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Abstract

New multichannel reflection data and high-resolution bathymetry over the submarine sopes of
Kilauea volcano provide evidence for current and prior landdliding, suggesting adynamic interplay
among slope failure, regrowth, and volcanic spreading. Disrupted strata a ong the upper reaches
of Kilauea' sflank denote a coherent dump, correlated with the active Hilinaslump. The slump
comprises mostly sope sediments, underlain by a detachment 3-5 km deep. Extension and
subsidence aong the upper flank is compensated by uplift and folding of the lump toe, which
surfaces about midway down the submarine flank. Uplift of strata forming Papa u seamount, and
offset of surface features aong the western boundary of Kilauea, indicate that the ump has been
displaced ~3 km in a south-southeast direction. This trgjectory matches co-seismic and continuous
ground displacements for the Hilina Slump block on-land, and contrasts with the southeast
vergence of the rest of the creeping south flank. To the northeast, lope sediments are thinned and
disrupted within arecessed region of the central flank, demonstrating catastrophic slope failurein
the recent past. Debris from the collapsed flank was shed into the moat in front of Kilauea,
building an extensive apron. Seaward dliding of Kilauea's flank offscraped these deposits to build
an extensive frontal bench. A broad basin formed behind the bench, and above the embayed flank.
Uplift and back-tilting of young basin fill indicate recent, and possibly ongoing, bench growth.
The Hilina slump now impinges upon the frontal bench; this buttress may tend to reduce the

likelihood of future catastrophic detachment.



1. Introduction

Large scale landdides and debris avalanches are known to play an important role in the
evolution of oceanic volcanoes around the world [e.g., Wolfe et al., 1994; Duffield et al., 1982;
Lenat et al., 1989; Holcomb and Searle, 1991; Krastel et al., 2001; Moore et al., 1994; Watts and
Masson, 1995]. Volcanic landdlides are closely linked with geologic hazards such as earthquakes,
shoreline collapse or submergence, and destructive tsunamis that can impact widespread coastal
communities [e.g., Lipman et al., 1985; Tilling et al., 1976; Satake and Smith, 2001; Day et al.,
1999; Ward, 2002]. The relative infrequency of catastrophic submarine landdlide events along
volcano flanks means that none have been captured in the short historical record; their occurrence,
origins, and resulting structural geometries are interpreted largely from surficial observations[e.g.,
Moore et al., 1989; Watts and Masson, 1995, etc]. New observations along the submarine flank
of Kilauea volcano on Hawaii, currently the most active volcano on Earth, have now revealed the
subsurface structure of an active submarine landslide, and the remnants of an ancient landslide.
The results of our study define the sequence of events responsible for the present-day
configuration and behavior of the active volcano, which reflect acomplicated interplay of volcanic

processes that may be preserved or repeated at many other oceanic vol canoes.

The Hilinaslump is an active landdlide that breaks the mobile southeast flank of Kilauea
volcano, and is headed on-land by a system of seaward facing normal faults, the Hilinafault
system (Figure 1). Magjor rupture and offset occurred along these faults as recently as 1975,
during the M 7.2 Kaapana earthquake that struck the south coast of Hawaii beneath Kilauea's
south flank. Coincident with this event, alarge region seaward of the fault zone subsided and
dipped about 8 m seaward, defining the subaerial portion of the largely submarine, active sump
block [Lipman et al., 1985]. The offshore extent and geometry of the Hilinaslump is not known.
It may be a deep-seated structure, encompassing much of the south flank of Kilauea[Lipman et al.,
1985; Moore et al., 1989, 1994], or aternatively, athin, surficial body restricted to the upper slope

strata blanketing the submarine flank [Svanson et al., 1976]. These two end-member



interpretations have very different implications for the stability of the Hilina Slump and the potentia

for catastrophic detachment, as has occurred elsewhere in theislands [e.g., Moore et al., 1989].

In recent years, several marine geophysical, mapping, and sampling surveys have been carried
out over Kilaueds south flank, serving to clarify the Slump geometry and deformation history of
the flank. In thisstudy, we focus on two surveys conducted in 1998 over the upper northwestern
region of the flank to evaluate submarine evidence for lumping along the flank. A multichannel
seismic (MCS) survey carried out on board the R/V Maurice Ewing surveyed the western
boundary region and the Hal ape shoreline re-entrant of Kilauea's upper flank (Figure 1).
Subsequently, anew high resolution bathymetric survey using a SIMRAD EM300 system [e.g.,
Clague et al, 1998; MBARI Mapping Team, 2001] was conducted over a structural high known as

Papa’'u seamount along Kilauea flank's western boundary (boxed, in Figure 1).

The new data indicate that the active Hilinaslump is a shallow feature encompassing Papa’ u
seamount, and restricted to the upper, northwestern portion of the mobile flank. Buried evidence
of thinned and disrupted slope strata to the east of the lump reveals that the south flank
experienced amagjor, catastrophic failure in the recent past, possibly resulting from the break-up of
amuch larger proto-Hilinaslump. Subsequently, seaward diding of the south flank offscraped the
scattered landslide debris to form a broad frontal bench, which now buttresses the downslope
motion of the remnant Hilinaslump. This complicated sequence of umping, slope collapse, and
gravitationally-driven volcanic diding defines amodel that may be repeated aong the flanks of

oceanic volcanoes around the world.

2. The Hilina Slump and Kilauea's South Flank

The broad shield of Kilauea volcano was built upon the flank of Mauna Loa volcano along the
southeast island of Hawali; the exact boundary between the two volcanoes is poorly defined. Two
rift zones radiating from Kilauea's summit define the eruptive locus of the volcano (Figure 1); the

active east rift zone (ERZ) extends nearly 50 km onland and continues offshore an additional 70



km as the Puna ridge; the southwest rift zone (SWRZ) is morphologically subdued and less active,
due to the buttressing effect of MaunaLoa. Kilauea's south flank, the tectonic domain embraced
by the two rift zones, is cut by a set of arcuate, seaward-dipping normal faults, the Hilina fault
zone (Figure 1), interpreted to mark the head of alarge submarine landdlide, the Hilinaslump
[e.g., Searns and Clark, 1930; Moore and Krivoy, 1964; Swvanson et al., 1976; Lipman et al.,
1985; Smith et al., 1999]. Cumulative fault scarp relief of ~800 m near the center of the fault
system yields a minimum offset along the Hilinafault system [Lipman et al., 1985], as ponded,
post-offset lava flows mask the true displacement of the downdropped blocks [e.g., Svanson et
al., 1976]. Ash unitsdated to ~49 ka, exposed along the fault scarps, provide a minimum age for
fault activity [Clague et al., 1995, in prep.]. The Hilinafault scarps lose relief to the southwest

and northeast where they have been progressively buried by younger lavaflows (Figure 1).

The Hilinaslump is active today, and subject to co-seismic displacements [e.g. Lipman et al.,
1985], and aseismic dlip events, as recently captured along the Hilina detachment following a
major rainfall event [Cervelli et al., 2002]. The last two great earthquakes that struck Hawaii's
southeast coast, the great Kau earthquake of 1868 (M 7.9) and the 1975 Kalapana earthquake (M
7.2), ruptured significant lengths of the fault zone [Wood, 1914; Wyss, 1988; Tilling et al., 1976;
Lipman et al., 1985]. Trilateration and subsidence measurements following the Kalapana
earthquake indicated net downslope movement of the slump block, with up to 8 m seaward
displacement and 3.5 m subsidence near Halape Bay [Lipman et al., 1985]. The mean
displacement vector for the co-selsmic Slump motion was directed significantly more southward
(~S 25-30° E) than time-averaged background displacement trends for the rest of the south flank
since 1896 [e.g., Svanson et al., 1976; Lipman et al., 1985; Denlinger and Okubo, 1995],

suggesting that downslope motion of the Hilina slump is superimposed upon steady flank motion.

Seaward flank displacements have become more clearly resolved in recent years[e.g., Owen et
al., 1995, 2000; Delaney, 1993, 1998]. For the time period 1990-96, uninterrupted by large flank
earthquakes, GPS measurements indicate that the surface of the south flank has crept seaward at

rates up to 10 cm/year [Owen et al., 1995]. Even higher rates of seaward motion, ranging up to 40



cm/yr, were measured prior to 1983 and the onset of the ongoing rift eruptions [Delaney and
Denlinger, 1999]. Flank motion isin response to gravitational relaxation of the volcanic edifice,
assisted by pressurized magma beneath the summit and rift zones [e.g., Svanson et al., 1976;
Dieterich, 1988; Iverson, 1995; Delaney and Denlinger, 1999], generally termed volcanic
spreading [e.g., Borgia, 1994]. Seaward displacement is accommodated by dlip along a
decollement horizon modeled near the base of the volcano [e.g., Owen et al., 1995, 2000],
probably facilitated by sediments on the oceanic plate [e.g., Nakamura, 1982; Iverson, 1995] or

viscous dunite beneath the edifice [Clague and Denlinger, 1994].

