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Abstract

Giant landslides on the flanks of oceanic islands are considered relatively rare but potentially devastating natural hazards. The
Hawaiian Islands are known to produce some of the biggest landslides on Earth. The Nuuanu slide, largest of the Hawaiian slides,
is thought to have removed a substantial part of Koolau Volcano from the island of Oahu. Ocean Drilling Program (ODP) Hole
1223 A was drilled to determine the depositional history, timing, thickness and hazards associated with the Nuuanu landslide, the
only previously known Koolau slide. Site 1223, located ~260 km northeast of the island of Oahu near the crest of the 500-m-high
Hawaiian Arch, was drilled to a depth of 41 m. Eight distinct sandy layers were recovered and more are likely to occur deeper in
the section. Contacts of these sandy layers with pelagic clay are sharp at their base and gradational at the top. The layers contain
angular fresh glass fragments with compositions that are typical of Hawaiian shield volcanoes, including the distinctive Koolau
high SiO,-type in seven layers. Most glasses (>90%) are degassed (<0.03 wt.% S) indicating that they were probably erupted
subaerially. Pleistocene to Early Eocene Radiolaria taxa are present in the Hole 1223A cores, with mixed ages in some intervals.
Seven of the sand layers are probably associated with Koolau landslides and were deposited prior to 1.77 Ma. Among the four
thicker sand layers (>1.5 m), it is unclear which, if any, are related to the Nuuanu slide. Results from Hole 1223A cores
demonstrate that Hawaiian volcanoes collapse repeatedly, and the debris from these many slides can travel great distances (>260
km) across the ocean floor and over significant bathymetric obstacles (~500 m). Thus, landslides from oceanic volcanoes pose a
greater risk than previously assumed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction relatively steep submarine slopes (10° to 15°), and rapid
growth (~1 to 1.5 Ma; Guillou et al., 1997) of Hawaiian

The enormous size (up to 8.5 km of relief and volcanoes cause them to become gravitationally unsta-
74,000 km?®; Robinson and Eakins, 2006-this volume), ble and collapse. These collapses have generated some
of the largest landslides on Earth (Moore et al., 1994)

" * Corresponding author. and are thought to have produced colossal tsunami
E-mail address: mogarcia@hawaii.edu (M.O. Garcia). waves (>100 m; Satake et al., 2002). Dozens of giant
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landslides, some with deposits extending more than 200
km from their source and with volumes >1000 km?>,
have been recognized along the Hawaiian Ridge
(Moore et al., 1989, 1994). On average, the Hawaiian
Ridge has major landslides every 32 km along its
length, which indicates that a major landslide has oc-
curred about every 350 ky (Moore et al., 1994).
Hawai‘i has become the type example for this phenom-
enon. As detailed bathymetry and acoustic images have
become available for the flanks and ocean floor around
other ocean island volcanoes, large landslides have
been recognized on many of these volcanoes (e.g.,

158°W 157°

Reunion, Lenat et al., 1989; Canaries, Watts and Mas-
son, 1995; Krastel et al., 2001). Thus, giant landslides
are common feature of ocean island volcanoes and are
an important global mass-wasting process. It has been
argued that Hawaiian landslides are less frequent but
larger in volume than those related to other oceanic
islands (e.g., Gee et al., 2001; Krastel et al., 2001).

Here we present a summary of results for ODP Hole
1223A (for details see Shipboard Scientific Party,
2003), which was drilled ~260 km from the island of
O‘ahu near the crest of the ~500-m-high Hawaiian
Arch (Fig. 1). Drilling at this site was planned for
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Fig. 1. Shaded relief map showing the location of ODP Site 1223, the islands of O‘ahu and Moloka‘i (outlined by thin black line), the debris
fields for the giant Nu‘vanu and Wailau landslides from Ko‘olau and East Moloka‘i volcanoes (thin dashed lines show slide boundaries;
Moore and Clague, 2002), the rift zone and caldera locations for Ko‘olau Volcano (heavy dashed lines; Wentworth and Winchell, 1947), the
northern Hawaiian Moat, JAMSTEC piston core locations (P1 to P4; Naka et al., 2000), and the seismic line that transects Site 1223 (Fig. 3;
Rees et al.,, 1993). The insert map shows the study area relative to the Hawaiian Islands, ODP Sites 842/843 and the northern Hawaiian

Arch.
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100 m to determine the depositional history, timing,
thickness, and hazards associated with the Nu‘uanu
landslide, one of the largest landslides on Earth
(Moore et al., 1994). Drilling reached, however, a
depth of only 41 m, encountering eight distinct sand
layers that were probably associated with landslides of
Hawaiian volcanoes. Debris from other landslides may
be present at depth in this ~100 m thick, turbidite-rich
section based on seismic reflection profiles (Rees et al.,
1993). The distinctive Ko‘olau high-SiO, glass compo-
sition in seven of the sands layers indicates that they
were probably derived from that distant volcano. Any
or none of the four thicker (>1.5 m) turbidite layers
recovered in Hole 1223A could be related to the
Nu‘uanu slide. The uppermost sand layer is probably
related to neighboring East Moloka‘i volcano, which
has also collapsed repeatedly (Sherman et al., 2002).
The record of all but the last collapses from these two
volcanoes is buried. If this history of repeated collapses
of Ko‘olau Volcano is typical of other Hawaiian volca-
noes, then the hazards posed by these unstable islands
is much greater than previously envisioned.

2. Geologic setting and previous work

The first geologists to visit Hawai‘i interpreted the
high cliffs along the coasts of some islands as the result
of faulting (e.g., Dana, 1891). These cliffs were later re-
interpreted as the headwalls of giant landslides (Stearns
and Macdonald, 1946). The giant landslide hypothesis
was supported by studies of the submarine flanks of
Hawaiian volcanoes including the pioneering work of
Moore (1964). Subsequent seismic studies of the sea-
floor around these volcanoes revealed extensive land-
slide deposits in the Hawaiian Moat and on the flanks
of the Hawaiian Arch (e.g., Ten Brink and Watts, 1985).
However, not until the 19861991 GLORIA surveys to
explore the United States exclusive economic zone
around the Hawaiian Islands was the extent of these
landslides recognized (Moore et al., 1989).

Sand layers associated with turbidites from three
major Hawaiian landslides were drilled in 1991 during
ODP Leg 136 at two adjacent holes (842, 843) into the
western Hawaiian Arch ~250 km southwest of the
island of O‘ahu (Fig. 1 inset). The coherent Quaternary
to Upper Eocene sediments drilled in these holes
resulted in nearly 100% recovery to a depth of ~35 m
(Dziewonski et al., 1992). The ages of these turbidites
are well constrained by a combination of strong, coher-
ent paleomagnetic signatures in the sediments and well-
preserved radiolarians (Garcia and Hull, 1994). The
younger sandy sediments (<3 Ma) in these holes con-

tain fresh glass. The geochemistry of these glasses was
used to infer the source volcanoes for these turbidites
(Garcia, 1996).

