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4. PLIOCENE-PLEISTOCENE VOLCANIC SANDS FROM SITE 842:
PRODUCTS OF GIANT LANDSLIDES1

Michael O. Garcia2

ABSTRACT

Several distinct, thin (2-7 cm), volcanic sand layers ("ashes") were recovered in the upper portions of Holes 842A and 842B.
These holes were drilled 320 km west of the island of Hawaii on the outer side of the arch that surrounds the southern end of the
Hawaiian chain. These layers are Pliocene to Pleistocene in age, graded, and contain fresh glass and mineral fragments (mainly
olivine, Plagioclase, and clinopyroxene) and tests of Pleistocene to Eocene radiolarians. The glass fragments are weakly vesicular
and blocky to platy in shape. The glass and olivine fragments from individual layers have large ranges in composition (i.e, larger
than expected for a single eruption). These features are inconsistent with an explosive eruption origin for the sands. The only
other viable mechanism for transporting these sands hundreds of kilometers from their probable source, the Hawaiian Islands, is
turbidity currents. These currents were probably related to several of the giant debris slides that were identified from Gloria
sidescan images around the islands. These currents would have run over the ~500-m-high Hawaiian Arch on their way to Site
842. This indicates that the turbidity currents were at least 325 m thick.

Paleomagnetic and biostratigraphic data allow the ages of the sands to be constrained and, thus, related to particular Hawaiian
debris flows. These correlations were checked by comparing the compositions of the glasses from the sands with those of glasses
and rocks from islands with debris flows directed toward Site 842. Good correlations were found for the 110-ka slide from Mauna
Loa and the ~1.4-Ma slide from Lanai. The correlation with Kauai is poor, probably because the data base for that volcano is
small. The low to moderate sulfur content of the sand glasses indicates that they were derived from moderately to strongly degassed
lavas (shallow marine or subaerially erupted), which correlates well with the location of the landslide scars on the flanks of the
Hawaiian volcanoes. The glass sands may have been formed by brecciation during the landslide events or spallation and
granulation as lava erupted into shallow water. :

INTRODUCTION

One of the main objectives for drilling at Site 842 was to evaluate
the contribution of Hawaiian explosive volcanism to the deep-sea
sediments downwind from the main Hawaiian Islands. This was being
evaluated because several previous studies (Edsall, 1975; Rehm and
Halbach, 1982) have proposed that ashes from the Hawaiian Islands
have made a significant contribution to the sediments around the
islands. Site 842 is located southeast of the Hawaiian Islands on the
arch that surrounds the southern end of the Hawaiian chain (Fig. 1).
The arch rises about 500 m above the Hawaiian Deep; thus, it was
assumed that the only products from Hawaiian volcanoes to reach the
drill site would be airborne ash.

Ash is not generally considered a common product of Hawaiian
shield volcanoes. Typical Hawaiian eruptions are effusive with low
lava fountains (<50 m) that produce little ash (Walker, 1990). How-
ever, there are two historic examples of violent explosions from
Kilauea Volcano on the island of Hawaii. The explosions produced
ash clouds that probably rose many tens of kilometers above the vent.
The most violent event occurred in 1790, when a base surge killed
more than 60 people and deposited up to 12 m of ash at the crater rim
(McPhie et al., 1990). The other eruption occurred in 1924 and was
phreatic but produced little ash (Decker and Christiansen, 1984).
Several prehistoric ash horizons on Kilauea are 0.5 to 16 m thick
(Decker and Christiansen, 1984). The composition of the magma
erupted during this stage is tholeiitic (e.g., Wright, 1971).

Ash is also generated from Hawaiian volcanoes during their
post-shield stage. For example, Mauna Kea Volcano has widespread
deposits of silt-size, hawaiitic composition ash up to 2 m thick on its
downwind side (Porter, 1979). However, effusive products greatly
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dominate the volume of volcanic material produced during this stage,
and the magma supply rate is 15 to 60 times less than during the shield
stage (Moore et al., 1987). The post-erosional stage of volcanism in
Hawaii has generated extremely violent eruptions, but produced only
small volumes of basanitoid to nephelinitic ash (-0.00001 knvVyear;
Walker, 1990).

The greatest amount of airborne ash from Hawaiian shield volca-
noes probably occurs when they emerge above sea level. During this
stage, copious quantities of ash can be produced (perhaps 0.1 km3/
year based on the average magma supply for Hawaiian shield volca-
noes; e.g., Dzurisin et al., 1984) a s magma and seawater react vio-
lently (see Kolelaar [1986] for a discussion of this process). A small-
scale example of this type of eruption is the 1963-64 eruption of
Surtsey, south of Iceland (Thorarinsson, 1967).

Before Leg 136, it was envisioned that ash produced during
surtseyan-type eruptions might be transported downwind a consider-
able distance by the strong northeast trade winds (25 to 50 km/hr with
gusts to 65 km/hr) that blow over the Hawaiian Islands. The ash pro-
duced during these eruptions would be characterized by high vesic-
ularity (40 to 50 vol%; Moore, 1985) and limited variation in com-
position within individual ash horizons (e.g., Batiza et al., 1984).

