection into the sill
complex above. Although LP seismicity is
broadly distributed within the sills, its rate of
occurrence is highly nonstationary—surges of

LP earthquakes within the sills are only ob-
served after January 2021 (Fig. 4E). This tem-
poral shift in source properties suggests a
change in the physical properties of the source
region, consistent with growing fluid enrich-
ment in the sills over the time span of our
catalog.
The distinctive, sustained intensity of seis-

mic activity within the PSC suggests that
material conditions in the source volume are
particularly favorable to seismogenesis. Sills in
the complex are likely to be composed ofmafic
magmas with olivine precipitates hosted in a
lherzolite matrix (21). The plagioclase-spinel
transition in this assemblage has previously
been invoked to explain localized seismicity
along the mantle fault zone (9). Phase equilib-
ria studies place the maximum depth of this
boundary at 30 to 35 km, proximal to the top
of the sill complex at 36-km depth (21–23).
Over their full depth extent (36 to 43 km),
the sills may traverse this boundary, with their
uppermost components located in the plagio-
clase stability region, or they may otherwise
be emplaced within a broad plagioclase-spinel
coexistence region (21). The location of the
sills in this mineralogically complex region
suggests that the pronounced seismic activity
could be attributed to processes occurring
within polyphase magma conduits. Polymin-
eralic assemblages can exhibit transient weak-
ening arising from coupled deformation and
metamorphic reactions; this transformation
weakening has been observed to promote dif-
fusion creep–based deformation (24) and could
facilitate crack growth or fault activation. Al-
though the time scale of this weakening would
be limited by the duration of the reaction and
the counteracting effect of grain growth, sus-
tained deformation in the PSC may be pro-
moted by recurrent upward injections ofmagma
into the sills. These injections would continu-
ously modulate grain sizes in the PSC, pro-
longing conditions for seismic deformation in
the host rock. This process could exploit lateral
variations in strength (25) to produce the lat-
erally compact seismogenic features that we
observe.
The speed and intensity with which seis-

micity migrates throughout the complex sug-
gests the existence of high-permeability paths
that can support rapid magma transport. Lab-
oratory experiments on partially molten rocks
have demonstrated that melt can segregate
into narrow, melt-enriched channels under de-
formation (26). The substantial melt content
of these channels could provide the requisite
permeability for the rapid magma transport
that we observe; because of their weakness
relative to the surrounding mantle, the chan-
nels may also serve to localize deformation
(27). Our observations suggest that transport
channels in the sill complex have attained an
advanced stage of development under the
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Fig. 1. Overview of seismicity of Hawai‘i. (A) Map view of the Island of Hawai‘i. Regular earthquakes are
colored black, and LP earthquakes are colored red. Cross sections of labeled boxes are plotted in Fig. 5.
(B) Three-dimensional view of seismicity colored by depth. Volcanoes are indicated with red triangles.
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effects of long-term shear, possibly from island
loading or the motion of the Pacific plate over
the hot spot.

The web of seismicity beneath Hawai‘i

At a regional scale, our high-resolution catalog of
earthquakes elucidates an interconnected sys-
tem of seismicity beneath the island of Hawai‘i.
Notably, we identify structures emerging from
the PSC that connect to the edifices of both
Kīlauea and Mauna Loa, which indicates a
link between the PSC and both volcanoes.
The sills in the PSC are coplanar with a

subhorizontal band of seismicity that extends
laterally from the PSC to beneath Kīlauea.
These observations are consistent with the
hypothesis of a mantle fault zone existing in
this region, which has been suggested to serve
as a pathway for lateral transport of magma
between Kīlauea and the plume (9, 11). Most
of the seismicity in this band is characterized
by VT earthquakes, but a small cluster of LP
earthquakes is present on the seismicity band
directly beneath Kīlauea, at 30-km depth.
Above these LP earthquakes, there is a near-

vertical trend of seismicity that extends up-
ward to ~20-km depth. This trend terminates
just below a large cluster of LP seismicity at
10- to 15-km depth (Fig. 5A). To the northeast
of Kīlauea, another branch of the structure
abruptly deflects upward and rises nearly
vertically to meet the surface. We refer to this
overall band of seismicity as the Pāhala-Kīlauea
seismicity band (Fig. 5A).
A second distinct seismicity structure con-

nects the PSC to theMauna Loa edifice, which
we refer to as the Pāhala–Mauna Loa seismic-
ity band. This 25-km-long columnof seismicity
rises from the northern edge of the PSC to the
décollement beneath the Ka‘ōiki seismic zone
at a depth of 10 km, 20 km south of theMauna
Loa summit (Fig. 5B). The location of the
Pāhala–Mauna Loa seismicity band is consis-
tent with a previously proposed magma trans-
port path between the PSC region and the
Mauna Loa edifice (9). Although this path
was inferred from the geometry of seismic-
ity at 30-km depth, our catalog captures the
first identified continuous structure that con-
nects the two regions.

