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Abstract

Multichannel seismic reflection, sonobuoy, gravity and magnetics data collected over the submarine length of the
75 km long Puna Ridge, Hawai'i, resolve the internal structure of the active rift zone. Laterally continuous reflections
are imaged deep beneath the axis of the East Rift Zone (ERZ) of Kilauea Volcano. We interpret these reflections as a
layer of abyssal sediments lying beneath the volcanic edifice of Kilauea. Early arrival times or ‘pull-up’ of sediment
reflections on time sections imply a region of high P-wave velocity (V}) along the submarine ERZ. Refraction
measurements along the axis of the ridge yield V}, values of 2.7-4.85 km/s within the upper 1 km of the volcanic pile
and 6.5-7 km/s deeper within the edifice. Few coherent reflections are observed on seismic reflection sections within
the high-velocity area, suggesting steeply dipping dikes and/or chaotic and fractured volcanic materials.
Southeastward dipping reflections beneath the NW flank of Puna Ridge are interpreted as the buried flank of the
older Hilo Ridge, indicating that these two ridges overlap at depth. Gravity measurements define a high-density
anomaly coincident with the high-velocity region and support the existence of a complex of intrusive dikes associated
with the ERZ. Gravity modeling shows that the intrusive core of the ERZ is offset to the southeast of the topographic
axis of the rift zone, and that the surface of the core dips more steeply to the northwest than to the southeast,
suggesting that the dike complex has been progressively displaced to the southeast by subsequent intrusions. The
gravity signature of the dike complex decreases in width down-rift, and is absent in the distal portion of the rift zone.
Based on these observations, and analysis of Puna Ridge bathymetry, we define three morphological and structural
regimes of the submarine ERZ, that correlate to down-rift changes in rift zone dynamics and partitioning of intrusive
materials. We propose that these correspond to evolutionary stages of developing rift zones, which may partially
control volcano growth, mobility, and stability, and may be observable at many other oceanic volcanoes.
© 2004 Elsevier B.V. All rights reserved.
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merged guyots throughout the Pacific Basin (e.g.,
Fiske and Jackson, 1972; Vogt and Smoot, 1984;
Gee et al., 2001). These features are thought to
play important roles in volcanic structure and
evolution. Volcanoes grow largely by surface
eruptions localized along the rift axes, fed by sub-
surface dikes that propagate parallel to the rift at
depth (Moore and Krivoy, 1964; Fiske and Jack-
son, 1972; Dieterich, 1988). Through time, rift
zones can evolve into extensive, elongate ridges
that transport magma far from the volcano sum-
mit. The dynamics of dike propagation that feeds
intrusion and eruption has been the subject of
numerous studies, which demonstrate the inter-
play among such factors as magma flux, pressure
gradient, dike width, topographic slope, and re-
gional stress field (e.g., Fiske and Jackson, 1972;
Dieterich, 1988; Fialko and Rubin, 1999; Parfitt
et al., 2002). Shallow dikes within the rift are also
underlain by stratified complexes of intrusive
rocks, including dense cumulates (e.g., Hill and
Zucca, 1987; Okubo et al., 1997; Kauahikaua et
al., 2000), which may play a role in destabilizing
the volcano flanks (Clague and Denlinger, 1994).
Discrete volcanic sectors undergo relative dis-
placement, and are capable of catastrophic col-
lapse (e.g., Swanson et al., 1976; Denlinger and
Okubo, 1995; Moore and Krivoy, 1964; Moore et
al., 1989; Iverson, 1995). Ultimately, the persis-
tence of distinct volcanic rift zones may determine
the rate of growth and lifespan of active volca-
noes (e.g., Fiske and Jackson, 1972; Dieterich,
1988).

Despite high-quality topographic, bathymetric,
geological, and geophysical data over oceanic vol-
canic rift zones (e.g., Fornari, 1987; Lonsdale,
1989; Clague et al., 1994; Gee et al., 2001), com-
paratively little is known about the processes by
which rift zones initiate and develop. Along the
best studied on-land portions, the earliest stages
of rift zone evolution are commonly overprinted
and masked by subsequent volcanic activity. Ac-
tive rift zones that still exhibit early growth stages
are few; the best known example is the East Rift
Zone (ERZ) of Kilauea Volcano, Hawaii. The
ERZ stretches nearly 125 km from the SE edge
of Kilauea’s summit, into the axis of the sur-

rounding Hawaiian Deep (Fig. 1). The ~75 km
long submarine extension, known as Puna Ridge,
defines a tapering prism of volcanic material, up
to ~ 5000 m high, that laps down onto the abys-
sal seafloor at its distal end (Fig. 1). Rift zone
activity and ridge morphology vary along the
length of the ERZ (e.g., Fornari et al., 1978;
Lonsdale, 1989; Clague et al., 1994; Smith et
al., 2002a; Parfitt et al., 2002). The ERZ of Ki-
lauea, therefore, provides a rare opportunity to
examine the evolving structure of an active rift
zone, and to correlate these observations with vol-
canic processes along its length.

The comparatively mature subaerial ERZ has
been the subject of decades of geologic mapping;
monitoring of eruptive activity, ground motions,
and seismicity; and geophysical surveying (e.g.,
Kinoshita et al., 1963; Swanson et al., 1976;
Broyles et al., 1979; Lipman et al., 1985; Klein
et al.,, 1987; Delaney et al., 1990; Owen et al.,
1995; Kauahikaua et al., 2000). From these exer-
cises, models for the internal structure and com-
position have been developed, and continuously
refined. Other than surficial mapping and sam-
pling over Puna Ridge (Fornari et al., 1978; Hol-
comb et al., 1988; Lonsdale, 1989; Smith et al.,
2002a; Johnson et al., 2002), however, few anal-
ogous data exist for the submarine rift zone that
represents the earliest stages of rift zone growth.

In this paper, we present new multichannel seis-
mic (MCS) reflection, seismic refraction, gravity,
and magnetic data collected during a survey con-
ducted in 1998 aboard the R/V Maurice Ewing
over Puna Ridge and the adjacent Hilo Ridge,
which extends offshore from the flank of Mauna
Kea (e.g., Holcomb et al., 2000; Smith et al.,
2002b). These data demonstrate significant varia-
tions in geophysical character and subsurface
structure along the length of Puna Ridge, which
correlate with spatial changes in ridge morphol-
ogy and setting. The new data provide support for
the phased evolution of volcanic rift zones as they
build in size, suggesting fundamental down-rift
changes in rift zone dynamics and partitioning
of intrusive phases. In turn, these changes may
partially control volcanic growth, mobility, and
stability.
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2. Geologic setting
2.1. Hawaiian rift zones

Along the Hawai'i-Emperor Seamount chain,
volcanoes commonly form prominent, elongate
rift zones that radiate from their summit regions
and extend to abyssal depths (Stearns and Mac-
donald, 1946; Fiske and Jackson, 1972; Macdon-
ald et al., 1983; Fornari, 1987). Eruptions concen-
trate along these rift zones, creating long volcanic
ridges (in some cases > 100 km) by repeated dike
intrusions and flank eruptions (Fiske and Jack-
son, 1972). Kilauea Volcano, located near the
SE end of the Hawai'i-Emperor volcanic chain
on the island of Hawai'i (Moore and Clague,
1992), is among the most active and comprehen-
sively studied volcanoes on earth (e.g., Swanson et
al., 1976; Tilling and Dvorak, 1993), and is built

upon the SE flank of the larger neighboring vol-
cano Mauna Loa (Fig. 1). Two principal rift
zones extend from Kilauea’s summit caldera, the
highly active, subaerial and submarine ERZ, and
the much less active, predominately subaerial
Southwest Rift Zone (Moore and Fiske, 1969;
Swanson et al., 1976; Wolfe et al., 1987; Lons-
dale, 1989). Much of what is known about Ha-
waiian rift zone structure and processes stems
from research at Kilauea Volcano.

