

















4. SUBMARINE TOPOGRAPHY AROUND THE HAWAIIAN ISLANDS

structures at the base of Oahu’s northeast slope resulted from
transport of detrital sediment by turbidity currents that were chan-
nelled down submarine canyons and deposited their load over
preexisting basement highs.

We agree with Moore (1964) that these basement highs could
be large slump blocks. The prominent disruption of bathymetric
contour trends along the northeast coast of Oahu and north coast of
Molokai indicates that these island flanks have probably been
subjected to gravitational mass-wasting processes and that surficial
sediment has been transported downslope by rubble slides and
turbidity currents (Mathewson, 1970; Andrews and Bainbridge,
1972).

The origin of the seamounts that extend seaward from the
edges of these probable slump blocks is, however, quite different.
Available bathymetric data indicate that several of the smaller
topographic highs form well-developed closed-contour peaks similar
to many small volcanic seamounts that dot the Pacific Basin. The
larger features seem to have been formed by two volcanoes coalesc-
ing together to form a crude figure 8 or bow-tie shape. The
prominent flat top of Tuscaloosa Seamount, the principal
topographic high in the group, is rather large but not unusually so in
the context of Pacific guyots (see, for example, Menard, 1984; Vogt
and Smoot, 1984). In addition, Andrews and Bainbridge (1972)
determined that the topographic highs in the Oahu Seamount group
have controlled sediment deposition around the seamounts and that
the sedimentary layers seen on seismic reflection records are not
distorted or chaotic, as would be expected if they had been emplaced
by slumping or sliding. Unpublished multichannel seismic records
from north and east of Oahu (A.B. Watts, oral commun., 1985)
do not show any evidence of lystric or other faults between the
seamounts or of distortion of sedimentary layers. In addition, the
large distance between Tuscaloosa Seamount and the Oahu shelf
(approx. 85 km) decreases, in our opinion, the probability that such
large volumes of material could be transported across the slope.

Whereas the topography at the southwest end of the Oahu sea-
mounts is likely to have been created by large landslides, we suggest
(along with Andrews and Bainbridge, 1972) that the isolated
topographic highs in the central and northeastern part of the group
are older (Cretaceous?), partially buried volcanic edifices and that
some may be guyots. These seamounts are not aligned along any
known rift zone that extends from Qahu. In fact, the trend of the
group is perpendicular to the strike of the Koolau volcanic range.
The Oahu seamounts have summit depths and shapes that are
similar to those of seamounts in the Musicians Seamount group,

located north of Oahu (Rea and Naugler, 1970).

GRAVITATIONAL SLUMP BLOCKS

A model produced by DGI of the west flank of the Hawanan
Ridge is shown in figure 4.3. The starting viewpoint and azimuth of
the perspective shown in figure 4.3 are marked on figure 4.2. The
most interesting features displayed by this bathymetric compilation
are the pronounced steps in the morphology of the basal slope of the
ridge. These prominent steps in the otherwise steep slopes of the
Hawaiian Ridge are likely to reflect large-scale gravitational slump-
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ing of parts of the volcanoes that have not been buttressed during
their growth and development. A line drawing of the model shown in
figure 4.3 appears as figure 4.4 on which the most obvious slump
blocks have been shaded. It is apparent from these graphical
representations of bathymetry that the tops of most slide blocks lie at
depths of 2,000—2,500 m. The exception is the southwest-nift slide
(fig. 4.3), which is much shallower (1,000-1,500 m) and 1is
probably the youngest feature of this kind on the western flank of
Hawaii. The shallower depth of the southwest-rift slide is likely to
result from its position near the submarine extension of Mauna Loa’s
southwest rift zone and the short time over which it could have
subsided since its formation. The coincidence in top depths of most
of the slide blocks shown in figure 4.4 may be a function of the
integrated effects of volcano growth, island subsidence, and over-
steepening of the flanks to a critical point after which they are
gravitationally unstable.