We also observe a collection of deep LP
earthquakes almost directly beneath Kama‘e-
huakanaloa Volcano (formerly Lō‘ihi) at 50-km
depth (Fig. 1). Although deep seismicity has
been observed beneath Kama‘ehuakanaloa,
it has previously been interpreted as belong-
ing to a diffuse zone of seismicity between
20- and 60-km depth (28). Our catalog allows
us to identify these events as LPs that are
distinctly concentrated deep beneath the sum-
mit of Kama‘ehuakanaloa. On the basis of
their colocation with the Kama‘ehuakanaloa
summit, we suggest that these deep LPs rep-
resent a deep part of the volcano’s magma
system, as has been similarly inferred from
LPs detected beneath Kīlauea and Mauna Loa
(9, 29). Our catalog also reproduces a con-
centrated volume of deep LP seismicity beneath
Mauna Kea that has previously been attrib-
uted to second boiling of a stalled magma
body (fig. S4) (30).

Systemic interconnectivity

The spatiotemporal patterns of seismicity with-
in the aforementioned structures are closely
linked. The rates of earthquake activity and
their source properties are seen to undergo
rapid changes in response to distal eruptive
activity or changes elsewhere in the system
(Fig. 4).
Several episodic LP earthquake swarms

took place in the seismicity body beneath the
PSC between January and August 2019 (Fig.
4F). In July 2019, a week-long swarm of LP
earthquakes occurred on the Pāhala-Kīlauea
seismicity band, directly beneath Pāhala at
30-km depth (Fig. 4B). This episode coin-
cided with an order-of-magnitude increase
of VT seismicity rates within the PSC, 25 km
away (Fig. 4D). During this phase of activity,
multiple discrete swarms of VT seismicity mi-
grated upward and to the east along the sills;
this activity represents the first activation
of these structures in our catalog. Simul-
taneously, the rate of earthquakes inKīlauea’s
east rift zone steadily began to increase, from
a mean of 15 events per week to values as high
as 436 events per week during December 2020
(Fig. 4A).
After this activity, Kīlauea experienced two

eruptions in lateDecember 2020 andSeptember
2021 (31, 32). Several features throughout the
volcanic system responded immediately to
these eruptions. At the onset of both erup-
tions, the rate of activity at Kīlauea’s summit
shut downand remained quiescent formonths.
After the 2020 eruption, the PSC immediately
experienced a substantial increase in the rate
of VT and LP earthquakes, which formed mi-
grating swarms suggestive of fluid injection
into the sills. After the 2021 eruption, the PSC
experienced another episode of migratory
swarms along with acceleration in the rate of
LP earthquakes. These LP earthquakes occur
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along the same sill structures generated dur-
ing the previous stages of VT seismicity.
Both the Kīlauea and Mauna Loa seismicity

bands experienced earthquake rate increases
after the 2020 and 2021 Kīlauea eruptions. The
rate increases after the 2020 eruption were
gradual and occurred over months. After the
2021 eruption, the rate increases in both struc-
tures instead occurred over weeks (Fig. 4).

Discussion

Although our findings have important impli-
cations for large-scale magma transport in the
system, particularly with regards to the fore-
casting of eruptive activity, magma transport
in the Hawaiian mantle is likely not the sole
process behind seismogenesis at these depths.
Flexural or loading stresses are a viable mech-
anism for generating VT mantle seismicity
(3, 13). In contrast to the broadly distributed
seismicity expected from these stresses (3, 13),
the Pāhala-Kīlauea and Pāhala–Mauna Loa
seismicity bands revealed by our catalog are
spatially concentrated features along previ-
ously theorized magma transport routes. In
particular, the columnar structures beneath
both volcanoes are suggestive of an additional,
localized source of stress at depth.
Furthermore, previously observed or theo-

rizedmagmatic structures are connected along
the seismicity bands. Both bands originate
from the magmatic PSC. The Pāhala-Kīlauea
band rises to meet a concentrated volume of
LP seismicity beneath Kīlauea’s summit at
10- to 15-km depth (Fig. 5A), a persistent fea-
ture that has been interpreted as part of its
magma system (33). LP earthquakes at 30-km
depth additionally suggest the presence of
magma or magmatic fluids deeper within
the vertical column beneath the volcano. The
Pāhala–Mauna Loa band terminates at the
décollement within the Ka‘ōiki seismic zone;
a concentration of LP earthquakes is present
within this intersecting region at 10-km depth
(Fig. 5B). Although seismicity above this inter-
section is diffuse, the location of these LPs is
connected to the summit by a positive P-wave
velocity anomaly that has been interpreted as
ultramafic cumulates associated with crustal
magma storage (9, 34).
From these observations, we interpret the

seismicity bands as magmatic structures con-
necting Kīlauea and Mauna Loa to a common
source in the mantle (Fig. 6). Earthquakes oc-
curring throughout the bands could be stimu-
lated by the localized addition of magmatic
stressing to background flexural and tec-
tonic stress (11). The rapid response of the
PSC to the July 2019 LP earthquake swarm
and Kīlauea’s 2020 and 2021 eruptions would
suggest that system-wide pressure gradients
can propagate quickly through the system, as
observed in other regions, such as beneath
Kamchatka volcanoes (35, 36).