Several distinct, "ash-rich" layers (1 to 2 cm thick) were recovered
during drilling on Leg 136 in the upper portions of Holes 842A and
842B. These holes, which are 10 m apart, were drilled 320 km west
of the Island of Hawaii on the arch that surrounds the southern end of
the chain. These layers are normally graded and contain fresh glass
and mineral fragments (mainly olivine, Plagioclase, and clinopyrox-
ene) and tests of Quaternary and Eocene radiolarians. The glass
fragments are weakly vesicular and have a large range in composition
within individual layers. The olivine in these layers has a large and
heterogeneous compositional range. These features indicate mixing
during transport and deposition and are inconsistent with an airborne
ash origin. Giant landslides are known to have occurred periodically
on the flanks of the Hawaiian Islands (e.g, Moore et al., 1989). These
giant landslides produced debris flows that may have deeply eroded
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Figure 1. Map of the Hawaiian Islands showing major landslides (bounded by light dashed lines). The debris flows
associated with these slides are shown by the stippled pattern. The debris flows that traveled toward Site 842 are
the Alika Slide from Mauna Loa Volcano, Clark Slide from Lanai Volcano, and the South Kauai Slide from Kauai
(after Moore et al., 1989). The axis of the Hawaiian deep is shown by the heavy dashed line; the Hawaiian arch
axis is shown by the heavy dashed-dotted line.

the soft sediment section around the islands. Although these debris
flows stopped on the island-side of the Hawaiian Arch (Moore et al.,
1989), they were probably accompanied by turbidity currents that
transported these volcanic sands across the arch. On the basis of the
experiments of Muck and Underwood (1990), the turbidity currents
must have been >325 m thick to have crossed the Hawaiian Arch.

STRATIGRAPHY

Volcanic sand is common throughout the 9.5 m of core recovered
from Hole 842A and the upper 14 m of core from Hole 842B (Fig. 2).
It occurs as disseminated grains with pelagic sediment and in discrete
layers. The base of these layers is sharp; the glass grain size fines
upward and grades into the overlying brown clay. Hole 842Ahas four
distinct sand-rich layers; Hole 842B has three in the lower part of
Core 2H (Fig. 2). The cores contain many remnants of sand-rich
horizons that are now disrupted into round to elongate globules
2-4 mm wide. These sections of the core were probably disrupted by
bioturbation. Much of the rest of both cores contains finely dissemi-
nated volcanic glass that gives the core a light brown to dark grayish-
brown color. However, there are zones 5 to 65 cm thick in both holes
that are tan and contain little or no volcanic glass (see Fig. 2).

The age of the volcanic sand layers can be constrained by paleo-
magnetic data (using the new time scale of McDougall et al., 1992)
and biostratigraphy. The youngest layer from the upper part of Hole
842A (-25 cm below seafloor) is from a normally polarized, 200-cm-
thick section of sediment (Fig. 2). It may be -100 ±20 ka, assuming
a constant sedimentation rate at the site and no erosion associated with

deposition of the sand. This age is consistent with the absence of the
radiolarian species Axoprunum angelium in a sample taken 3 cm below
the sand layer. This species last occurred about 0.36 +0.02 Ma (Hull,
this volume). A zone of bioturbated sand from Core 842A-1H-2 at 138
cm is from near the middle of a reversely magnetized section (Ship-
board Scientific Party, 1992) that was probably deposited between 0.78
and 0.99 Ma.

The lower three sand layers from Hole 842A are from near the
bottom of a reversely magnetized section (Matuyama; 1.07 and 1.78
Ma; Shipboard Scientific Party, 1992). They are probably 1.4 to 1.6
Ma based on estimates of sedimentation rates from paleomagnetic
data. This is consistent with the presence of nannofossils assignable
to the lower part of Quaternary Zone NN19 in a sample taken between
the bottom two sand layers in this hole (Hull, this volume). In
particular, the presence of Calcidiscus macintyrei, whose last occur-
rence was at 1.3 Ma (Hull, this volume), in sediment between sand
layers 3 and 4 (see Fig. 2) places a minimum age for these sands.
These sand layers also contain an assemblage of poorly to moderately
preserved, early to middle Eocene radiolarians (Hull, this volume).
Eocene radiolarians are not present in sediment above or below the
sand layers. Hull (this volume) interpreted the presence of both
Quaternary and Eocene radiolarians in the sand layers to be caused
by reworking.

There are three volcanic glass sand layers in Hole 842B, Core 2H
at 13 to 14 mbsf. They are in a reversely magnetized section (Fig. 2)
that was inferred to have been deposited during the early part of the
Gauss magnetic interval (3.2 to 3.4 Ma; Shipboard Scientific Party,
1992). However, the location of the Gauss reversal event in this core

54



PLIOCENE-PLEISTOCENE VOLCANIC SANDS

A Hole 842A
Age Magnetic Depth Graph Sand
(Ma) reversals (m) log layers Description

Soupy top

0.78

4 4

0.99

1.07

6 4

74

94

<1.78

1 Volcanic sand layer; sharp base, diffuse top

Med. brown, disseminated sand

Faint, thin sand horizon

Bioturbated sand

Thin brown sandy horizons

Med. brown, disseminated sand

Faint patches of sand

Bioturbated sand

Faint sand horizons

Volcanic sand layers; sharp base,
sand content decreasing up section

Tan color; little or no sand

Volcanic sand layer; as above
Burrow of sand in tan sediment

Tan color, little or no sand
Faint patches of sand

Figure 2. Summary logs of the sand distribution in and inferred magnetic polarity of Pliocene-Pleis-
tocene sediments from (A) Hole 842A and (B) Cores 1H and 2H from Hole 842B. The magnetic
polarity determinations are from Shipboard Scientific Party (1992); polarity ages are from McDougall
et al. (1992).

is somewhat ambiguous because the top of Core 2H has a mixed
magnetic signature. Re-examination of the core showed that this zone
is "soupy" material. Apparently, it is common for the second advanced
piston corer (APC) core from the same hole to recover slumped
material (John Miller, pers. comm., 1992). However, if the drillers'
depths in the hole are correct, and the two Reunion subchrons are
recorded as one normal interval (there is only about a 4,000-year
interval between them; McDougall et al, 1992), then the paleomag-
netic age for these sands is 2.75 to 3.0 Ma. Unfortunately, Core 2H is
barren for microfossils (Hull, this volume), so we have no inde-
pendent method to verify this interpretation.

