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ABSTRACT 

The great windward sea cliff along the north coast of Molokai 

Island, Hawaii, reaches a maximum height of about 3,000 feet and stands 

o 
at a 8lope of approximately 55 . A fault scarp, a giant submarine 

landslide, and wave erosion have all been proposed to explain the ori

gin of the cliff. The results of this study support the wave erosion 

hypothesis and suggest that the cliff is stable with respect to major 

rock slides and is retreating constantly through gradual weathering. 

Detailed bathymetric surveys of the North Molokai insular shelf 

show that the shelf is a smooth plain that breaks near the 500-foot iso

bath. The plain gently dips seaward and contains three slight steps. 

These three steps reflect ancient stands of sea level along the Hawaiian 

Ridge. Eleven submarine canyons originate about one nautical mile off

shore of the windward sea cliff on East Molokai. Only one submarine 

canyon approximately three nautical miles offshore of the geologically 

older West Molokai Dome has been found. The canyons have V-shaped pro

files in the deeper water and have V-shaped or bowl-shaped heads. In 

most cases the bowl-shaped heads are the result of several short V-

shaped tributaries that join to form the main canyon head. Some of the 

submarine canyons off East Molokai Dome appear to align with the on

shore stream valleys, while others appear to be related to minor drain

age systems along the sea cliff. 

xv 
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Seismic reflection profiles show the existence of two sedimen

tary regimes. A thin veneer, 0.003 to 0.025 seconds reflection time 

thick, which appears to cover the entire insular shelf is underlain by 

a deeper series of reflectors that reach a maximum thickness of 0.25 

seconds reflection time. The sediments forming the veneer are highly 

reflective and characteristically appear to have two or three internal 

reflectors. The acoustic basement reflector appears to crop out along 

the canyon walls and to be continuous across the submarine canyons. 

Wave refraction analyses of both the tradewind and the North 

Pacific polar front storm-generated waves show that waves arriving from 

the north are generally not refracted by the shelf bathymetry, whereas 

waves arriving from the northeast are refracted into the shore. Wave 

energy along the north coast is such that the littoral transport capa

bility exceeds the available supply of sand. More than 40 thousand 

cubic feet of sand per day per foot of beach could be transported by 

polar front storm waves. 

The geomorphology of the north slope of Molokai Island probably 

developed through the processes of erosion and deposition operating 

upon a subsiding volcanic island with a steep north slope. The canyon 

systems were apparently cut by subaerial erosion prior to the sinking 

of the island, and after submergence the submarine portions of the can

yons act as turbidity current channels. Wave erosion, operating along 

the entire north shore, probably cut the insular shelf and generated a 

line sediment source which built up the shelf. Sediments derived from 

the island streams appear to travel to the Hawaiian Deep in the form of 
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turbidity currents flowing down the submarine canyons, while those de

rived from coastal wave erosion probably move primarily across the 

shelf and are deposited on the shelf where they increase the canyon 

wall heights. It is concluded that the great windward sea cliff de

veloped through rock slumping and raveling as the toe of the cliff is 

undermined by coastal wave erosion. 



CHAPTER 1 

INTRODUCTION 

The great windward sea cliff along the north coast of Molokai 

Island, Hawaii, reaches a height of 3600 feet above sea level on East 

Molokai Mountain (Figure l). The origin of this cliff has been a scien

tific question for many years. It has been suggested that the cliff 

was formed as a fault scarp, a giant submarine landslide scarp, or by 

wave erosion. 

Figure 1. The great windward sea cliff along the north coast of 
Molokai Island, Hawaii. — The cloud bases are at 2800 
feet. Photo by the author. 
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In 1968 and 1969 the U. S. Coast and Geodetic Survey Ship 

McARTHUR carried out the first detailed bathymetric mapping of the in

sular shelf around Molokai Island. At that time I was assigned, as a 

Lieutenant in the United States Environmental Science Services Admin

istration, to the Joint Tsunami Research Effort at the Hawaii Institute 

of Geophysics and was associated with the officers and men of the 

McARTHUR. I obtained copies of the bathymetric data and, as part of a 

continuing geophysical study of the Hawaiian Archipelago, was chief 

scientist on three geophysical cruises in the Molokai Island shelf 

area. 

The scope of this dissertation is to analyze the available 

geological and geophysical data collected in the vicinity of Molokai 

Island and the bathymetric and geophysical data collected on the North 

Molokai insular shelf to determine the origin of the great windward sea 

cliff. Since Molokai Island represents only a small portion of a major 

oceanic ridge that rises above sea level, it will first be necessary to 

review the past work on the geology, geophysics, and meteorology of the 

Hawaiian Archipelago. A literature review of the island of Molokai will 

be presented in more detail in Chapter 3. A presentation and discussion 

of the data collected by the author on the North Molokai insular shelf 

is given in the remaining chapters. 



CHAPTER 2 

HAWAIIAN ARCHIPELAGO 

The Hawaiian Archipelago is a major northwest-southeast trend-

o 
ing oceanic ridge located in the North Pacific Ocean between 18 54* 

North latitude, 154 40' West longitude and 28 15* North latitude, 

171 75' West longitude (Figure 2). The Island of Hawaii, located at 

the southeastern end of the Ridge, is the largest and youngest of the 

islands; Midway Island, over 1600 nautical miles northwest of Hawaii, 

lies near the other end of the Hawaiian Ridge and is the oldest of the 

islands. Lying between Hawaii and Midway are numerous islands, reefs, 

and shoals. The populated islands, eight in all, except for Midway, 

are located along the southeastern one-fifth of the Hawaiian Ridge. 

Oahu, lying near the center of the seven populated islands on the 

T 
^yKftilOLOK* 

Figure 2. Map of the Hawaiian Islands. 
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southeast end of the ridge, is the seat of the State Capitol and is a 

major transportation center in the Pacific. Oahu is about 2100 nauti

cal miles southwest of San Francisco, California. The leeward islands 

and reefs extending over the remaining four-fifths of the Ridge are un

populated and are designated as wildlife preserves. 

The highest elevation on the Hawaiian Ridge is Mauna Kea, 

Hawaii Island, 13,784 feet above sea level. The Hawaiian Deep, which 

surrounds the Ridge, is over 18,000 feet below sea level, giving a total 

relief of the shield volcano of over 31,700 feet. Mauna Kea is consid

ered to be an extinct volcano which became extinct in recent geologic 

time. 

2.1 Geology 

The Hawaiian Archipelago, or Hawaiian Swell, which is about 500 

nautical miles wide contains three major geomorphic provinces, the Ridge, 

Deep, and Arch (Figure 3). The Hawaiian Ridge which forms the central 
ICO* ISC* IM* 154* 192* ISO* 

Figure 3. Geomorphic provinces around the southeastern end of the 
Hawaiian Archipelago. 
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portion of the Archipelago is surrounded by the Hawaiian Deep. The 

Arch, a broad feature, lies outside the Deep and is about 2000 feet 

shallower. Along the northwest side of the Ridge the Arch dies out, 

and north of Molokai and northeast of Oahu islands the Deep is inter

rupted by a group of seamounts, which have been named the Oahu-Molokai 

Seamount Group (Figure 4). It has been proposed that the seamount 

group was built through submarine eruptions related to the Honolulu 

volcanic series (Hamilton 1957). Moore (1)64), however, proposed that 

this seamount group was formed through two giant submarine landslides, 

one from Molokai and the other from Oahu. 

The Hawaiian Islands are a chain of basaltic shield volcanoes 

that have formed over a major fissure in the ocean floor. This fissure 

extends along the entire Hawaiian Ridge and was probably formed during 

the early Tertiary or during an even older period. The origin of the 

Hawaiian fissure is not known; it may be a tear along the crest of a 

fold, a tension crack, an echelon faulting along a raised block, or a 

strike-slip fault (Stearns 1966). Menard (1964) suggests that the 

Hawaiian fissure may be related to the major southwestward trending 

Molokai and Murray fracture zones. Aeromagnetic studies by Malahoff 

and Woollard (1966) show that the magnetic anomalies, related to the 

intrusive volcanic rocks within the active and extinct rift zones, 

align with the Molokai fracture zone and not with the trend of the 

Hawaiian Ridge. This supports Menard's (1964) suggestion. 

Two basic petrographic suites have been determined for the 

Hawaiian lavas (Macdonald 1962): the tholeiitic suite includes tholei-

ite, olivine tholeiite, and oceanite and makes up the bulk of the 
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Figure 4. Map of the Oahu-Molokai Seamount Group. — The dotted lines 
mark the limits of the proposed giant landslide of Moore 
(1964). 
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volcanic shields; and the alkalic suite includes differentiated rocks 

that form caps on some of the shields. The alkalic rocks include al

kalic basalt, alkalic olivine basalt, ankaramite, Hawaiite, mugearite, 

and trachyte. Hawaiite and mugearite are andesites, but they are sig

nificantly different physically from continental andesites. 

The alkalic rocks make up a very small percentage of the total 

volume of the volcanoes. West Maui Volcano, for example, contains the 

highest percentage of alkali rocks which constitutes only 37» by volume. 

The caps, however, are entirely composed of alkali rocks, being over 

507. Hawaiite and mugearite (Macdonald 1963). 

Gabbros have been found in sills, stocks, plugs, necks, pipes, 

and as xenoliths. Eclogite xenoliths containing garnet crystals have 

been found in the Salt Lake Crater tuff on Oahu and are thought to have 

been floated up from the mantle. 

Stearns (1966) defined eight stages in the geologic history of 

a typical central Pacific volcanic island and suggested that the Hawaiian 

volcanoes follow these stages. Stage 1 is the period of submarine erup

tions that build the volcano from the sea floor to sea level. Pillow 

lavas are laid down and large quantities of ash and pumice are deposited. 

When the volcano first rises above sea level it is primarily composed of 

weakly cemented ash which is easily eroded by wave action. 

Once the volcano is above sea level it enters stage 2, where 

large quantities of olivine basalts (tholeiitic suite of rocks) are 

rapidly deposited in thin sheets forming a shield volcano. Cinder cones 

seldom form and, due to the high porosity and rapid eruption rate, 
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subaerial erosion is nonexistent. As the volcano builds in size, a 

caldera forms over the vent areas, and stage 3 is entered. The volcano 

continues to grow in size and fault basins form as the weak underlying 

rocks fail under the load. The composition and the quantity of lava 

extruded during this stage is similar to that in the second stage; 

however, during this stage the lava is ponded in the fault basins. 

Therefore, the rocks appear to be physically different from the earlier 

lavas. 

When the volume of extruded lava exceeds the rate of caldera 

collapse, the volcano enters stage 4. The time intervals between erup

tions increases and the lavas begin to change to a more alkali form. 

Cinder cones form and vitric tuff beds become more numerous and thicker. 

During this last stage of volcanism two distinct types of eruptions oc

cur: (l) eruption of olivine porphyritic basalts, followed by eruptions 

of oligoclase andesites and trachytes after a short pause resulting in 

an incomplete veneer which adds only a few hundred feet to the height 

of the volcano; or (2) eruptions of andesine andesites interbedded with 

olivine basalts and picrite basalts which add several thousand feet to 

the height of the volcano. 

Subaerial and coastal erosion start to destroy the volcano dur

ing stage 5. Fringing reefs, high sea cliffs and deep stream valleys 

characterize this stage. Submergence of the volcanic island partially 

drowns the island, and fringing reefs form during stage 6, Stage 7 is 

marked by rejuvenation of volcanic activity and may not be a character

istic of every volcanic island. Stage 8 is the period of atoll 
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development where either the island is eroded away or is submerged, 

leaving a coral atoll. 

2.2 Geophysics 

The crustal structure of the Hawaiian Archipelago as determined 

from seismic refraction surveys (Shor and Pollard 1964, Woollard 1965, 

Furumoto and Woollard 1965) suggests a differential crustal subsidence 

along the axis of the Hawaiian Ridge, with the island of Hawaii showing 

the least subsidence. The Hawaiian Deep appears to be a subsidence 

feature, while the Arch appears to be a crustal flexure as a result of 

the crustal loading from the Ridge (Figure 5). Studies of the gravity 

QAHU HAWAIIAN DEEP HAWAIIAN ARCH 

Figure 5. Seismic refraction determined crustal section across the 
Hawaiian Archipelago, -- From Furumoto and Woollard 1965. 
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field over the southeastern portion of the Hawaiian Ridge, in conjunc

tion with the seismic refraction stations, gives a mass distribution 

model (Figure 6) that fits the seismic and gravity data (Strange, Wool-

lard, and Rose 1965). These geophysical surveys support the suggestion 

made by Dietz and Menard (1953) from bathymetric surveys that the Hawai

ian Deep and Arch are related to subsidence of the Hawaiian Ridge. 

