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ABSTRACT 

The purpose of this study is to present the results of mineralog
ical and petrochemical analyses of the solid phase components and the 
inorganic chemistry of the interstitial waters of the R~cent anoxic sed
iments of Kaneohe Bay, Oahu. Nineteen shallow 1-4 meter gravity cores 
of the lagoonal sediments of Kaneohe Bay were analyzed for pore water 
chemistry and seven were subjected to detailed mineralogical and petro
chemical analyses. 

The pore waters of the sediment column show depletions in dissolved 
SO= C ++ M ++ d S ++ . db' ... lk l' . f a_, g an r accompame y lncreases ln tltratlon a a lmty, 
NH4, p043and Si02 with respect to the overlying seawater with increasing 
subbottom depth. Na+, Cl-, K+ and Fetot exhibit minor departures from 
overlying bay waters assuming that depletions of Na+ and Cl- are the 
result of an influx of meteoric ground water from beneath the bay's 
floor. The bay may be divided into two parts on the basis of the rates 
of pore water diagenesis: in the southern part of the bay, S04 is 
completely depleted within 80cm subbottom depth, whereas in the northern 
part, complete SO~ reduction does not occur at depths to 350cm. The 
southern sediments are contaminated by raw, high C/N sewage, resulting 
in an increased metabolic reduction rate of S04 by anerobic bacteria _ 
over that observed in the unpolluted northern bay. Calculation of S04 
consumed versus alkalinity plus NH: produced indicates a ~elationship in 
which roughly one-half of the "produced alkalinity" has been consumed in 
the formation of authigenic minerals, primarily nontronite and aragonite. 

Quantitative m;~eralogical and petrochemical analyses of the solid 
phase components reveal the loss of amorphous iron-oxyhydroxides, bio
genic opaline silica, and amorphous aluminosilicate with increasing sub
bottom depth. Pyrite formation occurs immediately below the sediment
water interface. Scanning Electron Microscope observations show a 
hierarchy of morphologies with depth: single l-micron crystals to 30-
micron diameter framboids. Pyrite formation accounts for the lack of 
detectable S- within the pore waters and is dependent on the availability 
of pore water iron derived from the dissolution of amorphous iron-
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oxyhydroxides. The amount of pyrite present below 40cm subbottom ~epth 
exceeds the amount which could be formed by the complete reduction of 
buried pore water S04' suggesting the importance of bioturbation in the 
mixing of pore and overlying seawaters. 

Authigenic nontronite and mixed-layer smectite-illite are being 
formed as the result of the reaction of amorphous aluminosilicate with 
pore water Si02 from opal dissolution and pore water Fe and/or other 
cations. In those cores where sufficent dissolved iron exists in the 
pore water, nontronite forms, whereas when dissolved iron is not present 
as evidenced by the presence of dissolved S= in the pore water, a 
mixed-layer smectite-illite is formed. The amount of smectite formed is 

limited by the amount of opal which dissolves. For Kaneohe Bay sediments 
an average of 0.12 weight percent authigenic smectite is added annually 
to the sediment column. Minor amounts of authigenic plagioclase, phillip
site, clinoptilolite, analcime, sepiolite, siderite and apatite are also 
being formed within the sediments. 

The relationship between reduced pore water Fe and smectite form
tion suggests that reverse weathering reactions resulting in either 
authigenic nontronite or mixed-layer smectite-illite may occur in all 
anoxic marine sediments rich in terrigeneously-derived, poorly-crystal
line "kaolinite" and containing enriched pore water Si02. Assuming that 
10 percent of the total flux of the world river sediments delivered to 
the ocean is deposited in Kaneohe Bay-type environments and that rates 
of reaction are similar to those observed in Kaneohe Bay, then approx
imately 6 percent of the CO2 consumed by rock weathering may be returned 
annually to the atmosphere by these reactions. 
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Introduction 

CHAPTER 1 

ROLE OF REVERSE WEATHERING REACTIONS 
IN THE MARINE ENVIRONMENT 

The brief residence times of many of the major dissolved chemical 

species in the ocean, if compared to the age of the earth's oldest 

rocks, present a major problem in marine geochemistry. A commonly 

accepted conclusion derived from consideration of these residence times 

is the concept of an ocean-atmosphere system in which the major dis-

solved inorganic species in seawater exist in steady state as the con-

sequence of reactions with oceanic sediments. Many investigators of 

this problem have proposed models of the oceanic chemical system assuming 

that the net flux of dissolved inorganic species to the oceans is bal

anced by the removal of these dissolved species by reaction with oceanic 

sediments and biological processes. Similarly, there have been many 

attempts to document the mechanisms, and their net importance in terms 

of global element fluxes, by which the major dissolved inorganic species 

are removed from seawater. The results of many of these studies are 

inconclusive. 

Study Goals and Objectives 

The purpose of this study is to present the results of analytical 

investigations of the mineralogy and petrochemistry of the near-surface 

sediments and of the chemistry of their contained pore waters from 

Kaneohe Bay, Oahu. Emphasis is placed on documenting the early dia-

genetic chemical and mineralogical reactions occurring within the sedi-

ment column, in terms of identifying authigenic mineral formation, the 
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rates of formation, and the physiochemical "pathways" for formation of 

these authigenic minerals. These mineral reactions are used to under

stand the genesis of chemical gradients in dissolved species within the 

pore waters of the sediment and to estimate the rates of authigenic min

eral formation and the importance of their formation in the maintenance 

of oceanic chemistry. 

