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INTRODUCTION
Kilauea volcano in Hawaii is currently the 

most active volcano in the world, producing 
more than 1.2 km3 of lava every 10 yr (Poland et 
al., 2012). Although the structure of the volcano 
has been extensively studied, only the shallow 
part of the magma plumbing system has been 
resolved in part. Magma ascends vertically 
through a primary conduit to a reservoir at 2 km 
depth beneath the summit caldera, i.e., 1 km be-
low sea level (bsl) (Ryan, 1987; Dawson et al., 
1999). From there it is thought to travel through 
open conduits and erupt at Pu‘u‘O‘o  crater as 
well as in a lava lake within Halema‘uma‘u cra-
ter, where it degasses, loses its buoyancy, and 
collapses. Another magma storage zone that is 
thought to take the form of a stacked sill plexus 
(Baker and Amelung, 2012) is located south of 
the caldera at 2–3 km bsl. Geochemical studies 
support the presence of one or more shallow 
magma reservoirs in the summit area (Pietrusz-
ka and Garcia, 1999), and pockets of highly dif-
ferentiated magma stored within the rift zones 
(Helz and Wright, 1992). Three-dimensional 
(3-D) seismic tomography also shows evidence 
of shallow magma sources beneath Kilauea 
(Thurber, 1984; Dawson et al., 1999).

Little is known about the deeper part of the 
magma plumbing system (within the lower vol-
canic pile, the oceanic crust, and the uppermost 
mantle). Petrologic data provide evidence for 
magma in the deep rift zone (Wright and Helz, 
1996). Geodetic studies infer a deep infl ating 
dike in the lower part of the volcanic pile beneath 
the east rift zone to explain the seaward motion 
of the south fl ank (Cayol et al., 2000; Owen et 
al., 2000). The presence of a large magma stor-
age area was suggested in the lower part of the 
volcanic pile based on the lack of earthquake 
hypocentral locations (Ryan, 1988; Denlinger, 
1997). Seismic velocity studies showed high 
compressional wave velocities (Vp) beneath 

the summit and rift zones extending to a depth 
of 9 km; the data were interpreted as indicating 
a volcanic core composed of ultramafi c cumu-
lates that settled from the active magma system 
above (e.g., Okubo et al., 1997; Park et al., 2007, 
2009). Previously observed low Vp/Vs (the ratio 
of compressional to shear wave velocity) ratios 
are inconsistent with the existence of a sizable 
molten body at depth beneath the east rift zone 
(Hansen et al., 2004).

Here we present a new three-dimensional 
(3-D) seismic velocity model from simultane-
ous inversions of variations in Vp, Vp/Vs, and 
earthquake locations. We observe an anomalous 
body with low Vp, low Vs, and high Vp/Vs val-
ues in the oceanic crust below Mauna Ulu vent 
in the upper east rift zone, which we interpret as 
a crustal magma reservoir. This reservoir could 
have supplied the magma that intruded into the 
deep section of the east rift zone following the 
1975 M7.2 Kalapana earthquake, associated 
with rapid expansion of the rift zone.

DATA AND METHODS
The seismic data used for the tomographic 

inversions are the fi rst-arrival times of the com-
pressional and shear waves from ~53,000 events 
on and near the Island of Hawaii between A.D. 
1992 and 2009, recorded by the seismic stations 
of the Hawaiian Volcano Observatory (HVO) 
(Fig. 1A). Most of these events are >M1.0, con-
sisting of 1.4 × 106 fi rst arrivals picked by HVO 
analysts. Approximately 80,000 more events 
with only waveform data (i.e., no phase picks are 
available) were used for the relative location im-
provements by Matoza et al. (2013), but were not 
used in this study. We selected 1817 composite 
events with 64,863 P wave and 25,438 S wave 
picks for the inversion by using the master event 
selection method presented by Lin et al. (2007b).