The axes of subaerial Hawaiian rift zones are
typically marked by strong geophysical anomalies.
Gravity surveys over Kilauea’s subaerial ERZ
show a strong anomaly of ~ 15 mGal, offset to
the northeast of the rift axis (e.g., Kinoshita et al.,
1963; Swanson et al., 1976), that appears to con-
tinue offshore over Puna Ridge (Kauahikaua et
al., 2000). The gravity high correlates with a
broad zone of high compressional wave velocities
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Fig. 1. Location map of survey region. Inset shows the island of Hawai'i with the major volcanoes (Ko-Kohala, H-Hualalai,
MK-Mauna Kea, ML-Mauna Loa, K-Kilauea, L-Loihi). Rift zones are marked as dashed lines. Large map shows Kilauea and
the orientation of the ERZ (dark shading) and its submarine expression, Puna Ridge. Older Hilo Ridge to the north is separated
from Puna Ridge by Puna Valley. Survey lines are shown as thin dark lines; heavy lines show the locations of seismic reflection
lines shown in Figs. 4 and 5. Contour interval is 1000 m. Axis of Hawaiian Moat is shown as a heavy dashed line.
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(Vp) of 6.5-7.3 km/s beneath the summit and rift
zone, contrasting with ~3-5 km/s for the sur-
rounding rocks (Broyles et al., 1979; Hill and
Zucca, 1987). This feature is explained by concen-
trations of high-density, high-V}, dikes that in-
truded along the cores of the rift zone. Localized
seismicity associated with dike intrusion events
along the rift zone constrains dike emplacement
to within 24 km of the surface (Klein et al.,
1987; Rubin and Pollard, 1987), defining a trian-
gular prism that widens with depth (e.g., Hill and
Zucca, 1987). The width of the intrusive core has
been estimated at 12-20 km beneath the subaerial
ERZ (Broyles et al., 1979; Furumoto, 1978; Hill
and Zucca, 1987). Deep zones of higher-velocity
material (V,>7 km/s) near the base of the vol-
canic edifice have been interpreted as accumula-
tions of dense olivine cumulates (Hill and Zucca,
1987; Okubo et al., 1997). Interpreted depths for
the cumulate materials, based on gravity data,
place the cumulates within the oceanic crust at
great distances along the rift zones (Kauahikaua
et al., 2000), posing the possibility that magmas
have intruded vertically through the oceanic crust
along the rift zone.

The great intrusive volume implied by the ex-
tent of high-density, high-velocity materials be-
neath Hawaiian rift zones (e.g., Hill and Zucca,
1987; Okubo et al., 1997) must be accommodated
by displacements of the volcanic flanks (e.g.,
Swanson et al., 1976). Ongoing geodetic monitor-
ing demonstrates continuous creeping motion of
Kilauea’s south flank, up to 10 cm/yr, headed
along the upper ERZ (e.g., Owen et al., 1995,
2000; Delaney et al., 1998). Even greater rates
of rift extension were documented prior to the
onset of present eruptive activity at Puu O'o
and Kupai'anaha vents along the ERZ (Delaney
and Denlinger, 1999). Flank slip is thought to be
facilitated by a layer of weak oceanic sediment
trapped between the volcanic edifice and the top
of the oceanic plate (Ando, 1979; Nakamura,
1980; Crosson and Endo, 1982; Denlinger and
Okubo, 1995). This may also be a necessary con-
dition for the creation of persistent, elongate vol-
canic rift zones (e.g., Fiske and Jackson, 1972;
Dieterich, 1988).

The general growth of Hawaiian rift zones, and
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Fig. 2. Schematic cross-sections of the growth of a Hawaiian
rift zone on the flanks of an older, still active volcano —
from Hill and Zucca (1987). Note the predicted asymmetric
profile of the dike complex. As successive dikes intrude into
the rift zone and the rift zone grows in height, the seaward,
‘unbuttressed’ side of the volcano slides along the top of the
oceanic crust, probably upon a layer of weak, pre-existing
sediments.

Kilauea’s ERZ built upon pre-existing Mauna
Loa flank in particular, is captured by a model
proposed by Hill and Zucca (1987). They call for
the progressive intrusion of high-density dikes
along the rift zone axis, which are subsequently
displaced laterally and mantled by lower-density
effusive volcanic rocks, as the edifice grows (Fig.
2). Along Kilauea’s ERZ, the resulting intrusive
core is triangular and asymmetric in cross-section,
as new dikes intrude on the seaward side of the
dike complex, owing to the buttressing effect of
the older edifice of Mauna Loa. Hill and Zucca
(1987) note that the deeper structure of the on-
land rift zones has been only loosely constrained
by the available refraction and gravity data. The
offshore regions of the rift zones are even less well
understood.
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Fig. 3. 3D image of the northeastern portion of the volcanic edifice of Hawai'i (bathymetry from Smith et al., 2002b). Note the
arcuate landslide scars (dashed lines) along the northern flank of Puna Ridge facing Puna Valley (Moore and Chadwick, 1995).

Dashed line indicates approximate location of Kilauea’s ERZ.

2.2. Puna Ridge

The submarine ERZ follows the axis of Puna
Ridge, forming a broad, tapering prism that be-
gins at the east cape of the island of Hawai'i and
terminates near the axis of the Hawaiian Moat,
approximately 5000 m below sea level (Malahoff
and McCoy, 1967; Moore, 1971) (Fig. 3). The
wealth of data and observations over the subae-
rial ERZ is not matched for the submarine por-
tion. Studies of Puna Ridge have relied primarily
upon surficial observations and samples (e.g.,
multi-beam bathymetry, side-scan sonar, deep-
tow photography, dredge sampling) to infer the
deeper structure and processes of formation of
the submarine rift zone (Fornari et al., 1978; Hol-
comb et al., 1988; Lonsdale, 1989; Smith and
Cann, 1999; Johnson et al., 2002; Smith et al.,
2002a).