The geometry and extent of the submarine Hilina slump are poorly known; interpretations have
relied largely on offshore morphology and only sparse subsurface data [e.g., Moore and
Chadwick, 1995; Smith et al., 1999]. Some have assigned the entire south flank of Kilaueato the
Hilinaslump (e.g., Figure 1b), interpreting the Hilina fault zone to dip quite steeply, intersecting
the sub-edifice decollement and mobilizing a deep-seated |anddide that encompasses the flank
[Lipman et al., 1985; Moore et al., 1989; 1994; Denlinger and Okubo, 1995]. Thisinterpretation
is supported by tomographic evidence for anear-vertical region of low seismic velocities beneath
the fault zone [Okubo et al., 1997]. Within this framework, the laterally continuous outer bench
(Figure 1) has been interpreted as a downdropped slump block [e.g., Lipman et al., 1985; Moore
et al., 1989], or more recently, the result of internal shortening and uplift at the toe of the lump
[e.g., Denlinger and Okubo, 1995; Smith et al., 1999; Lipman et al., 2002]. Alternatively, the
Hilinaslump is a shallow feature, possibly confined to the slope sediments upon the upper flanks
[e.9., Moore and Fiske, 1969; Svanson et al., 1976; Hill and Zucca, 1987].

The western edge of the Hilina slump coincides with the southwest boundary of Kilauedas
creeping south flank, marked by a prominent set of southeast-trending ridges and scarps that
extend downdslope from Nali'ikakani Point (Figure 1). Relative uplift along the northeast side of
thistrend reflectsright lateral strike-dlip motion accommodating seaward displacement of the
northeastern block, equated here with the mobile south flank of Kilauea[Moore and Chadwick,

1995; Denlinger and Okubo, 1995]. The more stable flank to the southwest isinfluenced primarily



by the underlying, less active, Mauna Loa volcano. Papa u seamount isa prominent high along
the western boundary of Kilauea's flank, and rises up to 1000 m above the surrounding seafloor
(Figure 1). Severa interpretations have been proposed for Papa u: (1) a volcanic construction
upon Kilaueas flank [Emery, 1955; MacDonald and Abbott, 1970, Smith, 1996], (2) alarge
sandy debris |obe derived from the collapse of the upslope shoreline [Moore and Peck, 1965;
Moore and Fiske, 1969, Fornari et al., 1979], or (3) acompressional structure due to convergence
between the Hilina lump and Mauna L oa's flank [Moore and Chadwick, 1995]. Other features
along the boundary, such as the narrow, nearshore ridge referred to as Nali'ikakani Ridge, and the
small, asymmetric ridge just west of Papa u seamount, West Ridge (Figure 1), likely also relate to
faulting along the boundary.

The northeastern boundary of the Hilina slump is not apparent from the submarine bathymetry
(Figure 1). Downdope of the subaerial edifice, the slopes are draped by a blanket of fragmental
basalts and hyaloclastic debris formed by seawater quenching of shoreline crossing lava flows
[Mooreet al., 1973; Clague et al., 1994; Moore and Chadwick, 1995]. This sediment cover thins
to the northeast and gives way to the rougher morphology of submarine basalts over the Puna

Ridge, without a distinct change in grade.

The south flank is also characterized by several embayments. Halape Bay defines a coastal re-
entrant below the high cliffs of Pu'u Kapukapu, floored by a shallow shelf (Figure 1). A broad
recess marks the central portion of the upper submarine flank, downslope of the ERZ. The
embayed flank grades downsope into a broad midslope basin trapped behind the outer bench
(Figure 1). Slope angles over the embayed central flank are 11-12°, measurably steeper than those
to the northeast (~9°) and the southwest (~6-8°).

3. SIMRAD EM300 Bathymetry Over Papa u Seamount and Adjacent Seafloor

New high-resolution bathymetry, collected using a 30-kHz multibeam SIMRAD EM 300 sonar
system, hull mounted on the M/V Ocean Alert [MBARI Mapping Team, 2001], yields



unprecedented images of the western boundary of Kilauea and Papa u seamount. With vertical and
horizontal resolution of approximately 2.0 and 0.2% of water depth, respectively, the bathymetric
datareveal fine surface details, including shallow slump faults, erosional gullies, and linear
terraces that cut the southwestern slopes of Papa u seamount (Figure 2). Several low relief,
arcuate ridges lie along the seaward base of the seamount. These morphologic features are
characteristic of deformation of poorly consolidated slope sediments and unlike volcanic
morphologies observed elsewhere around the island (e.g., Loihi seamount, Figure 1). This

evidence argues strongly against a constructional volcanic origin for Papa’u.

The new bathymetric data also help to pinpoint the location and attitude of the western
boundary fault that accommodates seaward displacement of Kilauea's flank. The trace of the fault
lies within the narrow valley separating Papa u seamount and the smaller West Ridge, and
continues upslope along a bathymetric step down to the southwest (Figure 2). On the regiona
bathymetry, the fault trace follows the east side of Nali'ikakani Ridge (Figure 1). The asymmetric
West Ridge just west of Papa’u has a planar eastern slope with the same attitude (11-13° to the
northeast) as Papa u's northeastern slope (Figure 2). Sharp truncation of this surface along the
ridgeline of West Ridge suggests relatively recent exposure. We interpret this surface to be the

fault plane of the east dipping boundary fault that dips beneath Papa’u seamount (Figure 2).

Evidence for right-lateral strike-dlip displacement aong the western boundary fault is provided
by apparent offset of deep erosional scours aong the nearby slopes. Four parallel gullies cross-cut
the faulted southwest slope of Papa'u, and are abruptly truncated at their downslope edges (Figure
2). A larger gully obliquely cross-cuts the set of smaller incisions. The southwest slope of West
Ridge also shows similar erosiona gulliesthat are truncated at the ridgeline. These two sets of
erosional scours on either side of the western boundary fault can be juxtaposed with avery good fit
by displacing Papa u seamount upslope 3 km, with a 10° counter-clockwise rotation; the resulting
surface slopes also match quite well (Figure 2). The offset gullies appear to have cross-cut pre-
existing sump faults along Papa u's southwest flank, indicating relatively recent fault parallel

displacement following early uplift of the seamount. We propose that proto-Papa u seamount was



originaly asmaller structure than the present ridge, and grew through continued southeast

displacement and oblique dlip (Figure 2).

The new SIMRAD data support the interpretation that Papa u seamount and adjacent seafloor
structures result from deformation of Kilauea's submarine flank along the western boundary fault.
The preservation of offset morphologic features suggests that fault-parallel displacement along the
fault isrecent, and most likely, ongoing. From these data aone, it is not clear if the western
boundary deformation is due to Sumping or seaward displacement of the mobile flank. The
seismic reflection data allow usto extend these findings into the deformed submarine flank to

determine the subsurface structure of thisregion.

4. Seismic Reflection Data

We collected twenty-nine multichannel seismic reflection lines on board the R/V Maurice
Ewing over the south flank of theisland of Hawaii (Figure 1), forming a three-dimensional
network of cross-sections intersecting the deep structure of the submarine flank of Kilauea volcano
and adjacent seafloor. Several previous papers describe observations across the distal regions of
the submarine flank and Hawaiian Moat [Morgan et al., 2000; Hillset al., 2002; Ledieet al.,
2002]. Herewe focus on severa seismic reflection profiles that cross the upper flanks and
southwestern margin of Kilauea's mobile flank, to delineate the geometry and evolution of the

Hilina slump.

4.1. Data Acquisition and Processing

The selsmic reflection data were acquired using a4-km, 160-channel streamer. The seismic
source was atuned 4336-in3 (71 L) air gun array. Each of the lines was processed similarly using
Landmark's ProMAX software. Theinitial parameters and standard processing sequence are
summarized in Table 1. We carried out interpretations on stacked and migrated data plotted in two-

way travel time (TWTT), and on depth converted sections (Appendix Al).
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Seismic imaging through volcano flanks is complicated by a variety of factors[e.g., de Voogd
et al., 1999; Hillset al., 2001]. Inour area, irregular, often chaotic, volcanic deposits commonly
show relatively poor reflector coherence and significantly attenuate the seismic signal. Rough
seafloor topography scatters seismic energy, and generates out-of-plane reflections and diffractions
that are difficult to interpret. The hard seafloor produces strong multiples that can obscure key
reflections, particularly in shallow regions. Detailed discussion of various processing techniques
used to improve the quality of the seismic datais given by Hills et al. [2002] and Ledlie et al.
[2002]. Despite these challenges, the Ewing seismic data provide surprisingly good images of the
substructure of Kilauea s submarine flank, which can be interpreted within the context of seafloor

morphology, submersible observations, and onland geology and geodetics.

