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Abstract

Multi-channel seismic imaging reveals the seismic stratigraphy and associated sedimentary processes of the
Frontal Hawaiian Moat (FHM) to the southeast of the island of Hawaii. Two sedimentary units are defined: (1) a
basal layer of pelagic sediment draping the oceanic basement and (2) a wedge of volcaniclastic material infilling the
FHM and onlapping the Frontal Hawaiian Arch. Three distinct seismic facies within the volcaniclastic unit are
recognized: (A) areas of chaotic or incoherent reflections interpreted as proximal debris avalanche or slump deposits;
(B) groups of hummocky and distorted reflections interpreted as distal debris avalanche or debris flow deposits; and
(C) regions of parallel and laterally continuous reflections interpreted as turbidite deposits. The distribution of these
facies delineates slope apron, proximal basin, and distal basin depositional environments (respectively) within the
FHM. The northwest drift of the Pacific Plate over the Hawaiian hot spot results in the apparent southeasterly
migration of the Hawaiian chain. Advancement of the depositional environments within the FHM occurs as
individual volcanoes evolve, erode, and are superseded by new volcanic centers. The interplay between depositional
processes and tectonic forces (plate motion and lithospheric flexure) predicts a coarsening-upward stratigraphy within
the FHM. The combined accumulation of pelagic and volcaniclastic sediment defines a heterogeneous, and potentially
unstable, layer of low strength material beneath the volcanic edifice that may influence the mobility of the island
flanks. 5 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Giant submarine landslides have been well

documented on the £anks of volcanic islands
such as the Hawaiian Islands, the Canaries, and
La Re¤union (e.g. Moore et al., 1989; Watts and
Masson, 1995; Funck and Lykke-Anderson,
1998; de Voogd et al., 1999). Deep-sea volcanic-
lastic sediment that surrounds oceanic volcanoes
is derived from these giant landslides as well as
smaller mass-wasting events (e.g. Menard, 1956;

0025-3227 / 02 / $ ^ see front matter 5 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 0 2 5 - 3 2 2 7 ( 0 1 ) 0 0 2 8 4 - 5

* Corresponding author. Tel. : +1-808-956-6082;
Fax: +1-808-956-5154.

E-mail address: sleslie@soest.hawaii.edu (S.C. Leslie).

MARGO 3043 14-5-02

Marine Geology 184 (2002) 143^162

www.elsevier.com/locate/margeo



Rees et al., 1993; Wolfe et al., 1994; Lucci and
Kidd, 1998; Funck and Schmincke, 1998; Masson
et al., 1998; Ollier et al., 1998; Urgeles et al.,
1998). In Hawaii, landslides may occur through-
out the life of an individual volcano, but the larg-
est events appear to occur at or near the end of
the shield-building stage (Moore et al., 1989).
Sediments from such prodigious landslides can
range from large-scale debris avalanche deposits
up to 2 km thick and 230 km long (Moore et al.,
1994) to centimeter-thick turbidite deposits lo-
cated s 900 km to the south of the Hawaiian
Islands (Rehm and Halbach, 1982; Garcia and
Hull, 1994).
Flexural moats often form around oceanic vol-

canoes in response to lithospheric loading (Me-
nard, 1964). The Frontal Hawaiian Moat (FHM),
southeast of the island of Hawaii, is the youngest
expression of the Hawaiian Moat (Fig. 1). Wide-
spread mass wasting from the leading (southeast)
edge of the Hawaiian Ridge contributes sediments
to the FHM (Moore and Clague, 1992; Smith
et al., 1999; Naka et al., 2002). These sediments
will eventually be covered by later volcanoes
of the Hawaiian Ridge, as the Paci¢c plate drifts
to the northwest over the Hawaiian hot-spot
(Morgan, 1971; Dalrymple et al., 1973). Thus,
sediments in¢lling the FHM not only record the
landslide history of the nearby volcanic slopes,
but are modern analogs to deposits that have
been buried beneath the volcanoes of the Hawai-
ian Islands.
Sedimentary layers underlying ocean island vol-

canoes are thought to facilitate the formation of
detachment surfaces or de¤collements that enable
the mobilization of large portions of the volcanic
£anks of oceanic volcanoes (Denlinger and Oku-
bo, 1995) by a process known as ‘volcanic spread-
ing’ (Borgia, 1994). In Hawaii, the presence of a
weak layer of oceanic sediment beneath the vol-
canoes has been invoked to explain the elongate
geometry of Hawaiian rift zones (Nakamura,
1980). Analysis of re£ected earthquake waves be-
neath the subaerial volcanic edi¢ce reveals an 800-
m-thick low-velocity layer inferred to be com-
posed of marine sediment (Thurber and Li,
1989). In addition, recent seismic interpretations
(Morgan et al., 2000) and submersible surveys

(Lipman et al., 2000) over the deep £anks of Ki-
lauea have con¢rmed signi¢cant uplift and defor-
mation at the toe of the volcanic edi¢ce, support-
ing models for £ank mobility that rely on a weak
substrate. Voluminous submarine lava £ows in
the deepest part of the Hawaiian Moat near the
submarine termination of the East Rift Zone
(ERZ) of Kilauea and around the base of Loihi
are probably interbedded within the sediment
layer underlying the island edi¢ce (Holcomb et
al., 1988). Constraining the thickness and distri-
bution of these various sedimentary and volcanic
deposits is necessary to understand the growth,
degradation, and deformation of oceanic volcanic
islands as well as the role of landslides in the ear-
liest stages of island building. In this study, we use
multi-channel seismic (MCS) data collected on the
R/V Maurice Ewing in 1998 (Fig. 1) to de¢ne the
stratigraphy of the FHM and constrain the com-
position and formation of the sediment layer that
underlies the island of Hawaii.