The Nu‘uanu landslide originated on the northeast
flank of Ko‘olau Volcano removing ~2.4 to 3.0 x 10°
km® of the island of O‘ahu (Satake et al., 2002; Robin-
son and Eakins, 2006-this volume). The debris ava-
lanche associated with this slide had enormous blocks
(e.g., Tuscaloosa Seamount is ~30 km long, 17 km
wide and at least 2 km tall) that are spread over a
wide area of the seafloor (Fig. 2). The Nu‘uanu debris
field, and the one associated with the Wailau landslide
from nearby East Moloka‘i volcano (Fig. 1) were tar-
gets for 1998 and 1999 Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) cruises (Naka et
al., 2000). In addition to bathymetric surveys (Fig. 2),
four piston cores (P1 to P4; Fig. 1), numerous dredge
hauls, and several submersible dives were undertaken
on the deposits from these landslides (see Takahashi et
al., 2002). Only one of these piston cores (P3) is
thought to have recovered sediments related to the
Nu‘uanu slide (Sherman et al., 2002). However, the
fine grain size in this ~1 m thick silty turbidite, led
Sherman et al. (2002) to speculate it was related to a
secondary collapse of debris from the Nu‘uanu slide.
Nonetheless, it was concluded that the distal portions of
the deposits related to the Nu‘uanu and Wailau land-
slides are relatively thin (<1 m; Naka et al., 2000;
Sherman et al., 2002). In contrast, Rees et al. (1993)
estimated the Nu‘uanu landslide deposits to be nearly
100 m thick near the crest of the Hawaiian Arch based
on seismic profiles (Fig. 3). This ambiguity in the
thickness of Nu‘uanu sedimentary deposits (<1 vs.
~100 m) creates a large uncertainty in estimates for
the volume of the landslide.

Another uncertainty is the age of the Nu‘uanu land-
slide, which must be equal to or less than that of
Ko‘olau Volcano. Normark et al. (1993) inferred an
age for the slide of 1.4 to 2.6 Ma based on 1.8 to 2.7
Ma K—Ar ages for Ko‘olau lavas (McDougall, 1964;
Doell and Dalrymple, 1973). However, many of the
younger Ko‘olau ages have very low K values indicat-
ing that these samples probably lost K during weather-
ing (Haskins and Garcia, 2004). New K-Ar ages
indicate the shield volcanism probably ended by 2.2
Ma (Ozawa et al., 2005) and new Ar—Ar ages extend
the age of subaerial Ko‘olau volcanism to at least 2.9
Ma (Haskins and Garcia, 2004). A younger age limit for
the slide is older than the overlying Wailau slide de-
posit, estimated to be ~1.5 Ma (Clague et al., 2002;
Sherman et al., 2002). Kanamatsu et al. (2002) used
paleomagnetic data for three JAMSTEC piston cores,
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Nu'uanu Slide

T\ ODP 1223

Fig. 2. Shaded relief map showing a three-dimensional perspective view of the Nu‘uanu and Wailau landslide debris (white lines are the boundaries
of the debris fields; Moore and Clague, 2002). The slides were derived from the flanks of shield volcanoes on O‘ahu and Moloka‘i, respectively.
The perspective looks southwest from near ODP Site 1223. Constructed from bathymetric data from Smith and Satake (2002) and Eakins et al.
(2003). A north arrow is provided for reference.
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Fig. 3. Two-way travel time seismic reflection profile (in seconds) across the Hawaiian Moat and Arch. This profile is line 12 from Rees et al.
(1993). See Fig. 1 for the location of the line. The inset is a depth-converted section of the seismic line that shows the location of ODP Site 1223.
Note that there are at least 60 m of bedded sediments beneath the base of the drill hole.
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and both constant- and variable-rate models for sedi-
mentation to infer ages for the Nu‘uanu slide of >2.58
or >1.77 Ma, respectively. A new study of microfossils
in a mantling deposit on top of a Nu‘uanu slide block
suggests that the age of the slide is between 2.55 and
3.09 Ma (Morgan et al., 2006-this volume). Hole
1223A was designed to determine the thickness and
age of the Nu‘uanu slide.
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3. Drill core results and analysis
3.1. Drilling operations

Hole 1223 A was planned to piston core to a depth of ~100
m, which according to seismic interpretations (Rees et
al., 1993) would penetrate the entire sedimentary se-
quence associated with the Nu‘uanu landslide (Fig. 3).
Unfortunately, only a ~41-m hole could be drilled within
the 42 hours allotted for this location because indurated
sediments were encountered at a depth of 12.7 m. These
hard rocks required switching from coring with the
advanced piston core (APC) system to an extended
core barrel (XCB) system. Drilling remained slow and
recovery went from ~86% for the APC-cored section to
45% for the XCB-cored interval with major section gaps
in Cores 3X and 4X (67 m; Shipboard Scientific Party,
2003). The mudline was missed at the start of the APC
coring, so the top of the section is absent.

3.2. Core stratigraphy

Two basic lithologies were recovered at Site 1223:
fine-grained sediments (clay and silt), and volcanic
sand (Fig. 4). In the upper part of the hole (<12.7 m),
the sediments are unconsolidated. In the deeper part of
the hole the fine-grained sediments are weakly consol-
idated and the sands are indurated. The two indurated
sand units were called tuffs by the Shipboard Scientific
Party (2003). As discussed below, the heterogeneity of
the glass composition and other features of these units
led us to conclude they are volcaniclastic sandstones.
Core 1H contains five prominent, dark-gray sand layers
interbedded with yellowish-brown pelagic clay (Fig. 4).
Core 2H contains disturbed sand under a thin brown
clay layer. A volcaniclastic sandstone was encountered
in Core 3X but its top contact was not recovered and at
least 6 m of section are missing from this core run (Fig.
4). The sandstone overlies a bioturbated claystone and a
volcaniclastic sandy siltstone with cross-bedding. In
Core 4X, three claystone units with variable amounts

Fig. 4. Graphic log for ODP Hole 1223 A. There are gaps in the section
from 16 to 22 m below the sea floor (mbsf), and 25 to 32 mbsf. The
mudline was missed in the first core (shown by the sawtooth pattern at
the top of the section), so only lowermost part of the section deposited
during the Brunhes chron was recovered. Prominent unconsolidated
sand layers are numbered 1 to 6. They have sharp basal contacts and
gradational upper contacts with pelagic clay. The upper and lower
volcaniclastic sandstones are labeled 7 and 8. The Radiolaria (Rads)
included mixed assemblages (Eocene and younger; M) and only Early
Eocene (EE) taxa. The ages are based on the magnetic reversals. See
the box for an explanation of the symbols used in the graphic log
(modified after Shipboard Scientific Party, 2003).
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of volcaniclastic silt were recovered, although recovery
was also poor (~7 m of section missing; Fig. 4). The
drill bit jammed during drilling for Core 5X and only
about 1 m of weathered and disturbed material from the
lower volcaniclastic sandstone was recovered. Core 6X
contained about 4 m of a second volcaniclastic sand-
stone overlying about 2 m of volcaniclastic claystone
and siltstone (Fig. 4).

The five sandy layers in Core 1H have sharp basal
contacts and gradational upper contacts with the over-
lying yellowish-brown pelagic clays (Fig. 5). These
sand layers range in thickness from 11 to 232 cm and
are generally normally graded (Table 1). Three, very
thin (<1 cm) sandy intervals occur just below layer 4

Depth
Core Section (Mbsf)

(Fig. 5). Sand layer 5 is internally complex with nu-
merous thin (0.5 to 2 cm thick) light and dark bands of
varying grain size and composition overlying a basal
carbonate gravel. The basal contact of sand layer 5 has
a rip-up of the underlying dark-brown clay. Sandy layer
6 in Core 2H is highly disturbed, with a poorly con-
solidated lower interval (Fig. 4).