Magnetic surveys over the Archipelago show that two types of 

anomalies are associated with the area: (l) regional anomalies which 

are elongate and extend for several tens of kilometers, and (2) local 

anomalies which are strongly bipolar and centered over small areas 

(Malahoff and Woollard 1966). The local anomalies are superimposed on 

the axis of the regional anomalies in all cases. Characteristically, 

the local anomalies are associated with centers of volcanism, while the 

regional anomalies do not have any surface geologic expression and are 

associated with either the Hawaiian Ridge or the Molokai or Murray 

fracture zones (Malahoff and Woollard 1968). 

MOLOKAI HAWAIIAN DEEP HAWAIIAN ARCH 

2.. 

4"i 

Figure 6. Crustal model across the Hawaiian Archipelago based on the 
mass distribution determined from gravity surveys. — The 
section trends through Molokai Island at N51°E. After 
Strange et al. 1965. 
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2.3 Oceanography 

Studies of the submarine features in the Hawaiian area began 

in 1950 when the first clear bathymetric profiles were obtained (Dietz 

and Menard 1953). These surveys established the existence of the 

Hawaiian Deep and Arch, and numerous smaller features such as submerged 

terraces, volcanic cones, faults in the Arch, and isolated seamounts. 

A submerged shelf at 190-200 fathoms was located along the entire north 

east coast of Hawaii Island and is absent along the volcanically active 

southeastern and southwestern coast. Emery (1955) reported, from a 

bathymetric survey off the southeast coast of Hawaii Island, that four 

kinds of secondary features exist on the submerged slope of the island. 

These features are (1) volcanic cones, (2) elongate ridges, (3) normal 

faults, and (4) a long broad, low ridge that is seismically active. 

Emery (1955) reported that submerged terraces or shelves did not exist 

along the southeast coast of Hawaii Island. With improvements in the 

sounding equipment and the increased quantity of data, twenty ancient 

shorelines, both above and below present sea level, have been found 

throughout all the Hawaiian Islands (Easton 1965; Ruhe, Williams, and 

Hill 1965; Stearns 1966, 1967; Mathewson and Malahoff 1969). The an

cient shorelines throughout the Hawaiian Islands are listed in Table 1. 

The first samples of the sediments around the Hawaiian Islands 

were collected during hydrographic surveys made by the Coast and Geo

detic Survey. These samples were used to determine the bottom condi

tions for anchoring vessels. Hamilton (1957) studied the marine 

geology of an area lying northeast of Oahu Island. Three general 
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Table 1, Ancient shorelines around the Hawaiian Islands. (Stearns 
1966, 1967; Mathewson and Malahoff 1969) 

Approximate 
altitude 
(feet) 

Name of 
terrace 

Approximate 
altitude 
(feet) 

Name of 
terrace 

0 Present 95 Kaena 

-15 Koko 55 Kahuku 

-180 Penguin Bank 250+ Olowalu 

-300+ Mamala-Kahipa 325+ (Unnamed) 

2 Manana 375+ (Unnamed) 

5 Kapapa 560 Manele 

12 Ulupau 625+ Kaluakapo 

25 Waimanalo 1200+ Mahana 

-60+ Waipio -1200 to 1800 Lualualei 

45 Waialae -3600 Waho 

70 Laie 

sediment types were found in water depths over 300 fathoms (1800 feet): 

(l) sandy globigerina ooze, (2) clayey silt, and (3) deep-sea red clay. 

The sandy globigerina ooze is composed of planktonic foraminifera with 

minor amounts of mollusk fragments, echinoid spines, and rock and min

eral grains from a basaltic source. It is found near the island at 

depths between 300 and 2100 fathoms (12,600 feet) deep. In depths be

tween 2100 and 2600 fathoms (15,600 feet) the clayey silt is found. 

This sediment is a "volcanic" mud composed chiefly of volcanic detrital 

material with some planktonic foraminifera. Deep-sea red clay lies on 

the Hawaiian Arch farther away from the island than the other sediments. 

This sediment is nearly all clay size material with a median grain 



diameter of 2 microns. Moberly and McCoy (1966) extended the work 

started by Hamilton (1957) and incorporated the more recent data to in

clude the mineralogy of the sediment types. Labradorite-andesine 

plagioclase and quartz occur in the silt fraction of the sandy globi-

gerina ooze, with illite, montmorillonite (smectite), and kaolinite as 

the clay minerals. The clayey silt includes magnetite, oligoclase 

feldspar, pyroxene, and occasionally some olivine in the sand and silt 

sizes. Quartz occurs only in the silt sizes; illite, kaolinite, some 

montmorillonite (smectite), and chlorite make up the clay minerals. 

The sand size particles in the deep-sea red clay are magnetite, feld

spar, and pyroxene. Pyroxene, magnetite, quartz, and feldspar consti

tute the majority of the silt-sized material; and illite, kaolinite, 

montmorillonite (smectite), and chlorite make up the clays. 

The Hawaiian Archipelago lies along the boundary between the 

tropical and subtropical water masses in the central Pacific Ocean 

(Wyrtki 1967). Ocean circulation in the vicinity of the Hawaiian Is

lands appears to be rather weak and quite variable, and shows little 

relation to the local winds. However, strong semidiurnal and diurnal 

tidal currents occur throughout the area (Wyrtki, Graefe, and Patzert 

1969). Wind-driven eddies of from 50 to 150 kilometers (31 to 93 miles) 

in diameter are generated in the deeper water south of Molokai and Maui 

and west of Hawaii Island (Patzert 1969). The winds that generate 

these eddies are a result of island topographic interference with the 

trade winds. 
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Very limited observations have been made of the surface wave 

conditions in the Hawaiian waters. United States Coast Guard person

nel , however, make wave-height and wave-direction observations twice 

daily at three stations throughout the islands. These observations are 

obtained by visual estimation of the conditions 300 to 400 yards off

shore (Ho and Sherritz 1969). Wave conditions in the Hawaiian area are 

affected by two distinct processes: (l) local trade winds, and (2) 

North Pacific polar front cyclonic storms. The short period (12 sec

ond) waves are locally generated, while the longer period waves (20 

second) are generated by the polar front storms. The local waves will 

have a deep water wavelength of about 740 feet while the polar front 

waves will be about 2040 feet long (Barber and Tucker 1962, U. S. Army 

1966). 

2.4 Meteorology 

The Hawaiian Archipelago lies within the zone of the north

easterly trade winds that persist for a yearly mean of 867« of the time 

and show a seasonal variation (Figure 7) of 967.. during July and 77% 

during March, based on percentage of ships reporting northeast, east, 

or southeast winds. Ramage (i960) determined that the maximum thick

ness of the atmospheric layer related to the trade winds is about 1800 

meters (5900 feet). Figure 8 shows that the islands of Hawaii and Maui 

penetrate the trade wind layer and thus act as effective barriers to the 

winds (Patzert 1969). 

Rainfall is derived from the trade winds and from the Kona 

winds, which blow from the south. A maximum rainfall was measured on 
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Yeorly mean (86%) 

Figure 7. Percentage of ship's observations of winds reported blowing 
from the northeast, east, or southeast. — These represent 
trade winds in the Hawaiian area. From Patzert 1969. 
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Figure 8. Southeast-northwest cross section along the Hawaiian 
Archipelago showing the relationship of the island 
topography to the trade wind layer. — After Patzert 
1969. 
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Kauai of 40 inches per 24-hour period with 6 inches falling in one 

hour (Price 1959). Usually the northeastern (windward) sides of the 

mountains are the wettest, with the maximum precipitation occurring 

between 2000 and 6000 feet above sea level, depending on the shape and 

height of the island. Yearly rainfall ranges from about 10 inches, or 

less, on the protected lee sides to about 450 inches, or more, in the 

wettest zones (Stearns 1966). 



CHAPTER 3 

MOLOKAI ISLAND 

Molokai Island, the fifth in size of the Hawaiian Islands, is 

38 miles long, 10 miles wide, and has an area of 260 square miles. 

Kamakou Peak, on East Molokai is the highest point, having an altitude 

of 4970 feet. Molokai lies 25 miles east of Oahu, forming the Kaiwi 

Channel (Molokai Channel), 8% miles northest of Maui, forming the 

Pailolo Channel, and 9 miles north of Lanai, forming the Kalohi Chan

nel (Figure 9). 

On November 26, 1778, Captain Cook sighted Molokai Island as he 

sailed among the Hawaiian Islands. He did not land, but he named the 

island Morotai. The first resident missionaries, the Reverend R. H. 

Hitchcock and his wife, settled at Kaluaaha on November 7, 1832. A 

cattlc industry was started on Molokai in the early 1840's by R. W. 

Meyer. Today the chief products of the island are pineapple, cattle, 

cinders, rock, and sand, mostly shipped to Honolulu, Oahu (Stearns 

1966). 

3.1 Geology 

Molokai contains two major geomorphic provinces: West Molokai 

Dome, and East Molokai Dome (Stearns and Macdonald 1947). West Molo

kai Dome includes a dune strip which stretches 5h miles southwestward 

from Moomomi Beach and a fault block zone trending southeastward along 

the contact between East and West Molokai (Figure 10). A windward sea 
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Figure 9. Location map of Molokai Island, Hawaii. — Soundings in 
fathoms. 
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After Stearns and Macdonald 1947. 
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cliff with a relief of about 500 feet extends along West Molokai from 

Moomomi Beach to llio Point. East Molokai Dome includes: Hoolehua 

Plain, which was formed by the ponding of East Molokai lava against the 

older West Molokai Dome; an area of eroded flow slopes covering the 

west, south, and east portions of the dome; canyon country, which once 

was a caldera 2 miles wide and miles long; Kalaupapa Peninsula, a 

Pleistocene volcano with a dome 405 feet high; and a great windward 

sea cliff with a maximum relief of about 3600 feet, stretching along 

the entire north side of the East Molokai Dome (Figure 10). Along the 

entire southern shore of Molokai, a thin coastal plain is found. 

Mo''^kai was built by three volcanoes: West Molokai, East Molo

kai, and Kauhako (Stearns and Macdonald 1947, Stearns 1966), West 

Molokai volcano is 1381 feet high and 12 miles wide, and is a late Ter

tiary volcanic dome. Most of the dome is covered with 10 to 50 feet of 

later!tic soil, suggesting long extinction of the volcano. The West 

Molokai volcanic series, containing thin-bedded aa and pahoehoe lava 

flows, makes up almost the entire West Molokai Dome. The dune strip on 

West Molokai, containing abundant fossil shells of land snails, is ap

parently derived from eroded coral that drifted inland during a period 

of low sea level, more than 40,000 years ago. The dunes show notches 

that mark both a 5-foot and a 25-foot elevated stand of sea level. 

Numerous fault blocks along the east side of the dome indicate collapse 

of the northeast slope. The most prominent of these scarps has a re

lief of about 500 feet. An erosional unconformity exists between the 

eastward dipping West Molokai volcanic rocks and the westward dipping 



20 

East Molokal volcanic rocks that make up Hoolehua Plain, suggesting a 

significant age difference between these two provinces. Three feet of 

soil underlain by six feet of weathered West Molokai lava marks this 

unconformity (Stearns 1966). 

Trending southwest from West Molokai Dome, Penguin Bank (Figure 

9) forms the most extensive submarine shelf adjacent to any of the main 

islands (Stearns 1966). The bank is over 27 miles long, is at an aver

age depth of 180 feet, and is bounded by steep scarps ranging from 1600 

to 3400 feet high. Seismic reflection surveys suggest the existence of 

coral reefs that have characteristics similar to barrier reefs (Kroenke 

and Woollard 1966, Kroenke 1965). 