The Alika slide (Normark and others, 1979) is the best
studied slump in this area; it shows up on figures 4.3-4.5 as a
broad, low bulge in the lower southwest flank of Hawan. This
feature covers a depth range between 2,000 m and the base of the
island slope at 4,000 m. Normark and others (1979) have mapped
the entire area of the slide using airgun, 3.5-kHz echo-sounder, and
gravity measurements and found that it is approximately 200 m thick
at the toe and covers an area 20—25 km wide and nearly 80 km
long.

The Kauna slide is a more prominent bulge to the south of the
Alika slide and has nearly 2,000 m of relief from the top of the step
to the foot of the block (figs. 4.3—4.5). Emplacement of the Kauna
block most likely predated the movement of the Alika slide, because
it appears to have channelled the Alika flow along its northern
margin.

A similar but much less prominent step is present on the central
south flank of Hawaii, between 2,500-m and 3,000-m depth (figs.
4.1, 4.2; see also, Moore, chapter 2), southeast of the Papau slide
(Fornari and others, 1979b). On the southwest side of Oahu (figs.
4.1, 4.2), a prominent break in the slope at 2,500-m depth is likely
to represent the top of a major slump block or group of blocks that
developed on the unbuttressed southwest flank of the Waianae
Range. Alternatively this feature may be the top of an older volcano
that is now partially buried by the Waianae Range.

The development of these large slump-block features on the
flanks of Hawaiian volcanoes suggests that gravitational failure of the
slopes is an important process that alters the original constructional
slopes of volcanoes during the early and mature shield-building
stages. This process restabilizes the edifice, widening its base, and
creates prominent steps in the steep submarine slopes. It is not known
if the gravitational failures take place principally subaqueously or
subaerially, nor whether the relief created by these features repre-
sents the aggregate of many episodes of slumping and mass-wasting
or only a few events of enormous proportions.

A possible answer to these questions may be found through the
study of the Hilina fault system, a series of subparallel and echelon
faults that trend northeast on the south flank of Kilauea Volcano.
Swanson and others (1976) and Tilling and others (1976) have

demonstrated that the Hilina faults result from gravitational slumping
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FIGURE 4.6.—Character of sea bottom off west coast of Island of Hawaii. A,
Tracing of 3.5-kHz echo-sounding profile (see figures 4.2 and 4.4 for location).
Steep slope at left is base of Hualalai Volcano. Just seaward of slope is smooth
sediment pond that appears to cover large blocks, represented by hyperbolic echos,
that appear farther offshore. Horizontal scale is time; ship was moving at
approximately 10 knots. B, Sea MARC Il side-scan sonar record of approximate
area shown in A. Steep slope is represented by strong reflection at left of image,
the large blocks as discrete reflections to right.

of the south flank of Kilauea. The slumping is induced by injection of
magma into the east rift zone, thereby dilating the rift and forcing it
to expand southward, in the direction it is not buttressed. These
faults are a part of the initial stage of synconstructional edifice
modification; they are known to continue out onto the submarine
slope and have probably localized subsequent gravitational failures
along their fault planes. The total relief created by the Hilina fault
system is approximately 600 m, and the relief on a few individual
scarps 1s as high as 300—450 m (Macdonald and others, 1983).
The faults of the Hilina system may be viewed as modem-day
analogs of faults (and fault systems) that now lie buried on the west
flank of the Island of Hawaii whose cumulative activity and relief
have created the large-scale gravitational slumps mapped on figures
4.3-4.5. Smaller scale features such as the Alika slide and Papau
slide are likely to represent individual slide events in an area prone to
gravitational collapse.

The development of prominent steps on the basal flanks of
many of the Hawaiian Islands (and probably other volcanic oceanic
islands) is controlled by the distribution of buttressing rift zones and
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gravitational mass-wasting of unbuttressed volcano sides. Clearly,
large-scale gravitational mass-wasting of volcano flanks is responsi-
ble for the development of subtle but nonetheless important
bathymetric features around Hawan and probably around other
oceanic volcanic islands as well (for example, Reunion Island,
Duffield and others, 1982; Dallas Jackson, written commun.,
1985).