Due to the shallow seafloor in our study area, multiple suppression was critical to alow usto
image subsurface reflections. We employed several techniques to remove strong multiple returns,
including pre- and post-stack frequency-wavenumber (F-K) filtering, waveform deconvolution,
low band-pass filtering to reduce high frequency multiples, and muting of near-offset multiple
returns [e.g., Hills et al., 2002]. We also had good success with radon filtering techniques,
wherein multiple returns are modeled and removed in the time intercept - offset domain of common
mid-point (CMP) space [Yilmaz, 1987]. For our lines, the best multiple reduction was obtained
using a combination of techniques, specifically aradon filter with a parabolic 200 msfilter,
followed by application of inside mute and low bandpassfilter. Radon filtering was applied over
residual move-outs up to 2000 ms, to deal with the shallow seafloor over much of thearea. In
regions of particularly high relief, such as Papa’u seamount, no combination of techniques
completely removed steeply dipping multiple returns (e.g., Figure 3). In these areas, underlying
reflections could be recognized on stacked sections that were selectively filtered to remove high

frequency multiples and steeply dipping reflections and diffractions.

Many of the stronger returns in our seismic data are followed by trains of low-frequency
reverberations, which occasionally mask underlying events (e.g., Figure 3). These reverberations

can be reduced through deconvolution, but no single technique was appropriate across the entire
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data set. Pre-stack deconvolution helped to enhance deep reflections, but also introduced strong
reverberations at the seafl oor that obscured important sedimentary features. To gain the most from
the data set, we display multiple processed versions of the seismic data below. Post-stack
deconvolution improved the resolution of deeper reflections, but severely attenuated reflection
amplitudes and degraded shallow arrivals; this technique was therefore used only to confirm

reflection interpretations, and corresponding profiles are not shown here.

4.3. Results and Interpretation
4.3.1. Top of the Oceanic Plate

We introduce the regional seismic characteristics and common reflections through the
compilation of two intersecting MCS lines, Lines 22 and 15 (Figure 3). One of the most
prominent sets of reflections identified on the MCS sections occurs between 5and 6 STWTT
beneath the outer bench and can be followed to ~5 s and less beneath the upper flank and Papa'u
seamount. The depth of this reflection below the seafloor, its projection beneath sediments within
the Hawaiian Deep (e.g., Figure 3b), and its continuity across the flank [Hills et al., 2002],
indicate that this reflection lies near the top of Cretaceous oceanic crust and its sediment cover
[Morgan et al., 2000; Ledlieet al., 2002]. Based on structural geometries within the outer bench,
Hills et al. [2002] found the strongest reflection just above and parallel to the oceanic crust to be a
basal decollement, D upon which the mobile south flank of Kilauea slides seaward [e.g.,
Nakamura, 1982; Denlinger and Okubo, 1995]. The ocean crust reflection, OC can be
distinguished locally 0.2-0.5 sbelow D (e.g., Figure 3b, SP 400, 5.2 s). The reverberant
character between reflections D and OC may arise from chert beds within the pelagic sediments, as
noted within the Hawaiian Moat [Ledlie et al., 2001].

The OC and D horizons (Figure 3) are assumed to be nearly planar beneath the submarine
flank, dipping 3-6° toward the island [Hill and Zucca, 1987; Got et al., 1994]. On time sections,

however, these planar reflections are highly distorted due to velocity pull-up beneath topographic
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highs such as the outer bench and Papa’u seamount (Figure 3). The apparent distortion of the OC
and D reflections on time sections provides a measure of seismic velocity variations within the
volcanic flank, allowing usto convert time sections to depth to interpret structural relationships.

The method used for depth conversion is described in Appendix A1l

4.3.2. Seismic Stratigraphy

The selsmic characteristics of the MCS sections across the study region help to resolve three
compositional domains (Figure 3): aregion of high-frequency, slope paralée reflections extending
up to 1 sbelow the seafloor, presumed to consist of fragmental subaerially erupted lavas forming a
thin blanket of bedded sl ope sediments; a deeper, |ess reflective zone above the strong D and OC
reflections, characterized by discrete low-frequency and reverberant reflections, defining the
primary volcanic edifice composed of submarine-erupted pillow basalts; and afrontal domain
corresponding to the midslope bench and basin (e.g., Line 15, SP 500-900), composed largely of
volcaniclastic debris[e.g., Morgan et al., 2000; Lipman et al., 2002].

Several prominent reflectionsin addition to D and OC, are found across the study area; these
are classified and labeled in Figure 3 according to their positions within the flank, geometries, and
associations with other reflections. An east-dipping reflection, L, rises from the D beneath Papa'u
seamount (Line 22, SP 350-500), and is distorted by velocity pull-up beneath the bathymetric
high. L isfound on al of the western boundary lines, and is interpreted to mark the projection of
this boundary to depth. A distinct set of mid-depth reflections, labeled G4, occurs between 1 and 2
s below the seafloor on both Lines 22 and 15; the internal G4 reflections do not intersect either
seafloor or décollement, but tend to bound unconformable sequences of layered strata, discussed in
detail below. Line 15 displays a series of landward dipping reflections that rise from D benegth the
lower reaches of the upper flank and midslope bench (SP 400-800); these correspond to frontal
thrust faults that have been described previously [Morgan et al., 2000; Hills et al., 2002], and are
|abeled according to their proximity totheidand,i.e, Tq, T, and Ts.
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4.3.3. Papa'u Seamount and Upper Flank

Line 23 spans much of the upper flank (Figure 1), and reveals contrasting character of the
slope sediments along its length (Figure 4). The western portion of the upper flank supports a
thick package of coherent, well-bedded, but locally deformed strata, upto 1 s, or 1- 1.5 km thick.
The coherent strata extend nearly 15 km across the flank from the southwestern boundary (SP 200)
to a break in dope marking the central flank embayment (SP 500). Theinterior of Papa'u
seamount (SP 200-300) is clearly imaged as aregion of thick uplifted strata, defining an
asymmetric fold with along northeastern limb, and bedding reflector terminations against the
steeper southwestern face of the ridge (SP 200). A thin wedge of correlative sediments overlies
Mauna L oa's slope southwest of Papa’u (SP 1-150), and appears to fold upward into the small
West Ridge at the base of the seamount (SP 150-175). The portion of the western flank imaged by
the adjacent Line 22 (Figure 5; see also Figure 3a), features a broad syncline developed to the east
of the Papa’'u fold in the deepest bedded unit (SP 200-400; gray unit). Y ounger slope sediments
onlap to both the east and west, and are folded into the northeast limb of Papa'u (SP 380-450).

Line 22 (Figures 3aand 5) and Line 23 (Figure 4) show similar relationships among the deeper
reflections to the east of Papa'u: D lies between 4.3 and 4.6 s; the mid-depth reflection Gy, occurs
between 3.5 and 4 s, dightly below the layered slope strata; and the east dipping reflection, L,
parallels the northeast limb of Papa'u (e.g., Figure 3a, SP 360, 4.4.5). Reflection L islocally
obscured by the shallow seafloor multiple and resulting migration noise beneath Papa'u, but
projects toward the southwestern base of the seamount where the trace of the western boundary

fault isrecognized in the SIMRAD bathymetry (Figure 2).

To the east of the break in slope, well expressed on Line 23, seafloor depth increases across
the central bathymetric embayment. This region displays thinned slope sediments in which
bedding reflections are difficult to discern (Figure 4, SP 550-750). Locally, small packets of
coherent but convoluted sediments occur (e.g., SP 670-730, 2.5-3.2 s). Across the embayed
region, aseries of discontinuous low-frequency reflections, labeled G, underlies the thinned strata

(SP 550-750, 3.5-4 s), at adepth similar to that of G to the west. The southwestern edge of the
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embayment is marked by stepsin the seafloor and apparent east-directed normal offset of bedding
reflections (e.g., SP 470 and 500). To the northeast, a wedge of well-bedded slope sediments has
filled alow in the seafloor (SP 800-1000). East-dipping bedding reflectors terminate against a
southwest dipping boundary (SP 900-950, 2.8-2.2 s), which projects to the seafloor at a small

step down to the southwest (SP 1000). Several deeper reflections have been offset to the
southwest along this boundary. A package of coherent, slope parallel bedding reflections, ~0.5 s
thick, drapes the slopes northeast of the flank embayment (SP 1000-1200), and grades downward

into lessreflective but still layered strata.

Interpretation: Along the western slopes of the upper flank, slope strata composing Papa u
seamount have been uplifted and folded along an east dipping fault, L, that defines the western
boundary fault. The extensive decollement horizon, D, coincides with that recognized on previous
seismic lines, that has accommodated largely out of the plane motion [e.g., Morgan et al., 2000].
The two mid-depth reflections G1 and Gy, underlie the deformed dope strata, suggesting that these
surfaces have accommodated downslope dliding. Stratal disruption and thinning is greatest to the
northeast, within the central embayment. where normal offsets along the boundaries of the
embayment suggest a broad region of faulting and slope collapse. Nearly the entire package of
slope sediments has been disrupted within the embayed region; only athin unit < 0.25 s, appears

to postdate slope failure.