We apply the SIMUL2000 tomographic algo-
rithm (Thurber and Eberhart-Phillips, 1999) to 

invert for Vp, Vp/Vs variations, and earthquake 
locations using P wave and S-P arrival times si-
multaneously. The fi nal Vs model is obtained by 
dividing the Vp by the Vp/Vs model. Our model 
is represented by nodes in a uniform 3 km grid 
in the horizontal dimension. The vertical nodes 
are positioned at −1, 1, 3, 6, 9, 12, 15, 20, 25, 
and 35 km depth (relative to mean sea level; 
note that depths herein are relative to mean 
sea level). We start with a 1-D velocity model 
(Klein, 1981). The constant starting Vp/Vs ra-
tio of 1.74 for the inversion gives the optimal fi t 
among different tested values between 1.68 and 
1.79. Damping parameters are selected using a 
data misfi t versus model variance tradeoff anal-
ysis. After we obtain the fi nal velocity model, 
we relocate all the events with phase picks using 
the resulting 3-D velocity model, similar-event 
cluster analysis, and differential-time relocation 
methods similar to those in Lin et al. (2007a).

RESULTS
Figure 1B shows map views of the fi nal Vp, 

Vs, and Vp/Vs perturbations relative to the 1-D 
starting models at three depth slices. Zero depth 
in our model corresponds to mean sea level. 
At 6 km depth, we observe high Vp anoma-
lies (blue in Fig. 1B, panel A) near the caldera, 
the upper-middle east rift zone, and part of the 
southwest rift zone, and low Vp anomalies (red) 
near the Hilina fault system and the lower east 
rift zone. The Vs model shows largely high-
velocity anomalies (Fig. 1B, panel B). High 
Vp/Vs ratios occur near the caldera and in the 
southwest rift zone (blue), and low ratios are 
near the east rift and the Koae fault zone (red 
in Fig. 1B, panel C). The high Vp and low Vp/
Vs in the east rift zone can be best explained 
by a combination of mafi c compositions rather 
than single composition models, as indicated by 
the petrologic model of Shillington et al. (2013) 
for another tectonic setting. At 9 km depth, the 
velocity contrasts become weaker (Fig. 1B, 
panels D–F). High Vp anomalies occur near the 
caldera and the southwest and middle east rift 
zones and low Vp anomalies occur in the south 
fl ank, the upper and lower east rift zones, and 
near the Hilina fault zone (Fig. 1B, panel D). 
High Vs anomalies occur under the caldera and 
the Hilina fault system and low Vs anomalies 
occur north of the Koae fault system and under 
the southwest rift zone (Fig. 1B, panel D). The 
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Vp/Vs model (Fig. 1B, panel F) shows high ra-
tios (perturbations of 10%–15%) in the areas 
of low Vs anomalies, and low ratios (perturba-
tions of −10%) under the Hilina fault system. 
At 12 km depth, similar velocity patterns are 
observed, with a high Vp anomaly under the 
caldera and a low Vp anomaly under the east rift 
zone (Fig. 1B, panel G). The Vs model shows 
correlations with the Vp model, except that the 
well-resolved area is smaller (Fig. 1B, panel H). 
The Vp/Vs perturbations at this depth are <7% 
(Fig. 1B, panel I).

We propose that a magma reservoir coincides 
with the isolated low-Vp, low-Vs, and high-Vp/
Vs anomaly at 9 km depth beneath Mauna Ulu 
in the upper east rift zone (white box in Fig. 1B, 
panels D–F). The north-south cross sections 
through the models show that this body is locat-
ed within an aseismic zone at depths of 8–11 km 
(Fig. 2). The velocity within this body and the 
layer-average values at different depths are sum-
marized in Table 1.

The seismic velocity inversion reveals another 
high Vp/Vs anomaly located at the same depth 

interval under the southwest rift zone (Fig. 1B, 
panel F). We do not interpret this anomaly as a 
magma body because it is not associated with 
a consistently low Vp anomaly (see Fig. DR1 
in the GSA Data Repository1). Another signifi -
cant feature seen in the cross sections is a zone 
of high Vp, high Vs, and low Vp/Vs under the 
Koae fault system at 5–8 km depth, which Oku-
bo et al. (1997) interpreted as cumulates of the 
volcanic core.

The precise earthquake relocations based on 
the new 3-D velocity model provide constraints 
for the current debate as to whether Kilauea’s 
slow slip events (Brooks et al., 2006) occur 
along the décollement or along zones of weak-
ness at a shallower depth (Segall et al., 2006; 
Wolfe et al., 2007). Our study places most of the 

lower south fl ank seismicity along a linear sub-
horizontal structure at 8–8.5 km depth (Fig. 2), 
including triggered seismicity on the same fault 
inward from the slow slip events (Segall et al., 
2006). This supports the inference by Syracuse 
et al. (2010) that the slow slip events occur along 
the décollement at this depth.  Note that we only 
relocate earthquakes with phase picks available 
(40% of the entire event catalog) in order to im-
prove absolute locations by using the new 3-D 
velocity model.