This chapter is intended to summarize past important works of the 

types outlined in the introduction above, and set a foundation for the 

presentation of the study of reverse weathering reactions in the sedi

ments of Kaneohe Bay, Oahu, in the remaining chapters. 

The Kaneohe Bay field site and its geologic setting are briefly 

discussed in Chapter 2. In addition, attention is devoted to the sedi

mentation rates and sedimentology of the Bay system. 

Chapter 3 contains field and analytical procedures employed during 

the course of this investigation. New chemical and mineralogical anal

ysis techniques are further discussed in Appendices A, Band C. 

Interstitial water chemistry of the Kaneohe Bay sediments is dis

cussed briefly in Chapter 4. Results and conclusions of this portion of 

the study are summarized from Thorstenson, et~. (in preparation). 

Evidence for the formation of several authigenic silicates and non

silicates is presented in Chapter 5. The evidence includes X-ray powder 

diffraction data on authigenic mineral genesis, petrochemical analyses 

of the sediments and the amorphous constituents, and scanning electron 

microphotographs of the authigenic minerals. 

Chapter 6 provides a forum for the discussion of the proposed 

mechanisms of formation of these authigenic minerals in terms of physio-
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chemical and rate factors. These reaction mechanisms "are then used to 

" calculate the importance of the formation of authigenic aluminosilicates 

by reverse weathering reactions in controlling the chemical mass balance 

of the oceans. 

Reverse Weathering Reactions 

General 

Much of the controversy concerning the chemical nature of seawater 

stems from the work of L. G. Sill~n (1961, 1963, 1967a,b), who proposed 

a model for the ocean, in which its composition is controlled by temper-

ature, chlorinity, and equilibrium among seven solid phases, mostly 

silicates, commonly found in marine sediments, and the aqueous solution 
~ 

of seawater. Sillenemphasized in his works that whereas chemical 

equilibrium obviously is not obtained in the ocean, the model provides 

a useful approximation "of the real system. The importance of reactions 
~ 

involving fine-grained silicates was also stressed by Sillen as possibly 

exerting important controls on seawater composition. 
~ 

Following Sillen's work, Mackenzie and Garrels (1966a, b) attempted 

to construct a mass balance between average river water and seawater, in 

a manner similar to that proposed by Conway (1942, 1943) and by Heck 

(1964). To achieve a balance, Mackenzie and Garrels found it necessary 

to synthesize new clay minerals from reaction of a portion of the sus-
, 

pended load of streams, dissolved silica, and cations, shortly after the 

stream materials entered the ocean. These reactions also entailed 

return to the atmosphere of CO2 consumed during silicate rock weathering, 

a requirement that was thought necessary to prevent depleting the CO2 

reservoir of the atmosphere. At today's rate of silica transfer to the 
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ocean, silicate rock weathering would consume the entire CO2 atmospheric 

reservoir in only about 15,000 years. A generalized IIreverse weatheringll 

reaction is: 

degraded silicate + H4Si04 + HCO; + cations = 

new clay mineral + CO2 + H20. ( 1-1) 

Experimental data on the reactivity of silicates with seawater (see 

Table 1-2) have shown that silicates release silica to silica-deficient 

seawater and abstract silica from silica-rich seawater, in support of 
, 

Sillen's hypothesis and the Mackenzie and Garrels model. However, field 

observations (see Table 1-3) have not, in general, supported the magni

tude of reverse weathering reactions suggested by Mackenzie and Garrels 

to provide for oceanic mass balance. 

Theoretical Evidence 

Table 1-1 presents a summary of many of the investigations con

ducted over the last 40 years in an attempt to understand the roles of 

seawater-sediment interactions and their importance in maintaining the 

IIrelative constancyll of seawater for at least the last 600 million 

years. The sedimentary rock and fossil record provides reasonable 

evidence that there could not have been drastic changes in the chemistry 

of the ocean-atmosphere system since late Precambriam time (Holland, 

1972). Two basic models exist to describe the constancy of seawater: 

equilibrium and kinetic models. There are many combinations of the two 

models. 

The equilibrium models presented in Table 1-1 attempt to describe 

the controls of seawater composition in terms of mass balances using 
, 

reacti ons 1 ike those proposed by Sill en. Pytkowi cz (1972), has out1 i ned 
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Reference 

Conway, i 942 
1943, 1945 

Rubey, 1951 

Barth, 1952 

Siever, 1957 

Sillen, 1961 

Sill en, 1963 

Go 1 dberg, 1963 

Heck, 1964 

Kramer, 1965 

Holland, 1965 

G1rrels, 1965 

Harris, 1966 

~1acken::i e and 
Garrels, 1966a 

r'Jackenzi e and 
Garre 1 s, 1966b 

TABLE 1-1 

SUMMARY OF PREVIOUS ATTEMPTS TO MODEL OCEANIC CHEMISTRY 

Remarks 

Attempted to understand oceanic chemistry through modelling of elemental fluxes entering and leaving the oceans. 

