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ABSTRACT

Semiquantitative X-ray diffraction was used to dete~ine the relative

abundance of minerals in sediments from three estuaries on O'ahu3 Hawai'i.

The watersheds of the three sites represent diverse environments: Kane'ohe

Bay 3 a windJ.vard northeast facing lagoon-bay complex; Maunalua Bay3 a leeward

south facing 3 heavily urbanized area; Pearl Harbor3 a blend of urban

agricuUural3 estuarine complex on the leeward central portion of O'ahu.

Five suites of mineralogic asserrib lages were found: basaUic3 secondary

claY3 hydrothe~al-aeolian3 marine carbonate3 and authigenic. Carbonates

prevai led in the sediments in rane 'ohe Bay except near stream mouths. Pri

mary minerals of the basaUic suite dominated the terriginous sediments from

the streams3 but iron-rich secondary minerals were common and quartz and

mica of aeolian origin and some hydrothermal christobalite were present.

Secondary clay minerals and hematite were the main constituents of the sus

pended sediments carried to Maunalua Bay. In Pearl Harbor the basaltic

suite was dominant near the stream mouths. Secondary clays and aeolian

quartz and illite were found where salinity and currents allowed deposition.

Authigenic pyrite was formed where anaerobic conditions developed in organic

depositions. Montmorillonitic minerals corresponded to the source soils

derived from tuff. Heavy metals in rane'ohe Bay resembled the soil and rock

levels3 but considerably higher levels were found accumulated in the fine

sediments in Pearl Harbor.
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INTRODUCTION

The source and mineralogic composition of sediments were examined in

three estuaries on O'ahu, Hawai'i. Kane'ohe Bay receives sediments from

streams on the windward northeastern slopes of the Koiol au Range, Maunalua

Bay from those on the leeward slopes, and Pearl Harbor from streams of the

leeward central Ko'olau slopes as well as the windward slopes of the Wai'anae

Range.

GENERAL GEOMORPHOLOGY

Sediment supply, quality, and transport potential in streamflow are

directly related to the geomorphic provinces of the island. The general geo

morphology of O'ahu has been characterized by Jones, Nakahara, and Chinn

(1971) (Fig. 1):

The Waianae Range and the Koolau Range are both eroded remnants
of large Pliocene shield volcanoes, with maximum altitudes of
about 4,000 and 3,100 feet above mean sealevel, respectively.
Lava flows from the younger Koolau Volcano underlie all the
Koolau Range and most of the Schofield Plateau. Coastal plain
deposits that formed after cessation of the initial volcanic
activity consist of terrestrial and marine sedimentary deposits.
Pleistocene and Holocene lava flows and volcanic rocks fill many
deeply eroded valleys in the eastern part of the island, and in
many places interfinger with the coastal plain deposits.

Successive submergences and emergences have produced the se
quences of marine and terrestrial sediments, which form the
Coastal Plain proVince. Alluvial deposits extend from sea level
to an al ti tude of about 600 feet and form an apron around much of
the island. The older alluvium is fairly well consolidated and,
in many places, confines ground water in the underlying unweathered
lava flows. Younger alluvium and colluvium, consisting of poorly
to moderately well-sorted deposits of gravel, sand, and silt, ex
tend up most stream valleys.

Kane'ohe Bay

Kane'ohe Bay, located on the windward coast of O'ahu, is a compound

estuary-lagoon.

The watershed of the drainage area contributes an estimated 16 783 kg

(37,000 tons)/yr of susponded sediments (Jones, Nakahara, and Chinn 1971;
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Bartram 1976). One of the largest streams (Kamo'oali'i) carried a suspended

sediment load of 4 295.6 kg (9470 tons)/day during the 1969 flood (Fan 1973).

Hollett (1977) described the bay:

Kaneohe Bay, located on the northeast or windward coast of Oahu,
is the largest estuary of the Hawaiian Islands, encompassing an
area of approximately 18 square miles (Bathen 1968) (Fig. 2].
The adjacent watershed, about 32 square miles (Moberly 1963), is
drained by at least twelve perennial and intermittent streams.
This area occupies approximately the center position in a deeply
dissected volcanic shield and includes the northern one-half of
its ancient caldera. Elevation ranges from 3,105 feet at the
crest of the Koolau Range, the erosional remnant of the volcano,
to sea level at the mouths of the stream.

The development of the Kaneohe area into a shallow-water estua
rine bay began with the growth of a barrier and fringing reef
across the embayment formed by the Mokapu Peninsula and Kualoa
Point. As the sea levels changed during the Quaternary, the
coral growth kept pace, maintaining a reef dam acorss the bay
mouth. Thus during periods of sea transgressions, sediment
thickened between the base of the Pali and the sea by accumula
tion of alluvium from the stream headwaters and calcareous
material from the frowing reef. Erosion during periods of sea
regression, however, allowed the streams to cut winding paths
through the reef complex and may have led, in part, to the la
goonal separation of barrier and fringing reef and to the for
mation of the sand-bottomed channels through the present-day
reef at each end of the bay.