The submarine slopes of Puna Ridge vary along
its length, and may be indicative of associated
volcanic processes. The gradient along the subae-
rial ERZ from the summit caldera to the coast is
very regular at 23 m/km (1.3°). The submarine
crest of Puna Ridge also maintains a consistent,
but steeper gradient of 50 m/km (3°) to a depth of
2800 m. Below 2800 m, the crest plunges more
steeply, at 100 m/km (6°), with several uneven
steps in its profile (Lonsdale, 1989). The flanks

of Puna Ridge are steeper than the ridge crest,
typically maintaining gradients of 140-210 m/km
(8-12°) on transverse profiles (Lonsdale, 1989).
Smith and Cann (1999) show that the NW flank
slope is highly variable and complex, whereas that
of the SE flank does not change significantly until
the crest is deeper than 3500 m. They interpret
this to indicate that lavas have been added uni-
formly to the SE flank with time, largely by chan-
nelized lava flows in tubes that can transport the
lava down slope.

High-resolution multi-beam bathymetric data
collected over the length of the ridge reveal exten-
sive lava terraces, circular volcanic vents, and cra-
ters covering the surface of the ridge (Clague et
al., 1994; MBARI Mapping Team, 2000; Smith
et al., 2002a,b). Clague et al. (1994) interpreted
large rotational slump blocks along the SE flank
of the ridge, responsible for the low terraces near
the base of the flank; similarly, Moore and Chad-
wick (1995) document a steep amphitheater on
the north side of the ridge, and speculate that
mass wasting of the north flank has contributed
avalanche debris to nearby Puna Valley (Fig. 3).

Deep-towed side-scan sonar and photography
show the axis of the ridge at depths of 2-4 km
to be dominated by numerous gaping fissures,
lava flows and collapse pits, interpreted to be
the result of repeated intrusive events (Lonsdale,
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1989; Smith et al., 2002a). Submersible dives and
seafloor photographs reveal pillow lava, lava
tubes, lava flow fields, pillow lava ridges, con-
structional cones, and lava terraces on the crest
of Puna Ridge (Fornari et al., 1978; Clague et al.,
2000; Smith et al., 2002a). Stepped topography at
the tip of Puna Ridge has been interpreted to
define a lava apron composed of lava fields sepa-
rated by scarps 100-200 m high (Lonsdale, 1989).
These various studies suggest that the crest of
Puna Ridge is the site of numerous dike intrusions
and eruptions fed by magma, probably propagat-
ing down-rift from the summit area of Kilauea
(Lonsdale, 1989; Smith and Cann, 1999; Smith
et al., 2002a). Based on these surface observa-
tions, however, dike injection from below cannot
be ruled out.

Volcanism has not been restricted to the mor-
phologic Puna Ridge in this area. GLORIA side-
scan sonar surveys also revealed extensive, volu-
minous sheet flows within the Hawaiian Moat,
surrounding the tip of Puna Ridge (Holcomb et
al., 1988). The origin of these flows, interpreted
from the lack of sediment cover to be compara-
tively recent (Holcomb et al., 1988), remains un-
certain. If they underlie the growing Puna Ridge,
then they may influence the dynamics of the ridge
as it grows.

The limited geophysical data previously avail-
able over Puna Ridge support the general obser-
vations on land, at least near the shoreline. A
magnetic survey over Puna Ridge was interpreted
to show an 11 km wide ‘composite volcanic plug’
extending the length of the submarine rift zone
(Malahoff and McCoy, 1967). This width is con-
sistent with estimates by Broyles et al. (1979) from
gravity measurements over the lower subaerial
ERZ, suggesting that a dike complex between 12
and 17 km wide resided at depth. More recent
three-dimensional gravity modeling of the island
of Hawai'i projected the dense central core of
the ERZ well offshore with an ENE trend paral-
lel to Puna Ridge, but its offshore extension re-
mains very poorly constrained (Kauahikaua et
al., 2000). The lack of further offshore gravity,
magnetics, and seismic surveys has precluded
more detailed analysis of the causes of slope and
morphologic variations over Puna Ridge, and im-

plications for subsequent evolution of the rift
zone.

3. Data acquisition and processing

We collected a grid of 11 seismic reflection pro-
files and one sonobuoy seismic refraction line over
Puna Ridge and nearby areas (Fig. 1) using an
airgun array with a volume of 71 1 (4336 in?) fired
at 50-m intervals. Data were received with a 160-
channel, 4.2-km streamer with a group interval of
25 m, yielding 40-fold coverage with 12.5-m com-
mon mid-point spacing.

Seismic data processing followed a standardized
sequence (Table 1) using ProMAX software at the
University of Hawai'i. Recognition of coherent
reflections beneath the volcanic flanks was hin-
dered by the irregular bathymetry of the seafloor
that caused scattering of reflected energy and in-
troduced out of plane reflections (see Hills et al.,
2002 for more details). In regions of shallow sea-
floor depth, significant imaging problems were in-
troduced by seafloor multiple reflections. To im-
prove our recognition of reflection events, we
performed constant-velocity stacks and viewed
the reflection profiles in panels ranging from
1500 to 6000 m/s. Animations of successive veloc-
ity panels aided interpretation by clarifying im-

Table 1
Standard processing sequence

Process Explanation

Edit bad traces Noisy channels removed from
data
Shot/receiver definition

12.5-m CMP spacing — 40-fold

Geometry

Sort to common mid-point
(CMP) gathers

Bandpass filter

Velocity analysis

Radon filter

4-8-72-80 Hz filter

Approx. every 100 CMP
Multiple suppression
technique

Partial migration algorithm
Remove noise at far offsets

Dip move out (DMO)
Top mute

CMP ensemble stack
F-K migration

F-K filter Remove strongly dipping
events

Automatic gain control Scale amplitude of reflections

(AGC) for display
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portant reflection events. Some success was at-
tained using radon velocity filtering to suppress
seafloor multiples and improve velocity analysis
on pre-stack data (Foster and Mosher, 1992; Tay-
lor et al., 1998).

Gravity and magnetic measurements were col-
lected at 1-s intervals during the course of the
reflection/refraction survey. On board processing
of gravity data included the application of Edtvos
corrections and calculation of the free air anom-
aly. The gravity data were further corrected for
submarine terrain effects. For the correction cal-
culation, the submarine edifice was assigned a
density of 2600 kg/m® based upon previous stud-
ies (Strange et al., 1965; Watts and ten Brink,
1989; Kauahikaua et al., 2000).

4. Results
4.1. Multichannel seismic reflection data

The MCS survey grid comprises eight trans-
verse and three ridge parallel seismic reflection
profiles across Puna Ridge (Fig. 1). Transverse
profiles extend from the abyssal Hawaiian Moat,
across the southern flank of Puna Ridge to the
axis of the submarine ERZ. Reflection profiles
5-9 extend to the northern flank of Puna Ridge
and Puna Valley region. In addition, reflection
profiles 6 and 7 extend to the northwest and im-
age the adjacent Hilo Ridge. Detailed examina-
tion and comparison of successive transverse re-
flection profiles (Fig. 4) proved especially useful in
the structural interpretation of the volcanic edi-
fice. Features on the seismic profiles are keyed
below by shot point (SP), two-way travel time,
and depth.