East Molokai volcano is 4970 feet high, 27 miles long from east 

to west, and 8 miles wide. Major U-shaped, amphitheater-headed valleys 

cut into the central portion of the dome and form the canyon country 

(Figure 11). These valleys originate in the caldera area of the vol

cano (Figure 12) which is an asymmetrical shield dome elongated east-

west along a rift zone. The East Molokai volcanic series contains 

three distinct units: a caldera complex, a lower basaltic member, and 

an upper andesite member (Figure 13). The lower basaltic member forms 

the majority of the volcano and consists of thin-bedded basaltic aa and 

O O 
pahoehoe lavas dipping from 2 to 15 away from the caldera except for 

an area in the lower part of the high northern sea cliff where they dip 

O o 
from 8 to 25 to the south. The flatter dip of the rocks occurs where 

the lava banks against the West Molokai Dome. The caldera complex, 

which appears to be formed of rocks similar to the lower basaltic 



Figure 11. Walohookalo stream valley, one of the numerous U-shaped 
stream valleys that cut Into East Molokal Dome to form 
Canyon Country. — Photo elevation 2000 feet taken one 
mile offshore. Photo by the author. 
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Figure 12. Topographic map of Canyon Country, East Molokal Dome, 
Molokai Island, Hawaii. 



Figure 13. Geologic map of Molokai Island, Hawaii. — Map by Stearns and Macdonald (1947). 
From Malahoff and Woollard 1965. 
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Figure 13. Geologic map of Molokai Island, Hawaii. 
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member, is bounded by normal faults. The upper andesite member includes 

oligoclase andesite and trachyte which were derived from large cinder 

cones and bulbous domes. This member has veneered most of the East 

Molokai Dome, and some of the rocks are not associated with the rift 

zones that controlled the formation of the East Molokai Dome. The 

stratigraphic rock units on Molokai are given in Table 2. 

3.2 Geophysics 

Combined seismic refraction and gravity anomaly model studies in 

the Hawaiian Archipelago (Furumoto and Woollard 1965, Strange et al. 

1965) have shown that Molokai Island has depressed the crust-mantle 

interface (Mohorovicic Discontinuity) to about 9 kilometers (29,530 

feet) below sea level north of the island and to about 14 kilometers 

(45,930 feet) below sea level at the center of the island. Two promi

nent +270 milligal Bouguer gravity anomalies are related to Molokai 

(Strange et al. 1965), one centered just north of the caldera area on 

East Molokai and the other centered over the middle of Hoolehua Plain 

Figure 14). The Hoolehua Plain anomaly is generally elongate and tails 

out along Penguin Bank, while the East Molokai anomaly is circular in 

form. 

The total force magnetic anomaly map of Molokai by Malahoff and 

Woollard (1965) shows the regional anomaly, related to the Molokai frac

ture zone, and five local anomalies, that are related to volcanic zones 

on the island (Figure 15). Two elements of the Molokai fracture zone 

cross Molokai (Malahoff and Woollard 1965, 1966), one the North Molokai 

primary rift zone which trends along the north coast, and the Southwest 



Table 2. Stratigraphic rock units on the Island of Molokai, Hawaii. (Stearns and Macdonald 1947) 

East Molokai Mountain West Molokai Mountain 
Rock Thickness General Rock Thickness General 

assemblage (feet) character assemblage (feet) character 

Beach sand 

Dunes 

5+ 

10+ 

Unconsolidated 20+ 
earthy 
deposits 

Loose sand 
chiefly basaltic 

Mixed basaltic 
and calcareous 
sand 

Silty gravel and 
boulder deposits 
chiefly stream-
laid. Also blocky 
talus 

Recent Sedimentary Rocks 

Beach sand 

Dunes 

Unconsolidated 

10± Loose sand chiefly 
calcareous 

50± Loose calcareous 
sand 

10± Silt, gravel, and 
poorly assorted 
bouldery alluvium 

Local erosional unconformity 



Table 2. Stratigraphic rock units on the Island of Molokai, Hawaii.—Continued. 

East Molokai Mountain West Molokai Mountain 
Rock Thickness General Rock Thickness General 

assemblage (feet) character assemblage (feet) character 

Local erosional unconformity 

Pleistocene Sedimentary Rocks 

Consolidated 
earthy 
deposits 

Consolidated 
marine 
deposits 

Kalaupapa 
basalt 

Consolidated 
earthy depos
its 

2001 Consolidated and 
partly consolidated 
deposits consisting 
of older alluvium, 
ancient talus, land
slide deposits, and 
marine noncalcareous 
sediments 

5jt Patches of reef lime
stone and breccias 
containing basaltic 
fragments of lava. 
Includes some patches 
of poorly consolidated 
beach deposits 

--------- - Local erosional ion conformity 

100+ 

Consolidated 
dunes 

20± 

Friable deposits of 
reddish brown silt 
and bouldery alluv
ium with minor 
amounts of talus 

Consolidated and 
partly consolidated 
cross-bedded calcar
eous dunes. The com
pact dunes are cream 
colored limestone 

Quaternary Volcanic Rocks 

450± Olivine basalt 
pahoehoe forming 
Kalaupapa Penin
sula 

Great erosional unconformity 



Table 2. Stratigraphic rock units on the Island of Molokai, Hawaii.—Continued. 

East Molokai Mountain West Molokai Mountain 
Rock Thickness General Rock Thickness General 

assemblage (feet) character assemblage (feet) character 

Great erosional unconformity 

Tertiary Volcanic Rocks 

East 

Molokai 

volcanic 

series 

Upper 

member 

20-500 Lava flows composed 
chiefly of dense 
and clinkery andesite 
and trachyte usually 
nonporphyritic. 
They form the upper 
member of the series. 

25-300 Cones consisting of 
compact red to black 
bedded cinders built 
at the vents by lava 
fountains 

50-200 Bulbous domes of 
massive andesite 
and trachyte at 
vents 

1381+ 

West 

Molokai 

volcanic 

series 

25-110 

%-l0 

Basaltic lava flows 
composed of thin-
bedded highly vesi
cular pahoehoe and 
aa 

Cones consisting of 
cinder, spatter, and 
thin layers of lava 
at vents 

Dikes composed of 
dense and vesicular 
basalt 



Table 2. Stratigraphic rock units on the Island of Molokai, Hawaii."-Continued. 

East Molokai Mountain West Molokai Mountain 
Rock Thickness General Rock Thickness General 

assemblage (feet) character assemblage (feet) character 

East 

Molokai 

volcanic 

series 

Lower 

member 

Tertiary Volcanic Rocks 
4970+ Lava flows composed 

of generally thin-
bedded moderately 
to highly vesicular 
basaltic pahoehoe 
and aa 

20-150 Cones consisting 
of compact 
red cinders and 
thin scoriaceous 
flows at vents 

%-15 Dikes composed chiefly 
of dense cross-jointed 
basalt but a few are 
vesicular and platy 

100Q+ Caldera complex of 
vent breccias, lava 
flows, plugs, stocks, 
talus, and pyroclas-
tic rocks that ac
cumulated in and under 
the summit caldera 

K> 
00 



Figure 14. Bouguer gravity anomaly map of Molokai Island, Hawaii. 
Assumed density 2.3 g/cc. Contour interval is 10 mgal. 
After Strange et al. 1965. 
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Figure 15. Magnetic anomaly map of Molokai Island, Hawaii, 
The island is in the southern third of the map. 
After Malahoff and Woollard 1965. 
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Molokai primary rift zone which trends southwestward across the center 

of the island from the East Molokai caldera area to the eastern side of 

Penguin Bank. A South Molokai rift zone trends along the south coast 

of the island and joins the Southwest Molokai primary rift zone south 

of West Molokai Dome (Figure 16). 

Five volcanic pipe zones, which are defined by local magnetic 

anomalies, are located on Molokai (Malahoff and Woollard 1965, 1966). 

The North Molokai, South Molokai, and Central Molokai volcanic pipe 

zones are located on the East Molokai volcanic shield, and the West 

Molokai and Southwest Molokai volcanic pipe zones are on the West 

158s 157® 156° 
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Figure 16. Primary rift zone map of the Molokai area. -- After 
Malahoff and Woollard 1965. 



31 

Molokai volcanic shield (Figure 17). The North Molokai volcanic pipe 

zone appears to be related to an apparent intersection of the North 

Molokai primary rift zone and the Southwest Molokai primary rift zone. 

The other volcanic pipe zones appear to be related to rift zones but 

not to rift zone intersections. With the exception of the Southwest 

Molokai volcanic pipe zone, the magnetic anomalies are normally polar

ized (aligned with the present magnetic field). Two possible explana

tions for the reversely magnetized Southwest Molokai volcanic pipe zone 

anomaly are given by Malahoff and Woollard (1965, 1966); either the pipe 

zone was injected during a reversal in the earth's magnetic field or 

the zone is filled with a rock that is less magnetic than the surrounding 

rock, olivine-rich basalt for example intruded into a tholeiitic basalt. 

Calculations of the depth to the top of the magnetic bodies show that 

the West Molokai Dome volcanic pipe zone bodies are significantly shal

lower than the East Molokai Dome volcanic pipe zone bodies (Table 3). 

NORTH MOLOKAI 

_ VOLCANIC 

PIPE ZONE 

SOUTH MOLOKAI 

SOUTH MOLOKAI PRIMARY RIFT ZONE VOLCANIC 

PIPE ZONE 

Figure 17. Volcanic pipe zones and rift zones on Molokai Island as 
determined from aeromagnetic surveys. — Malahoff and 
Woollard (1965). 



Table 3. Analyses of total force magnetic anomalies over anomalous bodies on the Island of Molokai. 
(Malahoff and Woollard 1965) 

Volcanic 
pipe zone 

Depth to top 
of body below 
ground level 

(km) 

Approximate 
horizontal cross 
section of body 

(km) 

Vertical length 
of body 
(km) 

Magnetization contrasts 
between body and 
surrounding rock 

(cgs units) 

North Molokai 

South Molokai 

Southwest 
Molokai 

West Molokai 

0.8 

1 .0  

0.2 

0.3 

14.0 by 10.0 

13.0 by 9.5 

4.8 by 5.6 

4.8 by 5.2 

8 

10 

10 

10 

12.4 x 10 

6.9 x 10 

-3 

-3 

7.7 x 10"3 

(reversed) 

13.9 x 10 
-3 

to 
N> 
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The caldera area and the East Molokai Bouguer gravity anomaly 

are probably related to the North Molokai volcanic pipe zone. The 

Hoolehua Plain Bouguer gravity anomaly appears to be related to both 

the Central Molokai volcanic pipe zone and the Southwest Molokai vol

canic pipe zone and trends parallel to the Southwest Molokai primary 

rift zone. 

3.3 Oceanography 

Shepard and Dill (1966) carried out geological surveys along 

the north coast offshore of East Molokai Dome and mapped a series of 

submarine canyons. Their work was generally limited to water deeper 

than 100 meters (328 feet) and extended for more than 10 nautical miles 

offshore. The submarine canyons appeared to align with the onshore 

canyons; however, Kalaupapa Peninsula interrupts two submarine canyons, 

suggesting that these canyons may predate Kalaupapa. 

The results of Shepard and Dill's (1966) work show that the 

Molokai Canyons have typical V-shaped profiles, appear to extend out in 

fairly straight lines, have a rather even gradient throughout, and ter

minate at depths close to 6000 feet. Some canyons appear to have 

slightly incised fan-valleys at their terminal ends. Material dredged 

from the canyon walls east of Kalaupapa included mud and basalt coated 

with organisms, while the canyon walls west of Kalaupapa yielded mud-

stones, basaltic lava with large phenocrysts, and pyroclastic sandstone 

composed of volcanic material. Cores collected from the canyon axes 

contained coarse materials including sands, gravel, and badly broken 

shells, and finer material including clayey sediments, mud, and silt. 
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Wave conditions along the north coast of Molokai have not been 

measured or observed; however, it is possible to extend the work of Ho 

and Sherritz (1969) to the study area. Their work included data col

lected by the U. S. Coast Guard at Kilauea Point, Kauai Island. The 

monthly mean ocean wave direction for Kilauea Point is shown in Figure 

18. Since the majority of the waves approach from the north to north

east, it is possible to apply this data to Molokai because the North 

Molokai coast is as exposed as Kilauea Point. 

3.4 Ground Water and Meteorology 

The ground-water areas on Molokai are directly related to the 

rainfall distribution which is controlled by the topographic elevation 

(Stearns and Macdonald 1947). The primary source of rain water is 

adiabatic cooling of the subtropical air mass as it is forced to rise 

over the island mass by the trade winds. This results in an almost con

tinual cloud cover and wet environment over the East Molokai Mountain 

where over 150 inches of rain fall per year, and the drier, 30 inches 

per year, environment over the lower, West Molokai Mountain. The 

ground-water conditions in West Molokai and the Hoolehua Plain consist 

of a brackish water lens floating on salt water, while those in East 

Molokai range from fresh water floating on salt water to fresh water 

confined at high elevations by dikes or perched on ash beds (Figure 

19). 