Streams draining the windward slopes of the Koolau Range have ex
tremely steep headwaters, usually beginning as intermittent water
falls from near vertical cliff faces, or as extremely steep cata
racts in the amphitheater-headed valleys. Channel lengths are
very short, with abrupt decreases in slope as streams reach the
coastal plain.

The soils in the Kane'ohe Bay drainage basin have been classified into

nine types by Foote et al. (1972) (Fig. 3). In order of decreasing abundance,

as measured by planimeter (Fan 1973), there are (1) Entisols (Lithosols),

50%; (2) Ustropepts (Humic Latosols--Kaneohe family), 32%; (3) Vertisols

(Dark Magnesium Clays--Lualualei family), 5%; (4) Mollisols (Gray Hydro

morphic Soils--Kaloko family), 5%; (5) Oxisols (Low Humic Latosols--Molokai

family), 4%; (6) Histosols (Bog Soils), 2%; (7) Solonchak, 1%; (8) Incepti

sols (Regosols--Manu family), 0.5%; and (9) Entisols (Alluvial Soils--Hanalei

family), 0.5%.
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SOURCE: Bathen (1968).

Figure 2. Perspective view of Kane'ohe Bay
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Figure 3. Generalized soil map of Kane10he basin, O'ahu, Hawai'j
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Maunalua Bay

Koko Crater and Koko Head are relatively recent eruptions in the Hono

lulu series, so that the Hawai'i-Kai are exhibits of many geomorphic stages,

described by Sakoda (1975) (Fig. 4):

Koko Crater and Koko Head, very young features by the geologic
clock, are in the youthful to submature stage of the erosion
cycle. Though young geologically, they are relatively easily
eroded and are notched with miniature v-shaped valleys. Flat
areas between these valleys, planezes, are not very broad as in
the characteristic youthful stage but they essentially mark the
original slopes of the features. The Koolau ridges and valleys
in the area are in the submature stage of the geomorphic cycle.
Hahaione and Kamilonui valleys are seemingly mature with broad
v-shaped valleys and flat floors, but are surrounded and sepa
rated by features which are submature. The flat floors are, in
this instance, caused not by erosion of the valley bottoms but
by alluvial and marine sediments that covered the valley floors
during higher stands of the sea. Kaluanui Ridge, an eroded pla
neze in the submature stage, is situated between Hahaione and
Kamilonui valleys. Also in the submature stage are Kaalakei
Valley, Kuliouou Valley, and a small unnamed valley on the
southeast slope of Kaluanui Ridge.

Streams in the area flow south, perpendicular to the east-west
direction of the Koolau ridgeline. Presently, due to the low
precipitation, approximately thirty inches per year, all streams
in the area are intermittent, flowing only during infrequent
periods of heavy downpours. In the past, however, when rainfall
was higher, the streams were dynamic forces constantly shaping
and reshaping the land. Though still present today, these forces
are working ata less rapid rate. Evidences of past stream acti
vity can be seen everywhere in the valleys and on the ridges in
the area. There are good examples of dendritic streams in the
valleys and there is one good example of stream piracy. On the
unnamed ridge between Kamilonui and Kamiloiki valleys a captured
stream valley enters Kamilonui Valley almost perpendicularly in
dicating that Kamilonui Stream had captured the adjacent smaller
stream when the streams were more active.

Kuapa Pond is situated in the center of the study area and empties
into Maunalua Bay. The formation of Kuapa Pond followed the emer
gence of the Koko Head and Koko Crater volcancis.

The present development of Kuapa Pond and the Hawaii Kai area
began in the early 2960s and has continued to the present. Prior
to that time the land was used for pig forms, truck farms, and
other agricultural uses.

Paik6 Peninsula at the eastern end of the bay is the most unstable

coastal feature on O'ahu and has formed since 1884. Geomorphology of the
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feature has been described by Hwang (1981):

Paiko Peninsula is the most unstable coastal feature on Oahu. A
Hawaiian government survey map taken of the Maunalua Bay area in
1884 indicate that this feature did not exist. Over the past
century the peninsula has grown approximately 2,000 feet to the
east.

Geomorphologists would classify Paiko Peninsula as a barrier
spit, an elongate sand body that extends from the coastline in a
roughly parallel trend and is seaprated from the land by a lagoon.
The peninsula changes in the following manner. Wave action trans
ports sand from the fringing reef to the beach along two distinct
sand plumes.

The dominant clay mineral in the four valleys is montmorillonite. Kao

linite is present on the hilly slopes, and a mixture of both clays is found

in the valley floors. The combination of low rainfall (762-1 016 mm [30-

40 in.] annually) and the poor drainage typical of the area is favorable for

th~ formation of montmorillonite. Kaolinite is found where rainfall is

higher and drainage is better. Kaolinite may also be transported onto the

valley floor by erosional processes. Tuff along the western slopes of Koko

Crater consists mostly of amorphous materials, some augite, zeolites, and

calcite (Fan 1974, 1976)(Fig. 5).