The most prominent feature imaged on the re-
flection profiles is a group of high-amplitude, low-
frequency, reverberant reflections that we collec-
tively label horizon A (Fig. 4). These reflections
extend from the Hawaiian Moat to directly be-
neath the axis of Puna Ridge, and occur through-
out the survey area (Morgan et al., 2000; Hills et
al., 2002; Leslie et al., 2002). Horizon A reflec-
tions are evident within ~0.5 s two-way travel
time below the seafloor within the Hawaiian

Moat (e.g., Fig. 4, Line 7, SP 200-500), and gen-
erally increase in travel time beneath the volcanic
edifice, progressively deepening to ~2 s beneath
the axis of Puna ridge (Fig. 4, Line 7, SP 900-
1000). The continuity of horizon A, its extension
into the Hawaiian Moat, and occurrence across
the study area indicate that this features lies at
or near the top of the pre-existing oceanic crust
beneath the volcanic edifice (Morgan et al., 2000;
Leslie et al., 2002).

Horizon A forms a broad arch beneath the axis
of Puna Ridge on seismic time sections (Fig.
4A,B). This apparent geometry is a distortion ef-
fect, caused by the high V}, of the volcanic over-
burden compared with the surrounding water col-
umn (Armstrong et al., 2001). On several of the
lines, e.g., Line 7, the axis of this arch is offset
~ 500 m to the southeast of the topographic axis
of the ridge itself (Fig. 4B, inset). This additional
distortion is interpreted to result from lateral ve-
locity variations within the volcanic pile. Specifi-
cally, a region of high velocity, centered slightly to
the southeast of the topographic axis of Puna
Ridge, causes additional pull-up of horizon A re-
flections.

To aid in the structural interpretation of the
seismic reflection profiles and high-velocity body,
we generated depth sections based upon the as-
sumption that the actual geometry (in depth) of
horizon A, parallel to the underlying oceanic
crust, is essentially planar and dipping gently to-
wards the volcanic edifice of Hawai'i (e.g., Hill
and Zucca, 1987; Thurber and Gripp, 1988;
Got et al., 1994). We used a smooth, downward
increasing, laterally varying, velocity model for
the volcanic edifice, designed to flatten horizon
A to the predicted planar geometry (Fig. 4C).
Model velocities were fixed at a constant 2.0
km/s at the seafloor, and increased linearly with
depth to a maximum of 6.5 km/s directly above
the axis of the horizon A arch. Velocity ranges
were based upon previous refraction and earth-
quake location studies of the velocity structure
of the volcanic edifice (Hill, 1969; Broyles et al.,
1979; Klein, 1981).

The seismic reflection record within the primary
volcanic edifice is characterized by less coherent
reflections, compared to the laterally continuous
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ber. (A) Uninterpreted time section. Note the continuous reflections that extend from beneath the abyssal seafloor (SE side of
lines) to deep within volcanic edifice.



S.C. Leslie et al. | Journal of Volcanology and Geothermal Research 129 (2004) 237-259 245

SE

w

Line 8

two-way travel time (s) é
(s3]

B e e e e '7:‘-.'4 e
SP 400 600 800 1000 1200 Llne 7

)]

(o]

two-way travel time (s)

-f/ =
=

two-way travel time (s)

5km Vv.e. ~xb6 at seafloor
= 1 1 1 1
SP 1200 1000
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Ridge is interpreted to represent a zone of steeply dipping intrusive dikes.
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Fig. 5. Ridge parallel seismic reflection Line 11. Location is shown in Fig. 1. SP=shot point number. Note the continuous band
of reflections on uninterpreted section (middle). Interpretation (bottom) shows the distribution of major reflections within the vol-
canic edifice as well as the location of horizon A reflections (A) and shallower reflections (B). Insets (at top) show correlations

between intersecting reflection profiles in Fig. 4 and Line 11.

events of horizon A. On the depth sections (Fig.
4C), internal reflections generally dip away from
the rift axis, and are concentrated along the rift
flanks, particularly on Line 8 near the distal end
of the ridge (e.g., Fig. 4C, SP 800-1000). In con-
trast, the seismic character of the zone immedi-
ately below the rift axis is typically reflection-
poor, particularly on the up-rift Lines 7 (Fig.
4C, SP 850-1000) and 18 (Fig. 4C, SP 1200-
1300). On these two lines, several reflections, la-
beled B, also rise from horizon A beneath the
edifice, trending toward, but not reaching, the sea-
floor to the south (Fig. 4B,C).

Beneath the seaward Hawaiian Moat and the

flat seafloor of Puna Valley, sequences of sub-par-
allel reflections occur. The moat to the southeast
exhibits a thick package of high-frequency, hori-
zontal reflections above the continuation of hori-
zon A (e.g., Fig. 4, Line 7, SP 200-500). To the
northwest of the rift axis, reflection dips are more
variable. Beneath the NW flank of Puna Ridge,
reflectors generally dip to the northwest (e.g., Fig.
4C, Line 7, SP 1000-1200), but this pattern does
not continue into Puna Valley. Instead, continu-
ous, sub-horizontal reflections define the shallow
valley floor (Fig. 4C, Line 7, SP 1200-1300, 4 km;
Line 8, SP 350-500, 5.5-6 km). On Line 7, they
are underlain by a set of southeast dipping reflec-
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Fig. 6. Sonobuoy seismic refraction record over the shallow crest of Puna Ridge. Dashed line labeled D is the direct arrival. The
first arrival has an interval velocity of 2.7 km/s and a layer thickness of ~ 850 m. The second, stronger arrival has an interval ve-
locity of 4.85 km/s. The deepest arrivals have apparent velocities of 5-6 km/s and a loosely constrained interval velocity of 6.8

km/s.

tions, labeled C, which contrasts with the predom-
inantly slope parallel trends within Puna Ridge
(Fig. 4, SP 1200-1400, 5.5-4 km). The C reflec-
tions extend into the SE flank of Hilo Ridge,
where their trend is generally parallel to the slope
of the seafloor.

Line 11 (Fig. 5) is a longitudinal profile cross-
ing the SE flank of Puna ridge that intersects the
three transverse lines in Fig. 4. Horizon A is lat-
erally continuous across the length of the ridge,
and extends to the southwest beneath the subma-
rine flank below Kilauea’s subaerial edifice (Mor-
gan et al., 2000; Hills et al., 2002). On this line,
horizon A locally resolves into two parallel sets of
reflections, separated by a semi-transparent zone
~ 500 ms thick (Fig. 5, SP 800, 6.7-7.2 s). This
pattern of horizon A reflections is also noted sea-
ward of the distal Puna Ridge (Fig. 5, SP 400,
7.5-8.0 s), indicating that it defines a primary fea-
ture within the moat stratigraphy. Irregular, dis-
continuous reflections also cut through the Puna
Ridge flank above horizon A. Several of these
features correlate well with the B reflections, and

other internal reflections noted on the transverse
lines (Fig. 5, insets), confirming that they repre-
sent reflective discontinuities within the volcanic
edifice.