Underlying these unconsolidated sand layers are two
volcanic sandstones and several volcaniclastic claystone
units (Shipboard Scientific Party, 2003). The thickness
of the two sandstones is uncertain because of incomplete
recovery. The top of the upper volcaniclastic sandstone
unit was lost during APC drilling. The switch to XPC
drilling allowed a 2.36-m-thick section of the upper

# Lithologic Unit Descriptions

Yellowish-brown clay

Fine-grained, dark brown, normally graded sand
top contact gradational, bottom contact sharp
and irregular

Yellowish-brown clay

Fine-sand/silt, otherwise like sand layer 1

Yellowish-brown clay

Coarse-sand, otherwise like sand layer 1
Yellowish-brown clay

Internally complex with dark bands, othewise like
layer 1

Trough-like lens, fine-grained, grayish-brown

Faint, fine-grained, grayish-brown

1 7

o ]
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H |3 a4
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I
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2H |, ]
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Faint, fine-grained, grayish-brown, sharp base

5 Complex with numerous dark bands, and
carbonate gravel at baseand ripup of
underlying clay

Dense brown clay

6 Disturbed loose sand

* Analyzed sand

Fig. 5. Graphic log of the soft sediment section (cores 1 and 2) from ODP Hole 1223A showing sedimentary features and locations where sand
samples were taken for petrography and microprobe analyses (*). Sand layers 1-5 have sharp basal contacts (layers 1, 2 and 5 have irregular, scoured
contacts) and gradational upper contacts. Layer 5 also has carbonate gravel and rip-up structures at its base. Layers 1-3 are normally graded. Units 4
and 5 are internally complex with multiple light and dark bands ~1 c¢m thick. Layer 6 is internally disrupted. Gray intensity reflects color of sand.



M.O. Garcia et al. / Journal of Volcanology and Geothermal Research 151 (2006) 251-268 257

Table 1
Sand layer characteristics for ODP Site 1223
Layer Thick Contacts Size Other Depth Modes (volume %) #
(cm) upper lower grading (m) lithics vitric glass oliv plag pyx
1 11 gradational sharp normal finer sand 1.0 27 23 6 33 10 1 30
2 45 gradational sharp normal coarser sand 24 15 15 40 23 7 <1 105
2.5 30 10 32 17 7 4
3 12 gradational sharp normal finer sand 30 <1 <1 46 34 16 2 117
3.1 1 <1 53 27 17 1
4 28 gradational sharp normal four dark bands 39 1 <1 33 41 26— 77
4.0 7 1 26 52 13 1
5 232 gradational sharp normal internally complex with 20 dark 52 4 1 46 41 8 1 19
and 4 light bands; micrite pebbles 721 16 <1 24 46 11 2
and clay rip-ups at base 7.2d 11 3 24 47 12 3
6 >150 gradational absent none coherent upper part, disturbed 8.0 3 4 48 37 7 <1 147
lower section 9.3 7 <1 63 22 6 <1
7 >240 absent sharp normal gas pipes in weakly altered 13.8 14 27 34 23 2 - 132
upper sandstone 149 26 20 31 19 2 2
8 >500 absent sharp  normal highly (top) to moderately 33.7 4 19 56 19 2 - 32
weathered (base) 36.7 8 11 65 15 <1 -

Petrography for sand- and silt-size components only based on at least 300-600 points/sample; layers 7 and 8 are 1000 points/sample with most
(>90%) of their glass altered to palagonite (after Shipboard Scientific Party, 2003); #glasses analyzed by microprobe (summary given in Table 2); 1-

light-colored sand; d- dark-colored sand.

sandstone to be recovered. The sandstone is moderately
indurated, matrix-supported, normally size-graded (me-
dium to very coarse grained, maximum size of 2.2 mm,
average ~1 mm), with angular to subrounded fragments
of fresh glass (some with thin clay rims), minerals
(mainly fresh olivine), and vitric and lithic clasts in a
radiolarian-bearing brown clayey matrix. The sandstone
also contains pipe-like voids that were interpreted as gas
pipes by the Shipboard Scientific Party (2003). These
voids are oriented in various directions including nearly
horizontal and are coated with mud.

The lower volcaniclastic sandstone was encountered
at ~32 m below seafloor (mbsf) in Core 5X (sandy unit
8 in Fig. 3). Its upper part is poorly consolidated and
was highly disturbed by drilling. The lower part in Core
6X is well lithified. Overall, the lower sandstone is
similar in character to the upper sandstone except for
the more advanced stage of glass alteration, and the
absence of pipe-like voids. In addition, the sediments
just below the lower sandstone are reported to contain
wairakite and some Radiolaria have been replaced by
opal-CT (Shipboard Scientific Party, 2003). For addi-
tional core stratigraphy information, see the Shipboard
Scientific Party (2003) descriptions.

3.3. Biostratigraphy
Biostratigraphic analyses were not conducted on the

JOIDES Resolution during Leg 200, although the pres-
ence of Radiolaria and sponges were noted in Cores 1H

and 6X (Shipboard Scientific Party, 2003). In order to
more precisely determine the nature and distributions of
the fossil assemblages in this hole, a total of 99 smear
slides at approximately 10 cm intervals have been
examined from the following intervals: Core 1H (79
slides from 0.08-7.81 mbsf); Core 3X, Section 2
(15.13-15.62 mbsf); Core 4X, Section 1(22.84-22.9
mbsf) and Core 6X, Sections 3-CC (37.03-38.64
mbsf). Significant numbers of Radiolaria in a state of
preservation adequate for identification were observed
only in Cores 1H and 6X. Other microfossils were too
rare and too poorly preserved throughout these intervals
to provide biostratigraphic control.

Radiolaria are intermittently rare to common, and
moderate- to well-preserved in two intervals in Core
1H: 3.02-3.96 and 5.10-6.70 mbsf. The lower of these
intervals occurs in the middle to upper portions of sand
layer 5 (Figs. 4 and 5), where it is represented by an Early
Eocene assemblage with good preservation and without
observable contamination by older or younger faunas.
The assemblage is characteristic of the Buryella clinata
Zone, which is reported to range in age from 50.3 to
52.85 Ma by Sanfilippo and Nigrini (1998). The abrupt
change in both the concentration and state of preserva-
tion of Radiolaria in this interval of Core 1H in contrast
to the general condition in the upper sediment column is
striking. This phenomenon can be explained by the
differences in age and original depositional environ-
ments of the sediment. The sediments above sand layer
5 are generally barren of Radiolaria or contain only trace
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occurrences in states of degraded preservation. The ex-
ception is the yellowish-brown clay bed between sand
layers 3 and 4, which contains intermittently common
occurrences of Radiolaria in moderate preservation
states. The radiolarian assemblage from this interval
differs from the lower interval described above in that
both Eocene and Pliocene taxa are present. Forty of the
54 Eocene species identified in sand layer 5 also occur in
Section 3, and the ages of the two Eocene faunas are
believed to be the same. Additionally, 32 taxa are
present that have stratigraphic ranges restricted to the
Neogene (Popova-Goll and Goll, in press). The pres-
ence of Eucyrtidium matuyamai at 3.15 mbsf indicates
an assignment to the E. matuyamai Zone of Hays
(1970), which occurs in magnetochrons C2n—Clr2r
and has an age range of 1.95 to 1.05 Ma according to
Morley and Nigrini (1995; time scale revised to Cande
and Kent, 1995). These authors also reported a last
occurrence age of 1.79 Ma for Lamprocyrtis hetero-
porus, which is also present in this fauna.

Radiolaria are generally common in the volcaniclas-
tic silty claystone and clayey siltstone underlying sand
layer 8 of Core 6X at 37.03-38.64 mbsf. The state of
preservation of this assemblage indicates that the orig-
inal glassy skeletal composition has been replaced by
opal-CT. Only six taxa have been identified from this
interval, but the presence of B. clinata is taken as strong
evidence that this fauna has the same age as that of the
lower radiolarian-bearing interval of Core 1H.

Fossils preserved in sediments interpreted as having
been displaced by turbidity currents can provide infor-
mation only for the age of the sediment entrained by the
displacement event, although they provide a maximum
age for the redistribution event itself. Thus, the Neogene
radiolarian fauna present in the sediments between 3.02
and 3.96 mbsf indicate that the turbidites of sand beds 1—
3 were emplaced after 1.79-1.95 Ma. In contrast, the
pure Early Eocene radiolarian fauna of sand bed 5 does
not significantly constrain the age of transport of this
unit, although it sheds some light on the origin of the fine-
grained sediments entrained in this turbidite complex.