PEARL HARBOR

Pearl Harbor is a true coastal plain estuary. The three lochs (West,

Middle, and East) represent drowned valleys of three major streams which

joined to form a single river which now forms the main exist from the harbor.

Eight streams drain into Pearl Harbor of which two, Honouliuli and 'Aiea,

are intermittent. Waikele and its tributaries (Kipapa and Wakakalaua) carry

5.296 kg/m2 (13,500 tons/miles 2 ) annual suspended sediments (Jones, Nakahara,

and Chinn 1971). The increase in sediment concentration reported for Kipapa

between 1967 and 1974 was probably caused by construction activities of the

developing Mililani Town (Ekern 1976).

The complex landscape components and associated sedimentary bodies

which bound Pearl Harbor were described by Ruhe (1965) (Fig. 6):

The Ewa coastal plain descends from an elevation of approximately
95 feet along the south slope of the Waianae Range to sea level
and has two major parts [Fig. 5]. An inner clay plain, 1 to
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1. 5 miles wide, is composed of dark reddish brown (5YR 3/2, moist),
dense, compact, sticky, plastic clay a few to >60 feet thick.
Clays are intercalated with thin beds of coral limestone and in
places coral sand is dispersed throughout the clay even though
the matrix is noncalcareous. At the base of the Waianae slopes
the Ewa marine clay buries dark red (2.5YR 3/6, moist), weathered
clay that overlies saprolite and basalt, showing that a part of
the reddish Latosols rising up the slopes of the Waianaes pre
dates marine clay. Dominant soils are the Honouliuli clay on the
clay plain and Mamala silty clay loam and clay on the coral plain.

The inner margin of the Ewa coastal plain marks the Kaena
(Yarmouth) shoreline of Stearns and also occurs at the base of a
scarp that terminates the lowest Mahoe level of stepped surfaces
of the stepped sequence in the basin are older than the Ewa plain.

The Kaloi surface is a landscape of coalescent fan-shaped sedi
mentary wedges that debouche from gulches that descend from the
Waianae Mountains, Wahiawa Basin, and the Koolau Range. Waipahu
silty clay is the dominant soil on the Kaloi sediments.

Small alluvial fans descend from the south slope of the Waianae
Range and seaward scarp of the Wahiawa Basin surfaces on to the Ewa
plain and Kaloi alluvium respectively. The fans occur in a scal
loped pattern along the line of contact and are composed of dark
reddish brown (1.5YR 3/4, moist) clayey sediments derived from the
Latosols of the adjacent higher terrain. Collectively the land
scape of the fans is designated as the Kapolei surface. The Kapo
lei fans are post-Ewa and post~Kaloi and probably recent in age.
Ewa silty clay is the dominant soil on the fans.

Land bays occur around West Loch, Pearl Harbor, near Honouliuli
village, 1 mile northeast of Ewa town, 1 mile southwest of Waipahu,
and on the Waipio Peninsula. The bay surfaces rise from sea level
to more than 10 feet and generally but bounding scarps.

The soil, Pearl Harbor clay, is formed on the alluvium and must be
>670 years old. The landscapes within the land bays from lea
level to the bounding scarps are the Kapakahi surface.

The upland soils on the stepped surfaces of the Wahiawa province are

derived from the underlying basalt, although certain of the soils on the

high rainfall interfluves have significant deposits of aeolian quartz and

illite (Jackson et al. 1971) (Fig. 7). Soils of the Oxisol order, Typic

Torrox (Molokai) and Tropeptic Haplustox (Lahaina) occur on the lower steps

and the Tropeptic Eutrustox (Wahiawa) on the upper steps. On the very wet

interfluves, Humoxic Tropohumults (Paaloa) of the Ultisols order represent

an old residual surface, and the Typic Placaquepts (Olokui) of the Incepti

sols order fill the upland basins.
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Fi gure 7.
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Headwaters for the streams are in forest reserves in the high-rainfall

area of the Ko'olau Range. Waikele Stream and its tributaries pass through

soils that consist mostly of kaolinite and Fe, Al oxides. Two types of mont

morillonite are present in the Pearl Harbor area: one, occurring east of

Pearl Harbor, derives from Salt Lake tuff; the other, located north and east

of Pearl Harbor, is, according to Hussain (1967), the product of transforma

tion from metaholloysite. Montmorillonite content increases with depth in

the profile probably as a result of increased pH and high base-saturation in

the subsoil.

SOIL MINERALOGY

The intense tropical weathering of the basaltic parent materials is re

flected in the secondary mineral suites from the soil sources. The domi

nant clay minerals change with degree of aridity and internal drainage so

that a range from montmorillonite through halloysite, kaolinite, and gibb

site are to be expected (Hollett 1977; Ristvet 1978; Singer and Navrot 1977).