LOW-RELIEF SUBMARINE RUBBLE AND DEBRIS FLOWS

The large-scale topographic features of the sea floor around
Hawaii that are discussed above are easily resolved with standard
bathymetric sonar tools. The investigation of smaller relief features
and the microtopography of the sea floor has necessitated the
development and use of sophisticated side-looking sonar systems that
measure the acoustic reflectivity of the sea floor. The most successful
system of this kind is the Sea MARC system, developed by
International Submarine Technology of Redmond, Washington.

The Sea MARC II system, operated by the Hawan Institute
of Geophysics of the University of Hawaii, has been used in several
surveys of the submarine flanks of Hawanan volcanoes (Blackinton
and others, 1983; Campbell, 1983; Campbell and Hussong, 1983;
Fornari, 1984; Niedoroda and others, 1985). The technical details
of the system have been described by Kosalos and others (1982) and
Blackinton and others (1983). This system operates at 12 kHz, can
insonify a swath of sea floor as large as 10 km wide, and can resolve
linear sea floor topopgraphic features as small as 5—10 m high and
several tens of meters long at survey speeds as great as 8 knots.
Lateral changes in sea-floor reflectivity can be mapped and corre-
lated to possible structural, morphologic, and sedimentologic facies.

An example of the use of the Sea MARC Il system is
presented in figure 4.6, which shows a 5-km-wide swath of sea floor
in the Hawailan Deep, west of Keahole Pomnt on the Island of
Hawaiu. The Sea MARC II data show blocks as large as one
kilometer in length and several tens of meters high that appear to be
randomly scattered on the bottom. A dive made near this location by
the Navy submersible Trieste found blocks reported to be the size of
houses scattered on the bottom. These blocks are likely to be the
deposits that were generated by one of the large gravitational slhides
located along this unbuttressed part of Hualalai Volcano.

Another principal result of the Sea MARC II surveys around
the Hawaiian Islands has been the recognition of extensive rubble
and debris flows and their deposits on the steep submarine flanks of
the volcanoes. A mosaic of Sea MARC II side-scan sonar images
(hg. 4.7) shows part of the Alenuihaha Channel and the deep
channel that separates the Island of Maw from Hawaii, and an
interpretative geologic sketch map of the principal features of this
sonar mosaic is shown in figure 4.8.

Three major bathymetric features are present in the area shown
in figure 4.8. These are the Kohala terrace, the northern slope of
Kohala Volcano, and the southern slope of Haleakala Volcano on
Maui. As can be seen on figure 4.7, nearly the entire submarine
slope of Haleakala is covered by sinuous and branching patterns of
high reflectivity, separated by linear acoustic shadows, which we
have interpreted as being debris flow-lobes and channels. In several
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FIGURE 4.7.—Sea MARC I side-scan sonar image of the Alenuihaha Channel to south of Island of Maui. Dark areas on records are reflections from either hard,
reverberant sea floor (such as volcanic rock or pavements with little sediment cover), or from linear relief that rises above surrounding sea floor. Light areas are acoustically
less reflective and represent sediment-covered bottom or sea floor in complete or partial acoustic shadow (varied shades of gray). See figure 4.8 for interpretative map and

Campbell (1983) for detailed description of this sea-floor area.

cases one can see that debris flows have been channelled by cuts and
reentrants in flow fronts or scarps that trend across the slope. These
flow fronts or scarps create strong reflections on the sonar images,
implying that they have vertical or near-vertical faces. The total
relief of these features may be as much as 100—200 m; the relief on
individual flow fronts or scarps, however, is likely to be on the order
of a few tens of meters, given the width of the returned signal and the
difficulty in resolving these narrow features by conventional echo
sounding. In comparison, the Sea MARC II image of the northern
submarine flank of Kohala consists principally of strong returns
suggestive of volcanic sea floor (Campbell, 1983), with very little
dendritic fabric that could represent reflections from debris slides or
channels. The northwestern edge of the Kohala terrace (Campbell
and Erlandson, 1981; Campbell, 1984) has low reflectivity similar
to the Alenuthaha Channel axis and other areas with gentle slopes
that are covered with sediment. It is likely that the axis of the
Alenuihaha Channel is largely filled with volcanic and coralline

debris shed from Haleakala’s southern slope. These sediments have
been transported in fluvial erosional channels on land, in shallow
submarine canyons on the upper slopes, and by debris flows and
turbidity currents down the middle and lower submarine slopes
(Campbell, 1983).