Wilding et al., Science 379, 462–468 (2023) 3 February 2023 4 of 7

A B

C D
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After PSC intrusions, increasing earthquake
rates within the Pāhala-Kīlauea and Pāhala–
Mauna Loa seismicity bands could plausibly
be attributed to increased flux of magma or
magmatic fluids between the PSC and the sur-
face. Alternatively, accelerating earthquake
rates within the seismicity bands could reflect
intensifying VT activity within the crustal edi-
fices of Kīlauea and Mauna Loa accompanied
by broad-scale deformation that may stress the
mantle below (3).
The PSC may serve as a common magma

source at 40-km depth for Kīlauea andMauna
Loa. This degree of volcanic interconnectivity
is noteworthy in light of geochemical and past
seismological results that imply Hawaiian vol-
canoes have distinct plumbing systems sourced
from distinct regions of the underlying plume
(9, 29, 37–39). The seismic structures we ob-
serve suggest that previously posited magma
transport routes may be nonunique; the con-
nection between the deep tremor region (12)
and the volcanoes may represent one part of
a distributed network of structures.
Temporal clustering of eruptive behavior be-

tween neighboring volcanoes is well docu-
mented (40). In the absence of evidence of
shallow magmatic connections, such cluster-

ing has been attributed to stress transfer
(40, 41) or has been proposed to be an artifact
caused by spatial clustering of volcanoes in
plate boundary regions (42). Our results sug-
gest that many neighboring volcanoes might
have more extensively connected magma sys-
tems than has previously been appreciated.
The apparent absence of large, seismogenic

magma structures beneath Kama‘ehuakanaloa
could reflect the volcano’s distance from thehot
spot. The local geotherm might not intersect
the solidus above 50-km depth so that persis-
tent magma storage at shallower depths is not
thermodynamically viable. A purely verticalmag-
matic architecture beneath Kama‘ehuakanaloa
would suggest that formation of lateral trans-
port structures in theuppermostmantle (<50km)
is not favored at earlier stages of a Hawaiian
volcano’s life cycle. Such connections might
only become favorable after the development
of laterally extensive magma systems (43)
under the effects of long-term shear.
Many prior attempts to image magmatic

structures underneath the island of Hawai‘i
have used seismic tomography methods (44),
which have limited sensitivity to fine-scale
structure. However, microseismicity enables
us to characterize connections between mag-

matic structures with high precision (45).
Our seismicity catalog also captures detailed
patterns of unrest in the shallow magma sys-
tems of Kīlauea and Mauna Loa. A substantial
proportion of LP earthquakes are detected
within Kīlauea’s summit and east rift zone, as
well as Mauna Loa’s summit and southwest
rift zone. LP earthquake locations in these
features are spatially concentrated, consistent
with previous observations (33, 46). Although
rift zone swarms may be triggered tectonically
(7) and do not necessarily portend eruptive ac-
tivity, the patterns of activity that we observe
highlight the possibility of enhanced monitor-
ing and eruptive forecasting with micro-
seismicity catalogs as well as the improved
characterization of shallow reservoir systems.
Our analysis of the Pāhala swarm is the

first in situ observation of magma dynamics
in the mantle at the resolution of individual
structures. These measurements represent a
rich opportunity to study diffusion and em-
placement models at remote depths in future
work. Although the observed swarm in the
PSC should be viewed as a major sequence in
this volcanic system, it is probably not unique.
Comparable mantle swarms occurred during
1953 to 1960 beneath Kīlauea, a period of
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Fig. 5. Depth sections of
seismicity. The individual cross
sections show seismicity within
the boxes plotted in Fig. 1. VT
seismicity is shown in black; LP
seismicity is shown in red with
larger marker size to emphasize
its distribution. (A) Seismicity
along the Pāhala-Kīlauea profile,
A to A’. (B) Seismicity along
the Pāhala–Mauna Loa profile,
B to B’. (C) Shallow seismicity
within the Kīlauea edifice, C to C’.
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time that includes the 1959 to 1960 Kīlauea
Iki eruption. Although hypocenters from this
era of Hawai‘i monitoring are not well con-
strained by modern standards, the depth of
this swarm sequence has been estimated at
45 to 65 km, well into the mantle (47). Al-
though this earlier swarm might have origi-
nated in the structures that we image, the
apparent nonuniqueness of deep magma trans-
port paths under Hawai‘i raises the possibility
of activity within a distinct set of structures.
The size and level of activity observed within
the PSC suggest that these features may be
important contributors to the growth process
of Hawaiian volcanoes and therefore may en-
code valuable historical information about
plume-surface interaction.
Similar mantle earthquake swarms have

been reported at several other ocean island
volcanoes, including Fogo, El Hierro, and La
Reunion (48–50). In particular, the Fogo swarm
took place at similar depths (38 to 44 km) to
the PSC swarm and has been interpreted as
sill emplacement. These observations hint
that large-scalemantlemagma transport struc-
tures like the PSC may be present under many
other ocean island volcanoes. Future improve-
ments to earthquake monitoring capabilities

could facilitate better identification of con-
nections between deep magma and surface
volcanoes, with important implications for
real-time monitoring.
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