In general the Ultisols are high in residual basaltic suite minerals;

the Oxisols, Mollisols, Inceptisols, and Vertisols are high in secondary

clay minerals; while the Histosols contain organic materials.
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DELIVERY RATIO

The delivery of sediments from the initial upland source of supply to

the drainage basin outlet after redeposition within the basin makes the es

tablishment of immediate sediment sources a major problem. The small water

shed area and short time of concentration of most O'ahu streams (Wang and Wu

1972) ought to make the delivery ratio high. For the 116.55 x 10 6 _mz

(45-miles Z) area of the Waikele Stream into Pearl Harbor, a delivery ratio

of perhaps 15%, and for the 2.59 x 106 _m z (1 mile Z) watershed of streams in

to Kane'ohe Bay of perhaps 30% would be expected (Roehl 1962). For mid

western streams, the uplands were not the dominant sediment source, but

rather the flood plains furnished most of the sediments (Wilkin and Hebel

1982). Moreover, the suspended clay minerals carried from small agricultu

ral watersheds in western Oregon changed with the intensity of the storm

(Laird and Harward 1982). Storm intensity and consequent flow volume for

Hawaiian streams caused change in the quantity and the quality of the par

ticulate matter in the runoff (Dugan 1977; Ekern 1976; Jones, Nakahara, and

Chinn 1971).

LABORATORY METHODS

The samples were (1) oxidized with hydrogen peroxide (Jackson 1956);

(2) sieved, pipetted (Folk 1972), or photometrically centrifuged (Woodruff

1972) to obtain the grain-size distribution of the sand (0.063-2 mm), silt

(0.004-0.064 mm), and clay (0.004 mm) size distribution; and (3) analyzed by

semiquantitative X-ray diffraction techniques.

Semiquantitative analysis by the methods of Rex (1969), and Fan and Rex

(1972) were used to determine the relative abundances of minerals using peak

height calibration factors for the various phases (Table 1).

Mercury (Hg) was determined by flameless atomic absorption. After

nitric-sulfuric acid digestion and treatment with HzOz , the water-diluted

sample was measured by a Coleman 50 Mercury Analyzer.

The other heavy metals (Cu, Cd, Pb, Zn) were determined by flame atomic

spectrometry (Perkin Elmer 1976) on a Perkin-Elmer Model 603 Atomic Absorp

tion Spectrophotometer. After digestion with hydrofluoric acid and concen-
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TABLE 1. CALIBRATION TABLE FOR MINERALS UNDER INVESTIGATION
(CuKa. Rad iat ion)

Mineral Wi ndow Concentration
Degree 28 Factor

Anatase 25.17-25.45 0.73

Aragonite 45.65-46.00 9.30

Augite 29.70-30.00 5.00

Calcite 29.20-29.60 1.65

Chlorite 18.50-19.10 4.05

Cri stoba lite 21.50-22.05 13.00

Gibbsite 18.00-18.50 0.95

Goethite 36.45-37.05 7.00

Gypsum 11.30-11.80 0.40

Halloysite 11.70-12.20 3.57

Hemat i te 33.00-33.40 3.33

Ilmeni te 32.50-32.75 3.15

K-Fe 1dspar 27.35-27.79 4.30

Kao 1in i te 12.20-12.70 3.57

Magnetite 35.30-35.70 2.10

Mica 8.70- 9.10 6.00

Montomorillonite 4.70- 5.20 3.0

01 ivine 32.40-32.65 6.75

Plagioclase 27.80-28.15 2.80

Py rite 56.20-56.45 2.30

Quartz 26.45-26.95 1.00

SOURCE: Fan and Rex (1972) •

trated HN0 3 -HCL, the diluted sample was treated with H3 B0 3 • Salt and iron

were removed by chelation and the organic phase separated for analysis

(Kinrade and van Loon 1974).

RESULTS
Kane'ohe Bay

Ten soil samples from the Kane'ohe Bay drainage basin were collected

during 1959 (Fan 1973) and were analyzed by X-ray diffraction for their



15

mineralogical composition. The results are listed in Table 2. The sources

of these minerals can be identified according to the following assemblages:

(1) basaltic suite--plagioclase, augite, magnetite, ilmenite, and rutile;

(2) hydrothermally-altered basaltic suite--cristobalite, quartz, montmoril

lonite, and chlorite; (3) aeolian suite--mica and quartz; (4) secondary

mineral suite--anatase, kaolinite, geothite, hematite, and montmorillonite;

and (5) carbonate suite--calcite. Th~mineral assemblages of these soils

indicate that they are heterogeneous young soils.

Fourteen grab samples and six short (0.91 m [3 ft]) cores from Kane'ohe

Bay collected during 1969 were selected for mineralogic examination. Six

samples (345, 353, 357, 364, 377.; see Hollett [~977]) were from the patch

reef on the southern part of the bay and one (386) from the north central

reef. Carbonates made up more than 90% of the minerals with aragonite from

coral and Halimeda from the reef framework the major component. The small

terrigenous part of the sediment was mainly goethite, kaolinite, and mont

morillonite. The other 7 grab samples (384, 387, 396, 397, 398, 401, 407)

were from near the mouth of streams that enter the northern part of the bay.