3.4. Magnetostratigraphy

The magnetostratigraphy for Hole 1223 A was deter-
mined from paleomagnetic measurements made every 1
cm along the archive-half core sections and on 25 dis-
crete samples (~1-7 ecm®) collected from the working-
half core sections (Shipboard Scientific Party, 2003).
Hole 1223 A cores appear to record all the major chrons
and subchrons from Chron Cln (the Brunhes Chron;
0.0-0.78 Ma) into Chron 2r (1.95-2.581 Ma). The

Brunhes normal polarity interval spans only the top 14
cm of Core 200-1223A-1H, which is thinner than
expected by ~1 m based on prior piston coring in the
vicinity (Kanamatsu et al., 2002). It seems probable that
the upper meter or so of the sedimentary section was not
recovered, but there was insufficient time during Leg
200 to core a second hole and test this interpretation. The
termination and onset of Chron Ir.In (the Jaramillo
Subchron; 0.99—-1.07 Ma) are located at 0.80 and 1.23
mbsf, respectively and the termination and onset of
Chron C2n (the Olduvai Chron; 1.77-1.95 Ma) are
located at 2.02 and 7.19 mbsf, respectively.

The section recovered below 7.19 mbsf'is interpreted
to be entirely reversed polarity, although some intervals
are ambiguous because the magnetic overprint related to
drilling (e.g., Acton et al., 2002) could not be completely
removed by magnetic cleaning. Throughout this lower
interval, the paleomagnetic inclinations were either neg-
ative after magnetic cleaning, which is indicative of
reversed polarity, or migrated from the steep positive
inclinations related to the drilling overprint to shallow
inclinations before becoming unstable or too weak to
measure. The latter is also indicative that the underlying
primary magnetization is reversed polarity, but is not
fully isolated by magnetic cleaning. If some intervals
below 7.19 mbsf were normal polarity, we would have
expected the inclination to migrate from steep positive
values to moderate positive values (~40°) as AF or
thermal magnetic cleaning progressed. Because coring
gaps of several meters are present below Core 1H and
hiatuses in the section are likely given the nature of the
erosional and depositional processes associated with
turbidites, some polarity intervals may not have been
recovered or are missing. Radiometric dates on glass
taken from the unconsolidated sand from Core 2H and
from the upper vitric tuff in Core 3X give ages ranging
from 2.5 to 4 Ma (G. Acton, unpublished data), suggest-
ing that these units were deposited since 4 Ma. The
simplest interpretation is that the interval below 7.19
mbsf was deposited within Chron C2r (1.95-2.581
Ma), although the data are consistent with deposition
in a reversed polarity interval as old as Chron C2Ar
(3.58-4.18 Ma).

3.5. Petrography

Sand layers from Hole 1223A contain abundant
basalt detritus including fresh glass, olivine, and pla-
gioclase fragments. At least two polished thin sections
were made from each sand layer (Fig. 5) to determine
their petrography and glass chemistry. For unconsoli-
dated sediments from sand layers 1-6, sections were
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made of only the sand- and silt-size fractions. The rock
fragments in these sand layers are cryptocrystalline
(vitric) to microcrystalline (lithic) and typically contain
plagioclase, magnetite, olivine and pyroxene. The glass
fragments are mostly light brown in color, translucent
(sideromelane), and crystal-free, although some glasses
contain olivine or plagioclase crystals or are darker
brown in color. Single grains of unaltered olivine,
plagioclase and more rarely pyroxene are present and
are generally about the same size as the rock fragments.
Individual sand grains range in size from 0.05 to 0.2
mm, with most 0.1-0.2 mm in diameter giving the sand
layers a well sorted character. The sand grains are
angular with blocky to flaky shapes. Some rock and
glass fragments in all layers are partially altered to clay.

Three hundred point count modes were made of the
Hole 1223A unconsolidated sands and 1000 point
counts were made on the two volcaniclastic sandstones
for two samples for each layer except the thin upper-
most sand layer. These modes show a wide range in the
components between the sand layers (Table 1). The
amounts of glass (or its alteration products) range
from 6 to 65 vol.%, rock fragments (lithic and vitric:
1-50 vol.%), olivine (15-52 vol.%), plagioclase (<1—
26 vol.%), pyroxene (0—4 vol.%), magnetite (<1
vol.%), with very rare fossils (< 1%). Vesicles in the
rock and glass grains are rare (<1 vol.%). Sand layer 1
is distinct from the other sand layers with its abundant
rock fragments and sparse glass (Table 1). The other
sand layers have abundant glass (or their alteration
products). Layers 3, 4 and 6 are noteworthy for their
relatively sparse rock fragments (total lithics and vitric
grains <10 vol.%). The only consistent trends in clast
type within individual sand layers are increasing lithics
and decreasing vitrics with depth (Table 1). The light
and dark intervals in sand layer 5 are surprisingly
similar petrographically. The indurated volcaniclastic
sandstones are petrographically similar to unconsolidat-
ed sand layers except for their more advanced stages of
alteration and lithification, and the presence of zeolites
in voids and rare chlorite grains (<1%).

3.6. Glass major element and S compositions

The composition of the glass sands from Hole 1223A
was determined by microprobe using methods described
by Sherman et al. (2002). The 838 glass sands that were
analyzed are all tholeiitic and typical of Hawaiian shield
volcanoes (Table 2). The compositional fields for each
layer overlap significantly at 68 wt.% MgO (Fig. 6), the
common range for Hawaiian tholeiitic glasses (e.g.,
Clague et al., 1995; Davis et al., 2003). However, the

compositional range at any level of fractionation (e.g., 7
wt.% MgO content) is greater than generally observed
for individual Hawaiian shield volcanoes (e.g., 4955 vs.
51-53 wt.% SiO,). Hawaiian volcanoes typically have
limited subaerial exposures of stratigraphic sections
(<500 m) compared to the sizes of landslide scars on
these volcanoes (e.g., 1.6 km for the Ka Lae landslide on
Mauna Loa; Garcia et al., 1995). Three glasses with
unusually high MgO (up to 12.3 wt.%) were found in
layer 2 (Fig. 6). These values are indicative of relatively
primitive magma compositions (e.g., Clague et al., 1991)
and high quenching temperatures (~1295°C) based on
the geothermometer of Montierth et al. (1995), which is
appropriate for these bulk compositions. A few glasses
from layers 2 and 3 have high SiO, (up to 69 wt.%),
which are extremely rare in Hawai‘i (e.g., Wright and
Fiske, 1971). CaO contents also range widely (2—12
wt.%; Fig. 6), although Al,O3 shows much less variation
(12-16 wt.%; Table 2), suggesting that clinopyroxene
fractionation is more important than plagioclase in the
strongly evolved glasses.

Sulfur contents were measured in the Site 1223A
glasses to determine their depth of eruption based on
the pioneering work of Moore and Fabbi (1971) and
subsequent studies (e.g., Swanson and Fabbi, 1973;
Garcia et al., 1989; Moore and Clague, 1992; Davis
et al.,, 2003). These studies found that undegassed
Hawaiian tholeiitic magmas typically have S contents
>0.09 wt.% compared to <0.03 wt.% S for subaerially
erupted lavas. The vast majority of the Site 1223 A glass
sands (>90%) have low S contents (>0.03 wt.%; Fig. 7)
indicating that they were erupted subaerially.