MELT FRACTION
To understand the nature of the east rift zone 

velocity anomaly, we investigate the variation of 
seismic velocities in partially molten rocks with 
melt fraction. We assume that this anomaly cor-
responds to a magma body comprised of olivine 
with fractional interstitial melt. This reservoir is 
subjected to lithostatic pressure approximated at 
250 MPa, based on a density nearing 3.20 g/cm3. 
A reservoir temperature of 1200 K was estimat-
ed by iterating the most appropriate pressure-
temperature-melt fraction conditions through the 
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Figure 2. Cross sections through the result-
ing Vp, Vs (compressional and shear wave 
velocities), and Vp/Vs models along profi le 
A-B shown in Figure 1. Black dots represent 
relocated background seismicity by us-
ing waveform cross-correlation data within 
±3 km distance of the profi le line. White con-
tours enclose regions with resolution >0.5. 
White box marks area where our proposed 
magma reservoir is located.

Figure 1. A: Seismicity (white dots) between 1992 and 
2009 recorded by Hawaiian Volcano Observatory seis-
mic stations (pink triangles). Blue lines denote surface 
traces of faults. Black box encloses area of interest in 
this paper. Background topography is from multibeam 
bathymetry synthesis. B: Map views of velocity per-
turbations relative to one-dimensional starting models 
at three depth slices. Black lines denote coastline and 
surface traces of mapped faults. Only well-resolved 
area is shown, where diagonal element of resolution 
matrix is >0.5. Red vertical line represents profi le for 
cross sections through our models shown in Figure 2 
that is centered at the magma reservoir we propose 
(white box).

1GSA Data Repository item 2014066, supple-
mental information (Figures DR1–DR8) for the 
southwest rift zone anomaly and model resolution, is 
available online at www.geosociety.org/pubs/ft2014
.htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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thermodynamic calculator MELTS (Asimow 
and Ghiorso, 1998), cross-referenced against our 
combined seismic velocity–petrological model. 
The latter was constructed as there are no labora-
tory measurements of the seismic velocities of 
partially molten dunite at the temperature and 
pressure conditions of our proposed magma res-
ervoir. To estimate the effect of melt on Vp and 
Vs of a partially molten rock, we use the mea-
surements for a synthetic crystal-liquid suspen-
sion of Caricchi et al. (2008), who determined 
that each percent of interstitial melt leads to a 
decrease in Vp and Vs of ~1.43% and 1.49%, 
respectively. This relationship is consistent with 
velocity models for partially molten rocks at 
mid-ocean ridges (e.g., Mainprice, 1997). Of im-
portance for our purposes, Vp and Vs are only 
weakly dependent on iron content, and therefore 
Fe-Mg differentiation between the liquid and 
crystalline phases should not affect the melt es-
timate for olivine cumulates (Liu et al., 2005). 
Seismic velocities are also weakly dependent on 
pressure (P) and temperature (T) within the rang-
es of interest [dVp/dP is ~0.2 km/s/GPa (Aizawa 
et al., 2001), dVp/dT is −0.51 m/s/K, and dVs/dT 
is −0.39 m/s/K (Isaak, 1992)]. At 10 km depth 
(250 MPa), Vp is reduced by 50 m/s, and at 1300 
K, Vp and Vs are reduced by ~51 and 39 m/s 
with little dependence on the melt estimate.

We use the laboratory-measured velocities of 
olivine at 1200 K but ambient pressure (Vp = 
7.955 km/s, Vs = 4.536 km/s, Vp/Vs = 1.754; 
Isaak, 1992) to infer the presence of ~10% melt 
from our estimated velocities of the anomalous 
body (Vp = 6.6 km/s, Vs = 3.55 km/s, Vp/Vs 
= 1.86). The inferred melt fraction is generally 
consistent with petrologic constraints (4%–9% 
melting) estimated from olivine-hosted melt in-
clusions in Kilauea (Norman et al., 2002). The 
Vp of the anomalous body is similar to that of 
the mush zone beneath the axial melt lens at 
fast-spreading mid-ocean ridges, which is char-
acterized by a Vp decrease of 0.2–0.4 km/s rela-
tive to the surrounding crust (Sinha et al., 1998).