Soil derived materials made up over 80% of the samples. Among the mineral

suites were (1) marine carbonite~aragoniteand calcite; (2) primary basal

tics -plagioglase, magnetite, and ilmenite; (3) hydrothermals-ehlorite,

dolomite, cristobalite, and some quartz; (4) aeolians--quartz and mica; and

(5) secondary products-geothite, montmorillonite, kaolinite, givvsite, and

anatase.

Twelve other grab samples collected during 1969 (264, 300, 325, 338,

361, 369, 378, 380-382, 390, 391) and a 1.5-m core from 1971 near the mouth

of Kamo'oali'i Stream were also examined for their clay mineral content

Table 3). Kaolinite was the major clay mineral, although as much as 57%

montmorillonite was found in samples in the relatively isolated southeastern

portion of the bay where samples are generally dark reddish brown, rather

than the gray carbonate-filled sediments elsewhere in the bay.

Eight cores (Table 4) and 9 grab (Table 5) samples from the Rainier

collections between February and September 1976 were analyzed for heavy

metals (Hg, Cu, Cd, Pb, Zn).The vertical distribution from core samples

was obtained.

The Hg concentration in Kane'ohe basalt is within the range of the

basaltic rocks reported by Fleischer (1972) of 0.002 to 0.5 ppm (Table 6).
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TABLE 2. MINERALOGY OF BULK SOIL SAMPLES FROM KANE'OHE BAY DRAINAGE BASIN, O'AHU, HAWAI I I

Sample Soi I Anat. Aug. Calc.Chlo. Cris. Gibb. Goet. Hema. 11 me. Kao 1. Magn. Mica Mont. Plag. Quar. Ruti.No. Type

1 Vertisols 0.9 ·.. 6.7 ... ·... 0.6 3.9 3.8 2.9 3.4 6.0 ·... 5.5 53.0 13.3

2A Ustropepts 4.9 ·.. ·.. 1.3 ·... ... 12.6 5.0 6.0 19.2 13.4 ·... 4. 1 ·... 33.5
2B Ustropepts 1.8 ·.. · . · . ·... 0.4 1.4 2.0 2.9 8.7 72.2 ·... 2.0 ·... 8.4 0.2

3 Ustropepts ... 4.3 ·.. ·.. ·... 2.3 13.6 9.7 9.5 5.4 18.2 12.7 4.5 18.0 1.0

4 Ustropepts 1.5 ·.. 1.3 2.7 58.5 0.5 0.9 4.3 2.6 1.8 9.4 8.3 2.5 ·... 5.3 0.2

5 Ustropepts 1.0 4. 1 ·.. ·.. ·... 2.4 0.4 10.6 10.1 4.7 13.9 8.3 5.5 38.2 ... 0.8

6 Bog So i 15 1.2 ·.. ·.. 1.2 13.2 2.6 ... 13.8 .... 1.9 13.5 13.2 3.7 22.6 1.2 2.0

7 Ustropipts 0~7 6.8 1.3 ·.. 19.0 3.6 8.7 4.6 ,11.4 4.5 7. 1 7.3 4.8 20.0

8 Ustropepts 3. 1 ·.. ·.. 6.5 ·... 5.0 22.1 9.3 15.5 ... 18.9 13 .8 5.9

9 Ustropepts ... ·.. ·.. ·.. ·... 3.0 8.8 19.7 7.7 14.9 11. 1 8.4 5.2 20.1 1.0

10 Entisols 1.7 ·.. 6.9 2.2 ·... 3.0 7.0 18.9 8.6 1.4 20.8 13.6 5.4 ·... 8.7 1.7
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TABLE 3. CLAY MINERALOGY OF GRAB SAMPLES, 1969

Sample
No. Stream/Bay

Amor- Magne- Plagio-
phous tite glase Solids Quartz
---------------{mg/t)----------------

48.8
12.833.6

2.2
4.5

1.2

21.2 48.6 1.2. 30.3
47.1 27.3 8.4 25.6

4.3
11.0
6.5
1.8

29.8
11.4
3.9

51.0
51.2
53.6

100
100

100

100

100

100
100

Kawa
Kawa
Kane· ohe (above Kamo·oa I iii)
Kamolo ali Ii (below Lu 1uku)
Kea'ahala
He'eia

'Ahuimanu
Kaha 1u I u
Waikane

Kane'ohe Bay (SE)
Kane'ohe Bay
(near Moku 0 Lo'e)
Kane'ohe Bay (off Kahalu'u)

5A
5B
6
7
8
9

12
13
15

10
11

14

TABLE 4. HEAVY METALS IN SEDIMENT CORE SAMPLES
FROM KANE'OHE BAY, O'AHU, HAWAI I I

Sample No. Mercury Copper Cadmium Zinc Lead
------------------------{ppm)--------------------------