4.3.4. Nali'ikakani Ridge and the Shallow Shelf

Closer to shore on Line 14, adightly different picture of Kilauea s western boundary is
revealed (Figure 6). Nali'ikakani Ridge (SP 160-210) is constructed of west dipping strata, which
are buried by slope parallel sedimentsto the southwest. The dipping beds are truncated and offset
along the east face of Nali'ikakani Ridge, producing a 250 m high scarp (SP 200-210). Small,
west-dipping normal faults also cut the shallow shelf east of the trough (SP 320-470). Within the

fault bounded trough, a disturbed package of west-dipping strata, probably offset from those in



15

Nali'ikakani Ridge, is buried by younger, slope-parallel sediments (SP 210-310). We are ableto
correlate the deep bedded slope unit from Line 22 (gray unit, Figure 6), which also appears to be
offset across Nali’ ikakani Ridge.

The substructure of Nali'ikakani Ridge (Figure 6) also differs from that of Papa’u seamount.
Reflection terminations along the northeast face of Nali'ikakani Ridge, and diffuse returns at depth,
define an east dipping discontinuity, possibly correlated with L, that extends beneath the sediment
filled trough (SP 200-270, 2-3 s). A pronounced west-dipping set of reflections beneath the
shallow shelf (SP 300-470; 2-3 s), matches the depth and geometry of G reflection downslope.
Reflections D and OC occur between 3.5 and 4.5 s depth to the northeast (SP 200-450), but are

difficult to trace through the migration noise beneath Nali‘ikakani Ridge.

Interpretation: Nali‘ikakani Ridge may have a common origin with Papa u seamount, having
formed by folding above an east-dipping fault parallel to L, here obscured by migration noise
beneath the ridge. The west dipping strata within the ridge, however, were subsequently breached
by east-directed normal faulting, accompanied by seaward displacement of the eastern block along
the glide plane G;. Reflections L and G1 link the upslope and downslope structures along the

western boundary zone.

4.3.5. Dip Line Across the Western Flank

The two dip lines crossing the upper flank region provide contrasting views into the coherent
and disrupted regions of the flank and clarify the 3D geometry of the deep reflections. Line 15 lies
to the southwest of the flank embayment and shows thick slope sediments that are locally faulted,
producing small stepsin the seafloor (Figure 7a; SP 200-400). Several small detached and rotated
blocks 200-500 ms below the seafloor are buried by younger slope parallel sediments (SP 100-
150, 180-230 ms). The deepest bedded unit (Figure 7a, gray unit at 300-700 ms below seafloor)
is gently folded, and corresponds to the bedded unit defining the syncline east of Papa'u on Line
22 (Figures3and 5). A planar reflection, 200-300 ms below the seafloor, cuts across and offsets
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the folded slope sediments (e.g., Figure 7a, SP 250, 2.7 s), and downslope, the deep bedded unit
on the upper flank is exposed at the seafloor (SP 375-475).

Deeper flank reflections imaged on Line 15 (Figure 7b and c), correlate well with reflections on
the strike-parallel lines discussed above (Figures 4-6, also see Figure 3). The decollement
reflection D occurs as a prominent, continuous high frequency reflection followed by atrain of low
frequency reverberations, between 2 and 2.5 s below the seafloor (e.g., SP 350, 5 s); the ocean
crust reflection OC can be locally distinguished from the reverberations (Figure 7b and ¢, SP 400,
5.8 5). A stronginternal reflection about 1 s below the seafloor (Figure 7b, e.g., SP 350, 4 ),
correlates with G1 on the crossing Line 22 (Figure 5b, SP 300, 3.8 s; see dso Figure 3).
Reflection G1 underlies the folded and faulted slope sediments, and projects toward the seafloor
just above the outer bench (Figure 7, SP 450). Severa landward dipping reflections rise from D
beneath the upper flank (e.g., SP 450, 4.5 s) and outer bench, and are best imaged on depth
sections (Figure 7d). Landward dipping reflections within the outer bench, T1 and T2, bound
packages of internally bedded strata (Figures 7d). Along the outer bench scarp, these internal
reflections are truncated (Figure 7d, SP 600-700), and occasional blocks lie outboard of the flank
(Figure 1).

Interpretation: The shallow slope strataimaged upon the upper western flank on Line 15
appear to be locally deformed by faulting, folding, and block rotation. The middepth horizon, Gy,
iswell positioned to serve as an interna glide plane, lying below the deformed sl ope sediments,
and terminating just landward of the midslope bench. Slope units have been faulted and exposed at
the seafloor downslope, above the termination of G1, suggesting slumping of the overlying
blocks. The strong, continuous decollement, and landward dipping structures rising from D,
record seaward displacement of the south flank, accompanied by thrust faulting at the edge of the

upper flank and within the outer bench.
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4.3.6. Dip Line Across the Central Flank

Slope strata within the embayed flank region, crossed by Line 21 (Figure 8), are thinner and
less coherent than those to the west on Line 15, as suggested from Line 23 (Figure 4). Contorted
and tilted, high frequency reflections define packets of deformed slope sediments (e.g., SP 1460-
1530, ~3.8 sand SP 1550-1600, 3.5-4.0 s), which are now buried by well-bedded slope parallel
sediments. The reflective surficial sediments extend unbroken into a broad midslope basin (SP
1375-1550). Line 21 aso shows severa continuous slope parallel reflections (SP 1550, 4.5 sto
SP 1720, 2.8 ), correlated with G on on Line 23. Thisreflection set underlies the disrupted
sope sediments and terminates just behind the midslope basin, below severa folds marked by
convoluted reflections (SP 1450-1550). The basin isfilled by well bedded sediments that onlap the
outer bench high (SP 1375-1400), and are now tilted landward at the seaward edge of the basin.

The deep structure of the flank and outer bench crossed by Line 21 resembles that of Line 15,
and is clarified on the depth section (Figure 8d). The separate reflections defining D and OC are
not as prominent as on Line 15, but can be distinguished beneath the outer bench (e.g., SP 1300,
5.1 sand 5.7 srespectively). Ason the neighboring line, landward dipping reflections rise from D
beneath the upper flank, and bound layered strata within the outer bench. Bedding reflectors are
truncated aong the upper surface of the outer bench and the steep outer scarp (SP 1100-1200).
Several small folds are defined by fine layering near the toe of the flank (SP 1050-1100).

Interpretation: The evidence from Line 21 confirms the interpretation that the embayed region
of the submarine flank has been subjected to slope failure and slumping. Small packages of
crumpled debris piled up behind the midslope basin, and were subsequently buried by young slope
sediments and basin fill. The midslope basin formed near the base of the central flank embayment,
as sediments shed downslope were trapped behind the rising bench. Landward tilting of the

youngest basin fill indicates ongoing uplift of the bench.
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5. Structural Synthesis

The synthesis of seismic characteristics of south flank strata, reflection geometries and
associations, and seafloor morphology, allow us to identify three distinct structural domains that
make up Kilauea's submarine flank. Geographically, these are defined as (1) the upper western
flank, (2) the embayed central flank, and (3) the midslope basin and outer bench (Figure 1b). Two
cut-away perspective views of the south flank summarize the structural characteristics of these

domains and their relationships (Figure 9).

5.1. Upper Western Flank

The upper western flank domain is bounded upslope by the shoreline of the Halape Bay re-
entrant, the western boundary fault, and the west edge of the recessed flank (Figure 1). Inthis
region, the flank is blanketed by a continuous, coherent package of slope sediments up to 1.5 km
thick; these strata are locally deformed along normal faults in the upslope region, and form a broad

fold over Papa'u seamount (Figures 9b, Line 22).

The key subsurface structure along the western boundary is the east dipping lateral fault, L,
recognized on all of the Sope-parallél lines. Beneath Papa'u, L rises from the decollement, D, and
projects to the seafloor at the southwestern base of the seamount, where offset erosional features
pinpoint the trace of the western boundary fault (Figure 2). The east limb of the Papa’u fold lies
paralel to L, which therefore has served as athrust ramp carrying Kilauea slope strata over the
more stable flank of Mauna Loa (Figure 9b, Line 22). In contrast to downslope thrusting, the
eastern face of Nali'ikakani Ridge is marked by east-directed extension, indicating norma
displacement along L (Figure 9a, Line 14). The discrepant modes of displacement along the laterd
fault, L in the two locations can be explained by seaward displacement of a coherent ump block
lying to the northeast of the western boundary. Extension along Nali'ikakani Ridge reflects down-
dropping of the top of the umped domain, consistent with co-seismic subsidence near Halape

Bay during the 1975 Kaapana earthquake [Lipman et al., 1985] and the longer record of normal
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faulting along the on-land Hilinafault system [e.g., Svanson et al., 1976]. Thrusting along

Papa’u seamount reflects southwest directed contraction at the toe of the lump.