Perennial streams that reach the sea are found only in the 

large valleys cut into the north side of East Molokai Mountain (Stearns 

and Macdonald 1947). The water supplied to these streams is derived 
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Figure 18. Mean monthly ocean wave directions for Kilauea Point, 
Kauai Island, Hawaii. -- After Ho and Sherritz 1969. 
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Figure 19. Map of Molokai showing distribution of average annual 
rainfall and ground-water areas. — Contour interval 
10 inches of annual rainfall. After Stearns and 
Macdonald 1947. 
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from the fresh water confined and released through stream erosion of 

the dikes. Pelekunu Stream, East Molokai, is one of the perennial 

streams and has a maximum flow of over 200 million gallons per day 

during rain storms and a minimum daily flow of about 5 million gallons 

(Figure 20), 
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Figure 20. Stream flow data for Pelekunu Stream, East Molokai, Molokai 
Island, Hawaii. — After Stearns and Macdonald 1947. 

3.5 Dynamics of Molokai 

The only method of determining the vertical movement of Molokai 

throughout geological history is the study of ancient shorelines and 

marine terraces. This leveling system has in itself a significant lim

itation, the elevation of the sea level that formed these features has 

not remained constant but has reflected major climatological events. 

The sea level curve has been fairly well established for the last glacial 
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period (Shepard 1963; Merrill, Emery, and Rubin 1965); however, it is 

only projected back to about 40 thousand years before present. The 

lowest stand of sea level was about 130 meters (426 feet) below present 

sea level. If it is assumed that a cyclic wave form for sea level 

stands is reasonable, it is possible to explain ancient shorelines and 

marine terraces that occur between 426 feet above to 426 feet below 

present sea level; however, ancient shorelines above or below this zone 

would require additional tectonic movement of the island to explain 

their origin. 

Deep drilling on the Hawaiian Islands, offshore dredging, and 

seismic reflection surveys around the islands yield information about 

the tectonic stability of the Hawaiian Ridge. Drilling on Midway (Ladd, 

Tracey, and Gross 1967, 1970) shows that the top of the Miocene (11 mil

lion years) is at a depth of 480 feet and that the post-Miocene section 

is complete except for a period of emergence probably related to Pleis

tocene glaciation. At or near the end of Tertiary time, however, the 

island emerged and submerged several times. Drilling in the Ewa area 

on Oahu through a 1040-foot sedimentary section has made it possible to 

reconstruct the depositional conditions in the area for the past 3.5 

million years (Stearns and Chamberlain 1967, Resig 1969). More than 

1000 feet of island subsidence with eight major faunal transgressions 

and regressions are found throughout the section. 

Dredging offshore of Oahu, Menard, Allison, and Durham (1962) 

recovered a coral sample of Miocene (?) age from a depth of 510 meters. 

Mathewson and Malahoff (1969) confirmed the existence of an ancient 
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shelf about 1100 meters (3600 feet) below sea level that appears to 

surround the entire Hawaiian Ridge and suggested a 50-million year age 

for the shelf. Schreiber (1969) collected terriginous sediments out

side the Hawaiian Arch and suggested an Eocene age for some elements of 

the Hawaiian Ridge, These ages are compatible with data for the age of 

the sea floor below the Ridge. Projecting the sea floor spreading 

anomaly ages westward from the East Pacific Rise yields a 70-million 

year age for the sea floor. 

Another method of measuring the present vertical position of 

Molokai Island is to determine the amount of depression of the crust-

mantle interface through seismic refraction techniques and gravimetric 

surveys. The standard oceanic crustal model is from 9 to 10 kilometers 

thick, 5 kilometers water and 4 to 5 kilometers crust (Malahoff 1968). 

By comparing the depth to the mantle with the standard crustal model, 

a measure of the present tectonic subsidence of the island can be made. 

Furumoto and Woollard (1965) and Strange et al. (1965) have suggested 

that Molokai is presently depressing the crust-mantle interface about 

16,000 feet. 

From the preceding discussion it appears reasonable to assume 

that the island of Molokai has also undergone a complex history of sub

mergences and emergences related both to changes in sea level and to 

tectonic movement of the Hawaiian Ridge. Three ancient shorelines are 

found elevated above the suggested highest stand of Pleistocene sea 

level: Manele at 560 feet, Kaluakapo at about 625 feet, and Mahana at 

about 1200 feet, suggesting that these shorelines may be older than 
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the Pleistocene. However, Pleistocene fossils have been found related 

to these ancient shorelines (Stearns and Macdonald 1947). The sub

merged ancient shorelines, Lualualei at -1200 to -1800 feet and Waho 

at -3600 feet, are both probably older than Pleistocene (Stearns 1966, 

Mathewson and Malahoff 1969). 



CHAPTER 4 

INVESTIGATION 

This study is based on data collected by three vessels, the 

U. S. Coast and Geodetic Survey Ship McARTHUR, and the Hawaii Institute 

of Geophysics research vessels MAHI and TERITU. The bathymetric sur

vey was carried out by the USC&GSS McARTHUR. The R/V MAHI carried out 

the seismic reflection surveys along the North Molokai insular shelf 

and the R/V TERITU made a special bathymetric survey of the Waho Shelf 

along the south coast of Molokai. 

4.1 Bathymetric Survey 

The U. S. Coast and Geodetic Survey Ship McARTHUR (Figure 21) 

is a 175-feet-long, 995 ton, twin screw, diesel-powered survey vessel, 

designed specifically for coastal bathymetric surveying. The McARTHUR 

carries two survey launches which are capable of operating in shallow 

water and an outboard-powered skiff for very shallow water surveys. 

A total of 1340.7 nautical miles of ship and launch hydro-

graphic survey lines were run in the 120 square nautical mile survey 

area (Mathewson 1969). The surveys were made at three scales: a gen

eral scale 1:20,000 was used for three boat sheets which covered the 

offshore areas, one 1:10,000 scale boat sheet for the shallow water 

area around Kalaupapa Peninsula, and two 1:5,000 scale boat sheets for 

very shallow or confined areas (Figure 22). 
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Figure 21. U. S. Coast and Geodetic Survey Ship McARTHUR. --
Official NOAA photo. 

157* 
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T 

MOLOKAI 

Figure 22. Layout of the boat sheets used by the USC&GSS McARTHUR 
for the bathymetric survey of the North Molokai insular 
shelf. 
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A total of 5765 visual three-point sextant fixes were made dur

ing this survey. The fixes were spaced from 1 to 5 minutes apart. A 

three-point sextant fix is obtained by measuring the horizontal angles, 

with a marine sextant, between three known points or survey signals on 

land (Figure 23). The survey signals were established from existing 

triangulation stations, stations determined through photogrammetric 

methods, and stations determined through three-point sextant fixes. 

The navigational data was checked and improved by smooth plotting. 

Smooth plotting is the technique of checking each position for its 

plotted accuracy, and the time and distance relationship along the en

tire survey line. Cross lines, amounting to about 107® of the survey, 

Survey Signals 

-c tr< 

Survey 
Vessel 

Figure 23. Schematic diagram of a three-point sextant fix. 
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were also run to check the accuracy of the navigation and the instru

ments by comparing the depth recorded at the apparent same point where 

the two lines cross (Jeffers 1960). 

Soundings collected during this survey were made utilizing re

cording echo-sounding equipment (Buffington 1966) aboard the McARTHUR 

and both survey launches. The operating principle of an echo-sounder 

is based on the assumption that the velocity of sound is constant 

throughout the entire path that the sound wave travels (800 fathoms/ 

second) and thus the water depth is equal to one-half the amount of 

time required for a pulse to travel from the echo-sounder transducer 

to the bottom and back. The recorder pen is set to operate at such a 

speed that the returning echo arrives at the ship as the pen passes the 

mark equal to the depth. High resolution echo-sounders operate at 

sound frequencies of 12 to 100 kiloHertz because these frequencies do 

not penetrate into the bottom sediments and therefore increase the sig

nal to noise ratio. 

Three basic corrections are necessary for oceanic bathymetric 

surveys: tide, velocity of sound, and equipment. Tide corrections for 

the North Molokai insular shelf survey were based on a continuously re

cording bubbler tide gage mounted on Kalaupapa Roadstead, Molokai, 

21°12'22" North latitude, and 156°59'29" West longitude. A standard 

recording tide gage at Kahului, Maui, was used as a reference station 

and back-up for the Kalaupapa gage. A correction for the time and 

height of high tide at Kalaupapa was applied to the Kahului gage. High 

tide at Kalaupapa occurs one-half hour before high tide at Kahului and 
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is one-tenth foot lower. There is no correction necessary for the time 

and height of low tide between the two stations. Corrections for the 

non-uniform sound velocity distribution with depth were obtained from 

calculations based on a Nansen cast to a depth of 100 fathoms (600 

feet) (Jeffers 1960, Zabloudil 1969), and from the Hawaii Institute of 

Geophysics Report HIG-67-18 (Belshe 1967). The velocity correction 

curve is shown in Figure 24. Corrections for squat, initial, and in

strument phase were not made or applied to the ship data. A mean trans

ducer draft of 1.8 fathoms (10.8 feet) was assumed for the ship 

McARTHUR. Instrument and transducer draft conditions for the launches, 

however, were determined periodically throughout the survey by a bar 

check to 6 fathoms (36 feet). A bar check is a technique of comparing 

the depth recorded on the echo-sounder with a known depth to a reflect

ing bar. The bar consists of a series of air-filled metal tubes which 

is lowered below the launch transducer to a known depth (Figure 25). 

The difference between the known depth and the recorded depth gives the 

initial setting error, instrument error, and transducer depth correc

tion. An average of the corrections determined at 1-fathom (6 feet) 

intervals yielded a 0.2-fathom (1.2 feet) correction, which was applied 

to all launch soundings. By applying the tide, sound velocity, and 

equipment corrections to all of the soundings made during this survey, 

it was possible to reduce data collected by different vessels, and at 

different times, to a standard reference level. This survey datum is 

Mean Lower Low Water (MLLW). 
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Figure 24. Sound velocity correction curve used by the USC&GSS 
McARTHUR. 
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Figure 25. Schematic diagram of a bar check to determine the trans
ducer draft, initial, instrument, and sound velocity 
corrections for soundings made from survey launches. 

MOLOKAI 

Figure 26. Bathymetric survey line density over the North Molokai 
insular shelf by the USC&GSS McARTHUR. 
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The spacing of the survey lines was specified in the project 

instructions as given in Table 4. Figure 26 shows the actual line 

spacings obtained during the survey as measured on the survey boat 

sheets. 

Table 4, Line spacing for North Molokai insular shelf bathymetric 
survey. 

Line spacing Comment 

50 meters Maximum spacing on 1:5000 scale sheets and 
in channels, anchorages, bays, boat harbors, 
harbors of refuge. 

50-100 meters Less than 20 fathoms off rocky points and 
spits. 

100 meters Less than 20 fathoms along general coast
line. 

200 meters 20 to 30 fathoms, maximum spacing on 1: 
10,000 scale sheets. 

400 meters 30 to 110 fathoms. 

800 meters over 110 fathoms 

4.2 Seismic Reflection Survey 

The Research Vessel MAHI (Figure 27) is a converted, 180-foot-

long, steel-hulled, twin screw, diesel-powered U. S. Navy mine sweeper. 

Conversion of the vessel included the installation of a tunnel port bow 

thruster, 12 kiloHertz and 3.5 kiloHertz transducers, a precision al

ternating current generator, and various winches. The basic plan of 

the ship was also changed to make two laboratories and quarters for the 



Figure 27. Research Vessel MAHI. — Photo by Dillingham Corporation, 
Maritime Services. 
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Figure 28. Trackline chart for cruises MOLCAN I and MOLCAN II, 
R/V MAHI. 
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scientific crew. The electronic equipment laboratory is insulated and 

air conditioned to help reduce maintenance problems and to extend the 

service life of the equipment. The R/V MAHI's geophysical equipment 

includes a marine proton magnetometer, marine gravimeter, echo-sounders 

operating at 12 kiloHertz for bathymetry and 3.5 kiloHertz for surface 

sediment studies, and a sparker and air cannon seismic reflection sys

tem. The R/V MAHI is owned and operated by Dillingham Corporation — 

Maritime Services and is chartered to the Hawaii Institute of Geophysics. 