KBGC-l-0 em
KBGC-1-63 em
KBFFC-2-0 em
KBFFC-2-19 em
KBFFC-2-32 em
KBFFC-2-45 em
KBFFC-2-107 em
KBFFC-3-0 em
KBFFC-3-115 em
KBFFC-4-0 em
KBFFC-4-20 em
KBFFC-5-0 em
KBFFC-5-30 em
KBFFC-5-90.5 em
KBFFC-6-0 em
KBFFC-6-17 em
KBFFC-6-34.5 em
KBFFC-7-0 em
KBFFC-7-9 em
KBFFC-7-16 em
KBFFC-7-27 em
KBFFC-:'7-38 em
KBFFC-7-52 em

5.00 134.2 3.3 202.4 7.3
0.10 227.7 2.4 181.7 3.4
1.11 119.6 3.2 164.2 57.6
0.27 117.1 2.6 145.8 7.0
0.15 55.3 3.5 79.4 72.9
1.03 103.1 4.1 121.8 12.8
0.04 67.7 4.2 93.2 10.8
0.46 55.1 2.8 82.4 24.0
0.24 30.0 2.8 63.9 45.1
0.61 66.9 2.2 101.5 46.2
0.56 79.6 2.5 108.3 3.8
0.48 68.8 3.9 109.2 14.4
0.33 70.8 2.3 105.4 8.4
0.40 83.8 4.3 167.9 2.1
0.61 7.5 2.9 9.4 12.0
0.22 6.6 2.7 13.5 10.0
0.41 10.4 3.7 13.7 4.1
0.43 28.1 3.5 44.2 8.5
0.44 54.8 3.2 90.8 8.6
0.48 47. 1 4.5 58.2 40.2
0.35 32.7 2.2 57.9 10.7
0.62 41.3 2.7 62.3 3.3
0.41 55.8 2.7 84.8 4.9

I,
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TABLE 5.

Sample
No.

32
2090
2317
2319
2319A
2320
2321
2321A
6403
6416

HEAVY METALS IN SEDIMENT GRAB SAMPLES
FROM KANE 'OHE BAY, 0 IAHU, HAWAII I

Me rcu ry Coppe r Cadm i um Zinc Lead
-----------------~(ppm)----------------

0.32 160.0 4.0 179.7 23.6
0.30 10.0 4.2 12.9 22.3
0.47 55.8 3.4 75.2 18.1
0.51 29.3 2.8 75.2 18.1
0.62 123.6 4.0 130.3 15.4
0.35 123.1 2.9 123.0 21.7
0.73 162.3 4.6 150.4 4.7
0.50 59.6 3.8 93.2 4.6
0.33 44.6 2.4 68.2 43.6
0.13 24.6 3.0 18.5 11.3

TABLE 6. HEAVY METALS IN ROCK SAMPLES FROM
KANE'OHE BAY, O'AHU, HAWAI II

Sample
No.

KB-R-l
KB-R-2
KB-R-3
KB-R-4
KB-R-5
KB-R-6

Mercury Copper Cadmium Zinc Lead
------------------(ppm)--------~-------

0.13 76.9 3.4 106.2 7.3
0.12 38.5 2.3 101.7 6.8
0.46 221 .7 3.8 104. 1 9.0
0.10 107.7 3.9 121.0 27.6
0.13 88.5 3.1 120.4 7.3
0.20 105.8 2.7 63.4 28.8

TABLE 7. HEAVY METALS IN SOIL SAMPLES FROM
KANEIOHE BAY, O'AHU, HAWAIII

Sample
No.

KB-7
KB-8
KB-9
KB-l0
KB-ll
KB-12
KB-13

Me rcu ry Coppe r Cadm i um Zinc Lead
------------------(ppm)----------------

0.14 215.2 4.6 120.4 61.0
0.15 191.3 4.3 171.4 6.0
0.20 173.9 4.2 158.1 1.4
0.14 160.9 3;5 168.5 12.3
0.30 206.5 3.1 154.8· 37.4
0.24 178.3 2.8 131.6 33.0
0.54 169.6 3.2 138.8 32.2

The mercury concentration in the sediments of Kane'ohe Bay shows no relation

ship to high concentration of detrital muds. However, the mercury concentra

tion generally increases with higher organic content, showing that most of

the mercury within the sediments are primarily--if not all--of cellular

origin. * It is known that lOiving cells, as well as other organisms, accumu

*M.S. Siegel 1982: personal communication.
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late mercury present in the surrounding environment through biological pro

cess (O'Itri 1972). Upon their death. they become deposits and settle with

other sediments. thus contributing to the higher amount of mercury concen

tration. The organic materials in the sediment core samples from Kane'ohe

Bay range from 1.57 to 7.76%. with an average of 4.5%. Also. the higher

mercury concentration seems to be at the sediment-water interface. The

higher mercury concentration seems to be at the sediment-water interface.