A Sea MARC II side-scan sonar mosaic of the sea floor off
southwestern Oahu is shown in figure 4.9. There are several
prominent morphological features in this area, including (1) the shelf-
terrace area that lies between the shoreline and the top edge of the
carbonate escarpment; (2) the continuous steep carbonate escarp-
ment, which marks the western edge of a relict carbonate platform;
(3) reflective ridge-and-gully terrain that lies seaward of the base of
the escarpment; (4) highly reflective swaths of terrain that trend up
and down the slope and are located seaward of the base of the
escarpment; and (5) digitate lobes of alternating high- and low-
reflectivity sea floor, located near the break in the slope between

1,500 m and 2,250 m at the downslope ends of the highly reflective
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FIGURE 4.8. —Interpretative map of area of Sea MARC II images shown in figure 4.7. Note extensive linear, branching

reflections and intervening acoustic shadows on

south flank of Maui that we interpret as debris flows. Northern flank of Kohala Volcano forms a distinetly separate acoustic province. Samples, deep-sea photography,

and Sea MARC I survey indicate that this submarine slope consists
on small terraces.

swaths, that are likely to represent localized landslide lobes (For-
nari, 1983, 1984). The details of the sea-floor geology in this area
have been studied with marine geophysical methods (Normark and
others, 1982; Niedoroda and others, 1985) and with submersibles
(Coles, 1982; Fornari, 1982, 1983, 1984).

The mosaic image in figure 4.9 and the interpretative maps in
figures 4.10 and 4.11 provide an insight into the contemporary
processes that act to shape the submarine shelf and slope areas on an
older Hawaiian island such as Oahu. Also indicated on figure 4.10
are the telephone cable breaks that occurred during a hurricane on
November 23, 1982. The reader is referred to Noda (1983),
Fornari (1983), and Hollister (1984) for a detailed treatment of the

largely of outcropping volcanic flows and flow fronts with some volcanogenic and carbonate sediment

cable-break data and the relation between cable breaks, sea-floor
topography, and ocean-floor sediment dynamics.

Seaward of the base of the carbonate escarpment shown in
figures 4.9 and 4.10 there are numerous zones of slightly higher
reflectivity (fig. 4.10, unit C) that form crudely fan-shaped swaths of
terrain interpreted to be more cobbly sea floor within the ridge-and-
gully terrain identified on DSV Turtle dives (Fornari, 1982; 1983).
These swaths of sea floor are characterized by linear patterns on the
side-scan sonar records, and some swaths trend into the axes of the
bathymetric reentrants typical along this southwestern coast of Qahu
(Niedoroda and others, 1985). Seaward of these unit C acoustic
reflectivity zones, swaths of terrain with much higher reflectivity (fig.
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FiGURE 4.9.—Sea MARC Il side-scan sonar image of the sea floor off Kahe Point, Oahu. See figure 4. 10 for interpretation and Fornari (1984) for complete discussion of
these data.

4.10, umt R) are likely to be areas of sea floor consisting of either
gravelly or hard sediment (possibly indurated, cemented carbonate
or manganese pavement). | he acoustic contrast between the R and
C zones 1s easily seen on figure 4.9, as is the higher reflectivity of
these areas compared to the N zones (nonreflective). Near the
southwestern edge of the sonar image in figure 4.9 there are several
finger-like zones of sea floor characterized by narrow, alternating
swaths of high and low reflectivity that create prominent acoustic
shadows (figs. 4.9 and 4.10). These zones have been mapped by
the symbol L on figure 4.10, and they appear to lie directly
downslope from the R acoustic-facies zones.

A comparison between the Sea MARC Il image in figure 4.7
and that in figure 4.9 points to the similarity in acoustic character of
the sea-floor areas affected by low-relief rubble and debris flows.
The importance of downslope transport of sediment by these
processes on the flanks of Hawaiian volcanoes (Fornari and others,

1979b; Campbell, 1983; Campbell and Hussong, 1983) is sug-

gested by the sinuous outline of the flow lobes and the delicate
branching reflectors separated by intervening areas of low reflectivity
that are likely to represent dendritic flow lobes and channels. Relief
created by the debris flows 1s not great, usually on the order of a few
tens of meters or less above the surrounding sea floor (Niedoroda
and others, 1985). In most cases these features cannot be resolved
with standard bathymetric echo sounding from the sea surface.