Two cruises in the study area were made by the R/V MAHI, Cruise 

MOLCAN I lasted for 3 days and cruise MOLCAN II for one day. The author 

was chief scientist for both cruises. A trackline chart is shown in 

Figure 28. These cruises were seismic reflection (Hersey 1963) cruises 

and utilized the 12 kiloHertz and 3.5 kiloHertz echo-sounder, the 

sparker, and the air cannon. Samples of these records are shown in 

Figure 29. Echo-sounder and seismic reflection data were recorded on 

up to five, wet paper, precision graphic recorders. The recorders were 

synchronized so that the data could be directly compared and a composite 

reflection tracing could be produced. Each signal received by the 

transducer or the hydrophone array passed through a series of ampli

fiers and filters prior to arriving at a recorder, thus each recorder 

received only the data from one sound source (Figure 30). Electronic 

malfunctions in both the gravimeter and the magnetometer prohibited 

their use during Cruise MOLCAN I. The magnetometer was operated during 

MOLCAN II, but the gravimeter was still down because of a lack of re

pair parts. 
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Figure 29. Samples of the three records collected simultaneously 
during MOLCAN I and II, and their interrelation on the 
composite drawing of the sedimentary layers. 
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Figure 30. Block diagram of the basic electronic units in the R/V 
MAHI's seismic reflection system as assembled for MOLCAN 
I and II. — The main trigger timer controls the timing 
of each energy source and is set to delay the two echo-
sounders so that the sparker and air cannon bubble col
lapse occurs at the same moment of ping transmission from 
the echo-sounders, making it possible to synchronize all 
of the recorders and thus directly overlay the records 
during the analysis stage. 

During the daylight hours the vessel operated on the North 

Molokai insular shelf in waters as shallow as 6 fathoms (36 feet). In 

shallow water areas the sparker system was set to operate SCO joules 

with a repetition rate of one second. The filters were set between 300 

and 550 Hertz, with the best record appearing within the narrow band 

between 485 to 530 Hertz. The hydrophone array was streamed about 50 

feet behind and 20 feet to the starboard (right) side of the ship. It 

was found that a survey speed of 6 to 8 knots, running the port (left) 

screw only, yielded the best tuning of the hydrophone array, and 
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reduced both the ship and water noise. In the deeper water the sparker 

system was operated at 5000 joules with a repetition rate of 5 seconds 

and the hydrophone array was streamed 200 feet behind the vessel. The 

air cannon with a 40-cubic-inch chamber and 1800 psi was also operated 

with a 5-second repetition rate. The vessel steamed at 12 to 15 knots 

with both shafts turning. 

Navigation for this cruise was based on visual bearings and 

RADAR ranges in the near shore area. Fixes were taken at ten-minute 

intervals and at each course or speed change. During nighttime off

shore tracklines,navigation was based on dead reckoning, and fixes were 

obtained from LORAN and OMEGA lines of position. 

Sediment thicknesses for this study are based on an assumed 

constant velocity of sound in the sediments of 5000 feet per second. 

This assumption probably yields thicknesses too great in the sedimen

tary veneer, due to their probable loose packing and lower velocity, 

and too low in the underlying sediments due to their compaction and 

higher velocity. The absolute resolution of the seismic reflection 

profiling equipment is equal to one wave length at the operating fre

quency and is a function of the operating frequency and the velocity 

of sound through the sediments. This function is expressed in the 

following equation: 

L = v/f 

where: L = wave length in feet 

v = velocity of sound in the sediments (5000 feet/sec) 

f = operating frequency 
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This yields an absolute resolution for the 3,5 kiloHertz echo-sounder 

of about 1.4 feet (0.0005 sec) and for the sparker operating at 500 

Hertz of about 10.0 feet (0.004 sec). Absolute resolution, however, is 

almost never obtained because of the numerous external limitations on 

the system. These limitations include a non-uniform sound velocity 

with depth, electrical and electronic noise, recorder limits, and lim

itations in the transmitted signal. 

Any reflector that lies 0.001 seconds in reflection time (2.5 

feet) below another reflector on the 3.5 kiloHertz echo-sounder is 

probably real because the system used a 0.0002 second pulse, a crystal 

controlled transmitter, and a very narrow receiver band width. Elec

trical and electronic interference was kept at a minimum through shield

ing and grounding circuits. The sparker resolution, however, is probably 

no better than 0.01 seconds (25 feet) because of the nature of the trans

mitted signal and a problem with the ship's generator The sparker 

transmits a signal that is a train of sound waves with about 0.0025 

second duration (Figure 31) on a band of frequencies. The reflected 

signal, therefore, is a group of reflections from each sedimentary re

flector, rather than a single reflection from a pulse sound source. 

The effect of the band of transmitted frequencies, which cannot be sep

arated with filters as well as a single pulse system, yields a broader 

reflection from each reflector. The ship's generator plant was produc

ing a 60 Hertz signal that was beating against the signal from the pre

cision generator, resulting in excessive background noise that could 

not be filtered out of the sparker system. The highly reflective 
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Figure 31. Schematic diagram of a sparker signal. 

character of the sediments on the North Molokai insular shelf makes it 

possible to read the sparker records through the background noise. 

4.3 Bathymetric Survey of the Waho Shelf 

The Research Vessel TERITU (Figure 32), a 90-foot-long, 136-ton, 

converted yacht built in 1953, was used during a one-day cruise, SUB-

SHELF I. Due to her short length and her characteristic roll, the 

TERITU is equipped with a towed "V-fin" transducer, which is usually 

set to run about 10 to 15 fathoms below the water surface to reduce the 

effect of the rolling ship. The TERITU is used primarily for physical 



Figure 32. Research Vessel TERITU, — Photo by R. Zachariadis. 

and biological cruises, and was used during SUBSHELF I to make a bathy-

metric survey of the Waho Shelf, to occupy two 12-inch pipe dredge 

stations, and to drop and recover one "free-fall" gravity corer. A 

trackline chart of this cruise is shown in Figure 33. 

Position fixes, including both visual bearings, and RADAR 

ranges and bearings, were taken every ten minutes. The echo-sounding 

equipment was operated at a one-second repetition rate, and a draft 

correction of 12 fathoms (72 feet) was applied to the sounding data. 

The draft of the "V-fin" was determined by adjusting the initial set

ting on the precision data recorder until the initial pulse corre

sponded with the zero depth mark on the recorder and then measuring 
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Figure 33. Trackline chart, cruise SUBSHELF I, R/V TERITU. 

the depth to the surface reflection on the record (Figure 34). Since 

this cruise was a reconnaisaaince cruise, the only other correction 

applied to the data was the sound velocity correction. These correc

tions were based on the tables published by Belshe (1967). 
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Figure 34. Schematic diagram showing the relationship between the 
echo-sounder initial pulse mark and the surface and 
the bottom reflections. 



CHAPTER 5 

RESULTS AND DISCUSSION 

The North Molokai insular shelf is a smooth plain, gently dip

ping seaward, with three slight steps, breaking near the 500-foot 

isobath. Eleven submarine canyons originate about one nautical mile 

offshore of East Molokai Dome; while only one submarine canyon, about 

three nautical miles offshore, exists along the West Molokai Dome. The 

submarine canyon heads occur both bowl-shaped and V-shaped, with the 

bowl-shaped canyons related to the canyon country on East Molokai Dome. 

A thin veneer of sediments, 0.003 to 0.025 seconds reflection 

time thick, appears to cover the entire insular shelf and thickens sea

ward. The veneer is underlain by another series of reflectors, the 

deepest being 0.05 seconds one nautical mile from shore and 0.25 sec

onds three nautical miles from shore. The acoustic basement reflector 

appears to crop out along the canyon walls and to be continuous across 

the canyons. 

Wave refraction analyses of both the trade wind-generated waves 

and the North Pacific polar front storm-generated waves show that the 

waves approaching from the north are generally not affected by the 

bathymetry, while those approaching from the northeast are refracted 

into the shore. Refraction of the waves results in an increase in the 

arriving waves over those arriving against an ideal vertically sided 

island. The wave energy environment along the entire North Molokai 
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shoreline is one of high energies, reaching an average for waves ap-

g 

proaching from north of 6 x 10 foot-pounds per hour per linear foot of 

shoreline. Littoral transport capabilities exceed the available supply 

of sand and exceed 40 thousand cubic feet per day per foot of beach. 

5.1 Bathymetric Survey 

Three slight steps occur on the smooth, gently dipping, north 

insular shelf of Molokai, one between the 30- and 60-foot isobaths, one 

between the 150- and 180-foot isobaths, and one near the 300-foot iso-

O 
bath (Figure 35). The shelf dips at about 2 between the shoreline and 

0 
the 30- to 60-foot isobath step, then at about a 1 dip to the 150- to 

180-foot isobath step, which is a short segment of the shelf profile 

O 
that also dips about 2 . Between the 30- to 60-foot isobath step and 

the 300-foot isobath, the shelf slopes at about 1°. At approximately 

the 300-foot isobath, the dip of the shelf decreases slightly to about 

0,75° and continues at this flatter slope to the shelf break, which oc

curs at about the 500-foot isobath. The three steps are remnants of 

ancient shorelines of Molokai. North-south profiles, spaced about 5 

nautical miles apart, show these steps and their relationship to the 

reported ancient shelves around the Hawaiian Islands (Figure 36). 

The shelf is about 3 nautical miles wide off the center of West 

Molokai Dome and narrows to about 2 nautical miles off East Molokai 

Dome. Kalaupapa Peninsula reduces the shelf to about 0.5 nautical mile 

along the north shore of the peninsula. North-south profiles across 

both the Island of Molokai and the north insular shelf (Figure 37) show 

that the shelf does not appear to reflect any of the onshore topography. 
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Except for the shelt-width differences, the shelf appears to be similar 

along the island. 

Numerous small, steep-sided pinnacles mark the only anomalous 

bathymetric area on the North Molokai insular shelf. This area lies 

approximately 1% miles offshore of the canyon country, East Molokai 

Dome. The pinnacles have a relief of about 75 feet, appear in some 

cases to be nearly flat-topped, and are generally less than 600 feet 

wide at their base (Figure 38). The area occupied by the pinnacles 

corresponds with the center of the +270 mgal Bouguer gravity anomaly 

reported by Strange et al. (1965) and with the center of the North 

Molokai volcanic pipe zone identified from the magnetic anomaly re

ported by Malahoff and Woollard (1965). It is suggested by the geo

physical data that these features mark the center of volcanism of the 

East Molokai volcano during an early stage in the volcano's history. 

This suggestion is further supported by Stearns and Macdonald's (1947) 

geologic mapping on Molokai, since they report lava beds dipping south

ward into the lower portion of the great windward sea cliff. The East 

Molokai calaera trends parallel to the North Molokai primary rift zone, 

but is offset to the south and lies along the southern edge of the 

North Molokai volcanic pipe zone, suggesting that the surface expres

sion of the volcanic source is offset to the south of the deep source 

and could have been a flank eruption on the early East Molokai volcano 

that eventually buried the original volcano. 

The ancient Waho shelf, 3600 feet below sea level, occurs on 

the insular slope, is from 1 to 2 nautical miles wide along the north 
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Figure 38. Detailed bathymetric map of the apparent North Molokai 
volcanic pipe zone source area. — Contour interval is 
30 feet corrected. 
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coast of Molokai, and appears to have ancient coral reefs on the inner 

edge of the shelf (Figure 39). However, the R/V TERITU cruise SUBSHELF 

I, carried out south of Molokai to determine the existence of this 

ancient shelf, shows that the Waho shelf is as wide as 10 miles (Figure 

40). Seismic reflection data from various Hawaii Institute of Geophys

ics cruises that passed through the area show the apparent existence of 

coral reefs with sediment ponded behind them (Figure 41). 
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Figure 39. Seismic reflection profiles down the North Molokai insular 
slope showing the ancient Waho shelf. — Vertical exagger
ation 11 to 1 (see Figure 47, p. 74, for line positions). 