3.7. Mineral compositions

Microprobe analyses were made of minerals from
some of the sand layers from Hole 1223A, especially
layers 1 and 6, to characterize their compositions. The
methods used are the same as for the glasses, except a
focused beam was employed. Olivine sand compositions
range widely from forsterite 89 to 80 (Table 3), which is
typical of Hawaiian tholeiitic lavas (Clague et al., 1995;
Garcia, 1996) including those from Ko‘olau Volcano
(Garcia, 2002). The CaO contents of layer 6 olivines
(0.24-0.27 wt.%) overlap those of typical Ko‘olau oli-
vines (0.17-0.27 wt.%; Garcia, 2002), although layer 1
olivine CaO contents are somewhat higher (0.26-0.30
wt.%; Table 3). Likewise, compositions of clinopyrox-
ene sands from Hole 1223A are typical of Hawaiian
tholeiites (e.g., Fodor et al., 1975; Clague et al., 1995;
Garcia et al., 2000), although rare differentiated compo-
sitions (e.g., pyroxene end members; enstatite 33.6%,
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Table 2

Representative microprobe glass analyses of Site 1223 sands. Depth in meters

Layer Depth SiO, TiO, Al,O3 FeO MnO

MgO CaO Na,O K,O P,05 S Sum

1 0.9 49.69 2.88 13.22 11.77 0.16
1 0.9 50.27 2.72 13.62 10.67 0.16
1 0.9 52.29 3.60 12.76 15.43 0.21
2 2.4 49.22 2.03 12.04 11.60 0.17
2 2.4 53.66 1.72 14.39 9.29 0.12
2 2.4 51.03 3.26 13.64 11.47 0.15
2 2.5 49.50 2.26 13.04 10.93 0.16
2 2.5 53.76 2.17 13.45 9.26 0.17
2 2.5 60.74 1.73 15.12 6.54 0.10
3 3.0 51.51 2.19 13.76 10.17 0.13
3 3.0 54.30 2.02 14.62 8.80 0.12
3 3.0 57.42 1.57 15.32 7.25 0.12
3 3.1 50.77 2.18 13.22 10.97 0.17
3 3.1 53.52 2.09 14.07 9.46 0.12
3 3.1 57.93 1.52 15.06 7.47 0.10
3 3.1 69.02 0.50 14.05 2.66 0.04
4 39 50.30 2.24 13.25 10.88 0.12
4 39 53.58 2.02 14.44 9.45 0.13
5 5.2 52.00 2.23 13.73 10.35 0.16
5 5.2 53.97 2.38 15.02 9.47 0.14
5 52 54.18 2.63 14.83 10.24 0.07
5 5.9 51.02 2.18 13.06 10.64 0.16
5 5.9 50.82 2.47 13.85 10.81 0.17
5 5.9 53.39 2.28 14.23 9.23 0.14
6 8.0 52.14 2.30 13.51 9.93 0.16
6 8.0 54.03 1.82 14.42 9.93 0.14
6 8.0 54.31 2.56 15.05 10.42 0.14
6 8.1 49.42 2.17 12.31 11.63 0.18
6 8.1 53.77 1.94 14.04 9.63 0.19
6 8.1 51.32 291 13.11 12.20 0.15
6 9.3 51.33 243 14.07 10.15 0.13
6 9.3 53.90 2.08 14.27 8.99 0.12
6 9.3 53.90 2.84 15.39 10.34 0.12
6 10.3 52.34 2.34 13.90 10.41 0.13
6 10.3 53.95 2.10 14.49 9.14 0.13
6 10.3 60.24 1.60 15.41 6.73 0.08
7 13.1 54.14 2.10 14.22 10.13 -

7 13.8 53.40 2.55 15.09 8.78 -

7 14.9 52.42 2.16 14.00 10.14 -

8 34.6 51.66 2.53 14.47 9.78 0.15
8 34.6 52.29 2.72 14.00 9.66 0.16
8 34.6 52.25 3.50 13.78 10.64 0.13

8.15 12.03 1.75 0.37 0.23 0.059 100.31
7.06 11.97 2.15 0.26 0.22 0.001 99.09
5.24 5.73 3.07 0.54 0.36 0.004 99.25
12.13 10.20 1.81 0.24 0.14 0.052 99.63
7.03 10.01 2.56 0.22 0.16 0.011 99.18
5.63 9.90 2.73 0.54 0.38 0.146 98.88
9.00 11.60 2.04 0.26 0.15 0.118 99.06
6.89 10.08 2.65 0.33 0.21 0.018 98.98
3.00 5.86 3.49 3.16 0.24 0.007 99.98
8.26 10.54 2.38 0.44 0.20 0.002 99.56
6.91 10.32 2.63 0.37 0.16 0.001 100.24
4.27 7.85 3.09 1.91 0.16 0.000 98.95
8.48 10.84 1.99 0.24 0.16 0.065 99.09
7.45 10.17 2.49 0.31 0.16 0.016 99.87
4.72 8.05 3.03 1.82 0.17 0.000 99.89
0.90 2.13 3.50 4.74 0.10 0.000 97.65
8.32 11.22 2.03 0.26 0.12 0.064 98.81
7.02 10.42 2.57 0.35 0.23 0.005 100.22
7.57 10.63 2.39 0.36 0.27 0.007 99.70
6.06 8.72 3.11 0.57 0.23 0.005 99.66
5.42 7.34 3.29 0.67 0.27 0.008 98.95
9.47 10.29 2.10 0.46 0.19 0.033 99.61
7.53 10.98 2.21 0.33 0.25 0.000 99.41
6.83 10.71 243 0.36 0.18 0.000 99.78
8.08 10.41 2.38 0.39 0.23 0.004 99.54
6.55 10.15 2.62 0.29 0.17 0.010 100.13
5.44 7.57 3.24 0.72 0.28 0.001 99.74
10.96 10.00 2.00 0.36 0.21 0.039 99.30
7.05 10.02 2.44 0.29 0.16 0.012 99.54
6.02 10.52 241 0.47 0.22 0.013 99.35
7.44 11.50 225 0.37 0.21 0.000 99.89
7.15 10.45 2.51 0.26 0.19 0.027 99.95
5.59 7.45 3.21 0.66 0.33 0.014 99.85
7.94 10.06 2.46 0.39 0.21 0.001 100.18
6.79 10.28 2.60 0.39 0.24 0.016 100.13
3.73 6.59 3.77 235 0.16 0.002 100.66
6.44 10.29 2.66 0.28 0.21 0.004 100.48
5.36 12.04 1.92 0.01 0.26 0.010 99.42
6.89 10.64 2.47 0.41 - 0.017 99.15

7.26 11.47 2.53 0.34 0.27 - 100.46
6.80 11.10 2.72 0.43 0.27 - 100.15
5.18 9.04 3.07 0.83 0.47 - 98.89

wollastonite <40%) do occur. Compositions of plagio-
clase sands also range widely (anorthite 48-80), al-
though most are in the range of anorthite 60—75 (Table
3) typical of Hawaiian tholeiitic lavas (e.g., Clague et al.,
1995).