Expanded on the concept of Goldschmidt (1933) that the oceans and sediments are the result of the l'eaction of 
primary igneous rock and volatile substances. 

Suggested that seawater composition represented a st~ady-state system as deduced from analysis of elemental 
residence times in the oceans. 

Attempted to model sil ica in the sedimentary cycle; assumed that deep-burial diagenesis was the dominant mechanism 
for return of silica to silicates. 

Proposed a model for seawater in which the composition is maintained by equilibrium reactions with silicate minerals 
and carbonates. 

Proposed a [codel for early evolution of seawater by reaction of primary rock and acid volatiles = seawater + 
sediment + atmosphere, in which seawater composition is controlled by equilibrium with sediments. 

Summarized the concept of the ocean as a chemical system from previous works. 

Refinement of Conway's mass balance techniques for estimating fluxes within the oceanic system. 

Suggested that inorganic seawater composition is derived from the solution equilibrium of clay minerals, calcite, 
apatite, phillipsite, gypsum, strontianite, celesite and aragonite. 

-Extended Si-ilen's model, in that major cation ratios and the pH of seawater as well as the CO2 content of the 
atmosphere is controlled by "equilibrium" with silicates in oceanic sediments. 

Suggested that during early diageneSiS, dissolved silica and degraded aluminosilicites must react to fix silica and 
alkali metals and release hydrogen ions to maintain oceanic pH. 

Proposed that biologic activities rather than reaction with ocean sediments controls oceanic silica concentrations. 

Presented a model of chemical mass balance bebleen streams and sea'water in an attempt to evaluate the reactions 
removing "excess dissolved species" frw seawater. 

Proposed that "reverse weathering" reactions must occur early during the deposition of sediments in the ocean. 
to provide for CO2 balance in the atmosphere. 
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Reference 

Weyl, 1966 

Weaver, 1967 

Pytkowi cz, 1967 

Harris, 1967 

Sillen, 1967a 

~ 

Si11en, 1967b 

~ 

Si11en, 1967c 

Siever, 1968a 

TABLE 1-1 (Cont'd) 

Remarks 

Discussed several non-equilibrium aspects of ocean chemistry concluding that equilibria between ocean water and 
sediments do not adequately explain the apparent chemical stabi~ity of the oceanic carboRate system. 

Proposed that clay minerals absorb Na, Mg, K from seawater; evaluated the removal of K from oceans and concluded 
that most K is fixed only after deep burial. 

Proposed that oceanic pH is buffered by the CO2 system between oceans and atmosphere, but maintained by silicate 
reactions ~lith seawater. 

Examined the concept of a steady-state ocean in terms of the cycles of the alkali metals. 

Restated earlier model of composition of seawater as maintained by equilibrium with silicates; evaluated the 
effects of sea floor spreading, atmospheric dusts on oceanic cycles. 

Demonstrated by use of phase rule that seawater composition may be maintained by equilibrium with seven silicate 
phases. 

Summary of his previous work on the maintenance of sea water composition by silicate equilibrium. 

Examined the consequences of a steady-state ocean-atmosphere in terms of the sediments present in the sedimentary 
record. 

Calvert, 1968 Suggested that biologic activity must control the concentration of silica in the ocean and not reverse weathering 
reactions. 

Gregor, 1968 Revised Harris's (1966) estimates for the biological removal of silica from the ocean. but attributes all removal to 
biologic activity. 

Helgeson, et al., Calculated equilibrium relations between seawater and silicate phases as function of silica activities and alkali 
1969 - - metal activities. 

~ 

Helgeson and Extended Snlen'swork by modelling seawater as a function of pH and siiica activities for isothermal and isobaric 
Mackenzie, 1970 cases; concluded that seawater composition can be maintained by equilibrium with silicates. 

Garrels and Summary of mass balance calculations used irr determining oceanic elemental residence times and chemical constancy 
1<lackenzi e, 1971 of the ocean. 

Broecker, '1971 Discussed the role of kinetic factors in regulating the reactions between seawater and oceanic sediments, in 
conjunction with biologic processes as removal mechanisms for the major dissolved species. 

Li, 1972 Presented a mathematical treatment for the geochemical mass balance of the present composition of seawater and 
sedimentary mass; used reverse weathering reactions in balances. 
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Reference 

Holland, 1972 

Mackenzie and 
Garrels, 1974 

Pytkol'li cz, 1972 

Pytkowicz, 1973 

Drever, 1974 

~lol1ast, 1974 

Garrels and 
Mackenzie, 1974 

Heath, 1974 

Maynard, 1975 

Lasaga and 
Holland, 1976 

t,lackentie, 1976 

Mackenzie and 
Wollast, 1977 

TABLE 1-1 (Cont'd) 

Remarks 

Summarized the relative improtance of both kinetic and equilibrium-controlled reactions in the maintenance of 
oceanic chemistry. 

Presented a steady-state quantitative model for the cycling of 11 major elements through the oceanic, atmospheric, 
biospheric, and rock reservoirs of the sedimentary rock cycle. ' 

Outlined the mathematical treatment necessary to describe cyclic systems consisting of several reservoirs in which 
equilibrium and steady states coexist. . 

Applied the mathematics of his 1972 work to the carbon-dioxide cycle in the oceans. 