The mid-depth reflection, G1 correlates across al the regional seismic lines, and has the proper
orientation to define an internal detachment. Reflection G4 lies about 3 km below the seafloor
beneath the coherent slope sediments, and dips generaly south to southwest (Figure 9aand b).
defining aslump that thickens toward the western boundary. The slump thinsto the northeast
(Figure 9b, Line 22) and downs ope, where the overlying strata are highly faulted and folded
(Figure 9a, Linel5), possibly due to traction during slip along the shallow detachment. Other deep
structures within the upper flank, such as several low-angle reflections noted on Line 15 landward
of the outer bench (Figures 9a, Line 15), appear to relate to deep-seated thrusting at the toe of the
flank [e.g., Morgan et al., 2000].

5.2. Central Flank

The seismic characteristics of Kilauea's embayed central flank domain contrast with those to
thewest. Little coherent bedding is observed, sediment cover is thinned, and the broad mid-slope
basin lies near the base of the upper flank (Figures 1 and 8). Discrete packages of convoluted
strata denote significant internal disruption (Figures 8 and 10a), in contrast to the more coherent
upper flank strata along the western flank (Figures 7 and 10b). Normal offset faults mark the
southwest and northeast edges of the embayment (Figures 4 and 9b). The central flank embayment
outlines alarge sector of the upper flank that experienced complete detachment and catastrophic
collapse sometime in the past. The shallowest sediments, showing continuous, nearly slope-
parallel, bedding reflections, have filled in the bathymetric low, burying the disturbed strata and
smoothing the steepened slopes (e.g., Figure 8).

The principal detachment surface for the failed central flank is interpreted to be reflections G,
(Figure 9b, intersection of Lines 21 and 22), which lie ~1-1.5 km below the seafloor and die out in

the seaward direction beneath buried convoluted strata at the landward edge of the midslope basin
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(Figure 8, SP 1450-1550). The present depth below sea-level of G, nearly matches the G lump
detachment over the western flank, cutting into the primary volcanic edifice below the slope
sediments (Figure 10). Collapse of the central flank apparently involved both shallow Slope
sediments and deeper primary pillow basalts. Both the southwestern and northeastern edges of the
central flank embayment show listric geometries and the arcuate form of lateral break-away faults
that may connect to G, (Figures 1 and 9). The upslope break-away fault is not obviouson Line
21, but may now be buried by present-day shoreline deposits. The linkage between the submarine

detachment and on-land fault scarpsis not observed on our data.

5.3. Midslope Basin and Outer Bench Domain

The outer bench is constructed of a stack of imbricated thrust sheets that have formed in front
of Kilauea’ s mobile flank (Figures 9 and 10). Consistent with interpretations from adjacent lines
[Morgan et al., 2000; Hills et al., 2002], the mobile volcanic flank has overthrust and offscraped
volcaniclastic strata accumulated within the vol canic apron outboard of the edifice. This
construction resembles the anticlinal ridge produced by volcanic spreading, envisioned by Borgia
and Treves[1992]. The two bench crossing reflection lines, Lines 15 (Figure 10b) and 21 (Figure
10a) reveal seaward verging thrust faults rising from a gently dipping, sub-edifice decollement, D.
In our study area, D lies about 1 km above the top of oceanic crust, and probably rides along the
top of buried pelagic and clastic sediments [e.g., Nakamura, 1982; Denlinger and Okubo, 1995;
Morgan et al., 2000; Ledlie et al., 2002]. The thrust faults that built the outer bench (e.g., T1, To,
etc.) are laterally continuous, and can be correlated between Lines 15 and 21 (Figures 9 and 10),
and along strike to adjacent lines examined previoudy [e.g., Hills et al., 2001]. The layered
appearance of the fault bounded thrust packages suggests that the thrust sheets consist largely of
volcaniclastic breccias and sandstones, which have been found in abundance across the outer

bench scarp aong Kilauea's south flank [e.g., Lipman et al., 2002; Ssson et al., 2002]. Surface
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erosion and block detachment have incised the outer bench, shedding landdlide blocks that are now

found within the Hawaiian Moat (Figure 1).

Despite the similar structure of the outer bench on both Lines 21 and 15 (Figure 9aand b), the
transition from bench to upper flank is markedly different. Line 21 crosses the midslope basin,
dammed by the outer bench (Figure 10a). Folding, onlap, and landward dips of sediments within
the basin (Figure 8, SP 1370-1430), indicate that bench growth has continued as the basin filled
[Hillset al., 2001]. The bench isnarrower on Line 15, and supports only asmall basin (SP 450-
550). The broad basin to the northeast ismissing; in its place is found a structural high that
corresponds to the toe of the Slump that breaks the upper flank (projected basin axis, Figure 10b).
The primary volcanic edificeisinterpreted to extend at least 2 km farther seaward on Line 15 than

on Line 21 (Figure 10), reflecting the flank embayment behind the basin on the latter transect.

6. Discussion

The data presented above reveal a complicated subsurface structure for Kilauea's submarine
south flank, resulting from multiple, interacting geologic processes: slumping and slope collapse,
erosion and deposition, magmatic intrusion, and volcanic spreading. For thefirst time, we are able
to constrain the extent of submarine lumping and slope failure on the active dope of the volcano,

and assess the interplay among the different processes acting on the submarine flank.

6.1. The Submarine Manifestation of the Hilina Slump

The new seismic reflection and bathymetry data over Kilauea's south flank delineate the
offshore boundaries of the Hilina slump, and clarify the origin of Papa u seamount and adjacent
morphological features. Our data demonstrate that Papa u defines a broad fold composed of
coherent, layered slope strata, uplifted by southwest vergent thrusting along the western boundary
of Kilauea's mobile south flank (Figures 4 and 5). Neither the sandy debris lobe model, arising

from collapse and downsl ope flow of an unstable near shore lava delta[Fornari et al., 1979; Moore
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and Chadwick, 1995], nor the constructional volcanic interpretation [Emery, 1955; MacDonald and
Abbott, 1970; Smith, 1996] are borne out by our data. Seismic reflections within the deeper flank
reveal an east dipping boundary fault L upon which Papa’u is built, and a middepth detachment Gy
that accommodated downsl ope movement of the Hilinaslump block (Figure 9). Net uplift of
Papa u occurred concurrently with nearshore extension and subsidence along Nali‘ikakani Ridge,

and normal faulting along the on-land Hilina fault zone, consistent with slump block kinematics.

The structure of Nali'ikakani Ridgeis puzzling given the slump model posed above. The
boundary ridgeis cut by an east-directed fault, reflecting subsidence and seaward displacement
across the lateral boundary of the lump (Figure 9a). However, the ridge is composed of west-
dipping strata, suggesting prior convergence. The shallow sediments may have been folded during
initial stages of flank displacement, concurrent with initial uplift of Papa’u seamount in the
downsloperegions. Thisis compatible with uplift and folding of Papa'u prior to formation of the
erosional gullies and offset by fault parallel dip. Convergence between Kilauea and Mauna Loa
may have resulted from generally south directed gravitational stresses along this portion of the
flank, directed radially away from Kilauea's summit. Rupture of the shallow flank and western
boundary fault enabled downslope slumping, accompanied by continuing convergence, matching
present day ground motions[e.g., Owen et al., 2000]. Alternatively, the west-dipping stratain
Nali'ikakani Ridge represent nearshore fragmental basalt deposits comparable to those
accumulating below the lava entry to the northeast (Figure 1). The present day shoreline now lies
some 5 km north of the Line 14 crossing of the ridge; however, co-linearity of the seaward edge of
the shallow shelf in Halape Bay with the shoreline to the northeast (Figure 1), suggests that the
shelf is a submerged portion of the subaerial edifice, and the ancient shoreline may once have

extended to Nali'ikakani Ridge, since subsided below sealevel.

Papa'u fold apparently grew over along period of concurrent slope sedimentation. Onlap
rel ationships among the bedded units composing the eastern limb of Papa'u fold and the adjacent
trough show that continuous deposition was punctuated by intermittent lump displacement (Figure

5, SP 200-400). Uplift of Papa u seamount began after deposition of the deepest bedded unit
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(gray in Figures 4 and 5), which shows relatively uniform thickness across the flank. New
geochemical datareveal that this package contains fragmental basalts with Mauna L oa
geochemistry, which may predate Kilauea [Kimura et al., 2002]. Onset of uplift along the western
boundary trapped pillow basalts and debris derived from Kilauea along the eastern dopes. As
Papa’u grew, it incorporated the new stratainto its expanding eastern limb, the adjacent trough
subsided, and the overlying deposits onlapped the edges of the trough. Uplift of the ridge has
continued recently, as even the shallowest dope sediments have been tilted along the eastern flank
of thefold (Figure 5, Line 22).

6.2. Geometry and Vergence of the Hilina Slump

The folded strata within Papa u seamount (Figure 9) and offset erosional markers along
Kilauea's western boundary (Figure 2), allow usto estimate the magnitude of displacement and
transport direction for the Hilinaslump. About 1-1.5 km of fault normal displacement produced
the folding of the deepest dope package within Papa'u (Figure 11a). Combined with 3 km of fault
parale displacement evident from the SIMRAD bathymetry (Figure 2), the net displacement along
the fault is dightly more than 3 km along a S ~25° E trajectory, oblique to the western boundary.