The observed anomalous body is a robust fea-
ture based on the synthetic data tests (Figs. DR2–
DR8 in the Data Repository). Its presence shows 
no strong dependence on the location of the in-
version nodes. However, our tomography model 
is relatively smooth and the small-scale (1–2 km) 

velocity structure may not be resolved given the 
data and station distributions in this study. Due to 
the use of damping parameters in the inversion, 
the melt fraction should be considered as a lower 
bound (i.e., the inversion tends to underestimate 
the absolute velocity anomalies.)

DISCUSSION AND INTERPRETATION
The depth of the proposed magma body im-

plies that it is located at the volcanic shield–oce-
anic crust interface, with the largest part embed-
ded in the crust. A streak of seismicity is located 
south of and right above this body, which marks 
the horizontal décollement fault along the pa-
leoseafl oor on which the volcanoes grew. Al-
though previous velocity studies suggested that 
melt might be within the oceanic crust (e.g., Hill 
and Zucca, 1987; Park et al., 2007), this is the 
fi rst geophysical observation for magma storage 
under a Hawaiian volcano in its shield-building 
phase with a high rate of magma supply. It is 
consistent with the petrologically inferred crust-
al reservoir of Loihi, a submarine volcano also 
in its shield-building phase (Clague and Dixon, 
2000). Magma reservoirs in the oceanic crust 
stand in contrast to deep magma reservoirs at 
the crust-mantle boundary (15–20 km depth) 
that are associated with late phases of Hawaiian 
volcanism (Frey et al., 1990; Clague and Dixon, 
2000), when magma supply rates are too low to 
maintain shallow reservoirs.

Why would this magma pond beneath the vol-
canic pile? A picritic mush of fractionated olivine 
and 10% melt has a density of 3.1–3.2 g/cm3 (for 
a melt density of 2.65 g/cm3 and olivine density 
of 3.3 g/cm3, a magma with 90% crystal content 
has a density of 3.2 g/cm3). Although the density 
is inevitably lower because of dissolved volatiles 
(H2O and CO2) and exsolved CO2 bubbles, it is 
still higher than the Vp-derived density of the 
surrounding oceanic crust (2.97 g/cm3; density 
determined using the relation for basalt, diabase, 
and gabbro of Godfrey et al., 1997). Thus, the 
mush as a whole is not buoyant. Nevertheless, 
the melt may separate from the crystals, which 
cannot be detected by our model. Its relatively 
low density (2.65–2.70 g/cm3) and, importantly, 
its very low viscosity enable its ascent.

However, the Hawaiian volcanoes are built on 
60-m.y.-old oceanic crust and an ~200-m-thick 

layer of pelagic plus volcaniclastic sediments 
(Winterer, 1989), which act as a décollement 
along which the volcano spreads laterally in 
conjunction with large earthquakes (e.g., the 
A.D. 1868 M7.9 Pahala earthquake or the 1975 
M7.2 Kalapana earthquake), aseismic creep 
(Owen et al., 2000), and slow slip events (Segall 
et al., 2006; Montgomery-Brown et al., 2010). 
The top of the magma body locates at the depth 
of these sediments, suggesting that they are a 
barrier for magma ascent. These sediments, pos-
sibly mechanically weakened by repeated seis-
mic or aseismic slip, could have acted as a stress 
trap, defl ecting vertical dikes to horizontal sills, 
which eventually grew into a reservoir (Gud-
mundsson, 2011). The anomalous body of inter-
est could also be a remnant magma chamber that 
has persisted since the volcano was small.

The horizontal location of the magma body 
suggests that it may tap the deep magma supply 
route between the presumed melting site south 
of the island (Wright and Klein, 2006) and the 
primary conduit under the caldera. This has im-
plications on how the volcano works. For ex-
ample, it could have contributed the magma that 
intruded into the deep rift zone following the 
1975 Kalapana earthquake. Magma movement 
in this part of the volcano is consistent with the 
repeated seismic activity at 5–7 km depth be-
neath Mauna Ulu reported for the years follow-
ing the earthquake (Klein et al., 1987).

Crustal magma bodies are well documented 
for mid-ocean ridge volcanoes (Sinton and Det-
rick, 1992). A magma body reported for Fernan-
dina volcano, Galapagos Islands, near the bottom 
of the volcanic pile, could be located within the 
oceanic crust (Bagnardi and Amelung, 2012). 
Our study suggests that deep crustal magma bod-
ies could be much more widespread beneath oce-
anic island volcanoes than previously thought.
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