PETROGRAPHY

The volcanic sand layers are heterogeneous. Their main compo-
nents are glass (50-80 vol%), clay (<l to 20 vol%), biogenic material
(radiolarian tests and sponge spicules; <l to 5 vol%), olivine (<l to
3 vol%), Plagioclase (<l to 3 vol%), and clinopyroxene (<l vol%).
Glass and mineral fragments range in size from 0.01 to 0.42 mm in

length. All of the fragments are anhedral. Virtually all (>99%) of the
glass fragments are blocky or platy (see Fig. 3). Some are strongly
elongate (aspect ratios up to 1 to 8). Bubble-wall forms are uncommon
(<5%). The glass fragments range in appearance from fresh to com-
pletely altered. The fresh glass is clear and tan to light brown. An equal
proportion of the glass fragments are cloudy to opaque and dark gray
in thin section. Altered glass is yellowish to reddish and, in the
extreme cases, has completely altered to clay. Altered glass is rare
(<l vol%) in the upper part of the cores (<IO mbsf), but predominates
in the deeper samples in Hole 842B.

The mineral fragments are fresh throughout the portion of the core
examined here (upper 14 mbsf). Olivine fragments are generally larger
and more abundant than Plagioclase and clinopyroxene fragments.

GEOCHEMISTRY

Methods

The University of Hawaii electron microprobe was used to deter-
mine the composition of glass and olivine fragments. For the glasses,
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B Hole 842B
Age Magnetic Depth Graph Sand
(Ma) reversals (m) log layers

0.78

0.99

1.07

1.78

1.96

2.11

2.27

2.60

9 -

10-

11 -

12-

13-

14-

Description

Dk. gray-brown, disseminated sand

Tan to It. brown color; little sand

Med.-dk. brown, disseminated sand
Tan color; little or no sand
Med. brown, disseminated sand
Tan color

Brownish dk. gray, decreasing sand up section

Tan color
Tan to It. brown
Med. brown, disseminated sand

Med. brown, disseminated sand
Tan

Disseminated sand

Tan

Bottom of Core 1H

Soupy; strongly disturbed

Med. brown, disseminated sand

Dk. gray-brown, sandy
Decreasing ash upwards

Med. brown

Dk. gray-brown, disseminated sand
decreasing up and down section

Med. to It. brown

Tan

Tan

Lt. to med. brown, finely disseminated sand

Tan

Med. to dk. brown, disseminated sand
decreasing up section

Med. brown, disseminated sand

3 thin sand layers, blotchy, dk. gray
Orangish brown

2 thin sand layers, dk. gray
Orangish-brown below each layer

Figure 2 (continued).
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842A-1H-1,25-26cm

0.210 0.082 0.185

842A-1H-2, 138-140cm

0.100 0.070
0.120

842A-1H-6, 67-69cm

0.088 0.063
0.175

842A-1H-6, 123-126cm

0.110
0.132 0.188

842A-1H-7, 5-8cm

0.120
0.220

842B-2H-5, 90-92cm

0.640
0.125

1 —

H842A-1H-6, 67-6

1 842A-1 H-7, 5-
I 1 842B-2H-5

•s

9crr

3cm I
90-92cm

Kilauea

!

842A-1H-2, 138-140cm

—~— Sea level —-~-

"3"""—• =-_
r-̂  m—-~-̂

0.02 0.06 0.10
S (wt %)

Figure 3. Shapes and sizes (in mm) of glass fragments from Site 842 as seen in thin section. Glass grains are blocky to platy
in shape. Vesicles are uncommon in most glass fragments. The angular and elongate shape of many grains indicates that they
experienced little abrasion during transport.

beam conditions were 15 kVwitha 10-nAsample current and a 15-µm
beam diameter. Peak counting times were 20 s for most elements,
except Mn and P (50 s). Na was analyzed first in each analysis to
minimize the possibility of its loss during analysis. The Smithsonian
glass standards VG-2 and A99 were used for calibration and to
monitor calibration drift. Precision for major elements (i.e., > 1 wt%)
is 1 % to 2% relative; for minor elements, it is 5% to 10% relative. For
glass sulfur analyses, a troilite standard was employed; counting times
of 200 to 400 s were used. Precision for S analyses is estimated to be
5% to 10% relative based on repeated analyses of a glass standard.
For olivine, a focused beam at 15 kV with a sample current of 15 nA
was used. Peak counting times were 30 s. Precision for olivine
analyses is estimated to be <0.5% forsterite based on repeated analy-
ses of an olivine standard. A ZAF correction scheme was employed
to obtain the final analyses reported in Tables 1 and 2.

Glass

Analyses were made of at least 20 glass fragments per sample. All
the different morphologies present within a sample were analyzed.
The totals for most of the major element analyses are 99.5% +0.5%
(Table 1), which indicates that the glasses are fresh and may contain
relatively low volatile contents. A study of Hawaiian tholeiitic sub-
marine glasses collected in water depths between 1 and 4 km showed
that they contain total volatile contents between 0.3 and 0.9 wt%
(Garcia et al., 1989).

To gain a better estimate of the volatile content of the Leg 136
volcanic glass sands, sulfur analyses were made on 5 to 7 grains per
sample on both light brown and dark gray glasses using the electron
microprobe. All of these glasses have low S contents (<0.06 wt%,
most <0.02 wt%; see Fig. 4), and there is no systematic S content
difference between the light and dark glasses. Typical Hawaiian
submarine tholeiitic glasses have S contents >0.04 wt%; subaerially
erupted tholeiitic glasses have S contents <0.015 wt% (see Fig. 4).
Thus, the Leg 136 volcanic sand glasses were probably erupted under
shallow marine to subaerial conditions that allowed partial degassing
of the lava before solidification.