66 

157*00' 157*20' 

MOLOKAI 

LANAI  

SUBSHELF I 
BATHYMETRY 
Corr»eU4 Fathom* 

20*40' 

Figure 40. Bathymetric map of the Waho shelf, south of Molokai Island, 
Hawaii. — Contour interval 50 fathoms (300 feet) corrected. 
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Figure 41. Seismic reflection profiles across the ancient Waho shelf 
south of Molokai. — See Figure 40 for the positions of 
the lines. 
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The East Molokai Dome and West Molokai Dome geomorphic prov

inces can both be extended northward to include the insular shelf. The 

East Molokai shelf is cut by eleven submarine canyons, while the West 

Molokai shelf is cut by only one (Figure 35). Except for the canyons 

off Kalaupapa, the East Molokai submarine canyons originate about one 

mile offshore, and the West Molokai submarine canyon originates about 

three miles offshore. Kalaupapa Peninsula has two submarine canyons 

that begin within one-quarter mile of the Peninsula shoreline. The 

first bathymetric expression of the canyons, in most cases, is seen at 

about 360 feet below sea level. About one-half of the canyons have 

bowl-shaped heads, the remainder have V-shaped heads. Some of the can

yons with bowl-shaped heads actually have two or more small, less than 

0.1 mile long, V-shaped or U-shaped canyons as tributaries (Figure 42). 

These tributaries acting together form the general bowl-shaped head of 

the major canyon. 

East-west profiles across the Pelekunu submarine-subaerial can

yon system (Figure 43) show a possible direct relationship between the 

submarine and subaerial portions of the canyon system. This canyon/ 

submarine canyon correspondence also appears to hold for Halawa, Kawai-

nui, Waikolu, and Naiwa submarine canyons. Studying the combined 

bathymetric-topographic map (Figure 44, in pocket), it is possible to 

relate most of the North Molokai submarine canyons to canyons or drain

age systems onshore. Kalaupapa Peninsula, a recent volcano when com

pared to East and West Molokai volcanoes, appears to have formed on the 

shelf after the canyons lying north of the Peninsula were formed. 
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Figure 42, Bathymetric map showing the bowl-shaped submarine canyon 
heads off East Molokai Dome. — Notice that the canyons 
have from one to four small tributaries that produce the 
shape of the canyon head. After Mathewson 1969, 1970. 
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Figure 43. East-west profiles across Pelekunu subaerial-submarine 
canyon system showing the apparent continuation of the 
canyon system. 
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The long profile of Pelekunu Canyon shows nick points that can 

be related to the ancient stands of sea level on Molokai Island (Figure 

O 
45). The gradient of the inland section averages about 1/3 (18 slope) 

0 
with a maximum slope at the canyon head greater than 1/1 (45 slope). 

The submarine section has a flatter average gradient of about 1/8 (7° 

o 
slope), with a short segment approaching 1/3 (18 slope) occurring just 

above the Lualualei stand of sea level. The waterline section, which 

is bisected by the present day sea level, has an average gradient of 

1/30 (2° slope) and extends from about +300 feet to -300 feet in eleva

tion. A total of 14 known stands of sea level have been identified 

within this elevation range (Stearns 1967). Most of these ancient 

stands of sea level are probably related to the Pleistocene sea level 

changes. Some of the smaller streams along the East Molokai sea cliff 

have waterfalls as much as 600 feet high along their long profiles 

(Figure 46). 

5.2 Seismic Reflection Profiles 

The entire north insular shelf of Molokai is covered by a thin 

veneer of recent sediments which are highly reflective and characteris

tically appear as two or three distinct reflectors. The veneer has a 

total thickness of about 0.003 second reflection time (7.5 feet) near 

shore and a maximum of about 0.025 second (62.5 feet) offshore. Under 

lying the veneer another series of reflectors is seen in the sparker 

records. These reflectors first appear about 0.75 nautical mile off

shore and thicken with increasing distance from shore, reaching a maxi

mum of 0.23 second (575 feet) about 3 nautical miles offshore. 
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Figure 46. Aerial photograph of one of the numerous waterfalls and small 
stream valleys along the north coast of Molokai. — Hie water
fall is 600 feet high and the sea cliff is about 2000 feet 
high. Photo by the author. 
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The sedimentary environment on the West Molokai insular shelf 

is generally systematic throughout. The veneer ranges in thickness 

from 0.003 second (7.5 feet) near shore to 0.01 second (25.0 feet) 2h 

miles offshore. The thicker portion of the veneer usually has two 

discontinuous reflectors that are approximately the same thickness. 

The veneer overlies the acoustic basement within one mile offshore, ex

cept near Waihanau submarine canyon, where a buried channel appears, 

filled with 0.01 second (25 feet) of sediment, and near the northwest

ern sea cliff where a very broad buried channel appears. Figure 47 

shows the locations of the seismic reflection profiles discussed in 

this chapter. The broad buried channel near the northwestern sea cliff 

(Figure 48) is 0.025 second (62.5 feet) below the sediment surface, 

about one mile wide one mile offshore, and 0.07 second (175 feet) be

low the sediment surface, about 2% miles wide two miles offshore. No 

indication of this channel appears on line 1, which was run about one-

half mile offshore. The buried channel may be related to Mokio sub

marine canyon or to erosion of the shelf during the Pleistocene. The 

basement reflector that outlines the buried channel shoals to about 

0.02 second (50 feet) below the sediment surface at the eastern end of 

the channel and continues at this depth along the rest of West Molokai 

shelf. The veneer thins as the bathymetry slopes toward Naiwa sub

marine canyon, and slump features and normal faults are suggested (Fig

ure 49). However, the underlying sediments thicken as they approach 

the canyon, the basement reflector appears to crop out on the canyon 
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Figure 48. Seismic reflection profile across a buried channel on the 
western end of the shelf north of West Molokai Dome, --
Vertical exaggeration 7 to 1. 
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wall, and evidence of slumping from the west side of the canyon shows 

in the record. 

Kalaupapa Peninsula is probably a major source of sediment for 

both Waihanau and Waialeia submarine canyons. 3he basement reflector 

on both the east and west sides of Kalaupapa shows an apparent flatten

ing of the dip at a depth of about 1200 feet below sea level (Figure 

50). It is suggested that this decrease in the dip of the acoustic 

basement may be a reflection of the Lualualei stand of sea level. Re

flectors above the acoustic basement show slump features and range from 

0.03 second (75 feet) to 0.05 second (125 feet) thick. The veneer oc

curs offshore of Kalaupapa and is very thin, being 0.001 to 0.002 sec

ond (2.5 to 5.0 feet) thick. Along the sides of the canyons some pond

ing of the veneer appears to have occurred, increasing the veneer 

thickness to 0.005 second (12.5 feet) in these ponds. Slumping of the 

veneer is also suggested by the pinching out of the layer. The mound 

of sediment near the axis of Waikolu submarine canyon may be either a 

slump block or a side echo from some feature further up the canyon. 

The sedimentary structure offshore of canyon country can be di

vided into two basic units, the submarine canyons and the intercanyon 

areas (Figure 51). Inshore of the canyon heads the sediments are very 

thin (0.005 second, 12.5 feet) and highly reflective. There appears 

to be no evidence of buried canyons extending between the submarine 

canyons and the onshore canyons. The pinnacle area is covered by a 

single reflector 0.005 to 0.007 second (12.5 to 17.5 feet) below the 

sediment surface. The veneer is thinner over the crests of the 
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pinnacles than it is between the pinnacles. The only apparent buried 

feature is located (Figure 52) east of the pinnacle area and midway be

tween shoreline and the head of Wailau submarine canyon. The basement 

reflector appears nearly horizontal over a distance of about one nauti

cal mile, intersects the bottom of the veneer to the west, and termin

ates against a basement high on the east. The thickest portion of this 

sediment wedge lies just west of the eastern end and is 0.3 second 

(75 feet) thick. About lh miles offshore this buried channel appears 

as a smaller and shallower feature being only about 0.75 nautical mile 

wide and 0.015 second (37.5 feet) in total thickness. It is suggested 

that this channel, like the one on West Molokai, is related to Pleisto

cene erosion and the submarine canyon lying offshore. 

The intercanyon areas show an increasing thickness of sediment 

with an increasing distance from land reaching a maximum of 0.18 to 

0.23 second (450 to 575 feet) about 3 nautical miles offshore and then 

decreasing again to 0.10 second (250 feet) 4 nautical miles offshore. 

0 
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Figure 52, Seismic reflection profile across the only buried feature 
found on the shelf off East Molokai Dome. ~ Vertical 
exaggeration 7 to 1. 

sea level 

sedimentary veneer-i 

^—acoustic basement 

nautical mile 



80 

The veneer covers the entire intercanyon area with from 0.001 to 0.01 

second (2.5 to 25 feet) of sediments. Thickness varying as the topog

raphy, being thinner on highs and thicker in the lows. As many as 

three distinct reflectors are visible in the veneer. The underlying 

reflectors show internal structures, most of which are not reflected 

by the surface bathymetry. The acoustic basement is usually horizontal 

in the center of each intercanyon area and tends to dip into the canyons 

on each side. The reflectors above the basement are roughly conformable 

with the basement in the center of the area; however, they thin as they 

approach the canyons. The uppermost reflectors, which appear directly 

below the veneer, tend to conform to the bathymetric profile and overly 

the canyon wall outcrops of the deeper reflectors. All basement re

flectors appear to crop out on the submarine canyon walls, except for 

the basement seen in the profile run 4 nautical miles offshore (Figure 

53). 

Two buried canyons with about 0.07 second (175 feet) of sedi

ment filling, appear in the farthest offshore seismic reflection pro

file (Figure 54). The sediments that filled these canyons appear to be 

dipping into the canyon, with the dip decreasing as the canyon fills. 

The sediment veneer continues across these features with a thickness of 

0.01 second (25 feet) and does not reflect any of the subsurface struc

ture in the bathymetry. Kawainui submarine canyon occurs just east of 

one buried canyon and Wailau submarine canyon lies just east of the 

other buried canyon. Both submarine canyons appear to be underlain by 

the acoustic basement. The upper reflectors can be traced across the 
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Figure 53. Seismic reflection profile run 4 nautical miles offshore 
across Waiehu submarine canyon showing the apparent con
tinuation of the acoustic basement under the canyon axis. 
— Vertical exaggeration 7 to 1. 
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Figure 54. Seismic reflection profile showing two buried submarine 
canyons on the upper edge of the insular shelf. — Ver
tical exaggeration 7 to 1. 
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canyon and do not appear to dip toward the canyon axis, suggesting that 

the canyons were maintained in the sediments and were built by deposi

tion on the insular slope and transport in the canyons. 

The canyon wall heights increase with increasing distance from 

land, reaching a maximum of about 600 feet 3 nautical miles offshore. 

This maximum corresponds with the sediment thickness maximum. Offshore 

of this maximum the wall heights appear to decrease again, becoming 

zero at a water depth of about 6000 feet where Shepard and Dill (1966) 

reported the canyons terminate. 

Two distinct areas appear to exist in each submarine canyon, 

the canyon tributaries and the submarine canyon itself. The sedimentary 

veneer continues across most tributaries with occasional deeper reflec

tors appearing below the apex of the tributaries. Most of the tribu

taries appear to show no evidence of sediment transportation or move

ment. The upper reaches of the submarine canyons characteristically 

show slump features and sediment filling (0.005 to 0.04 second, 12.5 to 

100 feet) in the canyon axis. Pelekunu canyon, for example, appears as 

V-shaped valleys in the profiles with a slump structure on the east side 

that is 0,035 second (87.5 feet) thick (Figure 55). Along line 11, 

about lh nautical miles offshore, Pelekunu submarine canyon has three 

tributaries. Two V-shaped canyons form the east fork and one U-shaped 

canyon forms the west fork of Pelekunu canyon. Sediments appear to 

have slumped into the east fork canyons while the west fork canyon 

shows no internal structure. Because the east fork of Pelekunu sub

marine canyon lies directly offshore of Pelekunu Bay, it is possible 
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that the east fork receives a majority of the sediments delivered to 

the area by Pelekunu Stream, probably explaining the origin of the sed

iment slumps. On line 10, about 2 nautical miles offshore, the west 

fork of Pelekunu submarine canyon is V-shaped and the east fork con

tinues to show slump structures in the canyon axis. 

The intercanyon area between the east and west forks of Pele

kunu submarine canyon about 2% nautical miles offshore, line 9, is 

probably a depositional area. The basement reflector occurs deeper 

than the axis of the west fork and dips sharply toward the east fork 

of the canyon as it approaches the canyon axis. Three nautical miles 

offshore, Pelekunu submarine canyon, which is now a single V-shaped 

canyon, begins to join with Waipu submarine canyon, which lies to the 

east. The intercanyon area between these two major canyons appears 

to be composed of numerous slump blocks resting on an acoustic basement 

that dips toward each canyon near the canyons and is roughly horizontal 

and irregular between the canyons. The basement reflector appears to 

extend below the axis of Waipu submarine canyon, suggesting that this 

canyon has undergone some sediment filling. 