2. Geologic setting and previous work

The volcanic edi¢ce of Hawaii is located at the
southeast end of the Hawaiian Ridge, includes the
active volcanoes Mauna Loa, Kilauea, and Loihi
(a submarine volcano located 30 km southeast of
Hawaii), and represents the leading edge of the
Hawaiian hot spot trace (Clague and Dalrymple,
1987) (Fig. 1). The Hawaiian Islands are built
upon Cretaceous age sea£oor (Waggoner, 1993)
that is overlain by a thin (6 200 m) layer of
weakly re£ective pelagic sediment (Ewing et al.,
1968; Winterer, 1989). The sea£oor exhibits a typ-
ical north-northwest trending abyssal hill fabric
that was generated during sea£oor spreading
(Moore and Chadwick, 1995; Macdonald et al.,
1996). Lithospheric £exure induced by the weight
of the volcanoes has formed a trough-like feature
known as the Hawaiian Moat that surrounds the
island chain. The moat is bounded by a sea£oor
rise known as the Hawaiian Arch, located
V250 km seaward of the island chain (Hamilton,
1957; Menard, 1964). The moat and arch have
£anking segments (e.g. North Hawaiian Arch,
Southern Hawaiian Moat) and frontal regions
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(i.e. FHM and Frontal Hawaiian Arch) (Fig. 1).
In contrast to £anking segments, the FHM and
Frontal Hawaiian Arch are short-lived features
that will eventually be covered by the growing

Hawaiian ridge as the Paci¢c plate migrates
across the Hawaiian hotspot locus.
Mass wasting is responsible for large-scale deg-

radation of oceanic volcanoes and is well docu-

Fig. 1. Inset shows shaded relief bathymetric map of the Hawaiian Ridge and surrounding £exural moat and arch. The moat
and arch are subdivided into frontal regions, i.e. the FHM and FHA, and £anking segments, i.e. the Northern and Southern Ha-
waiian Moat, and the Northern and Southern Hawaiian Arch. MFZ denotes Molokai fracture zone. The location of ODP Drill
Sites 842 and 843 on the South Arch is indicated by triangle. Large map shows shaded relief bathymetry of the submarine slopes
of the island of Hawaii. Contours in meters. Important features include the axis of FHM (thick dashed line), the ERZ of Ki-
lauea, the Southwest Rift Zone (SWRZ) of Kilauea, the rift zones of Loihi (thinner dashed lines), the mid-slope bench of the
South Flank of Kilauea (MSB), and the Puna Ridge (PR). Pre-existing sea£oor topography includes Hohonu, Green and Apuu-
puu Seamounts (HS, GS, and AS). Isolated landslide blocks are scattered to the southeast of the volcanic edi¢ce (B). Thin lines
indicate seismic re£ection pro¢les of entire survey. Heavy lines indicate pro¢les presented in this paper.
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mented along the Hawaiian Ridge (Moore et al.,
1989). The general term ‘landslide’ or ‘landslide
unit’ has been used to describe various mass
movement formations ranging in size over several

orders of magnitude (Moore et al., 1989; Rees et
al., 1993). Large-scale landslides (s 20 km long)
identi¢ed by GLORIA sonar images have been
grouped into two major types: slumps and debris

Fig. 2. Drilling results and previous seismic re£ection surveys from the Southern Hawaiian Arch. (A) Lithostratigraphy and core
recovery of Hole 842 matched with the physical properties of Hole 843A. The igneous basement was encountered at 228.8 mbsf
at Hole 843A. Due to poor recovery of unit 3, the exact location of the boundary between volcaniclastic and pelagic sediments is
unknown, but is inferred as the base of seismic layer HA1. For depth conversion purposes, velocities are inferred in the upper
50 m and lower 30 m of Hole 843A (dashed lines). (B) Seismic re£ection pro¢le RC2308-304 collected on the SHA. (C) Interpre-
tation of re£ection pro¢le. HA1 a layer of high-amplitude, strongly continuous re£ections is interpreted as distal turbidite depos-
its. HA2 a transparent/weakly re£ective layer is interpreted as primarily pelagic sediments. Beneath HA2, a high-amplitude re£ec-
tion underlain by low-frequency multiples is interpreted as the re£ection from the top of the oceanic basement. Inset core is
expanded and converted from time to depth domain for comparison with ODP drilling results. Note the correlation between the
HA1/HA2 contact and a change in the character of the P-wave and Q ray logs (heavy dashed line).
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avalanches. Slumps are deeply rooted, generally
coherent, bodies of rock that move incrementally
or ‘creep’ downslope over an extended period
(Varnes, 1978). In contrast, debris avalanches
are rapidly occurring events that result in more
sur¢cial deposits that may extend for hundreds
of kilometers from their source region (Moore et
al., 1994). On the island of Hawaii, debris ava-
lanche headwalls have been interpreted along the
submarine slopes of Kohala, Mauna Loa, Kilauea
(outer scarp of the Hilina Slump), and Loihi vol-
canoes (Fornari et al., 1988; Moore et al., 1989;
Moore and Chadwick, 1995; Smith et al., 1999).
Landslides that emplaced isolated blocks to the
southeast of the island (Fig. 1) (Moore and Chad-
wick, 1995) likely generated smaller scale debris
£ow and turbidity current deposits that obscure
the sea £oor fabric in this region. Also present in
the Hawaiian Moat are voluminous submarine
lava £ows surrounding the distal end of the
ERZ and the base of Loihi (Holcomb et al.,
1988). Because of the quantity of debris avalanche
material surrounding Loihi, older lava £ows
around its base may have been partially or com-
pletely covered by later landslides.
Seismic re£ection surveys around the Hawaiian