4.2. Seismic refraction data

Measurements of V), within Puna Ridge are
also derived from a sonobuoy record (Fig. 6) col-
lected over the shallow submarine axis of the
ridge coincident with Line 19 (Fig. 1). These allow
us to check the velocity model developed for
depth conversions of the reflection lines, and re-
veal the distribution of velocity layers in depth
within the ridge. The earliest refracted arrivals
give evidence of at least two layers along the crest
of Puna Ridge. The first layer, from 0 to 850 m
below seafloor (mbsf), has a velocity of ~2.7 km/
s. A second, stronger refracted arrival yields a
layer velocity of 4.85 km/s located ~ 850 mbsf.
Refracted arrivals on far offset channels of reflec-
tion profiles crossing the upper axis of Puna
Ridge (Lines 18 and 19) also indicate velocities
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Fig. 7. Corrected gravity (A) and magnetic anomaly (B) maps of the Puna Ridge region. The +/— label indicates the axis of a
large magnetic dipole formed over upper Puna Ridge. Dashed lines represent data collected during this study. Dotted lines repre-
sent data from earlier studies. Contour intervals are 5 mGal and 100 nT. Underlying bathymetry contour interval is 500 m.

of 2.7-3.7 km/s within ~0.5 km of the surface.
Deeper refractions, or second arrivals, have ap-
parent velocities of ~ 6.8 km/s (Fig. 6), support-
ing the identification of a high-velocity region
near the ridge axis. Regrettably, reversed refrac-
tion profiles are not available to verify the veloc-
ity values. However, our velocities and layer
thicknesses are corroborated by previous studies
over the lower on-land ERZ close to the Puna
Ridge (Hill, 1969; Broyles et al., 1979), and also
yield similar uncertainties of +0.25 km/s and
+200 m.

4.3. Gravity and magnetic data

Gravity and magnetic measurements collected
along the survey track lines also show consider-
able anomalies adjacent to the submarine axis of
the ERZ. We generated maps of the corrected
gravity field (Fig. 7A) and the magnetic anomaly
(Fig. 7B) from the data collected during our sur-
vey, combined with measurements made during
GLORIA surveys of the area (e.g., Holcomb et

al., 1988), and data presented by Lonsdale (1989).
Although the data sets differ in detail due to the
spatial arrangement of ship track lines, each re-
veals the same general distribution of anomalies,
allowing us to combine and contour the complete
data sets.

A terrain-corrected gravity field was determined
by modeling the predicted 3D gravity field for the
submarine edifice, and subtracting this from the
shipboard free air gravity measurements (Fig.
7A). Edifice densities were set to 2600 kg/m?, con-
sistent with values chosen for Kilauea’s submarine
flanks for 3D modeling of the density structure of
the entire island of Hawai'i (Kauahikaua et al.,
2000). The resulting map reveals an elongate grav-
ity high roughly paralleling Puna Ridge, indicat-
ing the existence of a body at depth beneath the
submarine ERZ, with a density >2600 kg/m?.
The axis of the gravity high is offset ~1 km to
the southeast of the topographic axis of Puna
Ridge along the upper two-thirds of the length
of the submarine rift zone (Fig. 7A). A similar
offset gravity high was also noted over the near-
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east of the topographic axis of the ridge on the two up-rift profiles.

shore rift axis by Kauahikaua et al. (2000), who
interpreted rift zone anomalies to result from
high-density intrusive complexes. We note that
the intensity of the gravity anomaly decreases sig-
nificantly down-rift (Fig. 7A). Anomalously low
gravity values occur between Hilo and Puna
Ridges, suggesting that this area is composed of
lower-density material than the surrounding vol-
canic ridges.

Magnetic field measurements collected over
Puna Ridge reveal an elongate, normally polar-
ized anomaly that parallels the axis of the ridge
(Fig. 7B), similar to the results of Malahoff and
McCoy (1967). The anomaly forms a closed di-
pole, centered along the upper portion of the sub-

marine rift zone, coincident with the high gravity
anomaly. As with the gravity signal, the strength
of the magnetic anomaly decreases from the di-
poles towards the distal end of the rift zone (Fig.
7B), suggesting that the anomalous body de-
creases in volume towards the distal termination
of the rift zone.

To further define the depth and dimensions of
the rift zone anomaly, we modeled density varia-
tions along Puna Ridge in 2D, attempting to fit
the gravity observations along ridge crossing pro-
files (Fig. 8). We chose densities based on pre-
vious gravity studies and rock density measure-
ments (e.g., Nafe and Drake, 1957; Strange et
al., 1965; Watts and ten Brink, 1989; Kauahikaua
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et al., 2000; Moore, 2001). Consistent with the
terrain correction applied above, the volcanic edi-
fice was assigned a density of 2600 kg/m?. Rea-
sonable densities for the inferred intrusive com-
plex range from 2900 kg/m? for dense intrusive
dikes, to 3300 kg/m? for olivine cumulates (e.g.,
Kauahikaua et al., 2000). Lacking direct evidence
for a layered complex, we assigned the intrusive
body the lower density of 2900 kg/m3. To match
the observed and calculated gravity measure-
ments, it was also necessary to introduce a region
of relatively low density (2300 kg/m?) located be-
tween Hilo Ridge and Puna Ridge (Fig. 8). Fi-
nally, a layer of pelagic and volcaniclastic sedi-
ments ponded within the abyssal Hawaiian
Moat was assigned a density of 1800 kg/m?.
More poorly constrained density values (i.e., for
materials within Puna Valley and Hawaiian
Moat) were refined iteratively by minimizing the
error function along the gravity profiles.

It is possible to obtain a good fit to the ship-
board gravity profiles with a variety of density
models, using a range of density contrasts and
layer geometries; our solutions (Fig. 8), therefore,
are non-unique. However, we sought to pick a
simple, geologically reasonable geometry for the
density anomalies along the profiles, constrained
by the offset peak of the high-density anomaly
and the base of the volcanic edifice (Fig. 4C).
On Lines 5 and 7, we modeled a high-density
body, offset and elongated to the southeast of
the topographic axis of Puna Ridge and lying
~ 1.5-3 km below the crest (Fig. 8). The anomaly
is asymmetric in cross-section, with the NW sur-
face dipping more steeply than the SE surface.
Line 8, in contrast, required no high-density
anomaly to fit the observed gravity measurements
(Fig. 8). The modeled width of the high-density
intrusive body decreases rapidly down-rift, from
~35 km at Line 5, to ~20 km at Line 7, and
eventually becomes undetectable by Line 8. The
modeled depths would tend to increase, and the
widths would decrease, if the higher density of
3300 kg/m? was assumed for the body.

4.4. Data interpretation

The several data sets presented here provide

constraints on the internal structure of Puna
Ridge, and we seek a geologic model that can
explain all of the observed characteristics. Key
among these are the continuous reflections defin-
ing horizon A that underlie the entire Puna Ridge,
and the high-velocity, high-density body that lies
beneath and to the southeast of the upper rift
axis.