The glasses from volcanic sand-rich layers are all tholeiitic (Fig. 5)
and similar in composition to Hawaiian tholeiites as opposed to other
types of tholeiites (e.g., >0.30 wt% K2O; see Table 1). The composi-
tional variation among the Site 842 glasses spans the entire range of
the current data base for Hawaiian tholeiitic glasses (excluding the

0.14

Figure 4. Sulfur content of some Site 842 glasses. The brackets show the range
of sulfur contents for 8 to 10 glass fragments per sample. The variation of S
content in Kilauea volcanic glasses vs. depth (above and below sea level) is
shown for comparison. The low S content of most of the Site 842 glasses
indicates they were at least partially degassed at the time of quenching. Solid
boxes are for subaerially erupted samples; open boxes are for submarine
erupted samples. Data for Kilauea samples from Byers et al. (1985), Dixon et
al. (1991), and D. Muenow (unpubl. data).

preshield tholeiites from Loihi). This reflects, in part, the limited
number of glass analyses for older Hawaiian volcanoes. However, the
compositional variability of the Site 842 glasses may also indicate that
the sands are sampling a larger portion of Hawaiian volcanoes than has
been sampled subaerially or from dredging the submarine flanks.

Within individual layers, there are wide ranges in TiO2 at a given
MgO content (Fig. 6). These wide ranges are well beyond those that
could be caused by crystal fractionation of the observed minerals
(olivine, clinopyroxene, and Plagioclase). This is especially true for the
more mafic glasses (>7.0 wt% MgO; so-called olivine-controlled
Hawaiian lavas; Wright, 1971). Olivine fractionation could not cause
such wide variations in TiO2 at a given MgO content. For comparison,
the field for lavas from the current long-lived (10+ yr), Puu Oo eruption
of Kilauea Volcano is relatively narrow despite the complex history of
crystal fractionation of olivine, clinopyroxene, and Plagioclase and
magma mixing that these lavas have experienced (Garcia et al., 1992).
Thus, the wide range in sand glass compositions within individual sand
layers must reflect lavas that were derived from many different parental
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Table 1. Representative microprobe major element analyses (in wt%) of glass frag-
ments from Site 842.

SiO2 TiO2

842A-1H-1, 25-26 cm
51.00 1.87
50.77 2.29
52.77 1.77
51.40 2.69
51.65 2.28
51.75 1.97
51.99 2.12
51.82 1.98
53.74 1.83
52.22 2.03
51.95 2.32
53.35 1.91
53.30 2.00
53.09 2.11
51.51 2.02
51.95 2.12
52.27 2.08
52.85 2.10
52.34 2.18
51.28 2.50
52.15 2.38
51.95 2.60
51.15 2.34
52.30 2.20
51.40 2.59
51.20 2.30
52.05 2.22
52.82 2.11
51.70 2.36

A1A

12.30
12.82
14.22
14.08
14.00
14.47
13.96
14.08
13.94
13.84
13.99
14.47
14.30
13.79
14.52
14.27
13.80
14.15
14.31
14.21
14.05
14.35
13.92
14.65
13.90
14.18
14.11
13.83
14.10

842A-1H-2, 138-140 cm
51.05 2.33
50.30 2.46
51.06 2.50
51.05 2.35
51.13 2.48
50.99 2.35
51.11 2.46
50.95 2.36
50.94 2.49
51.15 2.37
51.01 2.49
51.43 2.63
51.47 2.49

842A-1H-6, 67-69 cm
51.71 2.10
53.07 2.44
51.72 2.24
52.41 2.01
52.32 2.37
52.86 2.06
52.44 2.15
52.07 2.22
53.01 2.15
53.79 1.97
52.72 2.65
52.95 2.44
52.39 2.51

13.10
12.83
13.31
13.26
13.34
13.47
13.32
13.57
13.54
13.58
13.46
13.70
13.68

13.65
13.51
13.81
13.95
14.40
14.43
14.09
14.30
13.90
14.09
13.74
14.11
13.82

842A-1H-6, 123-126 cm
54.22 1.63
52.77 1.93
53.57 1.99
52.76 2.05
52.13 2.46
53.80 1.79
52.05 2.14
52.25 1.98
53.34 2.04
52.63 2.45

842A-1H-7, 5-8 cm
52.62 2.29
52.15 2.33
53.35 2.20
52.02 2.42
53.12 2.48
54.54 1.70
52.10 2.40
50.97 2.57
53.29 2.21
52.66 2.26
53.10 2.53
52.38 2.52
54.87 1.84

13.81
13.82
14.01
13.96
13.71
14.05
13.93
14.00
13.70
13.50

14.22
13.85
14.07
14.28
13.87
14.65
14.30
14.17
14.18
14.51
14.17
13.51
14.33

FeO

10.42
10.70
9.62

10.64
9.65
9.68
9.66

10.23
9.40

10.38
10.12
9.18
9.44

10.10
10.03
9.88

10.64
9.90
9.85

10.02
9.95
9.39

10.50
9.89

10.33
10.41
10.00
10.61
10.07

11.20
11.21
10.73
10.98
10.62
11.08
10.36
10.60
10.72
10.78
11.39
10.54
10.78

10.98
10.06
10.78
10.48
10.38
9.92
9.77

10.23
10.80
9.44

10.46
10.54
11.07

10.34
10.45
9.73

10.17
10.76
10.25
10.95
10.40
9.74

10.67

9.97
10.42
9.33

10.04
9.80
8.85

10.14
10.53
9.53
9.79
9.62

11.12
8.60

MnO

0.17
0.17
0.22
0.17
0.17
0.19
0.20
0.18
0.16
0.17
0.18
0.15
0.15
0.19
0.14
0.16
0.19
0.15
0.18
0.17
0.20
0.17
0.18
0.16
0.13
0.19
0.17
0.24
0.21