Ridge have characterized the seismic stratigraphy
of the £anking segments of the HA and Moat
(Watts et al., 1985; ten Brink and Watts, 1985;
Lindwall, 1988; Rees et al., 1993). These surveys
imaged thick sequences of sediment partially ¢ll-
ing the Hawaiian Moat, interpreted as primarily
landslide debris. Re£ections from the top of the
oceanic basement vary in character from a weak
re£ector with rough topography underlain by
low-frequency multiples (Watts et al., 1985) to a
strong and discontinuous re£ector (Lindwall,
1988). An extensive survey by Rees et al. (1993)
de¢ned four lithostratigraphic units in¢lling the
Northern Hawaiian Moat: (1) a basal unit of pe-
lagic sediments; (2) a thick wedge of lens-shaped
units onlapping the Hawaiian Arch; (3) a se-
quence of highly re£ective, continuous horizons
that o¥ap the Hawaiian Arch; and (4) a ponded
unit of near horizontal re£ections con¢ned to the
deepest part of the Moat. Unit 1 was interpreted
as predating the formation of the £exural moat,
while units 2^4 were interpreted as the products

of mass wasting from the Hawaiian Ridge. The
distribution of these deposits was explained as a
function of the competing e¡ects of sediment in-
£ux into the Moat and distributed subsidence due
to loading of the lithosphere by successive volca-
noes (Rees et al., 1993).
Cores obtained by the Ocean Drilling Program

(ODP) Leg 136 from the Southern Hawaiian Arch
furnish important groundtruth about pelagic and
landslide-derived sediment in the Hawaiian region
(Dziewonski et al., 1992). At Site 843, Holes 843A
and 843B penetrated V235 m of pelagic and vol-
caniclastic sediment before reaching oceanic base-
ment. Recovered sediment was classi¢ed into
three lithologic units de¢ned from the sea£oor
down: (1) V20 m of Quaternary to Pliocene silt
and clay containing variable amounts of volcanic
sand, (2) V16 m of middle Miocene to upper
Eocene clay and claystone with altered volcanic
sand, (3) a ‘catch-all’ unit V200 m thick, com-
posed primarily of chert and claystone (recovery
of this unit was poor) (Fig. 2). Volcanic sand
within units 1 and 2 were probably emplaced by
turbidity currents associated with giant landslides
from the Hawaiian ridge (Garcia, 1993). Di⁄culty
imaging the sediment/oceanic basement contact
using seismic re£ection techniques was attributed
to the presence of highly re£ective chert layers
overlying the oceanic crust (Wilkens et al., 1993).

3. Correlation of previous drilling results and
seismic re£ection data

Re-evaluation of previously collected MCS pro-
¢les (Watts et al., 1985; Brocher and ten Brink,
1987) and drilling results from ODP Leg 136
(Dziewonski et al., 1992) allow us to correlate
seismic re£ection data with lithology on the
Southern HA (SHA, Fig. 2). MCS lines collected
on R/V Robert Conrad Cruise 2308 (RC2308-303
and RC2308-304) cross ODP Sites 842 and 843,
located V250 km southwest of the island of
Oahu on an abyssal ridge at V4400 m water
depth (Figs. 1 and 2). Correlation of the seismic
data with lithology and physical property logs
provides a reference section that can be compared
to our data in the Hawaiian Moat. Our re-exami-
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nation of the MCS re£ection records and drilling
results focuses on matching changes in seismic
re£ection character with lithologic units and var-
iations in physical properties (Fig. 2).
We constrain the location of the oceanic base-

ment by closely examining an in-situ velocity pro-
¢le from ODP Hole 843A (Fig. 2A). Down-hole
logging of Hole 843A determined a P-wave veloc-
ity range of 1500^2900 m/s from 50 to 205 m
below sea £oor (mbsf) in the sediment. Integra-
tion of this velocity pro¢le predicts a two-way
travel time (twtt) to the basement of V260 ms,
assuming velocities of 1650 ( S 50) and 2200
( S 100) m/s for the shallow and deep portions of
the core that were not logged. Similarly, we cal-
culate a twtt of V280 ms to the basement at near-
by Hole 843B. Close examination of the seismic
re£ection record reveals a high-amplitude, roughly
continuous, low-frequency (10^25 Hz) re£ection
occurring at V270 ms twtt that we interpret as
originating at the contact between the basement
and overlying pelagic sediment (Fig. 2B,C).
Within the sediment that overlies the basement

re£ection on the SHA, we interpret two seismic
units. Immediately below the sea£oor re£ection,
we identify a layer of high-amplitude, strati¢ed,
strongly continuous, mid-frequency (20^40 Hz)
re£ections that thins over basement highs, ponds
in basement lows, and varies in thickness from
100 to 150 ms (Fig. 2B,C). We designate these
re£ections as seismic unit HA1 and interpret
them to originate from turbidite beds such as
those found in ODP lithologic units 1 and 2
from Site 842. The velocity pro¢le of ODP Hole
843a establishes the base of unit HA1 at V100
mbsf, within ODP lithologic unit 3 (Fig. 2A,C).
This suggests that the upper 65 m of ODP unit 3
probably contains turbidite deposits (Fig. 2A). A
lithologic boundary at V100 mbsf within ODP
unit 3 is consistent with the physical property
variations of Hole 843A. Speci¢cally, at 100
mbsf the velocity log shows an increase in the
amplitude of high-velocity peaks and the trend
of the Q ray log changes from down-hole increas-
ing to down-hole decreasing (Dziewonski et al.,
1992) (Fig. 2A). Directly beneath seismic unit
HA1 and draping the basement re£ection, we
identify a region of low-amplitude, weakly contin-

uous, higher frequency (30^45 Hz) re£ections that
varies in thickness from 150 to 180 ms (Fig.
2B,C). We de¢ne these re£ections as seismic unit
HA2 and interpret them to originate from the
lower 130 m of ODP lithologic unit 3, i.e. pelagic
sediments. The identi¢cation and correlation of
these seismic units with the lithologic data pro-
vides important groundtruth for subsequent inter-
pretations of our data.