As noted above, the occurrence of horizon A
across the entire study area and the progressive
increase in travel time beneath the volcanic edifice
indicate that this feature lies at or near the top of
pre-existing oceanic crust upon which the volcano
grew (e.g., Watts et al., 1985; Morgan et al.,
2000; Leslie et al., 2002). The high amplitude of
horizon A indicates a significant impedance con-
trast at depth, denoting a sharp change in velocity
or density across this interface. One explanation is
that the reflections arise from sediment layers ly-
ing on top of the Cretaceous age oceanic crust.
Up to 200 m of pelagic sediment have been docu-
mented in this region (Ewing et al., 1968; Houtz
and Ludwig, 1979; Waggoner, 1993), and signifi-
cant accumulations of volcaniclastic debris may
have derived from mass wasting of Hawaiian vol-
cano flanks (e.g., Moore and Chadwick, 1995;
Leslie et al., 2002). In support of the sediment
origin of these reflections is the similarity in re-
flection character of horizon A beneath and sea-
ward of Puna Ridge, noted on Line 11 (Fig. 5).
The transparent unit bounded by grouped reflec-
tions resembles the pelagic layer sandwiched be-
tween the oceanic crust and overlying turbidites
and landslide debris, noted within the Hawaiian
Moat by Leslie et al. (2002). These sediments were
subsequently buried beneath the growing Puna
Ridge.

An alternative interpretation for the strong-am-
plitude horizon A is that it represents a highly
dilated plane beneath the volcanic ridge, perhaps
indicative of high pore pressures trapped within a
thin sediment layer (e.g., Iverson, 1995). This may
denote a fault plane beneath the edifice (e.g., Den-
linger and Okubo, 1995), also interpreted to the
southeast from evidence for frontal deformation
(Morgan et al., 2000; Hills et al., 2002). We
would expect such a layer, however, to exhibit a
negative impedance contrast with a resulting neg-
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ative polarity reflection, but the observed reflec-
tion is positive (e.g., Fig. 4A). A third possibility,
but more difficult to confirm, is that the reflective
regions of horizon A are produced by thin sills or
sheet flows beneath the ridge, similar to those that
have been observed on the seafloor adjacent to
the tip of Puna Ridge (Holcomb et al., 1988).
However, the impedance contrast between sheet
flows and bounding pillow basalts likely is not
sufficient to generate such high-amplitude reflec-
tions.

The evidence for an unusually high-density,
high-velocity body within Puna Ridge signifies
the presence of a core of intrusive material, such
as dikes or cumulates, as has been described in
previous studies along the submarine ERZ (Ma-
lahoff and McCoy, 1967; Hill and Zucca, 1987).
The high-apparent-velocity (6.8 km/s) refractions
are interpreted as arrivals traveling through the
submarine extension of the ERZ intrusive dike
complex. The shallow 2.7 km/s layer is interpreted
as a mantle of submarine extrusive basalt that
overlies a deeper intrusive core with velocities
~ 6.8 km/s. The intermediate 4.85 km/s layer is
assumed to represent a zone of mixed intrusive
and extrusive rocks.

The lack of coherent reflections beneath the rift
axis is also consistent with the presence of highly
irregular intrusive materials, composed in part of
sub-vertical dikes. Our seismic velocity models of-
fer little constraint on the depth of the intrusive
body, however, gravity modeling implies that it is
relatively shallow beneath the rift axis; the top
lies within 1.5-3 km below the rift axis (Fig. 8).
Dikes are thought to propagate over a similar
depth range (24 km) along the upper ERZ, based
on earthquake sequences along the upper ERZ
(e.g., Klein et al., 1987). The modeled anomalies
on Lines 5 and 7 are restricted to the SE flank,
and maintain nearly constant depths below the
flank surface (Fig. 8). The broad gravity anoma-
lies detected on Lines 5 and 7 may also have a
contribution from higher-density (3300 kg/m?) cu-
mulates, that may concentrate below the zone of
active dike propagation (Hill and Zucca, 1987;
Okubo et al., 1997; Kauahikaua et al., 2000),
although we have no direct evidence to support
this interpretation.

The flanks of Puna Ridge are slightly more re-
flective than the core (e.g., Figs. 4 and 5). This
suggests that the flanks have more internal layer-
ing, possibly associated with extrusive volcanism
and formation of discrete lava flows and terraces.
Alternatively, some of these reflections may define
structural discontinuities, or incipient faults, such
as the northwest dipping B reflections that rise
from horizon A, preferentially beneath the SE
flank (Fig. 4C, Lines 7 and 18). Similar features
have been recognized beneath the volcanic flanks
to the southwest, where they offset layered strata
and uplift the midslope bench, and are inter-
preted to accommodate outward displacement of
the volcanic flanks (Morgan et al., 2000; Hills
et al., 2002). Below the north flank of Puna
Ridge, southeast dipping reflections C extend be-
neath Puna Valley, and continue parallel to the
slopes of Hilo Ridge, suggesting that they define
the paleoslope of the older submarine ridge
(Fig. 4C, Line 7). This reflection geometry denotes
the overlap of the northern flank of Puna Ridge
(dipping to the northwest) upon the pre-existing
Hilo Ridge (dipping to the southeast). Similar
overlapping relationships between Puna Ridge
and the old ERZ of Mauna Loa (Holcomb et
al., 2000) are possible, but cannot be confirmed
here.

Low modeled densities within Puna Valley (Fig.
8), and sequences of sub-horizontal reflections
within the valley, suggest the presence of uncon-
solidated sediments in this region. Based upon
their seismic character (Fig. 4), proximity to in-
terpreted slide scars on the northern Puna Ridge
(Moore and Chadwick, 1995), and the enclosed
setting between Hilo and Puna Ridges (Fig. 3),
we interpret the material filling the shallow Puna
Valley to be volcaniclastic debris derived from
mass wasting of the surrounding submarine and
subaerial volcano slopes (Moore and Chadwick,
1995; Leslie et al., 2002). The sub-horizontal re-
flections observed within this region are consistent
with a sedimentary origin, and suggest onlap of
these sediments onto the adjacent ridges. Similar
low-density material must also lie within the Ha-
waiian Moat to the southeast, although the lower
thickness of this unit produces a less pronounced
anomaly.
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5. Discussion
5.1. Puna Ridge substructure

One of the most striking results of this study is
the recognition of continuous sub-volcanic reflec-
tions defining horizon A, extending beneath Puna
Ridge and across the entire study area (Fig. 4).
The high impedance contrast indicated by their
high amplitude, and the pairing of reflectors ob-
served on Line 11 (Fig. 5), support the interpre-
tation that horizon A defines a thick package of
sediments sandwiched between the volcanic edifice
and the oceanic crust. Variations in amplitude
and thickness of the reflections from this sediment
layer imply that sediment distribution on the sea-
floor was uneven prior to burial beneath the vol-
canic edifice. Indeed, this is supported by previous
studies (Leslie et al., 2002) that showed sediment
thickness to vary between 300 m and 1 km di-
rectly adjacent to the active flanks of Kilauea
and Loihi. The majority of this sediment is prob-
ably volcaniclastic in nature, probably derived
from landslides and small-scale mass wasting,
since the underlying pelagic sediment in this re-
gion is typically 80-100 m thick (Winterer, 1989;
Leslie et al., 2002). Local variations in sediment
thickness occur because of variations in sediment
dispersal patterns, proximity to areas of slope fail-
ure, and pre-existing seafloor topography (e.g.,
Cretaceous age seamounts). Similar thicknesses
of low-velocity sediments have also been invoked
to explain velocity contrasts indicated by travel
time differences between P- and S-wave arrivals
beneath Mauna Loa (Thurber et al., 1989), sug-
gesting that sediments define a ubiquitous sub-
strate beneath Hawaiian volcanoes.