Our calculated vergence direction for Papa’ u seamount closely matches onshore displacement
directions determined for the Hilinaslump block, but differs from background ground motions for
the dliding south flank (Figure 1). Co-seismic displacement vectors for the region seaward of the
Hilinafault zone during the 1975 Kalapana earthquake yielded asimilar vergence direction of S
25-30° E [Lipman et al., 1985]; discrete fault offsets aong the Hilina fault system from the
Kalapana earthquake, as well as prehistoric events, also indicate a general south-southeast trend
[Cannon and Burgmann, 2001; Cannon et al., 2001]. By comparison, cumulative displacement
vectors for the creeping south flank measured since 1896 are directed generally southeast [e.g.,
Swanson et al., 1976; Lipman et al., 1985; Delaney et al., 1998], approximately normal to the
central ERZ and the strike of the offshore outer bench [Hills et al., 2002]. Finally, despitelittle
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evidence for discrete movement of the Hilina slump since 1975, post-seismic GPS measurements
across the creegping south flank show a gradual southward deflection of displacement direction,
concurrent with a decrease in magnitude, in the vicinity of the Hilina block (Figure 1b): mean flank
displacements trend ~S 45° E below the central ERZ, about S 30° E at Apua Point at the northeast
edge of Halape Bay, and more southerly, S 15° E at Nali'ikakani Point [e.g., Owen et al., 2000].
This divergence, modest in scale, may result from intermittent aseismic dip along the Hilina
detachment, as recently captured following amajor rainfall event on the south flank [Cervelli et al.,

2002].

Similar vergence directions estimated for both offshore and onshore structures support our
interpretation that Papa u seamount is the submarine manifestation of the Hilina slump, headed
along the on-land Hilinafault zone. A balanced cross-section constructed parallel to the calculated
transport direction (Figure 11b) shows feasible subsurface fault geometries for the slump block,
constrained by seismic reflection data presented here. The detachment G1 isinterpreted to be the
offshore extension of the Hilinafault zone; the listric geometry of the fault yields an onland dip of
~20°, shallowing to ~5° at a depth of 3-4 km in the offshore region before merging with the eastern
boundary fault (Figure 11b). This shallow, listric fault configuration coincides with other recent
models for the Hilinafault, based on co-seismic fault dlip vectors [Cannon and Biirgmann, 2001],
ground motions [Cannon et al., 2001; Cervelli et al., 2002], and tsunami data[Ma et al., 1999], as
well as paleomagnetic constraints for net rotations of Hilinafault blocks [Riley et al., 1999]. The
slump block is composed primarily of slope sediments, as originally hypothesized by Svanson et
al. [1976]. The underlying detachment may take advantage of a distinct mechanical discontinuity
near the base of the sediments. More steeply dipping faults, for example greater than ~60°
interpreted by others [Lipman et al., 1985; Moore et al., 1989; Okubo et al., 1997], would not be

imaged by our offshore reflection data and cannot be assessed here.
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6.3. Collapse of the Central Flank and Growth of the Outer Bench

Our multichannel seismic data across the upper flank of Kilauea demonstrate that the central
portion of the south flank of Kilauea collapsed catastrophically in the recent past. The detachment
cut through nearly the entire bedded section of dope sediments, including units that record onset of
dip and uplift along the western boundary on Line 23 (Figure 4). Only the youngest strata, which
bury the deformed units and spill into the midslope basin and onto the outer bench on Line 21, are
relatively undisturbed (Figures 8 and 10). Thisimplies that downslope motion of the Slump and
convergence along the western boundary, predated collapse. The south flank was apparently

broken by amuch larger proto-Hilina slump of which the central portion broke away.

Detachment of the central block cut through the shallow dope sediments and into the primary
volcanic edifice, and distributed a mixture of reworked sope units and underlying volcanic
lithologies into the Hawaiian Moat, where they spread out to form a broad vol caniclastic apron
(Figure 12a8). The hummaocky region outboard of the present outer bench (Figure 1) has been
interpreted as aremnant of the debris deposit [Moore et al., 1989; Smith et al., 1999], and thick
accumulations of chaotic debris are recognized across the frontal moat [Ledlie et al., 2002].
However, the laterally continuous outer bench now fronts the collapsed flank, effectively damming
further dispersal of slope debris. Recent submersible dives aong the outer slopes of the bench
observed arich variety of volcaniclastic lithologies, from coarse breccias containing a range of
subaeria and submarine basalt clasts, to well-sorted, subaerially derived hyal oclastic sandstones
and conglomerates [Lipman et al., 2002]. A surprising abundance of clasts have akalic
compositions, suggesting that ancestral Kilauea was the source of therocks[e.g., Lipman et al.,
2002; Ssson et al., 2002]. These are interspersed with sands derived from Mauna Loa [Lipman et
al., 2002]. The outer bench is now the repository of landslide debris derived from the detachment
and break-up of the upper flank, which cut through athin veneer of young Kilauea overlying the

submarine edifice of Mauna Loa volcano (Figure 12a).

The midg ope basin outlines the flank embayment behind the outer bench, which can now be

understood as the ghost of the underlying landslide scar. The basin was preserved because the
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adjoining, intact flanks drove thrust faulting outboard of the scar (Figure 12b); only small folds
and thrusts devel oped within the depression, and were subsequently buried by young basin fill, as
shown on Line 21 (Figure 8, SP 1450-1550). Intermittently, slumps and debris flows probably
detached from the oversteepened upper flank, depositing thin packages of chaotic debriswithin the
basin, particularly downslope of the present lavaentry [e.g., Hillset al., 2002]. Small ridges

exposed at the seafloor (e.g., Figure 4, SP 775) may be remnants of such local erosive events.

The exact cause of the central flank collapse is not known, but we can speculate about possible
triggers. Flank seismicity, for example, of the magnitude of the great 1868 Kau (M ~8.0) or the
1975 Kaapana earthquakes (M 7.2), would certainly shake the submarine flanks, dislodging
precarious slope deposits, but such seismicity accompanies flank sliding and must be ongoing, at
least for an extensive period of volcanic evolution. Catastrophic flank collapse of the scale
observed here, and documented around the islands, is thought to occur relatively latein the
evolution of the volcano [e.g., Moore et al., 1989], and may coincide with unusually energetic
volcanic eruptions, perhaps explosive in nature [Clague and Dixon, 2000; McMurtry et al., 2000].
Kilauea volcano has experienced at |east two extraordinary phreatomagmeatic eruptions within the
last 50,000 years, both associated with collapse of the summit caldera, and responsible for massive
ash deposits dated at 49 and 23-29 ka [Clague et al., 1995; in prep.]. Such events are certain to
break the static equilibrium of the edifice, enabling catastrophic sector collapse.

The break-up of the proto-Hilina slump and collapse of the central flank would have
significantly changed the configuration and stress state of the south flank, inducing irreversible
changes in the behavior of the volcano [e.g., Morgan and Clague, 2003]. Without an anchor to the
east, the remnant Hilina slump to the west may have experienced a shift in vergence toward the
south-southeast, converging upon the western boundary of the flank. Removal of materia from
the central flank would have relieved confining stresses acting on the central ERZ, enabling dike
intrusion, rift zone extension and southward migration to form the distinctive bend in the upper
ERZ (Figure 1) [Swvanson et al., 1976; Delaney et al., 1998]. A concurrent decrease in normal

stress acting upon the base of the volcano could a so weaken the underlying decollement. enabling
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rapid seaward displacement of the south flank, overthrusting the distal volcaniclastic debris.
Discrete thrust sheets were offscraped and accreted to the toe of the diding flank to form the frontal
bench (Figure 12b) [Morgan et al., 2000]. Asindicated by uplift and rotation of young strata at the
seaward edge of the midslope basin, the bench continues to grow and is the submarine
manifestation of onland seaward creep documented geodetically [e.g., Svanson et al., 1976; Owen
et al., 1995, 2000; Delaney, 1998].

The remarkable evidence that the bench is arecent construction, postdating a flank failure that
disrupted al but the youngest slope units upon the upper flank, implies rapid seaward dliding of
the south flank. Although the timing of flank collapse is unknown, we speculate that it may have
been triggered by explosive eruptions within 25-50 ka [Clague et al., 1995, in prep.].
Reconstructions of bench deformation record a minimum of 15 km of displacement [e.g.,
Denlinger and Okubo, 1995; Lipman et al., 2002], and possibly up to 24 km or more [Morgan et
al., 2000]. Thisamount of shortening implies time-averaged displacement rates of 30 to 60 cm/yr,
much higher than present rates measured on-land [Owen et al., 1995]. Such high rates are far
from unreasonable for the distal flank, which is driven by displacement of the deep volcanic
edifice; elastic dislocation modeling of present-day surface displacement rates of ~10 cm/yr,
implies dlip rates along the basal décollement on the order of 15-25 cm/yr [e.g., Delaney et al.,
1993; Owen et al., 1995, 2000]. Furthermore, much higher rates of flank migration have been
measured in the recent past, e.g., up to 40 cm/yr of surface motion prior to 1983, apparently

modulated by internal magma pressures and surface eruptions [ Delaney and Denlinger, 2000].