4. Data acquisition and processing

In January^February 1998, we shot a grid of 29
seismic pro¢les over the FHM and the submarine
£anks of the island of Hawaii on the R/VMaurice
Ewing towing a 4.2 km, 160 channel streamer ca-
ble (Fig. 1). The seismic source was a 71 l (4336
inch3) array of 15 airguns ¢red every 50 m. The
data were recorded in SEG-D format, with a sam-
ple interval of 2 ms (resampled to 4 ms prior to
processing).
Data processing, carried out at the University

of Hawaii using ProMAX software, was designed
to image both the sediment on the abyssal plain
and the internal structure of the volcanic edi¢ce
(Table 1). Additional tests performed to enhance
re£ections and aid interpretation included band-
pass ¢ltering, spectral shaping, constant-velocity
stacks, and deconvolution (see Hills et al., 2002
for more details).

Table 1
Standard seismic data processing sequence

Process Explanation

Edit bad traces noisy channels removed from
data

Geometry shot/receiver de¢nition
Sort to common mid-point
(CMP) gathers

12.5 m CMP spacing - 40-fold

Bandpass ¢lter 4^8^72^80 Hz ¢lter
Velocity analysis approximately every 100 CMP
Dip move out (DMO) partial migration algorithm
Top mute remove noise at far o¡sets
CMP ensemble stack
F-K migration
F-K ¢lter remove strongly dipping

events
Automatic gain control
(AGC)

scale amplitude of re£ections
for display
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Fig. 3. Seismic re£ection line 1 and 1a (A) and interpretation (B). Long (s \tf="m1046a"100 km) pro¢le crosses the FHM and approaches the FHA. Slope apron
contains numerous large slide blocks and only small areas of laterally continuous or coherent re£ections. Proximal basin area contains chaotic/hummocky re£ectors
interpreted as debris £ow deposits, bounded by areas of parallel and continuous re£ections. Inter¢ngering between chaotic/hummocky re£ectors and smoother/par-
allel sequences of re£ections is common in this region. Distal basin is characterized by low basement topography (abyssal hills) and onlapping parallel re£ections
that in¢ll small basins. Extensive sequences of parallel re£ectors are interpreted as turbidite deposits. C/C marks course change of ship from line 1 to line 1a.
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5. Seismic re£ection data: results and
interpretation

Within the FHM we recognize a rough and
irregular horizon interpreted as the oceanic base-
ment, a basal layer of relatively constant thickness

(V80^100 ms) interpreted as pelagic sediment,
and an elongate wedge of onlapping and down-
lapping re£ections interpreted as landslide debris
and associated turbidite deposits derived from the
nearby Hawaiian Ridge (Figs. 3 and 4). These
features are illustrated with two seismic re£ection

Fig. 4. Seismic re£ection line 15 and 15^16 (A) and interpretation (B). Long pro¢le across FHM (compare to Fig. 3). Little ex-
pression of the moat exists topographically, but note the landward dipping nature of the top of the oceanic basement. Landward
diverging re£ectors are possible indicators of continued landward subsidence of the basement. Deeply rooted chaotic region may
be a buried block from previous landslide event. Distal blocks with underlying continuous re£ectors are present, surrounded by a
chaotic layer of re£ections. Rapidly thinning landslide unit downlaps underlying horizons in the distal portion of this line. C/C
marks course change of ship from line 15 to line 15^16.
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pro¢les that extend from the base of the volcanic
£ank across the axis of the FHM (Figs. 3 and 4).
Vertical position on all seismic re£ection pro¢les
is referenced to twtt below sea level in seconds (s)
and lateral position is denoted by shot point (SP).

5.1. Oceanic basement

The top of the Paci¢c oceanic crust is identi¢ed
as a poorly continuous re£ection that deepens to-
wards the island edi¢ce (Fig. 3, SP 800^1200,

Fig. 5. Seismic re£ection line 5 and 4^5 (A) and interpretation (B). Pro¢le images sharp transition from lower volcanic slopes of
island to the abyssal sea £oor. Note the absence of slope apron adjacent to volcano. Sea £oor is dominated by pre-existing base-
ment high. Depth to sea£oor is greater on the northern side of the basement high, indicating that the feature may de£ect or re-
£ect turbidity currents or debris £ows moving along the axis of the FHM. The uneven sediment drape and contrasting facies on
either side of basement high are further evidence that sediment deposition is in£uenced by this feature. C/C marks course change
of ship from line 4^5 to line 5.
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V7.4 s and Fig. 4, SP 100^1200, V7.4 s). This
re£ection is nearly identical to the basement re-
£ection at ODP Site 843 (Fig. 2). Characteristics
which typify the basement re£ection include: (1)
rough and irregular re£ector geometry; (2) under-

lying low-frequency reverberations that mimic
basement topography; (3) the region beneath the
basement appears free of coherent or continuous
re£ection events; (4) a distinctive layer of low-
amplitude re£ections, interpreted as pelagic sedi-

Fig. 6. Seismic re£ection line 10 (A) and interpretation (B). Pro¢le crosses the termination of the ERZ of Kilauea, where exten-
sive submarine sheet £ows have obscured the sediment record (Holcomb et al., 1988). Interbedding between sediments and lava
£ows is likely, but the exact nature of this relationship remains poorly resolved. Parallel re£ections (facies C) at the SE end of
the line signify the transition to the distal basin environment.
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ment (discussed in detail below) that drapes the
basement re£ection. These basement characteris-
tics are consistent with the observations of pre-
vious seismic re£ection studies (ten Brink and
Watts, 1985; Lindwall, 1988; Rees et al., 1993).
Basement topography throughout the FHM is

extremely variable and has a noticeable e¡ect on
sediment distribution. Pre-existing sea£oor highs
present between Hohonu and Green Seamounts
are covered by a layer of pelagic sediment and/
or turbidite deposits (Fig. 5, SP 50^200, V7.0^7.3
s). Depth to the abyssal sea £oor is V90 m great-
er on the northern side of these low relief sea-
mounts than on the southern side, perhaps indi-
cating that they are barriers to sediment transport
along the axis of the FHM (Fig. 5, SP 1^400, 7.2^
7.4 s). North-northwest trending abyssal hills ap-
pear as regions of elevated basement topography
with £anking sediment-¢lled basins (Fig. 3, SP
100, 7.1 s). Large basement highs interpreted by
previous workers as Cretaceous age seamounts
(e.g. Apuupuu, Hohonu and Green Seamounts)
rise hundreds to thousands of meters above the
surrounding sea£oor (Moore and Chadwick,
1995) (Fig. 1).