0.15
0.22
0.20
0.18
0.21
0.20
0.19
0.17
0.15
0.15
0.15
0.15
0.19

0.14
0.14
0.18
0.16
0.22
0.17
0.18
0.16
0.17
0.17
0.17
0.15
0.20

0.17
0.18
0.15
0.15
0.17
0.17
0.14
0.16
0.13
0.15

0.18
0.18
0.16
0.17
0.16
0.19
0.16
0.17
0.21
0.20
0.17
0.19
0.14

MgO

11.74
9.46
7.98
7.91
7.72
7.65
7.63
7.53
7.43
7.37
7.23
7.22
7.21
7.16
7.11
7.08
7.04
7.01
6.95
6.94
6.93
6.92
6.91
6.91
6.88
6.87
6.80
6.67
6.53

9.08
9.04
8.20
8.11
8.04
8.00
7.99
7.91
7.78
7.70
7.69
7.10
6.96

8.15
8.08
7.09
7.08
6.95
6.81
6.71
6.65
6.55
6.53
6.52
6.41
6.39

7.62
7.55
7.24
7.06
7.06
7.05
6.89
6.85
6.50
6.38

7.85
7.67
7.43
7.05
7.02
7.00
6.88
6.77
6.73
6.65
6.53
6.40
6.36

CaO

9.14
10.38
10.96
10.39
10.79
11.29
11.53
11.42
10.50
10.98
11.14
10.77
10.81
10.88
11.30
11.51
11.02
10.93
11.01
11.62
11.27
11.09
11.42
11.00
11.64
11.46
11.23
11.00
11.19

10.32
10.31
10.27
10.72
11.03
10.74
10.90
10.92
10.76
11.05
10.67
11.26
10.79

10.42
10.50
10.85
10.67
10.61
10.30
10.99
10.57
10.90
10.22
10.54
10.66
10.86

9.49
10.08
10.35
10.50
11.17
10.22
10.52
10.70
10.44
10.27

10.65
10.57
10.33
10.46
10.33
9.39

10.82
10.85
10.56
10.62
10.48
10.60
9.49

NajO

2.07
2.41
2.27
2.53
2.25
2.27
2.24
2.25
2.36
2.24
2.25
2.24
2.22
2.29
2.22
2.20
2.17
2.26
2.23
2.31
2.22
2.42
2.25
2.29
2.23
2.26
2.25
2.35
2.32

1.96
2.06
2.19
2.14
2.24
2.17
2.11
2.19
2.21
2.18
2.20
2.21
2.27

2.20
1.76
2.18
2.20
2.42
2.36
2.21
2.45
2.20
2.43
2.34
2.35
2.39

2.43
2.40
2.28
2.40
2.08
2.39
2.28
2.36
2.41
2.39

2.18
2.19
2.40
2.44
2.29
2.78
2.33
2.44
2.40
2.46
2.41
2.23
2.73

K2O

0.31
0.45
0.28
0.49
0.38
0.29
0.30
0.27
0.25
0.33
0.34
0.30
0.29
0.33
0.27
0.33
0.29
0.31
0.34
0.41
0.36
0.39
0.37
0.35
0.40
0.35
0.34
0.39
0.38

0.37
0.40
0.37
0.39
0.40
0.38
0.41
0.36
0.40
0.37
0.44
0.36
0.38

0.26
0.16
0.25
0.25
0.39
0.31
0.34
0.37
0.31
0.33
0.34
0.43
0.35

0.25
0.35
0.30
0.35
0.34
0.32
0.34
0.36
0.41
0.44

0.32
0.32
0.36
0.38
0.49
0.24
0.31
0.45
0.35
0.37
0.48
0.28
0.40

P 2 O 5

0.16
0.25
0.16
0.26
0.19
0.13
0.16
0.13
0.12
0.16
0.19
0.20
0.16
0.14
0.17
0.15
0.14
0.13
0.19
0.20
0.19
0.17
0.19
0.18
0.17
0.18
0.21
0.20
0.20

0.15
0.20
0.18
0.18
0.21
0.22
0.21
0.19
0.27
0.27
0.22
0.19
0.20

0.16
0.18
0.18
0.16
0.21
0.19
0.22
0.19
0.14
0.23
0.18
0.19
0.22

0.18
0.24
0.20
0.20
0.25
0.18
0.22
0.23
0.29
0.24

0.16
0.21
0.21
0.23
0.23
0.18
0.17
0.18
0.20
0.22
0.21
0.19

Sum

99.18
99.70

100.25
100.56
99.08
99.69
99.79
99.89
99.73
99.72
99.71
99.79
99.88

100.08
99.29
99.65
99.64
99.79
99.58
99.66
99.70
99.45
99.23
99.93
99.67
99.40
99.38

100.22
99.06

99.71
99.03
99.01
99.36
99.70
99.60
99.06
99.22
99.26
99.60
99.72
99.57
99.21

99.77
99.90
99.28
99.37

100.26
99.41
99.10
99.20

100.13
99.20
99.66

100.23
100.20

100.14
99.77
99.82
99.60

100.13
100.22
99.46
99.29
99.00
99.12

100.44
99.89
99.84
99.49
99.79
99.52
99.61
99.10
99.66
99.74
99.70
99.42
98.99
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Table 1 (continued).