Summarized the importance of various oceanic removal mechanisms in maintaining the balance of Mg++; concluded 
reverse weathering reactions do not really occur. 

Summarized the various oceanic sinks for dissolved silica and attempted to model the silicon elemental cycle; 
proposed the authigenic formation of sepiolite as a removal mechanism. . 

Summarized the major post-depositional changes in sedimentary rocks and the relationship to the chemical constancy 
of the sedimentary rock reservoir and the oceans. 

Summarized the behavior of dissolved silica in the oceans and oceanic sediments; concluded that biologic activity 
removes dissolved silica from oceans, but silica is fixed in sediments by reverse weathering reaction~. 

Presents a model for the long-term buffering of the ocean by hydrothermal basalt-seawater reactions and phyllo
silicate authigenesis in marine sediments. 

Presen~ a mathemat~ca~+mod;,l3for t~e nOQ-steady=state diagenesis of organic matter in marine sediments and the 
resultlng fluxes or NH4, PU4 ' HC03, S04' and S • 

Developed a model for a steady state atmosphere-bicsphere-ocean-sediments system. 

Summarized the importance of sedimentary cycling models in describing the cycling of the major elements through 
the oceanic system. 



the mathematics necessary to describe an oceanic system in which both 

equilibrium and steady-states may coexist, but there is a dreadful lack 

of data for the important variables such as element fluxes, reservoir 

sizes, rate constants, etc., preventing the formulation of an unique 
-~ 

model for the apparent con~tancy of the ocean (Mackenzie, 1976). 

Kinetic models tend to question the validity of the deduction that 

ocean composition is controlled by equilibrium reactions, but instead 

propose that kinetic factors define the controls on ocean chemistry. 

Like the equilibrium models, these models lack the data to provide 

anything but an approximate tool with which to understand the actual 

oceanic system. 

Experimental Evidence 

Unfortunately, only a very few clay mineral-seawater reactions have 

been studied experimentally. These investigations are summarized in 

Table 1-2. Powers (1959) and Carrol and Starkey (1960) immersed various 

land-derived clays in seawater and found that the only cation uptake was 

due to ion exchange; however, they also observed that silica and alumina 

were released to solution with time. Mackenzie and colleagues (1965, 

1967), Siever and colleagues (1968b, 1973) and Maynard (1975) observed 

that clay minerals can release or take-up silica in silica-deficient or 

silica-enriched seawater; respectively. Both Maynard's (1975) and 

Siever and Woodford's (1973) works suggest that kaolinite can alter to 

illite by the uptake of K+ and dissolved silica. Whitehouse and McCarter 

(1958) found the uptake of K+, Mg++ and silica when they immersed mont-

morillonite in seawater for a period of time up to five years, resulting 

in the formation of illitic and chloritic material from the alteration 
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Reference 

Whitehouse and 
McCarter, 1958 

Powers, 1959 

Potts, 1959 (see 
Keller, 1963) 

Carrol and 
Starkey, 1960 

Mackenzie and 
Garrels, 1965 

Mackenzie, et 
N ~., 1967 
CJ1 

Siever, 1968b 

~Iollast, et ~. ,. 
1968 

Harder, 1971 

Mackenzie and 
Gees, 1971 

Perry, 1971 

Siever and 
Woodford, 1973 

Maynard, 1975 

Lerman, et al., 
1975 --

TABLE 1-2 

SUMMARY OF PREVIOUS CLAY MINERALS - SEAWATER DIAGENESIS INVESTIGATIONS 

Remarks 

Subjected samples of kaolinite, illite, and montmorillonite to immersion in artificial seawater for up to five 
years; concl uded that montmori 11 onite maya Her to ill i te and chlorite i n sea~later. 

Subjected samples of kaolinite, bentonite, and various natural terrigeneous clays in seawater. Noted uptake of 
Na, K, and Mg wi~h net decrease in CEC of 3-layer clays, increa~e in CEC in 2-1ayer clays. 

Immersed Missouri River clays in seawater for 36 and 86 hours; noted increases in Mg, K. and Na, decreases of 
Ca in CEC positions. 

Immersed samples of kaolinite, halloysite. illite, smectite and mixed-layer clays in seawater for 150 days, noted 
increases in Mg, decreases in exchangeable Ca, coupled with decreases in total CEC for 3-layer clays, and increases 
in total CEC for 2-layer clays; all clays lost Si and Al to seawater. 

Immersed kaolinite, illite, chlorite, smectite and muscovite in silica deficient seawater; observed loss of silica 
from minerals to solution, montmorillonites: 10-20 ppm; ail others 1-4 ppm after 6 months time. 

Extension of 1965 work; noted that clays release silica to silica-deficient seawater, but take-up silica from 
silica-enriched seawater within time periods of 10 days to 10 months. 

Immersed various reference clays in silica-deficient and silica-enriched solutions; results in general agreement 
with the previous works of Mackenzie and others. 

Experimental precipitation of sepiolite from silica-enriched seawater at pH 8.1; sepiolite precipitates at 
dissolved Si02 concentrations greater than 26 ppm. 

Experimental formation of smectite at 20°C and seawater pH and ~Ig values, when dissolved S102 is maintained at 
30 ppm and dissolved Al 203 at 3 ppm. 