5.2. Basal unit: pelagic sediment

Draping the oceanic basement is a laterally ex-
tensive, weakly re£ective layer, 80^100 ms thick,
which occurs throughout the FHM. Re£ections
within the basal unit are low-amplitude, moder-
ately to poorly continuous, and concordant with
the upper and lower boundaries of the unit. This
unit is well resolved on the inner slope of the
Hawaiian Arch (Fig. 3, SP 800^1400, V7.2^
7.4 s) but is di⁄cult to image in other regions
of our study area, especially in areas of the Ha-
waiian Moat covered by submarine lava £ows
(Fig. 6). We correlate re£ection patterns within
this unit with the re£ections of unit HA2 from
seismic re£ections surveys on the Hawaiian Arch
(Fig. 2). Based upon this correlation, the sheet
drape geometry of this unit, the nature of the
internal re£ections, and previously identi¢ed pe-
lagic sediment from the Northern Hawaiian Moat
(Rees et al., 1993), we interpret the basal unit as a

layer of pelagic sediment V80^100 m thick (Win-
terer, 1989).

5.3. Landslide unit: volcaniclastic sediment

Overlying the basement and pelagic sediment
layer is a landward-thickening wedge of high-am-
plitude onlapping re£ections (Figs. 3 and 4). The
thickness of this wedge is greatest (V700^900 ms)
adjacent to large erosional features on the £anks
of Loihi seamount and the outer scarp of the
Hilina Slump, decreasing rapidly in thickness
with distance from these areas. Re£ections within
the landslide unit are high amplitude and often
exhibit landward diverging re£ection geometry
(Fig. 4B). We interpret this wedge as debris ava-
lanche and debris £ow deposits derived from vol-
canic slope failures. Within the landslide unit,
three distinct seismic facies are identi¢ed accord-
ing to changes in seismic re£ection character and
geometry (Table 2).

5.3.1. Facies A: proximal debris avalanches and
slumps
We de¢ne facies A as sequences of chaotic/in-

coherent re£ections and irregular blocks found in
thick sequences (100^500 ms twtt) adjacent to the
steep (s 5‡) submarine slopes of Hawaii (Figs. 3
and 4). This facies is common within a wedge or
‘slope apron’ region £anking the lower slopes of
the submarine volcano (discussed below).
Although re£ections from within this facies are
generally chaotic, they locally dip slightly to the
SE, away from the volcanic edi¢ce. Large, irreg-
ular blocks scattered on the sea£oor in this region
exhibit few internal re£ections and are grouped
with this facies. Isolated regions of parallel re-
£ections onlapping these blocks may represent
small trapped or ‘perched’ basins (Fig. 3, SP
1850, 6.9 s).
The distribution of this facies (principally bor-

dering the steep volcanic £anks of Hawaii), the
lack of coherent internal re£ections, and the fre-
quent occurrence of large blocks indicates that
facies A is composed primarily of poorly sorted
volcaniclastic debris. The majority of this material
was probably derived locally from the lower
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slopes of Kilauea and Loihi during slope failure
events.

5.3.2. Facies B: distal debris avalanches/debris
£ows
Facies B is characterized by lenses of chaotic

and hummocky re£ection events that are common
within the frontal moat and onlap the frontal arch
(Figs. 3 and 4). Thick sequences of these re£ec-
tions (V400 ms) occur at or near the boundary
between the abyssal sea £oor and the lowermost
slopes of the volcanic edi¢ce (Fig. 4). These re-
£ections become thinner towards the arch and
eventually become interbedded with facies C re-

£ections (discussed below) (Fig. 3, SP 500^800,
7.0^7.2 s). Individual re£ectors within this facies
may exhibit a variety of re£ection forms. Hum-
mocky subunits are common and may downlap
underlying planar horizons. Extremely chaotic
and irregular areas are common, often inter-
bedded with smoother, more continuous re£ectors
(Fig. 3, SP 800, 7.1^7.2 s).
We interpret these hummocky and irregular

lenses as the product of chaotic debris avalanches
or debris £ows originating from the nearby slopes
of Hawaii. Chaotic or re£ection free areas may
represent buried blocks from older catastrophic
debris avalanche events, which were subsequently

Table 2
Seismic re£ection facies de¢ned in this study and their geologic interpretation
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Fig. 7. (A) Shaded relief bathymetric map of FHM with sediment thickness superimposed. Contours in 100 ms of twtt. Dashed
contours indicated interpreted thickness. (B) Interpreted sediment pathways (arrows) and depositional regimes. Slump toe region
de¢ned by Smith et al. (1999). Stippled pattern indicates submarine sheet £ows identi¢ed by Holcomb et al. (1988). Submarine
topographic features in£uencing sediment deposition include the mid-slope bench (MSB) of the Hilina Slump, Hohonu Seamount
(HS), and Green Seamount (GS). Heavy dark line shows lower limit of volcanic £ank. Slope apron, proximal basin, and distal
basin are de¢ned by the predominance of facies A, B and C on re£ection pro¢les.
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buried by later landslide events (Fig. 4, SP 1100,
7.0^? s).