4. Discussion

4.1. Mechanism of deposition and source of Hole
12234 sand layers

Early studies of the sediment on the abyssal plains
around the Hawaiian Islands recognized the importance

of sand in these deposits (e.g., Menard, 1964; Moore,
1964; Horn et al., 1969; Schreiber, 1969). Sands of
probable Hawaiian origin have been found more than
a 1000 km from the Islands (e.g., Rehm and Halbach,
1982). The discovery of numerous sand layers in core
from Hole 1223, >220 km from the nearest island
(Moloka‘i) and near the crest of the ~500 m high
Hawaiian Arch was unexpected and presents several
challenges. Various mechanisms have been proposed
for transporting sands long distances from their pre-
sumed Hawaiian Island source including wind (Rehm
and Halbach, 1982) and turbidity currents (e.g., Moore,
1964; Schreiber, 1969). The low vesicularity of glass
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Fig. 6. MgO vs. SiO, and CaO variation diagrams for glass sands from layers 1-8 of ODP Hole 1223A. All values are in weight %. Note the wide
but overlapping variations for the compositions of each layer. Only fields are given for layers 7 and 8. The wide compositional variations indicate
that large sections of the volcano were sampled by these sand layers. Most of the glasses from sand layers 2—8 have compositions similar to Ko‘olau
Volcano, whereas most glasses from layer 1 are similar to East Moloka‘i volcano. Fields for Ko‘olau are from Haskins and Garcia (2004); the East

Moloka‘i fields are from Sherman et al. (2002).

sand in sediment around the Hawaiian Islands (Garcia,
1996; Sherman et al., 2002), and the location of some
sites upwind and long distances from the islands (e.g.,
Site 1223; Fig. 1) makes it unlikely that the glasses are
of explosive, windblown origin or were derived by
fragmentation during eruption into shallow water
(e.g., Carey et al., 1994).

The Hawaiian Moat was thought to present an in-
surmountable barrier for turbidity currents (Schreiber,

1969). Subsequent lab experiments and theoretical
studies demonstrated that it is possible for turbidity
currents to climb up and over ridges of significant
height (~1000 m; Muck and Underwood, 1990). The
viability of this hypothesis is supported by several field
studies (e.g., Dolan et al., 1989; Garcia and Hull, 1994,
Sherman et al., 2002) showing that sand has been
transported up and over major bathymetric highs
(=500 m).
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Fig. 7. S vs. FeO variation diagram for glasses from ODP Hole 1223 sand layers 1-7. All values are in weight %. Only a field is shown for layer 7
and no S data are available for sand layer 8. The vast majority of the glasses from sand layers 1-7 are degassed (<0.03 wt. S; Moore and Fabbi,
1971). Field boundary for undegassed glasses is from Garcia and Hull (1994).

Several factors suggest landslides as a likely source
for the sands in Hole 1223A. The composition of the
glass sands indicate that the Hawaiian Islands, more
than 220 km away, are their probably source (Fig. 6)
and that the eruptions were probably subaerial to ac-
count for the low S content in the glasses (Fig. 7). The
abundance of glass and its angular shape in the Hole
1223A sand layers is analogous to the volcaniclastic
deposits found in the upper 1 km of the submarine
section of Hawaiian volcanoes (Bridges, 2004). Unlike
some of the individual units in these deposits (Bridges,
2004), the Hole 1223 A sands have a remarkable range
in composition (Fig. 6); thus, they are not related to
individual eruptions (e.g., Kilauea, 1983 to present;
Garcia, 1996). Indeed, the extreme range of SiO, and
MgO in these glasses (Fig. 6) compared to surface lavas
on typical Hawaiian volcanoes (e.g., Wright and Fiske,
1971; Frey et al., 1994; Garcia et al., 1995), argues that
a major section of the volcano has been sampled. The
mixed age assemblages and anomalous old Radiolaria
in the Hole 1223A sediments indicates that sediments
of various ages have been combined, perhaps as the
result of scouring by debris avalanches associated with
a major landslide. Although a 500-m high barrier stands
over 200 km away from the source for the sands, this
barrier probably acts as a filter allowing only energetic
currents, such as those related to major landslides, to
deposit sand at Site 1223.

One surprising feature of the Hole 1223 A cores is the
indurated nature of the volcaniclastic sandstone units at
12.7 mbsf, whereas coring just above this interval recov-

ered loose sand. In addition, the identification of wair-
akite in the siltstone below the lower sandstone, and the
presence of “gas pipes” in the upper volcaniclastic sand-
stone led to the suggestion that the sandstones were
deposited hot (or at least warm) following two collapses
and eruptions of Ko‘olau Volcano, similar in nature to
the 1980 Mt. St. Helens eruption (Shipboard Scientific
Party, 2003). To test this hypothesis, we examined thin
sections near the base of the unit and just below it for
evidence of thermal metamorphism. None was found.
The glasses and clays in these areas showed the same
petrographic features as the rest of the unit and the other
sand layers. Likewise, the ranges of glass compositions
in the sandstones are similar to those for the unconsol-
idated sand layers suggesting no dominant composition,
as would be expected from an eruption (e.g., Garcia,
1996). An examination of the pipes in the upper sand-
stone showed they have variable orientations (horizontal
to vertical), rather than being preferentially oriented
vertical from the escape of hot gases. Also, there were
no vapor deposits lining the pipes. Thus, it is likely that
these pipes formed from the escape of water within the
upper sandstone units during deposition from a turbidity
current. The induration of the sandstones may be related
to clay formation as observed in the Hawaiian Scientific
Drilling Project core (DePaolo et al., 2001). However,
the abrupt change below 12.7 m in level of sediment
solidification is striking and may indicate a time break in
the section related to scouring by sand layer 6. Also, the
replacement of opal-A in the radiolarian tests with opal-
CT (cristobalite) below the lower indurated volcaniclas-
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Table 3

Microprobe analyses of minerals in Site 1223 sand layers. Fo—forsterite; En—enstatite; Wo—wollastonite, An—anorthite

Layer Depth SiO, TiO, Al,O3 FeO MnO MgO CaO Na,O K,O Sum Fo
Olivine (cm)
1 93 40.60 0.06 0.05 14.57 0.20 45.05 0.26 0.00 0.00 100.78 84.6
1 93 38.07 0.00 0.03 19.11 0.22 4231 0.30 0.00 0.00 100.04 79.8
1 93 39.33 0.02 0.05 17.99 0.23 41.84 0.33 0.00 0.01 99.80 80.6
5 678 39.59 0.03 0.04 17.70 0.23 41.94 0.30 0.00 0.00 99.84 80.8
5 717 40.45 0.00 0.05 12.75 0.15 45.65 0.21 0.02 0.01 99.27 86.2
6 800 40.50 0.02 0.03 13.23 0.16 45.73 0.26 0.00 0.00 99.93 86.0
6 800 39.80 0.00 0.00 15.44 0.21 43.85 0.24 0.00 0.01 99.55 83.5
6 800 39.71 0.06 0.00 16.53 0.24 42.92 0.25 0.00 0.00 99.71 82.2
6 815 40.04 0.02 0.03 15.96 0.24 43.50 0.27 0.03 0.00 100.08 82.9
6 1027 41.41 0.02 0.02 10.22 0.13 48.14 0.24 0.00 0.00 100.18 89.4
6 1027 40.72 0.05 0.02 15.36 0.16 43.64 0.25 0.02 0.00 100.21 83.5
8 3420 39.35 - - 16.63 0.24 43.89 0.27 - - 100.38 85.5
8 3420 38.95 - - 17.38 0.24 43.14 0.31 - - 100.02 81.6
Clinopyroxene Sum En Wo
1 93 51.90 1.03 2.31 12.45 0.26 17.83 14.66 0.15 100.58 50.4 29.8
1 93 49.23 1.85 3.47 10.14 0.18 14.16 20.47 0.30 99.79 41.0 42.6
1 93 50.24 1.37 7.64 9.39 0.19 11.42 18.36 1.26 99.87 38.2 442
1 105 53.05 0.61 1.81 7.35 0.16 17.29 19.33 0.20 99.81 49.0 39.4
1 105 52.17 0.73 2.54 5.56 0.12 16.95 21.29 0.22 99.59 47.9 433
1 105 51.01 1.25 4.03 7.71 0.18 16.89 18.32 0.19 99.57 49.1 383
1 105 52.29 0.83 1.74 11.26 0.18 14.69 18.80 0.22 100.00 42.5 39.2
1 105 51.61 1.49 6.23 10.39 0.18 9.67 18.45 1.74 99.77 33.6 46.1
4 393 51.47 1.01 2.72 10.05 0.24 17.75 16.98 0.19 100.41 49.9 343
6 800 51.67 1.05 3.11 8.55 0.19 16.59 18.22 0.19 99.56 48.1 38.0
Plagioclase Sum An
1 93 48.18 0.03 31.93 0.83 0.00 0.18 16.60 227 0.07 100.10 79.8
1 93 50.57 0.10 29.24 0.74 0.00 0.20 15.98 2.81 0.06 99.70 75.6
1 93 53.15 0.11 28.48 0.70 0.05 0.19 12.66 4.23 0.33 99.91 61.2
1 105 48.71 0.02 31.08 0.52 0.01 0.17 16.75 2.18 0.07 99.52 80.6
1 105 50.23 0.06 30.16 0.72 0.00 0.20 15.67 2.74 0.08 99.84 75.6
1 105 50.81 0.07 29.85 0.46 0.00 0.00 14.73 3.37 0.18 99.47 70.0
1 105 51.61 0.04 29.64 0.69 0.00 0.04 13.81 3.69 0.23 99.74 66.6
1 105 54.55 0.17 27.32 0.53 0.01 0.13 12.39 4.64 0.22 99.94 58.9
1 105 55.59 0.16 26.57 0.88 0.00 0.20 11.03 5.01 0.27 99.70 54.1
1 105 56.50 0.13 26.32 0.54 0.00 0.02 9.98 5.68 0.54 99.71 47.8
2 253 51.63 0.11 29.45 0.59 0.02 0.26 14.26 3.58 0.09 100.00 68.4
2 253 52.34 0.18 28.78 0.80 0.02 0.32 13.75 3.81 0.12 100.12 66.1
6 800 53.92 0.05 28.13 0.59 0.01 0.15 13.11 4.20 0.18 100.34 62.6
6 800 53.92 0.05 27.55 0.59 0.01 0.15 13.11 4.20 0.18 99.75 62.6