The continuous layer of sediment reflections
beneath the axis of the rift zone supports the no-
tion that Hawaiian rift zones grow axially across
the seafloor and are rootless features fed by dike
intrusions down the rift axis (Fiske and Jackson,
1972; Lonsdale, 1989). Thick sediment accumula-
tions beneath the growing edifice may also pro-
vide a weak, and possibly overpressured, décolle-
ment surface beneath the volcano that can
accommodate lateral displacements of the flanks
(e.g., Nakamura, 1980; Denlinger and Okubo,

1995; Iverson, 1995). Reflector divergence (i.e.,
reflections B from horizon A) beneath the upper
submarine ridge on Lines 7 and 18 (Fig. 4) sug-
gests the presence of thrust faults along which the
flank has displaced.

5.2. Rift zone intrusive complex

High V,, gravity and magnetic anomalies, and
the absence of coherent reflections within the seis-
mic reflection record beneath the axis of the Puna
Ridge, all point to the existence of an interior rift
zone core composed of high-density intrusive
rocks, embedded within and mantled by extrusive
volcanic products. By analogy with exposed rift
complexes (e.g., Fornari, 1987; Walker, 1987),
we interpret this zone to consist of intersecting
vertical and sub-vertical dikes that cut through
the country rock, distributed with increasing in-
tensity with depth. The dikes are a fundamental
component of rift zone eruptions, and propagate
laterally along the rift axis from the summit or
local magma chambers (Fiske and Jackson,
1972; Klein et al., 1987; Lonsdale, 1989).

Additional intrusive components, such as dense
cumulates that settled from magma reservoirs be-
low the dike zone (e.g., Hill and Zucca, 1987;
Okubo et al., 1997), are possible, but cannot be
fully resolved with our data. Our estimated width
of the dense rift core beneath the upper submarine
Puna Ridge of 20-35 km, however, is high com-
pared to previous estimates of an 11 km wide
zone responsible for the magnetic anomaly over
Puna Ridge (Malahoff and McCoy, 1967), and
12-17 km (Broyles et al., 1979; Kauahikaua et
al., 2000) and 20 km (Furumoto, 1978) wide
core over the subaerial lower ERZ. The greater
offshore width in our models may result from the
low density of 2900 kg/m® that we assumed for
the intrusive core. If higher-density cumulates are
present in this region (e.g., Kauahikaua et al.,
2000), the modeled intrusive complex will be re-
duced in size.

The geometry of the dike complex interpreted
from the gravity and velocity modeling is a broad,
asymmetric wedge, similar to that predicted by
Hill and Zucca (1987) for the subaerial ERZ of
Kilauea (Fig. 2). Unlike the subaerial ERZ, how-
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Fig. 9. Proposed model for the evolution of a rift zone built adjacent to a mature volcanic flank. Three spatial domains of the
rift zone (1, 2 and 3) are defined by variations in axial slope and the presence of a high-velocity, high-density intrusive rift zone
core, and propagate down-rift as the rift zone lengthens (longitudinal cross-sections). Each domain passes through distinct stages
of rift zone evolution, denoted in the transverse cross-sections. The rift zone initiates during Stage 1 by accumulation of extrusive
products erupted from up-rift that fill the deepest part of the nearby flexural moat. Stage 2 occurs when the rift zone reaches a
height that favors dike intrusion, allowing for voluminous surface eruptions that build a well-defined axial slope ~ 6°. The axial
slope decreases to ~3° and the width of the intrusive dike zone grows rapidly during Stage 3, as dike intrusion is favored over
eruption, and is accommodated by surficial landsliding and lateral displacement of the unbuttressed ridge flank. Cumulates may
collect beneath the rift axis, easing rift zone spreading. Dashed line indicates the final ridge profile.

ever, where the high-density anomaly is offset to
the northwest of the active rift zone (Kinoshita et
al., 1963; Swanson et al., 1976; Kauahikaua et
al., 2000), the intrusive core is offset to the SE
side of the topographic rift axis along the upper
submarine ERZ. Furthermore, we interpret a
steeply dipping upper surface on the NW side of

the complex, again, in contrast with that modeled
for the subaerial ERZ (Fig. 2). At first glance, our
results would imply the reverse sense of rift axis
migration — to the northwest, rather than to the
southeast proposed for the on-land rift zone
(Swanson et al., 1976; Hill and Zucca, 1987).
This may be a response to landslide events along
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the northern submarine flank of the rift zone, as
suggested by the embayed north flank and accu-
mulated debris within Puna Valley. However, NW
migration is difficult to reconcile with the but-
tressing Hilo Ridge to the north. Instead, we pro-
pose that dikes intruded preferentially on the up-
slope side of the complex, pushing older dikes and
flank to the southeast, thereby widening and dis-
placing the intrusive complex.

Other lines of evidence also support the mobil-
ity of the south flank of Puna Ridge. The great
intrusive volume of the rift complex must have
been accommodated by outward displacement of
the flanks, and the presence of the pre-existing
Hilo Ridge to the north would favor southward
displacement. Moreover, the width of Puna Ridge
increases significantly between Lines § and 7 (Fig.
1), coincident with the increasing gravity anomaly
along the axis (Figs. 7 and 8). The greater width
of the near-shore ridge results from several low
terraces near the base of the SE slope. Previously
interpreted as slump blocks derived from the
upper flanks (Clague et al., 1994), these terraces
resemble the higher bench found to the south-
west below the subaerial edifice of Kilauea. In
that location, the frontal bench has been inter-
preted to arise from overthrusting at the toe of
the mobile south flank (Denlinger and Okubo,
1995; Borgia and Treves, 1992; Morgan et al.,
2000); Puna Ridge’s low terraces may have been
similarly uplifted as the ridge flank slid into sur-
rounding sediments (Hills et al., 2002). Such ter-
races are absent along the base of the NW Puna
Ridge, consistent with asymmetric spreading of
the ridge.

5.3. Rift zone evolution

To evaluate variations in internal structure of
Puna Ridge and their relationships to geomor-
phology, we subdivide the submarine ERZ into
three domains (Fig. 9), similar to those outlined
by Vogt and Smoot (1984) in their study of the
flank rift zone bathymetry of North Pacific
guyots. From the distal tip of the ERZ to the
submarine-subaerial transition, these domains
are defined by changes in rift zone morphology,
including axial slope angle, and by internal rift

structure. We build upon the three regimes intro-
duced by Vogt and Smoot (1984) and attempt to
reconcile our observations with existing models
for rift zone growth and propagation. We propose
that these spatial domains also correspond to
growth stages of Puna Ridge, and are applicable
to the evolution of submarine rift zones in a wide
variety of settings.