5.3.3. Facies C: turbidites
We recognize facies C as a series of generally

high-amplitude, high-frequency, continuous re-
£ections that overlie and onlap the top of the
basal pelagic sediment unit. In the distal regions
of our survey area (e.g. Fig. 3, SP 200^600), this
facies is laterally extensive and well-resolved.
Thickness varies locally (V60^160 ms) depending
upon underlying basement topography. Individual
re£ections are continuous (some extend laterally
for tens of kilometers) and dip gently towards the
Hawaiian Ridge. Facies C is overlain by extensive
sequences of chaotic re£ections (facies A and B)
in regions proximal to the volcanic edi¢ce, mak-
ing it di⁄cult to image in these areas.
We interpret the highly continuous and parallel

re£ections of facies C as distal turbidite deposits
derived from the Hawaiian Ridge during mass-
wasting events (cf. Garcia and Hull, 1994). The
lateral continuity and onlapping nature of re£ec-
tions within this unit supports this interpretation.
The distribution of this facies appears strongly
in£uenced by basement topography (Fig. 3, SP
200^300) further suggesting current-controlled de-
positional processes. We note the strong similarity
of the internal re£ections of this facies and those
of unit HA1 (interpreted as turbidites) on the Ha-
waiian Arch (Fig. 2). In addition, this interpreta-
tion is supported by volcanic sands deposited by
turbidites collected in two locations (V120 km
and V250 km) to the SE of the island of Hawaii
(Naka et al., 2002).

5.4. Sediment distribution

The volcaniclastic sediment identi¢ed in our
study is distributed unevenly throughout the fron-
tal moat, with a thick accumulation of sediment
occurring adjacent to the outer scarp of the Hilina
Slump that thins with increasing distance from the
volcanic slopes (Fig. 7A). For the purposes of
description, we divide the FHM into three distinct
regions: (1) slope apron; (2) proximal basin; and
(3) distal basin (Fig. 7B). The slope apron forms a
wedge of material abutting the lower slopes of

Loihi and the Hilina Slump (Fig. 4). The top
boundary of the slope apron is the sea£oor, which
dips slightly (6 2.5‡) away from the island to-
wards the axis of the deep and is characterized
by a blocky-hummocky sur¢cial morphology.
The slope apron reaches a maximum thickness
of V800 ms (V1.2^1.4 km) at its landward
boundary, thins rapidly towards the axis of the
Hawaiian moat, and pinches out at the abyssal
plain sea £oor (Fig. 7). The sur¢cial area of the
slope apron encompasses the previously described
‘lower toe’ of the Hilina Slump (Smith et al.,
1999). The proximal basin is a transition area be-
tween the blocky-chaotic area of the slope apron
and the smooth-parallel re£ections of the distal
basin. This region is typi¢ed by relatively contin-
uous hummocky re£ection units, interbedded with
smooth and parallel re£ections (Fig. 3). The distal
basin area is dominated by turbidite deposition
and is characterized by a thin accumulation of
onlapping, parallel re£ections (Fig. 3).

6. Discussion

6.1. Depositional processes and sediment pathways

Our results indicate that deposits from mass-
wasting processes have contributed s 1200 km3

of sediment to our survey area within the FHM,
forming a prograding volcaniclastic depositional
system (Fig. 7). The variable distribution of these
deposits re£ects proximity of the sediment source,
changes in mode of deposition, and the e¡ects of
sea£oor topography. The thick accumulation of
landslide debris at the slope apron demonstrates
that a signi¢cant portion of material shed from
the volcanic slopes remains relatively close (6 30
km) to the source region. Slumps, debris ava-
lanches, and turbidites represent processes along
a continuum of landslide events that transport
sediment from the volcanic slopes of the island
into the Hawaiian Moat. Original sea£oor topog-
raphy (i.e. abyssal hills and seamounts), along
with recently emplaced landslide blocks, appears
to de£ect or re£ect bottom currents responsible
for sediment transport and deposition (Fig. 5).
Fig. 7B schematically illustrates the main fea-
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tures observed in the frontal moat and pathways
of sediment transport. The likely source of the
majority of the slope apron material is the slopes
of Kilauea, Mauna Loa, and Loihi volcanoes.
Amphitheater valleys on the slopes of Loihi (For-
nari et al., 1988) and slide scars on the outer Hi-
lina scarp of Kilauea (Smith et al., 1999) provide
evidence for mass-wasting events that emplaced
large detached blocks lying on the abyssal sea-
£oor. Present day sediment transport pathways
are inferred from erosional features, bathymetry,
and sediment accumulation within the FHM.
Older volcanoes such as Haleakala, Kohala,

Mauna Loa and Mauna Kea have also contrib-
uted sediments to this area during earlier slope
failure events (Lipman et al., 2000; Naka et al.,
2002). Kanamatsu et al. (2002) dated turbidite
layers in a piston core located V250 km south-
east of the island of Hawaii at 0.78 Ma or older.
These ages predate any published volcano ages
for the island of Hawaii (Clague and Dalrymple,
1987), suggesting sources from volcanoes on older
islands.
The distribution of slump, debris avalanche,

and turbidite deposits demonstrates the interrela-
tionship among mass-wasting processes during the
transport of material from the volcanic slopes to
the FHM. The emplacement of large blocks dur-
ing debris avalanche events was likely accompa-
nied by reworking and entrainment of sea£oor
sediments, high energy distal debris £ows, and
turbidity currents. Distal debris £ow and turbidite
deposits dominate a broad, poorly de¢ned region
seaward of the base of the volcano centered
around the axis of the FHM. These distal debris
avalanche and turbidite deposits were probably
emplaced contemporaneously with the larger
blocks of the slope apron and chaotic debris ava-
lanche deposits of the proximal basin. The lateral
gradation of distal debris avalanche deposits into
predominantly turbidite deposits is consistent
with this relationship (Fig. 3, SP 400^800, 6.9^
7.2 s). Turbidite deposits may occur throughout
the survey area and at distances s 80 km from
the sediment source region appear to be the pri-
mary type of landslide-derived sediment. These
distal turbidite deposits are probably the product
of catastrophic slope failures of older Hawaiian