SiO2

842B-2H-5,
50.59
50.50
51.40
51.75
51.33
51.55
51.37
52.27
51.34
50.60
51.87
52.56
52.36
50.97
53.29
52.66

TiO2

90-92 cm
2.20
2.13
2.28
2.33
2.27
2.39
2.17
2.23
2.49
2.67
2.32
2.51
2.50
2.57
2.21
2.26

A12O3

13.30
13.44
13.85
13.95
13.75
14.07
14.38
14.39
14.20
14.27
14.31
14.11
14.18
14.17
14.18
14.51

FeO

10.97
10.98
10.62
10.20
10.38
10.19
9.86
9.89

10.09
9.92
9.83

10.14
10.26
10.53
9.53
9.79

MnO

0.19
0.19
0.20
0.18
0.23
0.19
0.16
0.18
0.18
0.20
0.16
0.17
0.21
0.17
0.21
0.20

MgO

9.26
9.00
7.86
7.73
7.73
7.70
7.61
7.39
7.30
7.10
7.06
7.05
7.04
6.77
6.73
6.65

CaO

10.55
10.25
10.97
10.74
10.92
10.66
11.27
10.87
10.88
11.34
11.11
10.32
10.46
10.85
10.56
10.62

2.20
2.18
2.22
2.32
2.27
2.32
2.31
2.49
2.34
2.36
2.38
2.43
2.48
2.44
2.40
2.46

K2O

0.40
0.42
0.37
0.38
0.41
0.41
0.49
0.35
0.50
0.48
0.42
0.48
0.45
0.45
0.35
0.37

P 2 O 5

0.19
0.20
0.21
0.24
0.21
0.19
0.18
0.23
0.33
0.23
0.22
0.19
0.25
0.18
0.20
0.22

Sum

99.85
99.29
99.98
99.82
99.50
99.67
99.80

100.29
99.65
99.17
99.68
99.96

100.19
99.10
99.66
99.74

Table 2. Representative microprobe analyses of olivine grains from two sand layers, Site 842.

Siθ2
FeO

MnO

MgO

CaO

Total

Fo%

A

40.2

11.06

0.14

47.63

0.28

99.31

88.5

Sample 842A-1H-6,

B

40.13

11.87

0.18

47.01

0.26

99.45

87.6

C

39.56

14.19

0.16

45.13

0.29

99.33

85

67-69 cm

D

39.23

15.68

0.2

43.69

0.31

99.11

83.2

E

39.13

16.33

0.19

43.25

0.27

99.17

82.5

F

38.62

19.82

0.32

39.83

0.32

98.91

78.2

A

40.57

8.93

0.14

49.55

0.2

99.39

90.8

Sample 842B-2H-5, 90-92 cm

B

40.69

9.65

0.1

48.52

0.23

99.19

90

C

40.05

12.05

0.14

47.3

0.23

99.77

87.5

D

39.65

14.25

0.17

45.2

0.24

99.51

85

E

39.5

15.75

0.2

43.9

0.32

99.67

83.2

F

39.05

17.42

0.28

42.47

0.25

99.47

81.3

G

38.72

19.03

0.27

41.15

0.28

99.45

79.4

San Carlos

Given

40.81

9.55

0.14

49.42

<0.05

99.92

40.65

9.68

0.14

49.44

0.1

100.01

Standards11

Springwater

Given

38.95

16.62

0.3

43.58

0

99.45

39.43

16.61

0.28

43.89

0.01

100.22

As an indication of the accuracy of these analyses, the given (Jarosewich et al., 1979) and determined values are listed for two Smithsonian olivine standards.

magmas. On the basis of the relative homogeneity of historic and
prehistoric Mauna Loa lavas (Rhodes, 1983), many thousands of years
would be required to produce this variation for an individual volcano.

Olivine

The olivine fragments in the volcanic sands have a large and
heterogeneous range in composition (Fig. 7). The range for individual
layers is as large as that observed for olivine in the large suite of
submarine basalts from the east rift zone of Kilauea Volcano (e.g.,
Sample 842B-2H-5, 90-92 cm; forsterite 90.8% to 79.4% vs. 90.3%
to 77.8%; Clague et al., in press). However, the range for the layers
is similar in magnitude to that observed for the long-lived, current
eruption (1983 to present) of Kilauea (forsterite 88% to 73%; Garcia
et al., 1992). Thus, olivine composition is apparently not a useful
discriminant for evaluating the time period represented by individual
sand layers, because Hawaiian shield lavas display a relatively re-
stricted range in major element composition, and single eruptive
events can produce as much compositional variation in olivine as
observed on a regional scale.

Multiple analyses were made on the larger grains to determine if
they are compositionally zoned. All are homogeneous (i.e., forsterite
content varies by less than 1%). However, the original rims on these
grains, where compositional zoning is most likely to have been
present, were probably removed during transport.

DISCUSSION

Origin of the Volcanic Sand Layers

The Pliocene-Pleistocene sand layers from Site 842 have sharp
basal contacts, graded bedding and Eocene radiolarians (Hull, this

volume). The glasses within the layers are heterogeneous in compo-
sition, platy to blocky in shape, and have low vesicularity. These
features are inconsistent with a pyroclastic origin and are better
explained by a turbidity flow origin.

What was the source for the turbidity flows? There are many
Cretaceous seamounts near Site 842 (see Shipboard Scientific Party,
1992). However, the fresh nature of most of the glass fragments and
the similarity of the glass compositions to Hawaiian lavas (Figs. 5 and
8) indicate that the source of the sands was the Hawaiian Islands.
Thus, the turbidites traveled at least 240 km from the nearest island
(Oahu) and up and over the Hawaiian Arch, which has about 500 m
of relief (see Fig. 1).

What was the nature of the turbidity flows? The presence of
reworked Eocene radiolarians in the sand layers (Hull, this volume)
indicates that the turbidites may be related to major erosional events.
Recently, it has been recognized that giant landslides have formed on
the submarine flanks of many Hawaiian volcanoes (Moore et al.,
1989). These landslides provided the energy to drive debris flows that
could have substantially eroded the unconsolidated deep-sea sedi-
ments. They have also occurred infrequently, as have the sand layers
with the Site 842 cores.