Domain 1 is characterized by the presence of
primarily extrusive volcanic materials, and is cur-
rently recognized at the extreme distal 10-15 km
of Puna Ridge at a depth of ~4500-5500 m (Fig.
9). During this earliest Stage 1 of rift zone devel-
opment, extensive sheet flows are erupted near the
tip of the rift zone, and flow outward to cover the
abyssal seafloor (Holcomb et al., 1988), intermin-
gling with mass wasting debris from failure of
nearby volcanic slopes (Fig. 9, cross-section A).
The topographic axis of the rift zone at this stage
is ill-defined, either non-existent, or perhaps bifur-
cating at its termination (Lonsdale, 1989). Gravity
and magnetic profiles indicate that a high-density
intrusive body is absent at this stage of rift zone
growth, perhaps because the edifice has not
reached a height at which confining pressures
are great enough to trap dikes traveling from fur-
ther up-rift (Vogt and Smoot, 1984; Dieterich,
1988 ; Fialko and Rubin, 1999).

Domain 2 is defined by the first occurrence of
dikes within the rift zone, steeper flank slopes,
and the appearance of a well-defined topographic
axis with a slope of ~6° (Fig. 9). Currently, this
domain occurs from ~ 15 to 30 km from the end
of the rift zone at water depths of 2800-4500 m.
Seismic reflection profiles across this region show
a collection of poorly continuous reflections dip-
ping away from the topographic axis (Fig. 4).
Gravity and magnetic anomalies become apparent
within this domain, indicating an increasing num-
ber of high-density dikes beneath the axis of the
rift zone. Stage 2 of rift zone development (Fig. 9,
cross-section B), therefore, is marked by the initial
intrusion of dikes at shallow depths along a zone
of neutral buoyancy (e.g., Ryan, 1988; Fialko and
Rubin, 1999). High axial slopes, a peak in differ-
ential magmatic pressure, and low horizontal
trapping stresses may favor surface eruption fol-
lowing dike propagation, rather than magma stor-
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age during Stage 2 (e.g., Dieterich, 1988; Fialko
and Rubin, 1999). High-volume, enduring, rift
axis eruptions across Domain 2 (e.g., Parfitt et
al., 2002) would lead to rapid vertical growth of
the rift zone, and progressive shallowing of the
longitudinal slope to a ‘critical’ value marking
the transition to Domain 3 (Lonsdale, 1989; Fial-
ko and Rubin, 1999).

Domain 3 occurs from ~ 30 km from the distal
end of the rift zone to the submarine—subaerial
transition, over the depth range of 2800-0 m
(Fig. 9). This domain is typified by a gentler axial
slope of 3°, and strong velocity, gravity, and mag-
netic anomalies along the axis of the rift zone,
indicative of a well-developed intrusive core. Dur-
ing Stage 3 (Fig. 9, cross-section C), short-lived
magma reservoirs below the axial dike zone may
concentrate dense cumulates near the base of the
riftt zone (Fig. 9), possibly easing seaward dis-
placement of the SE flank (e.g., Clague and Den-
linger, 1994), and enabling further dike intrusion.
The reduced rate of surface eruption leads to shal-
lowing of the longitudinal slope of the rift axis;
seaward displacement causes uplift of terraces
along the distal flanks (e.g., Hills et al., 2002).
Large landslide amphitheaters recognized along
the north flank of Puna Ridge probably also de-
velop during Stage 3, and may play an important
role in the onset of rapid rift zone extension and
flank spreading (e.g., Morgan et al., 2003).

Based on our 3D array of seismic lines over
Puna Ridge, we propose that Kilauea’s ERZ
evolved in a largely steady-state manner. The spa-
tial domains shown in Fig. 9 propagate along the
rift axis, as each region passes through sequential
stages of rift zone development. As shown in Fig.
9, the ridge grows upward as it lengthens, main-
taining a consistent profile that migrates seaward
with time. The propagating ridge tip laps down
upon the abyssal seafloor, and is subsequently in-
truded by dikes traveling along the rift zone at
shallow depths (Fig. 9) along a zone of neutral
buoyancy (e.g., Ryan, 1988; Fialko and Rubin,
1999); these locally feed surface eruptions, prefer-
entially along the distal reaches of the rift zone,
where the topographic slopes are highest. By this
model, the ERZ of Kilauea will continue to elon-
gate as the volcano grows, building outward and

spreading to the southeast with further dike intru-
sion. The growth stages described here may rep-
resent the evolution of volcanic rift zones in many
submarine settings, although local variations in
volcanic edifice configuration or seafloor topogra-
phy may influence the final rift zone structure and
geometry.

6. Conclusions

New seismic reflection and refraction, gravity,
and magnetic data across Puna Ridge, the subma-
rine extension of Kilauea Volcano’s ERZ, help to
resolve the subsurface structure of the active rift
zone. A pronounced set of reflections, corre-
sponding to the top of the pre-existing oceanic
crust and overlying pelagic and volcaniclastic
sediments, underlies the entire ridge. The continu-
ity of these reflectors indicates that the oceanic
crust is unbroken, and the rift zone grew by
down-rift migration of magma from the summit
magma chamber, rather than by vertical emplace-
ment through the seafloor. Reflections within the
flanks of Puna Ridge generally dip outward, and
are thought to reflect primary layering of extru-
sive materials. Several deeper reflections diverge
from the oceanic crust reflector and dip toward
the rift. Along the SE flank, these may represent
incipient thrust faults accommodating seaward
displacement of the flank; beneath the NW flank
and Puna Valley, strong southeast dipping reflec-
tions appear to mark the paleoslope of Hilo
Ridge, indicating growth of Puna Ridge upon
the older volcanic rift zone.

An asymmetric body of high ¥, high density,
and magnetic materials is indicated beneath the
axis of the submarine rift zone. Gravity modeling
places this anomaly at shallow depths and slightly
offset to the southeast of the ridge axis. We inter-
pret this body to define an intrusive core of dikes
and cumulates, embedded within and mantled by
extrusive volcanic products. The width of the dike
complex is estimated at 35 km along the upper
submarine rift, and decreases down-rift to become
undetectable near the distal end of Puna Ridge.
The SE offset of the intrusive core is best ex-
plained by the progressive intrusion of dikes and
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deep cumulates at the rift axis, as the SE flank is
displaced seaward. The pre-existing Hilo Ridge
may have buttressed the NW flank, preventing
symmetric spreading of the ridge. Low-velocity
materials modeled within Puna Valley to the
north of the ridge, and the Hawaiian moat to
the south, are interpreted to be volcaniclastic de-
bris shed from the nearby slopes.

Longitudinal changes in axial slope along Puna
Ridge coincide with lateral changes in width of
the intrusive core and dimension of Puna Ridge,
and may relate to the mobility of the south flank.
The morphology and substructure of the ridge
allow us to define three domains corresponding
to growth stages of the rift zone. Domain 1, at
the distal end of the ridge, shows irregular slopes
and no rift core, defining the earliest Stage 1 of
Puna Ridge growth, as it laps down onto the
abyssal seafloor. Domain 2 reveals higher axial
slopes, a narrow intrusive core, suggesting that
Stage 2 defines a phase of rapid eruption and
volcanic accretion as the rift zone lengthens and
grows upward. Domain 3, along the near-shore
submarine ridge, is characterized by shallow axial
slopes and a wide intrusive core. Widening of the
ridge and formation of low terraces along the
lower slopes across this domain suggest that the
SE flank has been displaced outward to accom-
modate dike intrusion. Stage 3, therefore, marks
the onset of flank mobility, possibly enabled by
cumulate developed below the rift axis.
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