tic sandstone may require elevated temperatures (~50
°C; Behl and Garrison, 1994). The Shipboard Scientific
Party (2003) speculated that a widespread blanket of hot
material provided a compressive load and an imperme-
able barrier to fluids, which may have lead to the indu-
ration of these layers.

Glass composition is a potential tool for determining
the source of the sands from Hole 1223A. It has been
used in numerous studies to fingerprint the sediment
source for submarine deposits (e.g., Carey and Sigurds-
son, 1978; Garcia, 1996; Sumita and Schmincke, 1998).
The geochemistry of lavas from Ko‘olau Volcano on the

island of O‘ahu is especially distinctive with their rela-
tively high SiO, (e.g., Frey et al., 1994; Sherman et al.,
2002). However, a 679-m deep drill hole into Ko‘olau
found that beneath an ~250-m-thick carapace, the lavas
and glasses have lower SiO, lavas (Haskins and Garcia,
2004), although most are compositionally distinct from
those of neighboring East Moloka‘i volcano (Fig. 6). Ifa
major landslide occurred on the flanks of heterogeneous
Ko‘olau Volcano, sampling many hundreds of its thin
lavas (average thickness ~2 m; Wentworth and Winchell,
1947; Frey etal., 1994), a wide compositional range with
high SiO, glasses would be expected. Indeed, Hole
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1223A glass sands have a remarkably large composi-
tional range (Table 2). Many of the glasses have rela-
tively high SiO, contents (>53 wt.%; Fig. 6) and most
are higher in SiO, than glasses from the other likely
source of sand for Hole 1223, East Moloka‘i (4952
wt.%; Sherman et al., 2002). Also, most glasses from
Hole 1223 A have relatively low FeO and CaO contents
(Table 2), which are typical of Ko‘olau glasses (Sherman
et al., 2002; Haskins and Garcia, 2004). Overall, most of
the glass sands have compositions, including the distinc-
tive high SiO,-type consistent with a Ko‘olau origin for
all sand layers with the exception of layer 1.

Glasses from layer 1 have lower SiO, (all but 2 of
the 30 glasses analyzed have <52 wt.%) and their
average CaO (Fig. 6) and FeO contents are higher
than in the other layers (Table 2). Layer 1 glasses are
similar in composition to those reported from the ~60
cm thick sand layer in JAMSTEC piston core P3 taken
~60 km west of Site 1223, which was interpreted to
have originated from East Moloka‘i volcano (Sherman
et al., 2002). Also, the olivines from layer 1 have higher
CaO contents than Ko‘olau olivines (ave. 0.32 vs. 0.22
wt.% at forsterite 81; Garcia, 2002). Thus, the sands in
the relatively thin (11 c¢cm) layer 1 probably originated
from East Moloka‘i volcano, although they are not
related to the ~1.5 Ma Wailau landslide (Sherman et
al., 2002; Clague et al., 2002) based on the ~1.0 Ma age
for this deposit inferred from paleomagnetic data (Fig.
4). However, results from JAMSTEC piston core P4
near the island of Moloka‘i show that island has repeat-
edly collapsed (22 volcaniclastic layers; Sherman et al.,
2002) since the Wailau slide, so layer 1 in Hole 1223A
may be related to one of these younger collapses.

Degassed lavas can travel considerable distances
down the submarine flank of Hawaiian volcanoes (at
least 10 km; Garcia and Davis, 2001) and even erupt on
the submarine flanks of Hawaiian volcanoes at depths
of ~1 km (Davis et al., 2003; Wanless et al., 2006-this
volume). The low S content (>0.03 wt.%) of over 90%
of the Hole 1223A glasses (Fig. 7) and the high glass
content of the sands (Table 1) indicates that many of the
lavas forming the sands were probably subaerially
erupted but quenched rapidly in the ocean. Thus, the
landslides that produced these sands probably originat-
ed on the shallow submarine flanks of Ko‘olau and East
Moloka‘i volcanoes.

4.2. Sedimentation rates north of the Hawaiian Islands
A wide range of sedimentation rates have been esti-

mated for the seafloor in the vicinity of the Hawaiian
Islands (<1 to 17.7 m/my; e.g., Siebold and Berger,

1996; Kanamatsu et al., 2002). Paleomagnetic data for
Hole 1223 A can and has been used to infer the sedimen-
tation rates, although some assumptions are needed. For
example, if sedimentation was constant for the entire
section, the uppermost normal polarity interval is the
Brunhes chron (most of this part of the section was
missed in coring), and the rest of the section (0.2-38.7
mbsf) was deposited during the Matuyama reverse po-
larity chron (0.78-2.58 Ma; Shipboard Scientific Party,
2003), then an overall rate of 21.4 m/my is obtained. This
is at least 10 times the estimated sedimentation rates for
red clays in the central North Pacific (15-25°N, which
vary from 1.3 to 2.1 m/my; Opdyke and Foster, 1970;
Berger, 1973). After subdividing the section into sub-
chrons, sedimentation rates of 0.2 to 60 m/my were
estimated by the Shipboard Scientific Party (2003).
The highest rates (28.7-60.0 m/my) are for sections
with major gaps in core recovery (Fig. 4). Removing
these intervals from the section leaves rates of 0.2—5.5 m/
my for Core 1H, which had continuous recovery beneath
the truncated Brunhes chron (Shipboard Scientific Party,
2003). These rates are similar to those estimated for the
same time period for the turbidite-bearing JAMSTEC
piston cores in the vicinity of Site 1223 A (2.7-3.8 m/my;
Kanamatsu et al., 2002) and those from ODP Holes 842
and 843 on the opposite side of the Hawaiian Islands on
the crest of the southern Hawaiian Arch (~7 m/my;
Helsley, 1993), based on paleomagnetic data and a con-
stant deposition model. These relatively high sedimen-
tation rates, compared to North Pacific red clay rates,
have been related to the proximity of these sites to the
Hawaiian Islands (e.g., Helsley, 1993). However, these
estimates include sand layers that were rapidly deposited
(e.g., sand layers comprise ~52% of the recovered core
in Hole 1223 A). Thus, we calculated sedimentation rates
by removing the sand layers from Core 1H for the period
0.78 to 1.95 Ma. This yields a sedimentation rate of 3.2
m/my, still somewhat higher than the estimates of sedi-
mentation rates for the Pacific sea floor outboard of the
Hawaiian Arch. Although our estimate ignores the
effects of scouring by the sand layers and does not
consider the effects of bioturbation (which appear to be
minor in Core 1H except just below the sand layers; Fig.
4), it still indicates that the contribution of fine sediment
to the ocean floor 260 km from the Hawaiian Islands is
significant, comparable to the pelagic sedimentation rate.