volcanoes that have since passed the shield-build-
ing stage (Garcia and Hull, 1994; Kanamatsu et
al., 2002). They were likely emplaced at the same
time as thicker debris avalanche deposits now
buried beneath the island of Hawaii.
Turbidity current deposits are in£uenced by re-

gional variations in topography (Pickering et al.,
1992; Kneller and McCa¡rey, 1999; Bursik and
Woods, 2000). Density £ows may be re£ected or
de£ected by topographic features and decoupling
of denser and less dense portions of the £ow may
occur (Kneller and McCa¡rey, 1999), although
turbidity currents can climb signi¢cant topo-
graphic slopes (Muck and Underwood, 1990). In
the FHM, sea£oor topography noticeably a¡ects
sediment distribution, particularly the distribution
of turbidite and distal debris avalanche deposits.
Turbidity currents and debris avalanches travel
downslope away from the volcanic edi¢ce until
they reach the abyssal sea £oor. It is likely that
sediment £ow patterns become highly complex
within the proximal basin, as has been shown in
other linear, deep-marine basin environments
(Pickering et al., 1992). Sequences of nearly hor-
izontal re£ectors (along moat channel deposits?)
are visible at the axis of the deep on several lines
(Figs. 3 and 4). They typically onlap underlying
chaotic re£ections and may result from deposi-
tional currents that travel along the axis of the
moat. These thin horizontal re£ections are the
youngest sediments deposited in the moat and
are analogous to unit 4 of Rees et al. (1993). A
facies change across a topographic feature (inter-
preted as a small Cretaceous seamount) may in-
dicate a decoupling of basal portions of debris
£ows from less dense, ¢ner grained parts of the
£ows as they travel to the north along the axis of
the FHM (Fig. 5). The di¡erential in sea£oor
depth across this barrier (deepening to the north)
is evidence of this sediment damming. Larger re-
lief features, such as Hohonu Seamount or previ-
ously emplaced avalanche blocks, provide much
larger barriers to sediment transport, with large
volumes of sediment being rerouted or re£ected
by these features (Fig. 7). Sediment in£ux into
the FHM from the slopes of Kilauea may have
decreased since the growth of the mid-slope
bench, which forms a closed basin that traps hy-
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aloclastic sediment shed from the subaerial part of
the island.

6.2. Stratigraphic model

The spatial distribution of sediment within the
FHM re£ects the relationship between deposition-
al processes, volcanic evolution, and the tectonic
forces of plate motion and lithospheric £exure.
Continual degradation of the leading edge of the
Hawaiian Ridge feeds clastic material into the
FHM that is subsequently buried beneath new
volcanic centers. The northwest motion of the Pa-
ci¢c Plate moves previously distal regions of the
plate closer to the location of new volcanic cen-

ters, where the rate of volcaniclastic sediment
input is high. Continued lithospheric £exure,
coupled with plate motion, results in the migra-
tion of the FHM to the southeast along with the
prograding volcanic chain. Thus, older, now dor-
mant or extinct Hawaiian volcanoes likely con-
tributed sediments to the present day FHM.
The interaction of tectonic forces and deposi-

tional processes should result in a predominantly
coarsening-upward stratigraphy within the frontal
moat (Fig. 8). We hypothesize a lithostratigraphic
sequence grading upward from pelagic sediment,
into turbidite deposits, followed by distal debris
£ow deposits, and ¢nally proximal debris ava-
lanche deposits. Lava £ows may be interbedded

Fig. 8. Schematic depiction of the predicted stratigraphy of the Hawaiian Moat and Arch to the southeast of the island of Ha-
waii (top portion of ¢gure modi¢ed from Garcia and Hull, 1994). Locations of pro¢les A^D are shown as insets. (A) Turbidites
and pelagic sediments on the Hawaiian Arch. (B) Gradually thicker volcaniclastic deposits approaching the FHM. (C) Debris
avalanche and turbidity current deposits dominate along the axis of the FHM. (D) Thickest accumulation of sediments overlain
by slump deposits predicted at the toe of the volcanic edi¢ce.
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within the upper portion of this sequence, espe-
cially near the terminal regions of volcanic rift
zones. The existence of a thick accumulation of
sediment adjacent to Loihi, which represents a
very early stage of Hawaiian volcanism, implies
that sediment deposits exist on the abyssal sea-
£oor preceding the growth of new volcanoes,
forming a basal layer of volcaniclastic material
underneath the Hawaiian Ridge (e.g. Moore and
Clague, 1992). Ultimately, seaward sliding of the
submarine £anks by volcanic spreading may over-
ride or incorporate the depositional sequence at
the £ank toe. Local variations in the magnitude
or location of the mass failure events result in the
overlapping and inter¢ngering of debris avalanche
and turbidite sequences (e.g. Fig. 3, SP 400^800,
V6.9^7.2 s).

6.3. Regional and global comparisons

Basic di¡erences between the FHM and the
£anking segments of the Hawaiian Moat include
relative age, topographic relief, and depositional
history. As stated previously, the FHM is a rela-
tively short-lived feature that migrates with suc-
cessive volcanic loads. In contrast, the £anking
segments of the Hawaiian Moat are essentially
permanent features that ¢ll with sediment over
time. Moat to arch relief within the £anking
moat segments can be s 1 km while in the
FHM it is V200^450 m, indicating less subsi-
dence of the ocean crust in the frontal region.
In addition, sediment in the £anking moats is
much thicker, implying a greater in£ux of sedi-
ment and longer depositional history. In the
Northern Hawaiian Moat, landslide debris has
been grouped into landslide, o¥apping and
ponded units (units 2, 3 and 4 of Rees et al.,
1993) based upon re£ection geometry and strati-
graphic relationships. The formation of these dis-
tinctive units is ascribed to the competing e¡ects
of sediment in£ux and £exural subsidence due to
the progressive growth and degradation of new
volcanic centers (Rees et al., 1993). The landslide
unit we describe within the FHM exhibits charac-
teristics of all three units identi¢ed from the
Northern Hawaiian Moat, but we are unable to
further subdivide it.