The minimum height of the turbidity flows that deposited the sand
layers at Site 842 can be estimated using the maximum run-up
elevation that the flow encountered (Muck and Underwood, 1990).
This height is approximately 500 m for the Hawaiian Arch near
Site 842. Because the height of the turbidity flow must be at least 65%
of the bathymetric obstruction to be able to crest the feature (Muck
and Underwood, 1990), the turbidity flows that deposited the sand
layers at Site 842 must have been at least 325 m thick. Similar-sized
or larger turbidity flows have been interpreted to have formed from
landslides off the northeastern flank of South America (Dolan et al.,
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Figure 7. Histogram of olivine compositions (in % forsterite) in two sand layers

from Site 842. For comparison, the olivine compositions for lavas from the

long-lived Puu Oo eruption of Kilauea Volcano (Garcia et al, 1992) and pillow

lavas from the submarine portion of Kilauea's east rift zone (Clague et al.,

1993) are shown.

1989). A cartoon illustrating the turbidity flow model for the origin

of the Site 842 sand layers is shown in Figure 9.

Correlation of Sand Layers
with Specific Hawaiian Landslides

The age and petrology of the sand layers can be used to correlate
the sands with specific Hawaiian landslides. Only three of these
landslides formed debris flows that are directed toward Site 842. The
youngest debris flow directed toward Site 842 is the Alika Slide from
Mauna Loa. It has been dated at 105 ka (Moore et al., 1989). The next
youngest debris flow pointed toward Site 842 is probably the Clark
Slide from Lanai. The age of the slide is not known, but subaerial
lavas from the island have been dated by K-Ar at about 1.2 to 1.5 Ma
(Bonhommet et al, 1977), which serves as a maximum age for the
Clark Slide. The other major slide directed toward Site 842 is from
Kauai. The age of the South Kauai Slide is also unknown, but the age
of shield building volcanism on the island has been dated at about 3.9
to 5.8 Ma (McDougall, 1979; Clague and Dalrymple, 1988).

The sand horizons in the cores that might correlate with these
slides are 842A-1H-1, 25-27 cm, with Mauna Loa; 842A-1H-6,
63-69 cm, 842A-1H-6, 124-126 cm, and 842A-1H-7, 5-7 cm, with
Lanai; and 842B-2H-5, 78-80 cm, 842B-2H-5,90-91 cm, and 842B-
2H-5, 136-138 cm, with Kauai. The paleomagnetic ages for the sand
layers are consistent with these correlations (i.e., they are not older
than the slides or volcanoes).

Comparison of glass compositions for the sand layers with glasses
from these volcanoes is problematic for Lanai and Kauai, because no
glass data have been published for either volcano (although a few
unpublished glass analyses are available for Lanai). A visit was made
to Kauai to collect glass from dike margins. Seventeen glassy dikes
were sampled, but only 13 of these dikes have glass suitable for
microprobe analysis. Seven of these glasses have MgO contents >6.4
wt% and all are less than 7.2 wt% (see Table 3). If glass compositions
(and whole-rock compositions for Lanai and Kauai) are used, there
is general agreement between the composition of the sand layers and
that of the correlated volcano (Fig. 8) except for Kauai, which has a
small data base. The correlations with Lanai and Kauai lavas need to
be checked against pillow rim glasses from those volcanoes, because
they may be different from the younger glasses that were sampled
from the subaerial portions of those volcanoes.

Importance of Turbidity Currents to the Sediment
Budget Around the Hawaiian Islands

Mixed radiolarian assemblages (typically Eocene and Quaternary)
have been reported in cores taken from around the Hawaiian Islands
(e.g., DSDP Sites 67 and 68; Winterer, Riedel, et al., 1971; Tracey,
Sutton, et al., 1971). Early workers (e.g., Riedel and Funnel, 1964)

54.0 -

53.0

52.0 -

51.0 -

54.0 -

53.0 -

52.0 -

51.0

50.0

_

°o'•£>>
o

— A

A

V

_

~ π V
2̂ V

— • a

— "~~-

V

1 1

o

V

%

Kauai
1

r j

" i f
D

V
V

1

" ~ • - - -

1

842A layer 1 O
842B layer 1 A

Mauna Loa

, ""*""*"r•

842A layer 2 •
842A layer 3 o
842A layer 4 V

^ -– ^

Lanai

l I "~~~•~-k.

A

B

6.5 7.0 7.5 8.0 8.5
MgO

9.0 9.5 10.0

Figure 8. Comparison of SiO2 vs. MgO trends for glasses from individual sand

layers with Hawaiian glasses (Mauna Loa and Lanai) and/or whole-rock (Lanai

and Kauai) data (shown by dash lines). Data sources: Mauna Loa (Garcia et al.,

1989; Moore and Clague, 1992); Lanai (Garcia, unpubl. data, for glass; West et

al., 1992, for whole rock); Kauai (Macdonald and Katsura, 1964). A. Samples

842A-1H-1, 25-26 cm (Layer 1), 842B-2H-5, 90-92 cm (Layer 1), vs. Mauna

Loa and Kauai, respectively. B. Samples 842A-1H-5, 67-69 cm (Layer 2),

842A-1H-6, 123-126 cm (Layer 3), and 842A-1H-7, 5-8 cm (Layer 4), vs.