Experimental precipitation at 20°C of quartz onto quartz substates from seawater in equilibrium with quartz, 
approximately 4.4 ppm Si02 in solution. 

Discredits Whitehouse and McCarter's (1958) work by suggesting that "illite" was present as mixed-layer clay; 
and that the formation of "chlorite" was in actuality a vermiculite impurity. 

Experimentally immersed kaolinite in silica-enriched "seawater" of differing pH's; concluded that an "illite-like" 
material forms in K-containing solutions, or "anauxite" forms in absence of metal cations. 

Experimentally examined the rates of silica absorption from silica enriched seawater; concluded that kaolinite 
does absorb silica and K from seawater, but the reaction is too slow for equilibrium to be obtained. 

Monitored the dissolution of eight clay minerals, zeolites, and quartz in silica-deficient seawater for 8 1/2 
years. For most mine.ra1s, dissolution may be described as a first order reaetion. 



of the montmorillonite. Perry (1971) subsequently discredited this work 

on the basis of mineralogic analytical techniques. 

In summary, the experimental evidence suggests that structured or 

crystalline aluminosilicates are reactive with seawater, but probably do 

not undergo major diagenetic structural modification upon exposure to 

seawater for short periods of time. 

Observational Evidence 

Recent investigations on ~he distribution of clay minerals in 

marine sediments, as presented in Table 1-3, seem to support the experi

mental conclusion that with the exception of ion-exchange and minor 

absorption of certain cations by degraded clay minerals, crystalline 

clay minerals are unreactive in seawater. Windom (1976) recently con

cluded that the distribution of clay minerals in the oceans is primarily 

a function of eolian processes and the drainage patterns of streams 

entering the oceans. Similarly, several stable isotope studies of deep 

sea sediments (Hurley, et ~., 1963; Dasch, 1969; and Savin and Epstein, 

1970) provide no evidence of the presence of a significant amount of 

authigenic silicates or of significant alteration of detrital clay 

minerals in these sediments. However, Yeh and Savin (1976) have shown 

that the silicate fraction of Pacific deep sea sediments only a few 

thousand years old have undergone stable oxygen exchange with seawater. 
. 18 16 18 16 By comparlng the 0 /0 of bottom surface sediments and the 0 /0 of 

18 16 . samples from depth in several cores with a predicted 0 /0 for equll-

ibrium between the sediment and its surrounding seawater, Savin and 

Epstein show that the less than 0.5 micron size fractions of the sediments 

have undergone a 16% stable oxygen isotopic exchange with seawater. If 
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TABLE 1-3 

SUMNARY OF PREVIOUS OBSERVATIONAL INVESTIGATIONS ON CLAY MINERAL REACTIONS 

Reference 

A. Mineralogical Studies 

1. Shallow Water Sediments 

Grim, et ~., 1949 

Grim and Johns, 1954 

Powers, 1954 

Van Andel and Postma, 
1954 

Griffin and Ingram, 1955 

PO\'lers, 1957 

Johns and Grim, 1958 

Milne and Shott, 1958 

Milne and Early, 1958 

Powers, 1959 

Pinsak and Murray, 1960' 

Nelson,1960, 1963 

Remarks 

Concluded that kaolinite was altering to illite and/or chlorite in the Gulf of California; 
montmorillonite showed little alteration. 

Observed increases in the crystallinities of illite and chlorite in the direction of increasing 
sal inity for Gulf of t-lexico sediments; concluded that weathered clays were absorbin9 sil ica and 
cations. . 

Observed diagenetic chlorite forming in Chesapeake Bay and Gulf of Mexico from ~Ieathered illite. 

Observed variations in' clay mineralogy of Gulf of Paria sediments; attributed to differential 
floculation and sedimentation of river derived clays. 

Observecfsea\~ard increases in illite and chlorite accompanied by decreases in kaolinite concentra
tion in sediments of Neuse River Estuary; assumed kaolinite was altering to illite and chlorite. 

Observed within Chesapeake Bay sediments that weathered illite and chlorite undergo neoformation 
to more crysta li i ne phases ill seawater by the absorpti on of s i1 i ca and t·1g or K into fi xed pos iti ons. 

Observed seaward increases in chlorite and illite off the Gulf of Mexico; attributed to diagenetic 
formation from kaolinite and smectite. 

Analyzed mineralogy and petrochemistry of sediments from Mississippi Sound; concluded increases in 
Mg, K, Na and decrease in Ca due to ion-exchange; possible neofo~ation of chlorite from weathered 
chlorite. . 

Analyzed mineralogy of Gulf of Mexico sediments, attributed variations in kaolinite and montmor
illonite concentrations to differential mixing of several different source areas. 

Observed formation of authigenic chlorite from weathered illite in James River estuary. 

Analyzed Recent sediments from Gulf of Mexico; concluded that the distribution of clays is primarily 
from differential mixing of land sources; suggested that montmorillonite is alterating to a mixed
layer smectite-illite. 