Waiehu submarine canyon is a V-shaped canyon with an apparent 

progressively increasing sediment filling in the canyon axis (Figure 

56). The profiles run less than about 3 nautical miles offshore. 

Lines 9 and 3 show strong evidence of slumping into the canyon while 

those run further offshore show flat sediment-filled canyon floors. 

This difference between the near shore and offshore portions of the 

canyon suggests that sediment is delivered to the canyon from the 
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shore and intercanyon area along the near shore portion of the canyon 

and is transported in the offshore portion of the canyon by gravity 

flow of the sediments. This sediment transport mechanism can explain 

the change from a slump-filled canyon axis to a flat-lying, sedimen

tary-filled canyon axis. 

5.3 Wave Refraction Analysis 

A wave ray diagram, following the computer program by Wilson 

(1966) modified for the author by Craig (1970), was used to evaluate 

the wave patterns along the North Molokai coast. Wave ray diagrams 

were calculated for both the trade wind-generated waves (12-second wave 

period) and for the waves generated by North Pacific Polar Front cy

clonic storms (20-second wave period). The deep water waves approach 

the island from the north (000 True) to the northeast (060 True); 

therefore these two basic deep water wave directions were selected, and 

two computer analyses were made for each direction, one for trade wind 

waves and the other for polar front waves. 

To evaluate the effect of refraction on the distribution of 

wave energy along the north shore, the number of actual refracted rays 

reaching the island shore (n) is compared to the number of rays that 

would reach the shore if the north shore were vertical and no refrac

tion took place (N), to give the refraction effect coefficient (R). 

The ideal nonrefracting island will receive N waves; where N is related 

to the length of the island (L), the spacing of the wave rays or ortho-

gonals (b), and the wave approach direction (9), and is expressed by 

the equation: 
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N = cosine 0 

Waves arriving from the north (000°T) are generally unaffected 

by the bathymetry of the North Molokai insular shelf, because the 

gently dipping smooth planar shelf is oriented normal to the approach

ing waves. The wave refraction diagrams of the locally generated trade 

wind waves (Figure 57) and of the polar front generated waves (Figure 

58) are almost identical, and show that the effect of wave refraction 

across the shelf is not dependent on wave period when the waves arrive 

from the north. Waves arriving from the northeast (060°T) are, how

ever, affected by the North Molokai insular shelf. The wave ray dia

grams for the local waves (Figure 59) and the polar front waves (Figure 

60) differ because wave refraction is dependent on the wave period. 

Locally generated trade wind waves are not as strongly affected by the 

insular shelf as are the polar front waves because the shorter period 

wave has a shorter wave length and is affected by a correspondingly 

smaller shelf area. A 21% increase in the waves reaching the shore by 

refracting was calculated for the local waves, while a 24% increase was 

calculated for the polar front waves (Table 5). 

The locally generated waves usually arrive from the northeast 

O 
(060 T) while the polar front waves usually arrive from the north 

O 
(000 T), The most common wave pattern, therefore, is constructed by 

mixing waves from these two sources. Because the wave length varies as 

the square of the wave period, each polar front wave will have about 

four local waves traveling across its surface. If deep water wave 

heights, based on field observations, are assumed to be 10 feet for 
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Table 5. Wave refraction effect. 

Wave 
source 

0 N n R 
Percent 
increase 

Comments 

Entire Coast 

Tw 000 66 66 1 0 Pf = Polar front 

Pf 000 66 66 1 0 Tw = Trade wind 

Tw 060 33 40 40/33 +21 R = n/N 

Pf 060 33 41 41/33 +24 

East Molokai 

Pf 060 20 23 23/20 +15 East Molokai in
cludes Kalaupapa 

Tw 060 20 22 22/20 +10 Peninsula 

West Molokai 

Pf 060 19 19/14 +36 

Tw 060 14 18 18/14 +28 
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the trade wind wave and to be 20 feet for the polar front wave, It is 

possible to evaluate the wave energy distribution and to estimate the 

sediment transport capabilities of the two waves. Total deep water 

wave energy is a function of the square of the wave period (T) and the 

square of the deep water wave height (H), expressed as: 

E = 40.96 (T2 x H2) 

The wave energy moving forward with each wave is one-half the total 

deep water wave energy. If the period is in seconds and the height is 

in feet, the wave energy is expressed in foot-pounds per linear foot of 

wave crest per wave. The deep water energy per linear foot of trade 

wind wave crest is 5.8 x 10"* foot-pounds per wave and of polar front 

wave crest is 6.5 x 10^ foot-pounds per wave. The wave energy arriving 

at the shore is a function of the wave refraction and, averaged along 

the entire island shoreline, is a function of the ideal wave ray number 

(N) and the refraction effect coefficient (R). The refraction effect 

coefficient is unity for waves arriving from the north; therefore the 

average shoreline energy for these waves is equal to the deep water 

energy. The shoreline energy in waves arriving from the northeast is 

greater than that arriving at the shore of an ideal island because the 

refraction effect coefficient is greater than one. The average shore

line energy derived from the trade wind waves arriving from the north

east is 607. of that derived from trade wind waves arriving from the 

north and for the polar front waves is 62% of that arriving from the 

north. The average wave power per linear foot of island shore per hour 
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g 
is 1.7 x 10 foot-pounds in trade wind waves arriving from the north 

g 
and 1.0 x 10 foot-pounds in trade wind waves arriving from the north

east. Average polar front wave power per linear foot of shoreline per 

9 
hour is 1.2 x 10 foot-pounds for waves arriving from the north and 

g 
7.2 x 10 foot-pounds for waves arriving from the northeast. A summary 

of the wave energy and power is given in Table 6. 

Table 6. Average wave power dissipated against Molokai. 

Deep water 
energy 

Wave power (per foot of wave) 

°T ft-lbs 
ft-wave/wave 

ft-lb/hr kilowatt horsepower 

Trade Wind Waves 

000 5.8 x 105 8.0 x 107 8.0 X 106 5.5 x 108 

060 5.8 x 105 5.0 x 107 

Polar Front Waves 

4.5 X 106 3.4 x 107 

000 6.5 x 106 6.0 x 108 5.5 X 107  4.0 x 109 

060 6.5 x 106 3.6 x 108 3.2 X 106 2.4 x 109 

The longshore energy derived from waves arriving from the north 

is less than 1% of the incoming energy along most of the north coast of 

Molokai. Along the east coast of Kalaupapa Peninsula, however, the long

shore wave energy is about 8% of the incoming energy. The longshore 

littoral transport capability along the east coast of Kalaupapa is about 

6000 cubic yards of sand per day (Savage 1959). The littoral transport 
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estimation was based on laboratory studies of transport along sand 

beaches. Because the entire north coast of Molokai is predominantly 

sea cliff and rock beach, the actual littoral transport is significantly 

less than the capability for littoral transport of sand size particles. 

The few beaches that exist occur in protected pockets and small bays. 

Waves arriving from the northeast are refracted into the shore 

and have a longshore wave energy of about 6% of the incoming wave 

energy along East Molokai Mountain and about 12% of the incoming wave 

energy along West Molokai Dome. Waves strike the east coast of Kalau-

papa Peninsula nearly normal to the coast line so the longshore wave 

energy is minimal. The high wave energy environment along the north 

coast of Molokai Island probably explains the occurrence of stone 

beaches and the lack of sand beaches. The littoral transport capability 

is large, 40,000 cubic yards of sand per day along West Molokai (Savage 

1959), and would be expected to remove the fine material as soon as it 

is formed by wave erosion or land sliding. The water adjacent to the 

shore is 10 to 30 feet deep, further suggesting that the reflected 

waves and wave backwash moves sediment directly away from the shore and 

below the littoral drift zone. 

Analyses of waves breaking on engineering structures and wave 

runup on beaches and on coastal structures have been carried out in 

both laboratory studies and through field observations (Saville 1956, 

U. S. Army 1966). The results of these analyses can be applied to the 

north coast of Molokai within the limits of the assumptions about the 

geometry of the coast. The bathymetric data gives an approximate slope 
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of one in ten (1/10) for the shelf-shore area on Kalaupapa and in 

stream valleys and for the shelf off the sea cliffs. The height of the 

breaking wave and the depth at which the wave breaks can be determined 

from the graph in Figure 61 (U. S. Army 1966). Both the trade wind and 

the polar front waves have a deep water height-to-length ratio of about 

0.01, which yields a depth of breaking to deep water wave height ratio 

of about 1.8 for a theoretical solitary wave and about 1.9 for a 

breakers and surf condition. Polar front waves therefore break in 

water from 36 to 38 feet deep while trade wind waves break in water 

from 18 to 19 feet deep. The height of the breaking wave on a 1:10 

slope is about 1.7 times the deep water wave height (Figure 61), giving 

24-foot high breaking polar front waves and 17-foot high trade wind 

waves. 

Three basic shoreline profiles can be assumed for the north 

coast of Molokai: a 1 on 10 slope, a vertical wall fronted by a 1 on 

BREAKER INDICES 
Height: 

Slope I HO 
~ Breakers 8 Surf 

Depth: 
Solitary Wove 
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Figure 61. Breaker height and depth indices as a function of wave 
steepness. ~ After U. S. Army 1966. 
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10 sloping beach, and a recurved wall fronted by a 1 on 10 beach (Fig

ure 62). Relative wave runup values, based on model studies by Saville 

(1956) can be determined for these three cases (Figure 63). Polar 

front waves will theoretically run up a 1 on 10 sloped beach, Kalaupapa 

for example, about 20 feet, while they will reach as high as 60 feet on 

the vertical wall with its toe 30 feet below sea level, and about 14 

feet up the recurved wall. Trade wind waves will run up about 10 feet 

on Kalaupapa, about 30 feet on a vertical wall with its toe 15 feet be

low sea level, and about 7 feet up the recurved wall. These runup 

heights, however, are based on the assumption that the surfaces are 

smooth. 

The dynamic pressure force acting against a vertical walled 

engineering structure has been determined by Minikin (1963). The dy

namic pressure formula was derived for a composite breakwater consist

ing of a concrete superstructure resting on a rubble foundation. The 

vertical wall portions of the north coast of Molokai approximate a 

composite breakwater because slumping and rock falls from the sea cliff 

have built a rubble fill along the base of the cliff. Assuming that 

the toe of the sea cliff is vertical, is 30 feet below the sea surface, 

is fronted by a 1 on 10 sloped beach, and a polar front wave breaks 

against the wall, 16,000 pounds per square foot of dynamic pressure is 

absorbed by the cliff. If, however, the wave breaks just prior to 

reaching the wall, the dynamic pressure is reduced to 1000 pounds per 

square foot. Dynamic loading of the sea cliff is further reduced if 
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Figure 62. Three basic shoreline profiles that appear to fit the con
ditions on Molokai. 

x •v 
<E 

& 
3 
Z 
3 
K I 

c 
b! 

Ili 
C 

SOA. 

31 [CURVE ) ' (ft 

H./T 

Figure 63. Relative wave runup on different shore profiles. -- After 
Saville 1956. 
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the wave runs up a narrow beach prior to reaching the sea cliff. A 

50-foot wide beach, for example, reduces the dynamic pressure of a 

polar front wave against the sea cliff to 800 pounds per square foot. 



CHAPTER 6 

ANALYSIS OF THE GEOMORPHOLOGY 

The geomorphology of the north slope of Molokai Island probably 

developed through the processes of subaerial weathering, erosion, and 

deposition operating upon a subsiding volcanic island with a steep 

north slope. The canyon systems were then cut by subaerial erosion 

prior to the sinking of the island, and after submergence the submarine 

portions of the canyons act as turbidity current channels. Wave ero

sion, operating along the entire north shore, cut the insular shelf and 

generated a line sediment source supplying sediment to the shelf. Sed

iments derived from the island streams travel to the Hawaiian Deep in 

the form of turbidity currents flowing down the submarine canyons, while 

those derived from coastal wave erosion generally move across the shelf 

and are deposited on the shelf where they tend to increase the canyon 

wall heights. The great windward sea cliff probably developed through 

rock slumping and raveling as the toe of the sea cliff was undercut by 

coastal wave erosion. 