6.4. Implications

The Hilina Slump, aremnant of the larger proto-Hilina slump, is now restricted to the western
portion of Kilauea's mobile south flank. Itisstill active, as evidenced by recent co-seismic
displacements[e.g., Lipman et al., 1985] and aseismic dip triggered by rainfall events [Cervelli et

al., 2002]. The evidence for previous catastrophic collapse along the central region of Kilauea's
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south flank cautions us about future detachment of the extant slump block. However, our results
suggest that the remnant Hilina slump may be comparatively stable, due to its oblique convergence
upon the western boundary of the mobile flank, and therefore subject only to small intermittent
displacements as recorded in the Slope strata. Over time, Slump activity may lessen even further as
downslope motion isincreasingly buttressed by the growing outer bench. If thisisthe case, dire
predictions of the future break-away of the Hilinaslump [e.g., Ward, 2002] may be overstated,
although there are many external factors that may play arolein flank deformation in this active

volcanic setting.

The evidence for rapid bench growth along Kilauea's south flank, possibly triggered by
precursory slope collapse, suggests that landslides can set off a chain of events that govern
volcanic behavior and growth for along period after, and from which it may never recover. At
Kilauea volcano, the picture seems simple enough: collapse of the central flank relieves confining
stresses acting on both the ERZ and the basal detachment, enabling south flank diding. Initialy
rapid rates of displacement decay with time, until eventually, the broken flank is regenerated by
intrusion, eruption, and slope deposition. Flank sliding ceases, until anew cycle begins. A
surprising twist in this model, however, isthe construction of alarge frontal bench at the base of
the diding flank, from volcaniclastic debris derived from previous slope failures. Asthe bench
grows, it resists flank sliding, and buttresses new slumps forming upon the upper flanks. 1n order
to overcome the added resistance, each trigger event must be bigger than the last, and only the
largest volcanoes are likely to experience more than one or two such events before they become
inactive.

Finally, our observations suggest that the active processes we recognize on Kilauea volcano
today are the consequence of changes in south flank configuration and stress state resulting from
dope collapse, which we propose occurred relatively recently in the evolution of Kilauea.
Therefore, we are presently capturing atransient stage in Kilaueda's growth that may be decaying,
setting the stage for a new phase, possibly of greater stability. The sequence that we recognize at

Kilauealikely has been repeated on many older Hawaiian volcanoes, in particular, Mauna L oa,
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leaving tell-tale flank structures and landslide deposits [e.g., Lipman et al, 1988; Moore et al.,
1989; Lipman, 1995; Morgan and Clague, 2003]. However, this pattern may not be representative
of the long term behavior of Hawaiian volcanoes. With this recognition, we can better interpret
past events around the islands and throughout the world, and anticipate the consequences of

repeated s ope collapse along active volcanic idands.

7. Conclusions

New multichannel seismic reflection data and high-resolution bathymetry over the southeast
submarine slopes of the island of Hawaii demonstrate a history of past catastrophic landdliding and
present day stable sumping along Kilauea s mobile south flank. A continuous blanket of slope
sediments up to 1.5 km thick has been uplifted and folded to form the prominent Papa u seamount
along the western boundary of the active flank. Upslope, sediments have undergone extension and
subsidence, consistent with recent co-seismic ground motions of the nearby shoreline. In
combination, these structures define a coherent slump that is creeping downslope, probably linked
to the onland Hilinafault zone. Seismic reflection and high resolution SIMRAD bathymetric data
constrain an east-dipping fault along the western boundary aong which the slump is dipping, and
a detachment plane ~3 km below the seafloor. Total Sump displacement is estimated at dightly
more than 3 km in the south-southeast direction, matching co-seismic and continuous ground
displacement vectors for the Hilina slump block on-land, and in contrast with the southeast
vergence of the rest of the creeping south flank. To the northeast, a broad, fault-bounded flank
embayment contains thinned and disrupted slope sediments, revealing catastrophic slope failure of
the central flank in the recent past. Debris shed from the collapsed flank must have dispersed into
the Hawaiian Moat in front of Kilauea, forming an extensive volcanic apron. Seaward diding of
Kilauea's south flank subsequently offscraped these deposits to build the frontal bench, recording
up to 24 km of displacement. A broad basin formed above the embayed flank toe, and filled with
fragmental debris shed from upslope. Uplift and rotation of the basin fill indicate continuing bench

growth today.
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The sequence of deformational events along the south flank of Kilauea suggests a dynamic
interplay among slope failure, flank regrowth, and volcanic spreading. Large scale flank collapse
may have triggered seaward dliding of the flank, introducing sudden, irreversible changesin the
state of stress acting on the rift zone and underlying decollement plane. Present day flank motions
and deformation may represent atransient phase in Kilauea's history, which may cease once the
flank regenerates through volcanic growth. Although the large Hilina Slump has shown recent
activity, catastrophic detachment of thislanddideisincreasingly unlikely due to buttressing effects

of the rising midslope bench and western boundary fault.

Al. Depth Conversion of MCS data

Geophysical constraints gained from refraction [e.g., Hill and Zucca, 1987], flexure [ Thurber,
1987], and seismicity [Got et al., 1994] studies, indicate that the top of the ocean crust dips 3-6°
landward beneath the south flank of Kilauea, and lies at a depth of about 8-9 km beneath Kilauea's
summit. We developed velocity models for the volcanic flank using published velocity ranges

[Hill and Zucca, 1987], in order to return the OC reflection to this dipping planar geometry.

For our purposes, we iteratively construct three velocity layers above the oceanic crust, which
marks the base of our region of interest. These correspond to (a) water, with constant velocity of
1500 m/s, (b) bedded sediments with seafloor velocities of ~2200 m/sthat increase linearly with
depth, and (c) primary volcanic strata, with velocities of 3700 m/s near the top, increasing to about
~5500-6000 m/s at the base, consistent with deep oceanic basalts [e.g., Salisbury et al., 1996].
We have assumed a constant velocity of 6000 m/s for the oceanic plate. The true velocity structure
of the submarine flank may differ from our idealized three-layer model, resulting in reflector
mislocations up to 200-300 m, however our depth conversions yield reliable relative positions and

geometries of reflections for purposes of structural interpretation.
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Table 1. Standard seismic data acquisition parameters and processing sequence.

Acqusition Parameters:

Source: 15 airguns

4336 cu. in.
Recelvers. 4200 m length

160 channels @ 25m

Shot Interval; 50m
Recording:  SEG-D format
2 msinterva

1 common Midpoint

2 Frequency - Wavenumber

Processing Sequence:

Resampleto 4 ms

Edit bad shots and channels

Sort to CMPL (40 fold, 12.5m)
Bandpass Filter (4-8-72-80 Hz)
Velocity Analyses and Dip Moveout
Norma Moveout Correction

40 fold CMP1 stack (+/- Deconvolution)
Lowpass filter for multiple (0-0-35-45 Hz)
Migration in F-K2 domain

F-K2 filter to remove dipping reflections
Depth Conversion
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Figure Captions

Figure 1. (@) Shaded slope map of the south flank of Kilauea volcano on theisland of Hawalii
(white line denotes the shoreline; depth contoured at 1000 m). The 8-12° dopeis blanketed by
fragmental basalts, which give way to the east to rougher terrain indicative of submarine erupted
lavas. The southwest edge of Kilauea's mobile flank is bounded by an offshore lineament defined
by ridges and scarps, including Papa u seamount (PS), Nali ikakani Ridge (NR) liesalong this
boundary; box denotes area of detail in Figure 2. The upper flank is marked by two embayments
(dark hachures): Halape Bay (HB) shoreline re-entrant, between Nali“ikakani Point (NP) and Apua
Point (AP), and a central flank embayment above amidslope basin. A broad outer bench extends
across the width of the mobile flank and fronts the midslope basin, partly filled with volcaniclastic
sediment. The steep outer dope of the bench isincised by severa arcuate scarps (white hachures)
with talus piles and debris flows at their bases. Discrete blocks, hummocky morphology, and
relative shallowing of the seafloor, indicated by deflections of the 5000 m and 5250 m (dotted)
contours, suggest alocal avalanche deposit in front of the flank. Seismic reflection lines presented
here are indicated by heavy lines with shot point annotations; nearby seismic lines are indicated by
lighter lines. Bathymetry gridded at 100 m from Smith et al. [1994]. (b) Map of south flank
domainsdiscussed in text. Theterm “Hilina dump” has commonly been applied to the entire
deformed submarine flank of Kilauea, fronted by the outer bench and outlined in bold. We
distinguish the active Hilina lump as the coherent portion of the flank showing evidence for
downdlope displacement, coincident with the western flank shown here by pattern of vertical lines.
The central embayment is white, and midslope basin is speckled. GPS ground displacement
vectorsresolved for timeinterval 1990-1996 [Owen et al., 2000] are superimposed.