Analyzed sediments of the Rappahannock estuary and concluded that illite and chlorite are forming 
at the expense of kaolinite; weathered illite also becomes more crystalline and fixes K. 
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Reference 

Griffin, 1962 

Hirst, 1962a, b 

Moberly, 1963 

Na i du, 1966 

Porrenga, 1966, 1967 

Swinedale and Fan, 1967 

Moberly, et ~ .• 1968 

Russell, 1970 

Drever, 1971 a 

Bischoff, et ~., 1975 

2. Oceanic Sediments 

Murray and Renard, 1891 

Gorrens, 1939 

Dietz, 1942 

TABLE 1-3 (Gont'd) 

Remarks 

Attributes variations in clay mineralogy of Gulf of Mexico sediments to differential mlxlng of 
Mississippi River smectite-rich sediment and kaolinite-rich sediments of S.E. United States 
rivers. 

Examined the petrochemistry and mineralogy of s~diments from the Gulf of Paria; concluded that 
clays were of terrestrial origin. 

Analyzed mineralogy of Kaneohe Bay surface sediments; suggested that amorphous aluminosi:icates 
and weakly~crystal1ine halloysite may provide the raw material for illite authigenesis. 

Observed seaward increases in illite accompanied by loss of'kaolinite on the Godavari Delta; 
attributed to alteration of kaolinite to illite. 

Analyzed Recent sediments from Niger and Orinoco deltas; reports occurrence of authigenic glauconite 
and chamosite, 

Observed the authigenic formation of chlorite from gibbsite in the Recent sediments of Waimea Bay, 
Kaui. 

Analyzed mineralogy of Kaneohe Bay and Hawaiian shelf cores; concluded that amorphous alumino
silicates derived from streams was altering to montmorillonite and illite in the marine environment. 

Analyzed Recent sediments from Banderas Bay; concluded that the clays were all detrital and only 
changes I'lere the exchange of t~g, Na, K for Ga by GEG reactions. 

Analyzed Banderas Bay cores; concluded that other than ion exchange reactions and glauconite forma
tion, no authigenesis was ocurring. 

Observed that GEG increases with increasing subbottom depth in Santa Barbara Basin sediments; Mg, 
Na, and K exchange for Ga; fixed Mg increases with depth 

First noted the occurrence of authigenic smectite and climoptilolite from the alteration of 
volcanic ash in Pacific sediments. 

Examined the deep-sea sediments from the northern Atlantic; concluded that most clay minerals are 
terrestrial in origin. 

From the examination of sediment samples from the Atlantic and Pacific oceans, concluded that the 
bulk of clay minerals in oceanic sedimnets are terrigenous in origin. 



N 
~ 

Reference 

Revelle, 1944 

Norin, 1953 

Arrhen ius, 1954 

Murray and Harrison, 
1956 

Schmalz, 1957 

Zen, 1957 

Rex and Goldberg, 1958 

Rex and Go 1 dberg, 1962 

Hurley, et ~., 1963 

Griffin and Goldberg, 

Arrhemi us, 1963 

Bonatti, 1963 

Nayudu, 1964 

Biscaye, 1965 

Bonatti and Arrhenius, 
1965 

TABLE 1-3 (Cont'd) 

Remarks 

Analyzed deep-sea Pacific red clays and found smectite to be the dominant clay mineral. 

Observed the occurrence of authigenic illite in the fine-grained sediments of the Tyrrhenian Sea. 

Summarized previous observations on pelagic se~imentation and concluded that the bulk of pelagic 
clays are authigenic in origin. 

Analyzed the mineralogy of marine sediments from the Sigsbee Deep; concluded that the clays were 
all detrital in origin. 

Analyzed mineralogy of cores from the Peru-Chili trench; concluded that systematic clay mineral 
differences were related to differences in terrestrial source areas. 

Analyzed sediments from the Peru-Chili trench; noted that volcanic glass was altering to kaolinite 
and illite. 

Ar:alyzed q.Jartz concentration of Pacific clayey sediments; concluded that quartz and clay minerals 
were eolian in origin. 

Revie'ded previous 'dorks and concluded that the clay mineralogy of deep-sea Pacific red clays is the 
result of eolian transport of terrigeneous materials. 

Determined K-Ar dates of illites in oceanic sediments; concluded all illite was of terrigenous origin. 

Su~arized the distribution of clay minerals in the Pacific; concluded that most clay minerals are 
of terrigeneous origin. but montmorillonite was forming authigenically in South Pacific sediments. 

Summarized observations on pelagic sediments; concluded that most clay minerals were of terrig
eneous origin. 

Noted that phill ipsite and possibly smectite were forming from the alteration of palagonite in South 
Pacific voicanogenic sediments. 

Found that phi 11 ips ite and smectite were formi ng as the resul t of the alteration of pa logonite in 
North Pacific sediments. 

Demonstrated that the distribution of clay minerals in the Atlanic Ocean is a function of eolian 
processes and the drainage pattern,of streams emptying into the Atlantic. 

Found authigenic chlorite forming from "desert varnish" coatings on eolian quartz grains in 
the eastern Pacific. 
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Reference 

Hathaway and Sachs, 
1965 

Arrhenius and Bonatti, 
1965 

Hay, 1966 

Rex, 1967 

Banatti and Joensuu, 
1968 

Griffi n, .§:.!~., 1968 

Ra teev, et ~ .• 1969 

Goldberg and Griffin, 
1970 

Sheppard, .§:.!~., 1970 

Bernat, ~ al., 1970 

Cook and Zerr:nels, 
1971, 1972 

Zemmels, et ~.,1972 

Griffin, ~~, 1972 

8 i schoff, 1972 

Bischoff and Sayles, 
1972 

TABLE 1-3 (Cont'd) 

Remarks 

Noted the occurrences of authigenic sepiolite and clinoptilolite in hydrothermally altered Mid
Atlantic Ridge sediments. 