Thick wedges of clastic sediment, transported by debris flows
and deposited on the submarine flanks of volcanoes, are important
components of the gross stratigraphy of oceanic volcanoes and result
from gravitational mass-wasting of large sections of unbuttressed
volcano flanks and downslope movement of sediment in rubble and
debris flows.

CARBONATE ESCARPMENTS

An interpretative sketch is shown in figure 4.12 of the stratigra-
phy viewed from the submersible Makali'i during several dives on
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FIGURE 4. | 1.—Schematic map of nearshore part of area covered by Sea MARC Il image off Kahe Point, Oahu, shown in figure 4.10. Submersible dive tracks and details
of the sonar image have been mapped. See Fornari (1983, 1984) for further details.

escarpment above this cliff indicate that the conglomeratic deposit
underlies and is the foundation for the massive limestone terrace (fig.
4.12). The instability of the volcaniclastic deposit in Kealakekua
Bay is suggested by the common occurrence of large tabular blocks
of the conglomerate on the sea floor immediately west of the cliff that
were probably spalled off the vertical face. In some cases the base of
the cliff was observed to have been undercut by as much as several

meters, a process that certainly must accelerate the shedding of
blocks from the escarpment.

This volcaniclastic deposit and exposures of other similar
sedimentary sequences along the shallow submarine slope of Hawaii
(Fornari and Perfit, unpub. data) indicate that erosion of the
volcanic foundation takes place at a rapid rate. Deposition of clastic
volcanogenic sediment by debris flows down the slopes leads to
seaward-thinning wedges of mechanically weak clastic deposits that,
when covered by successive sequences of lava, may provide an ideal
surface on which seismically induced gravitational slumping can
occur. This notion is supported by earthquake studies (Crosson and
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FIGURE 4.12. —Interpretative drawing of sea floor to 400-m depth off Kealakekua Bay, Hawaii, based on Makali'i dives (Moore and Fornari, 1984), Lava at base of

carbonate escarpment is surrounded by reef lin

This type of intercalation results from flows crossing an actively growing reef and being covered by later reef

growth as subsidence occurs. Note volcaniclastic conglomerate bed 3—10 m thick that forms a continuous scarp along the base of the subsided reef terrace. This
deposit was created by erosion of volcanic and carbonate outcrops on the slope and shore and deposited by rubble flows. Drawn by C.L. Fornari.

Endo, 1982) that indicate that focal mechanisms associated with
nonvolcanic earthquakes on Kilauea’s south flank occur within a slip
plane that is coincident with a weak layer above old oceanic crust.

CONCLUSIONS

The sea floor around the Hawaiian Islands comprises several
major classes of topography that are intimately related to (1)
constructional volcanism that built the islands; (2) the preexisting
fabric of the oceanic crust upon which the islands are built; (3) island
subsidence; (4) gravitational collapse of unbuttressed volcano sides;
and (5) low-relief debris flows that transport clastic sediment down
the submarine slopes. The submarine continuations of subaerial rift
zones create the most prominent relief around the islands. The
topographic roughness and regional slope of each submarine nift is
directly proportional to the age of the adjacent volcano. Seamounts
around the Hawaiian Islands are largely older (Cretaceous) vol-
canoes that have been been partially buried by sediment. Some of

these features may be drowned guyots. Several young seamounts that
are genetically related to Hawaiian volcanism lie south of the Island
of Hawaii. More subtle topographic features are present on the
basal flanks of the Hawaiian Ridge and form steps and bulges in the
lower slopes. These features were created by large-scale gravita-
tional mass wasting of volcano flanks not buttressed by adjacent
edifices. Low-relief debris flows appear to be the principal mecha-
nism whereby clastic sediment is transported down the submarine
flanks of oceanic volcanoes.
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