6.1 North Slope of Molokai 

From a reconstructed profile across Molokai Island (Figure 64) 

it appears that the East Molokai Dome would reach a height of 25,000 

feet above present sea level if there had been no erosion or isostatic 

subsidence. Geophysical data suggest that the island has subsided 

100 
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SLOPE HAWAIIAN OEEP EAST MQLOKA1 DOME SHELF 

20 

Figure 64. Reconstructed north-south profile across Molokai Island.— 
Vertical scale in 1000's of feet, no exaggeration. 

about 16,000 feet into the upper mantle, thus accounting for the ma

jority of the vertical lowering of the island crest. Because isostatic 

subsidence cannot occur until after the crust is loaded and because the 

rate of eruption of oceanic islands during their early stages is geo

logically very rapid, it is reasonable to suggest that Molokai may have 

reached a maximum height of 8,000 to 10,000 feet above sea level. 

O 
A slope of 16 was measured for the reconstructed north slope 

of Molokai, which agrees with the dip of 15° for the north dipping lava 

beds. These lava beds dip at a steeper angle than those dipping in the 

other directions, probably due to the fact that these lavas flow di

rectly into deep water and are not ponded or banked against another 

volcano. The reconstructed slope is based on extending the acoustic 

basement reflector and the seismic refraction data upward rather than 

by projecting the profile of the island downward. The crest of the 

reconstructed profile of Molokai falls inshore of the anomalous bathy-

metric zone that marks the center of the North Molokai volcanic pipe 

zone. It is suggested by the reconstruction of Molokai and the 
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aeromagnetic studies of Malahoff and Woollard (1965) that the East 

Molokai Dome was originally three circular shield volcanoes that even

tually coalesced to form one major east-west elongated volcanic island, 

and that a final center of volcanism, which became the major source of 

the East Molokai volcanic rocks, formed along a subsidence fracture 

that intercepted the source area of the North Molokai volcanic pipe 

zone. 

The most striking geomorphic feature along the north coast of 

Molokai is the great windward sea cliff of East Molokai. Dana (1890) 

and Lindgren (1903) both suggested that this sea cliff was a major 

fault scarp and Moore (1964) theorized that the sea cliff was a giant 

submarine landslide scarp; however, the reconstructed north slope of 

Molokai does not appear to support such a fault or landslide hypothe

sis, Further evidence that does not support the fault or landslide 

hypothesis is seen in the bathymetry and seismic reflection data col

lected offshore of the North Molokai insular shelf during cruises 

MOLCAN II and SUBSHELF I. The existence of the well-developed ancient 

Waho shelf, 3600 feet below sea level, both north and south of Molokai 

Island suggests that Molokai was not faulted at the time of the Waho 

stand of sea level. The Lualualei stand of sea level, 1200 to 1800 

feet below present sea level, also correlates with the other Hawaiian 

islands and further supports the suggestion that any fault or landslide 

would have to predate the Waho stand of sea level (Eocene?), Although 

the terminal depths of the submarine canyons are not exact indicators 

of the stand of sea level at an earlier period, the Molokai submarine 
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canyons terminate at about the same depth (6000 feet) as the submarine 

canyons on Oahu and Kauai (Shepard and Dill 1966). If the canyons are 

subaerially formed, then this similarity between the canyon terminals 

implies that the fault or landslide predates any of the present geo-

morphology of the north coast of Molokai. 

6.2 Origin of the Great Windward Sea Cliff 

Ancient en echelon faults that formed during the eruption of 

the Lower East Molokai volcanic series appear to control the present 

geomorphology of some portions of the great windward sea cliff. The 

ancient faults are apparent in the aerial photographs of Molokai (Fig

ures 65 through 69). Stearns and Macdonald (1947) report that this 

fault system appears to outline a downthrown block about 6 miles long 

and 2 miles wide. This downthrown block ponded thick layers of lava 

that are now exposed along the base of the sea cliff. The faults 

strike parallel to the north coast and generally dip toward the south 

at 50° to 80°. Stearns and Macdonald (1947) suggest that the lava 

beds dipped toward the north when they were deposited and that the en 

echelon faults caused their present southward dip. 

Modern geophysical and bathymetric data over the North Molokai 

volcanic pipe zone, however, suggest that these southward dipping lava 

beds were formed during the eruption of the ancient North Molokai vol

cano and were buried by lavas outpouring from the modern caldera. The 

faults would therefore have been formed by a slope failure on the an

cient North Molokai volcano's south slope. Further evidence supporting 

this suggestion is seen in the fault block zone on West Molokai Dome 



Figure 65. Vertical aerial photograph of Walkolu Canyon mouth, 
Molokal Island, Hawaii. — Notice the elevated terrace 
marked by the arrow. Photo by ASCS. 
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Figure 66. Vertical aerial photograph of Haupu Bay, Molokai Island, 
Hawaii. — Notice the small slump marked by the arrow. 

Photo by ASCS. 



Figure 67. Vertical aerial photograph of Pelekunu Canyon, Moloka: 
appears to reflect fault control. Notice the small s! 



Figure 67. Vertical aerial photograph of Pelekunu Canyon, Moloka: 
appears to reflect fault control. Notice the small s' 



'aph of Pelekunu Canyon, Molokai Island, Hawaii. -- The cliff area (A) 
.t control. Notice the small slump block (B). Photo by ASCS. 



Figure 68. Vertical aerial photograph of Wailau and Kahawaiiki stream 
valley mouth, Molokai Island, Hawaii. ~ Photo by ASCS. 



Figure 69, Vertical aerial photograph of Papalaua Valley, Molokai 
Island, Hawaii. — Photo by ASCS. 
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(Figure 10) where Stearns and Macdonald (1947) reported that the fault 

blocks moved downward and away from the caldera due to an apparent 

slope failure. It is possible that the southern faults on the ancient 

North Molokai volcano fault block penetrated the volcanic source and 

eruptions started on the volcano's southern flank, explaining why the 

present caldera is located about 6 miles south of the North Molokai 

volcanic pipe zone. The linear nature of faults would also explain 

the elongate shape of the modern caldera. 

The slopes of the great windward sea cliff are steeper than the 

slopes of the stream valley walls by about 10° (Figure 70). This is 

probably a reflection of the erosion mechanisms operating in these two 

areas. Coastal wave erosion tends to rapidly remove any talus from the 

toe of the sea cliff, when compared to the talus collecting at the base 

of the stream valley walls. This difference in the talus is easily 

seen along the sea cliff in Pelekunu Bay and along the sides of Pele-

kunu Stream in the aerial photograph (Figure 67). The oblique aerial 

photograph of the Kawainui stream valley (Figure 71) also shows this 

contrast between stream eroded walls and the wave eroded cliff; notice 

in particular the nearly vertical termination of the ridge on the west 

side of the bay and the lack of a beach fronting the area. 

Data obtained by Shepard, Macdonald, and Cox (1950) on the ef

fect of the tsunami of April 1, 1946, on the coastal geomorphology 

along the north coast of Molokai show that the near sea level portions 

of the coast can be drastically changed in a very short time interval. 

Wave runup from this tsunami on the Kalaupapa was about 8 feet above 
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Figure 70. Plot of the average slope height measured on the sea 
cliff, the stream valley walls, and the waterfalls 
against the slope inclination. — The circled data 
points represent two similar cliffs. 



Figure 71. Kawalnul stream valley mouth, viewed from an elevation 
of 1500 feet, one-half mile offshore. — Notice the 
talus along the base of the stream valley walls. Photo 
by the author. 
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sea level, significantly less than the 20-foot normal storm wave runup. 

In contrast wave runup in the East Molokai canyons reached over 50 feet 

above sea level averaging over 30 feet. The entire coastal area in 

Halawa Bay, northeastern end of Molokai, was completely cleared and 

leveled and the beaches were cut back several feet. The waves tended 

to build up large deposits of beach sand and gravel and to push trees 

inland along the canyon walls while they eroded deep channels and holes 

along the canyon axes. In a few canyons wave runup was greater along 

the canyon axes than along the walls. In other areas the waves rose 

slowly, like an excessively high tide, and fell violently, carrying 

large quantities of sediment seaward and undermining the inland areas. 

The final result of this tsunami was the drastic change in the coastal 

geomorphology of the canyon mouths along the north shore of Molokai, 

An indication of the stability of the great windward sea cliff, 

the stream valley walls, and the waterfalls can be obtained following 

the method of Hoek (1970). By assuming a failure mechanism, an angle 

of internal friction (0), and a rock mass cohesion (C), it is possible 

to compare the behavior of the Molokai cliffs to the slope design chart 

for the selected failure mechanism, A circular mode of failure was as

sumed because the detailed structural information on Molokai is not 

available, and there probably are few faults or joints that are continu

ous throughout the entire rock mass. Because the rock mass parameters 

0 and C are assumed, it appears reasonable to select the simplest case 

of a drained slope with no tension crack at the crest. The slope is 

probably drained along numerous bedding planes. A majority of the rain 

water collected on the top of East Molokai Mountain is apparently 
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confined at high elevations by dike complexes and therefore probably 

does not enter the lower slope (Stearns and Macdonald 1947) (see Figure 

19). 

0 
An average angle of internal friction of 49 was assumed for 

the calculation of the slope angle function (X) and a cohesive strength 

of 5000 pounds per square foot was assumed for the rock mass for cal

culation of the slope height function (Y). This value of cohesion 

falls between the intact strength for very soft rock and soft rock and 

was selected because the bedding includes both hard lava beds and vol

canic ash and clay beds, and is deeply weathered. These values were 

applied to the slope heights (H) and inclination (i) measured on 15 sea 

cliffs, 15 stream valley walls, and 2 waterfalls. A plot of the height 

function against the angle function (Figure 72) shows that the stream 

valley walls are generally stable, that the sea cliffs are near the 

equilibrium point, and that the waterfalls are unstable for the values 

assumed. 

These data and observations of the sea cliff suggest that the 

most probable mode of failure is one of small rock slides and a general 

raveling of the slope rocks. The effect of chemical weathering on the 

Hawaiian basalts is rapid, due to the warm moist environment. Figure 

73, taken of the sea cliff near the east end of Molokai, shows that the 

cliff surface is controlled by the more resistant lava beds, that these 

beds are able to support the cliff above an overhang formed by wave 

undermining, and that no stepping or fault scarps appear near the crest 

as would be required if major slides cut back the cliff (notice the 
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Figure 72. Slope stability chart for a circular failure mode. — 
The solid line marks the line of limiting equilibrium. 
After Hoek 1970. 



115 

Figure 73. Aerial photograph of the sea cliff just west of Halawa 
Bay. — The cliff crest is 1200 feet above sea level and 
the cliff slope is 65°. Notice the influence of the more 
weather-resistant beds on the surface texture of the 
cliff face and the wave-undermined area along the base 
of the cliff. Photo taken from 2000 feet elevation and 
one-quarter mile offshore. Photo by the author. 

small talus piles along portions of the toe of the cliff). This demon

strates that the cliff is undercut at the toe by wave erosion and prob

ably remains stable through the gradual unloading of the face by small 

rock slides and rock raveling, rather than by major landslides or 

slumps. 



CHAPTER 7 

CONCLUSIONS 

Detailed bathymetric, seismic reflection, and wave refraction 

evidence collected on the North Molokai insular shelf and slope sug

gests that the geomorphology of the north slope developed through the 

processes of erosion and deposition operating upon a subsiding volcanic 

island having a relatively steep slope. The subaerial-submarine can

yon systems probably formed through subaerial erosion followed by 

drowning, and the great windward sea cliff was apparently cut by wave 

erosion. No evidence suggests that a major island fault or landslide 

formed the sea cliff. There is, however, some local ancient fault con

trol of sections of the sea cliff north of canyon country on East 

Molokai Dome. 

Sediments are derived from two basic island sources: the sub-

aerial canyons and the coastal area. Sediments that are delivered to 

the submarine canyons by turbidity current flows from the streams and 

by bottom movements from wave action are carried down into the Hawaiian 

Deep along the canyons. Those sediments that are not delivered to the 

canyons are deposited on the insular shelf. The mechanism of canyon 

transport and intercanyon deposition has increased the submarine can

yon wall heights above the original canyon walls and in effect has in

creased the apparent canyon relief. A composite profile of the present 

north slope of Molokai is shown in Figure 74. 
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Figure 74. Composite profile of the submarine portion of the north 
slope of Molokai. 
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The North Molokai sea cliffs appear to be standing in a stable 

condition for a circular mode of slope failure. The assumed rock co

hesion, used in the calculations, was such that only 1% of the failure 

surface need be intact unweathered lava for the sea cliff to be near a 

point of limiting equilibrium. The sea cliff appears to fail gradually 

through the mechanisms of small rock slumps, probably related to caving 

into the undermined area, and by rock raveling, probably related to the 

weathering of underlying ash beds. 
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