Figure 2. (@) High resolution SIMRAD EM300 bathymetry data [Clague et al., 1998; MBARI
Mapping Team, 2001] over Papa’u seamount (box on Figure 1), gridded at 30 m and illuminated
from the northeast. Contours for surrounding areafrom Smith et al. [1994] bathymetry are
overlain. Locations of Lines 22 and 23 are shown. (b) Structural interpretation of current

configuration of western boundary from SIMRAD data. Boundary fault lies between Papa'u and
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West Ridge, and accommodates predominantly strike-dlip motion. A distinct set of erosional
gullies (dark gray) appears to be offset along the fault. Black triangles mark upthrown side of
active thrust faults. Slump scarps and incipient normal faults are indicated by tick marks on
downdropped side. The main Papa'u ridge is interpreted to have detached from the small western
ridge, moving seaward a minimum of 3 km. The planar, northeastern slope of the western ridge
(hachured) may represent the surface of the western bounding fault. (c) Reconstruction of Papa'u
seamount, juxtaposing offset erosional gullies and slope of Papa u seamount, indicating ~3 km
upsl ope displacement and 10° counterclockwise rotation of eastern block. (d) Interpreted geometry
of proto-Papa’u seamount, prior to downslope displacement. Erosiona gullies overprint ssump

scarps, indicating significant folding predated offset along fault.

Figure 3. Time sections of intersecting MCS lines crossing the upper flank, and interpretations,
showing prominent deep reflections, and seismic domains. (a) Line 22, which crosses the western
boundary, Papa'u Seamount, and the upper flank. (b) Line 15, which crosses the upper flank,
outer bench, and Hawaiian Moat. Deconvolution has been applied to both lines prior to stacking,
to enhance the deep reflections; in this display, reverberations from the seafloor reflection obscure
shallow bedding reflectors. Strong reflections at 5 s and 5.4 s beneath upper flank correspond to
the basal decollement (D) beneath the flank, and ocean crust (OC) respectively. Characteristics of
overlying strong reflections, e.g., D, L, G4, and T1, are discussed in the text. The OC reflection
is pulled up by high velocity material beneath the midslope bench at 5.5 son (b), but can be
followed seaward into the Hawaiian Moat to ~7.2 s. Automatic gain control (AGC) of 500 ms
applied.

Figure 4. Line 23, crossing Papa u seamount, the western boundary, and the central flank
embayment. (a) Uninterpreted, migrated time section shown at ~6.5 vertical exaggeration (V.E.) a
the seafloor, showing stratigraphic relationships, e.g., coherent strata upon the western flank,
dipping beds within Papa u seamount, thinned and disrupted strata within the central flank
embayment. Gray unit correlates on several lines and is discussed in the text. AGC of 200 ms

applied. (b) Uninterpreted migrated time section with pre-stack deconvolution applied to enhance
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deep reflections, shown at ~4 times V. .E. at the seafloor. AGC of 500 ms applied. (c) Interpreted
version of (b). Reflections interpreted as slip planes or faults, e.g., D, L, G1 and G, are indicated
by dark bands; the OC is denoted by light bands. Arrows mark sense of offset at the seafloor. See

text for discussion.

Figure5. Line 22, crossing Papa u seamount, the western boundary, and the west edge of the
central flank embayment. (a) Uninterpreted migrated time section showing stratigraphic
relationships, such as coherent strata upon the western flank, onlap within the syncline to the east
of Papa’'u seamount, and dipping beds within Papa'u. (b) Uninterpreted migrated time section,
with pre-stack deconvolution applied to enhance deep reflections. (c) Interpreted version of (b),
showing dipping internal G1, G, and L reflections. Symbols and V.E. asin Figure 4. Seetext

for discussion.

Figure 6. Nearshore Line 14, crossing Nali‘ikakani Ridge, the western boundary, and the
shallow shelf. (a) Vertically exaggerated, uninterpreted migrated time section showing west
dipping strata within the ridge, and east-directed offset along the east face of the ridge. Recent,
dope parale sediments bury a disturbed unit of west-dipping strata, and normal faults break the
shelf. (b) Uninterpreted migrated time section, with pre-stack deconvolution applied to enhance
deep reflections. (¢) Interpreted version of (b), highlighting dipping G; and L reflections.

Symbolsand V.E. asin Figure 4. Seetext for discussion.

Figure 7. Line 15, crossing the coherent portion of the western upper flank and outer bench. (a)
Vertically exaggerated, uninterpreted migrated time section showing coherent strata on upper flank,
locally folded and faulted, along normal faults that offset the seafloor. Outer bench is composed of
layered, landward dipping strata. (b) Uninterpreted migrated time section, with pre-stack
deconvolution applied to enhance deep reflections. (€) Interpreted version of (b), showing dipping
G reflections ~1-1.5 s below seafloor, approaching seafloor above outer bench. Symbols and
V.E. asin Figure 4. (d) Depth section, converted as described in Appendix A1, showing landward
dipping reflections rising from D within outer bench. No vertical exaggeration. See text for

discussion.
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Figure 8. Line 21, crossing the central flank embayment, midslope basin, and outer bench.
Vertically exaggerated, uninterpreted migrated time section showing thinned disrupted strata on
upper flank, Overlain by slope parallel sediments. Midsope basinisfilled by well-bedded
sediments, which onlap outer bench and aretilted landward. Outer bench is composed of layered,
landward dipping strata. (b) Uninterpreted migrated time section, with pre-stack deconvolution
applied to enhance deep reflections. (c) Interpreted version of (b), showing dipping G2 ~1 s below
seafloor, underlying contorted stratal reflections now buried by basin fill. Symbolsand V.E. asin
Figure 4. (d) Depth section, showing landward dipping reflections rising from D within outer

bench. No vertical exaggeration. See text for discussion.

Figure 9. Cut-away views through Kilauea's south flank showing subsurface structures
compiled from the seismic data. (a) Lines 14 and 15 reveal the structure of the western flank,
detachment G; and the Hilina slump. Extension along Nali'ikakani Ridge and folding and faulting
of the shallow sediments on Line 15 result from downsl ope movement of the Hilina slump.
Deeper structures are primarily landward dipping, accommodating thrusting and accretion of
volcaniclastic strata within the outer bench. (b) Lines 22 and 21 show uplift and westward
thrusting of Papa’u due to oblique convergence of the Hilina slump upon the western boundary
fault. Thetransition to the region of central flank failure is marked an arcuate scarp at the seafloor,
and listric G, detachment at depth. Imbricate thrust sheets within the outer bench front the central

flank embayment, ponding sediments within the midslope basin.

Figure 10. Interpreted depth sectionsfor dip lines: (@) Line 21, and (b) Line 15; symbolsasin
Figure 3. Thetwo transects, aligned aong the axis of the midslope basin show contrasting
structure. Disrupted strata underlie bedding parallel dope and basin sedimentson Line 21,
whereas Line 15 shows the more coherent Hilinaslump. The primary volcanic edifice extends
farthest seaward on Line 15, and appears to be truncated beneath the midsope basin along Line 21,
where the imbricated stack of accreted volcaniclastic debrisisthickest. The upper most portion of
the outer bench has been eroded or detached along Line 21, contributing landslide blocks to the

Hawalian Moat.



Figure 11. Two structural cross-sections across the upper western flank, oriented (a)
perpendicular to the western boundary fault (e.g., Line 22), and (b) parallél to the transport
direction for the Hilina slump; symbols asin Figure 3. Ellipses mark depth constraints of
reflectors from selsmic sections. Insets show reconstructed configurations that can be compared to
deformed configuration (dashed). Papa’u records ~1 km fault normal displacement. The slump
has experienced about 3 km of downslope displacement, based on offset erosional markers from
the high resolution bathymetry (e.g., Figure 2). The Hilinafault zone is correlated with G1 in this

section, yielding a dip of ~20-25°. See text for discussion.

Figure 12. Schematic model for slope collapse and slumping along Kilauea's mobile south
flank. (@) The central portion of the large proto-Hilina slump detaches catastrophically, depositing
chaotic debris out in the Hawaiian Moat. (b) Collapse of the central sector leads to achangein
vergence of the slump, which impinges upon the western boundary fault, uplifting Papa'u
seamount. The landslide debrisis offscraped by seaward dliding of the south flank,
accommodating extension and southward migration of the central ERZ. 'Y oung slope sediments fill
in the embayment where the collapse occurred, and collect in the middope basin dammed behind
the outer bench. The midslope basin marks the position of the recessed toe of the collapsed flank.
Recent sediments derived from subagerial lava flows entering the ocean (white) progressively infill

the recessed flank and basin, burying the record of past slope failures.
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