The FHM and associated sediments clearly rep-
resent an early stage of moat evolution. The sedi-
mentary history of the £anking moat was divided
into four stages by Rees et al. (1993): (1) initial
moat formation; (2) lower landslide unit forma-
tion; (3) deposition of main landslide unit and
o¥apping unit ; and (4) formation of a ponded
unit. They state that in the initial stage of forma-
tion (stage 1) that older mass-wasting events or
their ‘fringing turbidites’ are not yet depositing
sediments within the £exural moat. In contrast,
we interpret turbidite deposits within the distal
basin of the FHM and note that turbidite layers
in piston cores have been recovered up to 250 km
SE of the island of Hawaii (Naka et al., 2002).
Within the area we de¢ne as the proximal basin,
the landslide unit we image corresponds to stage
2, the ‘lower landslide unit formation’ of Rees et
al. (1993). However, the sediments we image with-
in the FHM will likely be buried by a new volca-
no rather than form the lower portion of a thick
sedimentary sequence.
The stratigraphic model we propose for the

leading edge of the Hawaiian Ridge is also appli-
cable to other oceanic hotspot traces. The giant
landslide deposits of the Hawaiian Ridge are
often compared to those of other oceanic volcanic
chains such as the Marquesas or the Canary Is-
lands (Filmer et al., 1994; Gee et al., 2001). Sim-
ilarities between these three island chains include:
(1) a general linear age progression of the islands;
and (2) thick accumulations of landslide debris
surrounding the islands. Unlike the Hawaiian Is-
lands, the Marquesas Islands are surrounded by
an ‘archipelagic apron’ (Menard, 1956) resulting
from extensive mass wasting of the islands over-
¢lling the £exural moat that surrounds the islands
(Filmer et al., 1993; Wolfe et al., 1994). In con-
trast, the youngest islands of the Canaries (Las
Palmas and El Hierro) exhibit no apron or £exu-
ral moat, perhaps because they are too small or
too recent to have generated much sediment, or to
have had a signi¢cant loading e¡ect on the under-
lying crust (Gee et al., 2001). Despite the dif-
ferences between these island chains, sediment
deposited in the path of these ‘prograding’ volca-
noes should exhibit a coarsening-upward stratig-
raphy, re£ecting the migration of the volcanic
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load across the underlying plate and widespread
mass wasting of the submarine volcanic £anks.

6.4. Tectonic implications

One objective of this study was to assess the
distribution of moat sediments in order to evalu-
ate conceptual models of volcanic £ank failure
along a nearly horizontal detachment. Flank mo-
bility has been examined by previous studies using
limit-equilibrium analyses of wedge-shaped slices
of volcanic £anks to test the likelihood of £ank
failure (Dieterich, 1988; Iverson, 1995). Iverson
(1995) treated buried sediment beneath the vol-
canic edi¢ce as a uniform layer of pelagic clay of
low hydraulic di¡usivity. Assuming a thin (20 m)
layer of pelagic clay in his modeling, he concluded
that £ank failure was not possible under static
loading conditions and that a much thicker
(200 m) layer would be necessary to allow slip.
Our results indicate that the actual thickness of
the pelagic layer (assuming a ‘typical’ sediment
velocity of 2000 m/s) is 80^100 m thick, approach-
ing the 200-m thickness hypothesized by Iverson.
Moreover, if the thick accumulations of volcanic-
lastic debris we recognize within the Frontal Moat
also extend beneath the volcano, they could de¢ne
a layer of low strength material, hundreds of me-
ters thick, upon which the £anks of the volcano
may slide. This sediment layer is most likely
highly variable in thickness and composition, pos-
sibly containing large landslide blocks from pre-
vious mass failures. Locally, basement topogra-
phy such as seamounts may pierce through the
sediment layer, providing resistance to £ank slid-
ing (e.g. Smith et al., 1999). The presence of such
a thick sediment layer beneath the volcanic edi¢ce
agrees with a low-velocity layer inferred beneath
the £anks of Mauna Loa (Thurber and Li, 1989).
The proposed thickness of this low-velocity layer
(800 m) is consistent with our observations for the
thickness of slope apron deposits within the
FHM.

7. Conclusions

Seismic re£ection data image sediments lying

on the sea £oor to the southeast of the island of
Hawaii. Based upon their seismic re£ection char-
acter, we identify two primary sedimentary units:
(1) a basal layer of primarily pelagic sediment
draping the Cretaceous age igneous basement
and (2) a wedge of volcaniclastic material in¢lling
the FHM and onlapping the FHA. Within the
volcaniclastic unit we identify three seismic facies
that we interpret as (A) proximal debris avalanche
and lower slump deposits abutting the base of the
volcanic edi¢ce; (B) a chaotic accumulation of
hummocky debris avalanche deposits interbedded
with turbidite deposits and (C) a distal accumu-
lation of volcaniclastic turbidite deposit.
The distribution of these sediments is largely a

function of proximity to sediment sources, the
mode of deposition, and the e¡ects of local topog-
raphy. The primary modern source for these sedi-
ments is the oversteepened lower slopes of Ki-
lauea’s Hilina Slump and Loihi volcano. Older
volcanoes have undoubtedly contributed to the
sediment layer. Plate motion plays an important
function in the stratigraphy of the FHM, as distal
regions are brought closer to the locus of the Ha-
waiian hot spot. The interplay of depositional
processes and tectonic forces should result in a
distinctive coarsening-upward stratigraphic se-
quence. This characteristic sequence is globally
applicable to other hot-spot related volcanic is-
land chains. The combined thickness of sedimen-
tary layers, after burial beneath the volcanic edi-
¢ce, may provide a notably thick layer of low
strength material upon which volcanic spreading
may occur.
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