The average mercury concentration of the sediments of Kane'ohe Bay is low

compared to that of Pearl Harbor sediments--1.1 ppm (Youngberg 1973) and the

Ala Wai Canal and Yacht Harbor sediments--410 ppm (Eshleman 1973).

The copper concentration in Kane'ohe rocks and soils seems slightly

lower than the average 100 to 200 ppm for Hawaiian basalts (Table 7). The

copper concentration in the sediments of Kane'ohe Bay is low compared to the

copper concentration of the sediments of Pearl Harbor. 157 ppm. The high

copper concentration in Pearl Harbor may be linked to man's activities

(Youngberg 1973).

The cadmium concentrations in the bay area and the drainage basin of

Kane'ohe are quite evenly distributed. The average cadmium concentration of

the sediments of Kane'ohe Bay is almost three times as high as those of

Pearl Harbor (1.2 ppm)--also believed to be caused by man-made activities

(Youngberg 1973).

The zinc concentration of the rock samples ranged from 63.4 to 121.0

ppm with an average of 102.8 ppm, while the soil samples ranged from 120.4

to 171.4 ppm with an average of 149.1 in comparison to Kane'ohe Bay sediment

samples which ranged from 9.4 to 202.4 ppm with an average of 93.4. The

average zinc concentration in the soil samples of the Kane'ohe area is low

compared to those of Ala Moana Park--281.6 ppm. The high zinc concentration

in Ala Moana Park is believed to be the result of man-made activities

(Eshleman 1973). The average zinc concentration of the sediments of Kane'ohe

is also low compared to those of Ala Wai Canal and Ala Wai Yact Harbor,

181.0 ppm; and those of Pearl Harbor, 251.0 ppm. Again man's activities are

suspected for the high zinc concentration (Eshleman 1973; Youngberg 1973).

The average lead concentration in the basaltic soil of Kane'ohe is

higher than that of less populated Maui and Kaua'i--10 ppm (Eshleman 1973).

but is very low compared to those of Ala Moana Park--922.5 ppm (Eshleman

1973). Similar to the mercury concentration, the lead concentration in the
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sediments of Kane'ohe. Bay shows no relationship to high concentration of

detrial muds. The average lead concentration of the sediments from Kane'ohe

Bay is much lower than that of Ala Wai Canal and the Yacht Harbor--65.7 ppm

(Eshleman 1973) and of Pearl Harbor--115 ppm (Youngberg 1973).

Samples collected between March and July 1977 from streams and three

sites in Kane'ohe Bay had relatively low sediment concentrations of only

1.2 to 29.8 mg/~. The mineralogic composition included amorphous material,

magnetite, plagioglase, quartz, hematite, and kaolinite. The three bay

samples were entirely amorphous. Fine grain quartz present in most of the

crystalline fractions probably was derived from aeolian deposits.

Maunalua Bay

The results are drawn from the study by Sakoda (1975). Eighty-seven

samples from the watershed, marina, and bay were sampled and analyzed for

grain-size parameters and mineral composition. The watershed sediment

samples consist of plagioclase, kaolinite, hematite, magnetite, and a small

amount of quartz. Calcite was the main mineral from the bay sediments; kao

linite and montmorillonite were abundant near the marina where intermittent

streams deposit the terrigenous materials. Aragonite was common in larger

than silt (0.062 mm) fraction of the samples. Small amounts of magnetite

and plagioclase were also present in marine and bay samples. The amin vary

ing factor was the input of smaller grains of Koko Head tuff diluting the

carbonate sands along Portlock which is located adjacent to Koko Head, the

eastern portion of Maunalua Bay.

Coarse to medium sand was present on most of the reef flat and along

all the beaches along Maunalua Bay. Coarse, sand-sized volcanic materials

were found near the Portlock area. Silt and clay were found in the marina,

at the mouth of Kuliouou Stream, and in the deep channel (Sakoda 1975).

Pearl Harbor

The results are drawn from Turner (1975). A total of 72 samples, 56

from Pearl Harbor and 16 samples from Kipapa and Waikele streams were col

lected and analyzed. Five mineral assemblages were found: (1) basaltic

suite with plagioclase, augite, magnetite, and olivine; (2) secondary min

eral suite with hematite, kaolinite, montmorillonite, and gibbsite; (3)

aeolian suite with quartz and mica; (4) carbonate suite with calcite and
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aragonite; and (5) authigenic suite with pyrite. The basaltic suite was

most abundant near the mouth of streams'wherethe sand andsilt fractions

are deposited.