4.3. Implications of sand layers for landslide history of
Ko ‘olau Volcano

The original goal of this study was to document and
understand the processes associated with the Nu‘uanu
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landslide. Based on the results from the distal JAM-
STEC piston coring (P2 and P3), we expected to
encounter two sand layers at Site 1223: an upper
layer from the East Moloka‘i volcano’s Wailau land-
slide and a lower layer from the Ko‘olau Volcano’s
Nu‘uanu landslide. Thus, it was surprising to recover
eight distinct layers more than 10 cm thick in Hole
1223A (Table 1). Sand layer 1, unlike the other sand
layers, has geochemical similarities to East Moloka‘i
glasses. All the other layers appear to be of the
appropriate age (1.8-2.58 Ma vs. 2.2-2.9 Ma for
subaerial Ko‘olau lavas) and composition (Fig. 6) to
have been derived from Ko‘olau Volcano. Among the
thicker layers (>1.5 m), layer 5 is especially attractive
as a potential Nu‘uanu landslide product given its
basal carbonate gravel and rip up structures, and its
complex internal structure of numerous light and dark
sediment bands. However, the two indurated sand-
stones and the unconsolidated layer 6 are also viable
candidates. Unfortunately, these other sandy layers
were incompletely recovered, so the details of their
internal features are unknown. Thus, we are left with
no compelling reason to prefer one sand layer as the
product of the Nu‘uanu slide over another. Further-
more, seismic results indicate that Site 1223A is un-
derlain by ~100 m thick sedimentary section (Fig. 3),
so coring at this site may not have encountered the
deposits from the Nu‘uanu slide. However, we concur
with Sherman et al. (2002) that the thin silt layer in
JAMSTEC piston core P3 is probably not a direct
deposit of the Nu‘uanu slide.

Previously, it was assumed that the mapped surface
deposits around the Hawaiian Islands revealed their
landslide history and that the slide frequency was
much lower than for the Canary Islands (e.g., every
350 ky vs. 50 to 75 ky; Moore et al., 1994; Gee et al.,
2001). This observation was at odds with the much
higher eruption rate and size of Hawaiian volcanoes,
so it was suggested that the higher volatile content of
Canary Archipelago magmas created more volcaniclas-
tic deposits on these islands making them less stable
(Krastel et al., 2001). Deep drilling (3 km) into a
Hawaiian volcano has shown that they also contain
abundant volcaniclastics in their submarine sections
(~55%; Bridges, 2004), so this is not a factor. The
recognition of numerous sand-rich layers (four >1.5
m thick) with diverse glass compositions at Site
1223A demonstrates that Ko‘olau Volcano had pro-
duced at least four major and three other significant
landslides during a period of ~0.7 million yrs. Thus,
major landslides on Hawaiian volcanoes are more com-
mon than previously assumed.

It is known that landslides can occur at any time in
the history of a Hawaiian volcano, from the preshield
stage (e.g., Lo‘ihi) to well after it has ceased erupting
(Moore et al., 1989). However, the largest slides are
anticipated during the final stages of shield develop-
ment when the volcano has reached its peak size
(Moore et al., 1989). The partial filling of the scar on
the flanks of Ko‘olau Volcano, in contrast to the obvi-
ous gap on the north flank of East Moloka‘i volcano
(Fig. 1), suggests that all of the collapses of Ko‘olau
Volcano occurred during its growth stage (2.2 Ma to at
least 2.9 Ma). This interpretation is consistent with the
ages for the Site 1223 unconsolidated sand layers in-
ferred from paleomagnetic data (1.77 to 2.58 Ma; Fig.
4). The sandstones may be from the same age range or
the next oldest reversely magnetized period, 3.58-4.18
Ma. The gaps in section do not allow us to assign a
specific age for these units.

Lastly, it should be emphasized that more sand
layers from other landslides, including possibly the
Nu‘uanu slide, probably lie at depth at this site (Fig.
3). Deeper drilling is needed to more fully evaluate the
history of Hawaiian landslides including their distribu-
tion and volumes. However, existing data indicate that
large landslides are common (~100,000 yrs) on some
Hawaiian volcanoes. Dividing this estimate by the
number of active or recently active subaerial Hawaiian
volcanoes (5) indicates that landslides are an important
geologic hazard in the Pacific basin, especially consid-
ering the number of young volcanic islands in this
region.

5. Conclusions

The discovery of eight sand layers from ODP Hole
1223 A has important implications for the mass wasting
history of typical Hawaiian volcanoes. The geochemistry
ofthe glasses and minerals in the sand layers indicate that
all but the youngest layer was derived from Ko‘olau
Volcano. The wide diversity of glass compositions
implies that a major section of the volcano was sampled
by each layer. It is unclear which, if any, of these layers is
related to the Nu‘uanu slide. The geochemistry of the
relatively thin (11 cm) sand layer 1 is similar to East
Moloka‘i and the glass sands in its ~1.5 Ma giant Wailau
slide. However, the inferred age for layer 1 (~1.0 Ma)
makes it too young to be related to that slide. Radiolarian
tests from several intervals in the cores yield ages rang-
ing from Quaternary to Early Eocene indicating that the
turbidity currents that deposited the sands eroded older
sediments around the Hawaiian Islands. All of the land-
slides must have been of significant size to have gener-
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ated turbidity currents that ran out more than 220 km,
crossing the Hawaiian Moat and scaling the ~500 m high
Hawaiian Arch to reach Site 1223. The four older and
thicker sand layers (>150 cm) are probably related to
giant landslides (e.g., Moore et al., 1994) from Ko‘olau
Volcano. The ages for two of these landslides are be-
tween 1.77 and 2.58 Ma based on paleomagnetic results.
The two reversely magnetized volcaniclastic sandstones
may have been deposited sometime from 1.95-2.58 Ma
or 3.58-4.18 Ma. Gaps in the section prevent us from
assigning a more specific age.

One alarming discovery from the Hole 1223A dril-
ling results is that Hawaiian volcanoes can undergo
repeated major collapses. If Ko‘olau Volcano, a mod-
erate size volcano is typical of other Hawaiian volca-
noes, then the frequency of landslides is much greater
than previously assumed (one major landslide every
350 ky somewhere along the Hawaiian ridge). Ko‘olau
Volcano alone produced at least four major and three
other slides during a period of ~0.7 million yrs. The
still growing Mauna Loa volcano on the island of
Hawai‘i has experienced at least one major landslide
and repeated smaller collapses in the last few hundred
thousand years. Thus, although more coring is needed
to confirm the extrapolation of the Hole 1223 A results
to other Hawaiian volcanoes, existing data argue that
large landslides are a common occurrence (~100 ka).
Dividing this estimate by the number of active or
recently active subaerial volcanoes (5) indicates that
landslides on oceanic islands are an important geologic
hazard.
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