Summarized the occurrences of authigenic zeolites in Pacific volcanogenic' sediments. 

Summarized the occurrences of authigenic zeolites in the world's oceans. 

Reported the occurrence of authigenic phillipsite from the alteration of palagonite on Sylvania 
G~yot, Pacific Ocean. 

Reported the occurrence of authigenic palygorskite and clinoptilolite from the alteration of 
andesitic glasses off the West Indies. 

Su~narized the distribution of clay minerals in the world's ocean; concluded most are of terrig
enous origin. 

Analyzed the distribution of clay minerals in the South Atlantic Ocean; concluded all were of 
teri'igenous origin. 

Il.nalyzed mineralogy of the surface sediments of northern Indian Ocean; concluded that they were 
all of terrigeneous origin. 

Reported the occurrence of authigenic phillipsite from the Indian and Pacific Oceans; concluded 
that its formation was from the alteration of basaltic glass. 

Analyzed the thorium isotopes of authigenic phillipsites from several deep-sea marine cores; con
cluded that authigenic formation occurs from alteration of basalt glass within the sediment column. 

Reported the occurrence of authigenic clinoptilolite and phillipstie in DSDP cores from South 
Pacific. 

Reported the occurrence of authigenic clinoptilolite from alteration of andesitic glass near 
Mid-;'\tlafltic Ridge in DSDP cores. 

Suggested the OCCUl'rence of authigenic nontronite and montmorillonite from the alteration of 
basaltic glass in cores from 'the Lau Basin in the Pacific. 

Reported the occurrence of authigenic nontronite precipitating from the Red Sea geothermal brines. 

Analyzed minralogy and interstitial water chemistry of sediments from the Bauer Depression; 
suggested that authigenic nontronite was forming from the alteration of amorphous aluminosilicates. 
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Reference 

Lisitzin, 1972 

Hurd, 1973 

Sayles & Bischoff, 1973 
Sayles, et ~., 1975 

Cronan, 1974 

Matti, et ~., 1974 

Gieskes, et~., 1975 

Edzwa1d and O't1e1ia, 
1975 

Johnson, 1976a, b 

Perry, et al., 1976a,b 

Hindom, 1976 

Elderfield, 1976 

B. Stable Isotope Studies of
Marlne Sedlments 

Dasch, 1969 

Savin and Epstein, 
1970a, b 

TABLE 1-3 (Cont" d) 

Remarks 

Summarized the distribution of sediment types in the world's ocean; concluded they are primarily 
the result of biologic and terrestrial inputs. 

Analyzed the behavior of opaline silica in Pacific Ocean sediment cores; determined rates of opal 
dissolution; did not find evidence for possible silica sinks. 

Analyzed mineralogy and petrochemistry of sediments from the Bauer Deep; suggested that authigenic 
nontronite is forming as the result of the alteration of amorphous aluminosilicates plus. silica 
provided from the dissolution of biogenic opal. 

Summarized the occurrences of authigenic minerals in deep-sea sediments. 

Analyzed mineralogy of DSDP site 245 in Madagascar Basin; suggested that basaltic glass is altering 
to form montmorillonite. 

Documented the formati.on of authigenic montmori11onite, clinoptilo1ite and palygorskite from the 
alteration of basaltic glass within sediments of DSDP site 245. 

Examined mineralogy of Palmico River Estuary sediments; concluded that clay minerals were all 
detrital in origin. 

Analyzed Quaternary sediments of eastern tropical Pacific; concluded that biogenic opal undergoes 
dissolution after burial, and the released silica is probably used in the formation of authigenic 
smectite. 

Analyzed mineralogy and petrochemistry of sediments from DPSP sites 149, 322, 325; documented 
formation of smectite from the alteration of basaltic glass. 

Summarized the distribution of clay minerals, quartz, feldspars, and gibbsite in the world's oceans; 
concluded that distribution reflects terrigenous origin. 

Summarized the distribution and modes of formation of authigenic minerals in marine sediments. 

Analyzed the strontium isotopic composition of deep-sea clays; concluded that they were of terrestrial 
origin. 

Analyzed the hydrogen and oxygen isotopic composition of clay minerals and marine sediments; concluded 
that the bulk of marine sediments do not indicate reaction with seawater. 
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Re~ei'ence 

Garlick and Dymond, 
1970 

Savin, 1973 

Garlick, 1974 

Yeh and Savin, 1976 

Lawrence, et ~., 1976 

C. Deep Burial Studies 

Burst, 1959, 1969; \1eaver, 
1959, 1967; Weaver and 
Beck, 1969, 1971; Perry 
& Hower, 1970, 1972; 
HOl'ier, et ~., 1976 

D. Dissolved Silica Behavior 
in Estuaries 

Bien, et al., 1958; 
Schink-;l-g-67; Burton, 
1970; Liss & Spencer. 
1970; Liss & Pointon, 
1973; Burton & Liss, 
1973, Wo11ast & DeBroeu, 
1971, Heath, 1974 

Stefansson & Richards, 
1963; Schink, 1967; 
Burton, et al., 1970; 
Fanning ~PTTsor., 1973 

E. Interstitial \,Iater Studies 

Shishkina, 1964 

TABLE 1-3 (Cont'd) 

Remarks 

Analyzed Pleistocene and Tertiary volcanic glass in marine sediments for oxygen and hydrogen isotopes; 
concluded that the glasses reacted slowly with seawater by hydration. 