Lanai. Two sigma error bar shown for reference. The large range in glass

composition for the sand layers may indicate that every layer sampled a larger

range of samples than represented by our data base for these volcanoes.

attributed the mixed assemblages to bottom currents from Antarctica.
However, one study noted that mixed assemblages were commonly
associated with volcanic sand layers, which were interpreted as
products of turbidity currents (Schreiber, 1969). These deposits were
assumed to be of only local significance (i.e., within the Hawaiian
Arch; Schreiber, 1969). However, similar deposits were found 930
km south of the Hawaiians in cores taken near the Clarion Fracture
Zone (Rehm and Halbach, 1982). The volcanic glass sand layers in
these cores are up to 30 cm thick, tholeiitic in composition, and 1 to
2 Ma in age, according to Rehm and Halbach (1982). They concluded
that the sands originated from the island of Maui but could not have
been deposited from turbidity currents because a 400-m-deep trough
(which they felt formed long before the sand layers were deposited)
is located 20 km north of the coring sites. They preferred an eolian
origin for the sand layers despite the low to nonvesicular nature of the
glass sand, and the up-to-30-cm thickness of the sandy layers. The
Clarion site is southeast of the Hawaiian Islands, at a right angle to
the prevailing northeasterly trade winds. Thus, it is unlikely that these
volcanic sands are of pyroclastic origin. Instead, they may be products
of turbidity currents associated with the catastrophic slope failures on
the flanks of the Hawaiian Islands. If they are, some Hawaiian
turbidity currents may travel vast distances (1,000+ km). Similar
far-traveling turbidites have been reported near Barbados (Dolan et
al., 1989).
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Figure 9. Cartoon illustrating the proposed relationship of landslides on the flanks of Hawaiian volcanoes
to debris flows and turbidity flows that might have deposited sand layers at Site 842.

Formation of the Volcanic Sand

The relative scarcity of vesicles in the Site 842 glass grains
precludes a pyroclastic cause for their origin (see Heiken and Wohletz,
1985). The platy to blocky shape and low vesicularity of the Site 842
glass grains are identical to glasses formed by hydroclastic eruptions
(e.g., Fisher, 1968; Batiza et al., 1984). However, the sulfur content
of the Site 842 glass sands is low, indicating they were erupted near
or above sea level (e.g., Dixon et al., 1991). Large volumes of glass
sand are produced during Hawaiian eruptions when lava enters the
ocean for weeks to years as the volcano extends its coastline seaward
(e.g., Moore et al., 1973). A preliminary examination of glasses
formed as lava entered the ocean from the current Puu Oo eruption
of Kilauea Volcano showed that they are moderately vesicular (K.
Okano, pers. coram., 1993), unlike the Site 842 glasses. However,
these glasses were collected from beaches, which may sample only
the littoral component of this process. Granulation and thermal spal-
lation in deeper water (e.g., Fisher, 1984), especially on the steep
submarine slopes of Hawaiian volcanoes, may produce less vesicular
glasses. Such hydroclasts have been reported from lavas that have
undergone internal explosions (e.g., implosions; Fisher, 1984; Fisher
and Smith, 1991). More work is needed to characterize the glass
fragments produced during this process, because they may constitute
a significant component of the sediments around Hawaiian volcanoes.

The landslide model for the origin of the Site 842 sand layers
provides an additional mechanism for forming glass grains. During a
landslide event, it is likely that glassy lavas are brecciated. The glassy
margins of lava flows would have served as zones of weakness along

which fragmentation could occur (see Fisher, 1984, for a more com-
plete description of this process).

CONCLUSIONS

The Pliocene-Pleistocene sedimentary section at Site 842 contains
abundant volcanic sand. This sand is present as disseminated grains
within pelagic sediment and as distinct layers. The sand layers were
probably deposited by turbidity currents derived from debris flows
generated by landslides on the flanks of Hawaiian volcanoes. Paleo-
magnetic and glass composition data are consistent with the sources
of these sand layers being Mauna Loa, Lanai, and Kauai volcanoes.
The turbidity currents associated with these landslides may have
traveled great distances (up to 1,000 km) and traveled over significant
bathymetric highs and lows. Thus, they may have been enormous in
size and energy.
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Table 3. Microprobe analyses (in wt%) of Kauai dike margin glasses.

SiO2

Waimea Canyon
WC-2
WC-3
WC-4
WC-5

Niu Valley
Niu-lb
Niu-2
Niu-3

North Shore
Cave-2
Cave-3
Cave-4
Trail-5a
Trail-5b
Trail-6
Trail-7

51.65
52.05
51.15
51.01

52.25
51.70
51.95

51.90
52.25
52.27
50.45
50.95
50.95
51.55

TiO2

3.26
2.93
2.77
3.03

2.97
2.28
2.72

2.75
2.28
2.26
3.05
2.80
3.24
2.24

A12O3

12.40
13.70
13.51
13.20

14.02
14.10
13.27

13.45
13.86
13.85
13.52
15.45
13.40
14.12

FeO

11.68
11.10
11.18
12.50

10.95
10.48
11.65

11.56
10.53
10.55
10.96
9.90
11.70
10.35

MnO

0.18
0.16
0.17
0.19

0.17
0.17
0.17

0.17
0.16
0.16
0.17
0.15
0.17
0.16

MgO

7.02
6.05
6.53
6.13

6.44
6.93
6.22

6.20
6.74
6.62
6.34
5.65
6.04
7.12

CaO

11.20
10.85
10.99
10.80

11.40
11.42
10.79

10.46
10.84
10.85
10.92
11.42
10.60
11.50

NajO

2.10
2.41
2.18
2.28

1.68
2.25
2.42

2.34
2.36
2.34
2.66
2.83
2.60
2.15

K2O

0.57
0.48
0.44
0.49

0.62
0.35
0.48

0.43
0.32
0.31
0.48
0.41
0.51
0.33

P 2 O 5

0.36
0.25
0.31
0.32

0.26
0.20
0.20

0.32
0.26
0.25
0.36
0.32
0.36
0.18

Total

100.42
99.98
99.23
99.95

100.76
99.88
99.87

99.58
99.60
99.46
98.91
99.88
99.57
99.70
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