The montmorillonite in the secondary suite found in Hiddle Loch and the

northern and southern parts' of East Loch is related to its source - the mont

morillonitic soils developed from the adjacent Salt Lake tuff, and to the

quiescent saline harbor for its deposition. Quartz and mica were found only

in the bay fraction in accord with its purported aeolian origin (Jackson,

Nakahara, and Chinn 1971). The stream sediment samples had a higher aeolian

fraction than those within the bay. The mica fraction decreased with respect

to the quartz with increased' distance from the stream mouth in West Loch, a

probable consequence of differential transport of the two minerals. The car

bonate suite found in the channels was derived from ancient reef deposits in

the channel walls. Authigenic pyrite in the harbor sediments was related to

the anaerobic layer and distribution of organic matter. Sulfate first must be

reduced and the water react with iron to form the ferrous sulfate. Forty-two

additional samples provided by the U.S. Navy Civil Engineering Laboratory

were analyzed for metals by atomic absorption techniques in a baseline study

(Youngberg 1973) (Table 8). Cadmium, chromium, copper, lead, mercury, nickel,

silver, and zinc were reported trapped in the harbor sediments so that most

of these metals were removed from solution and not transported into the

ocean. Iron and manganese remained in solution and passed into the ocean.

CONCLUS IONS

The three O'ahu watersheds represent diverse environments: Kane'ohe

Bay, a windward lagoon-bay complex; Maunalua Bay, an urbanized watershed;

and Pearl Harbor, a blend of urban-agricultural estuarine complex.

Five suites of mineral assemblages were found in the 37.592 x 106 kg

(37,000 tons) of suspended sediment carried annually into Kane'ohe Bay:

basaltic, hydrothermal, secondary clay minerals, marine carbonate, and authi

genic. Twenty-five heavy metals were reported in Kane'ohe Bay sediments.

Mercury, copper, cadmium, zinc and lead resemble the amounts in the rock and

soil of the drainage area, with levels lower than those reported for Pearl

Harbor.

I
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TABLE 8. HEAVY METALS ANALYSIS

Sample Cd Cr Cu Pb Mn Hg Ni Ag Zn Fe
No. ---------------------------(x 103)---------~------------------

CC20 0.9 29 22 22 230 0.52 24 2.0 62 8.6
C020 0.7 42 33 31 360 0.49 42 2.4 100 14.0
CF20 24 71 40 390 1.6 27 90 5.5
CG30 26 40 30 450 0.44 37 2. 1 120 6.6

EB20 90 130 40 344 0.28 60 73 36.5
EB30 90 156 50 291 1.0 70 109 35.6
EC20 100 135 50 280 1.3 40 139 31.9
E020 100 173 100 270 1.7 80 148 44.2

ES10 170 85 16 600 0.38 380 1.2 140 67.0
ESll 0.6 180 96 18 610 0.37 410 1.6 150 72.0
ES12 130 65 17 330 0.40 280 0.9 120 45.0
ES13 100 81 12 430 0.17 380 1.5 170 78.0
ES14 0.3 150 74 31 620 0.25 270 0.6 160 69.0
ES15 130 47 35 240 0.22 290 4.7 140 58.0
ES16 100 41 24 870 0.15 100 0.5 87 43.0

MA30 0.6 110 63 22 850 0.36 37 2.0 150 39.0
MA30 0.3 160 ,82 15 570 0.12 71 0.9 190 52.0

SEOl 2 20 69 110 107 1.6 30 39 12.0
SE02 5 200 236 100 488 1.4 100 156 65.0
SE03 4 100 219 100 349 0.76 90 107 39.0
SE04 10 200 698 200 489 2.9 200 1.6 407 72.0
SE05 200 695 1700 619 5.3 200 416 84.0
SE06 100 372 300 359 1.9 70 244 40.0

SMOl 220 180 49 970 0.75 930 270 24.0
SM03 140 96 22 680 0.33 470 160 16.0
SM04 150 100 17 600 0.30 69 190 55.0

TB30 1.4 55 800 470 370 1.1 55 4.9 530 23.0

TT08 61 18 3.6 640 0.40 100 42 35.0

WA10 0.7 63 68 74 800 1.3 50 3.5 170 29.0

WB10 0.3 92 71 35 3000 0.72 80 2.0 280 37.0

SOURCE: Youngberg (1973).

The mineral assemblages of Hawaii-Kai, Maunalua Bay, showed that mont-

morillonite, kaolinite, and hematite are the main constitutents of the sus-

pended sediments carried to the marina during storms and deposited in the

pockets of Maunalua Bay where these sediments may be resuspended, discoloring

the bay.

The basaltic suite of minerals in the silt and clay fractions are de-

posited near the stream mouths. Secondary clay minerals as well as aeolian

quartz and mica are distributed within the bay where salinity and quiet
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waters allow deposition. However, montmorillonite in the southern part of

East Loch, Pearl Harbor, was high, with its source the soils derived from

the Salt Lake tuff. Authigenic pyrite which depends on anaerobic conditions

for formation occurs in the stratified bottom waters. Carbonate sediments

originate from dredging and slumping of the bottom walls which penetrate in

to ancient coral deposits. Heavy metals are trapped in the fine-grained

sediments of the harbor.
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