Summarized oxygen and hydrogen isotopic studies of marine sediments; suggested that isotopic comp
osition of smectites can distinguish authigenic or detrital origins. 

Summarized fohe hydrogen and oxygen isotopic composition of marine materials. 

Analyzed the oxygen isotopic composition of the fine-grained size fractions of deep-sea sediments; 
concluded that 4-9% of all marine sediments have undergone some isotopic exchange with seawater. 

Reported that s)gnificant oxygen isotopic exchange had occurred between the pore waters and 
authigenic smectites in DSDP sites 322 and 325. 

Investigated post-burial mineralogical and petrochemical changes in Gulf Coast pelitic sediments; 
changes include: conversion of montmorillonite to a well ordered mixed layer mont-illite, 
alteration of kaolinite to chlorite and changes in chemical composition with increasing burial 
depth and burial temperature. 

Suggest 10-20 percent of river dissolved silica is removed by inorganic processes during estuarine 
mixing for the Mississippi, Hamble, Alde, Vellar and Scheldt Rivers, primarily by absorption on 
suspended sediment. 

Suggest that all river dissolved silica is removed by organic processes during estuarine mixing 
for the Columbia, MIssisSippi, Southampton, Orinoco, and Savanah Rivers. 

Summarized the Russian data from deep-sea Pacific and Atlantic cores; concluded that anoxic 
sediments show depletions of Ca and Mg and enrichment of K, Na, and alkalinity relative to seawater. 
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Reference 

Siever, ~~., 1965 

Brooks, et al., 1968 
Pressly andlKaplan, 1968 

Bischoff and Ku, 1970, 
1971 

Bischoff and Sayles, 1972 

Nissenbaum, et ~., 1972 

Sholkovitz, 1973 

Broecker, 1973 and 
others 

Thorstenson and 
Mackenzi e, 1974 

Sayles and Manheim, 
1975 

Manheim, 1976 

TABLE 1-3 (Cont'd) 

Remarks 

Analyzed pore fluids from Atlantic Ocean cores; noted enrichments of K and Si02, depletions 
of Mg, and large variations in Cl. 

Analyzed pore fluids of anoxic California Borderland cores; noted enrichments of K Glnd alkalinity 
and depletions of sulfate, Ca, Na, and Mg. 

Analyzed pore fluids from both. anoxic and oxidizing sediments of the Atlantic; noted enrichments 
of SiO?,K, and depletions of Mg; strongly reducing sediments are characterized by depletions of 
sulfat~, Mg and Ca. 

A~alyzed pore fluids from Recent sediments of Bauer Depression; noted enrichment of SiO to an 
"equil ibrium value" ~ear 0.4mM/l, assumed to be maintained by authigenic sepiol ite form~tion. 
Analyzed pore fluids from a reducing fjord; noted depletions, of sulfate, nitrate, and Ca, accompanied 
by enrichments in K, ammonia, and phosphate with increasing subbottom depth. 

Analyzed pore fluids from anoxic sediments of Santa Barbara Basin; noted depletions of sulfate, 
ng, and Ca with enrichments of ammonia, alkalinity, and phosphate; silica increases to a "steady 
state" value of O.45mM/l within a few centimeters subbottom depth. 

Detailed study of pore fluids from cores obtained on DSDP leg 15; noted depletions of sulfate, 
K, Ca, and Mg with increases in Na and alka1inity; also analyzed rare gases, isotopic composition, 
and organics. 

Analyzed Recent anoxic carbonate sediment pore waters from Harrington Sound, Bermuda; observed 
depletion of sulfate and pi1 decreases vvith increases in alkalinity, sulfide, ammonia and phosphate. 

Summarized the results of pore water studies conducted on cores obtained from Legs 1-23 of DSDP; 
concluded that pelagic sediments show little changes; biogenic deep-sea sediments depict minor 
changes; whereas terriger.eous, organic rich deposits exhibit significant changes in chemistry with 
respect to overlying seawater. 

Su~marized the results of over 200 pore fluid investigations on marine sediments. 



these small, but significant amounts of isotopic exchange are extended 

to all deep-sea sediments, then 4 to 9 percent of detrital ocean sed

iments will have undergone isotcpic exchange in a period of 104 to 106 

years. If a corresponding amount of chemical reaction has occurred, 

similar to the isotopic exchange shown by Lawrence, et~. (1976) and 

Perry, et~. (1~76), then the effect of these reactions on the chemistry 

of seawater would be considerable. For example, Mackenzie and Garrels 

(1966b) suggested on the basis of mass balance calculations, that sea

water composition would be maintained at steady state by the sum of the 

reconstitution of degraded aluminosilicates and the formation of a 

quantity of authigenic clay minerals by reverse weathering reactions 

equivalent to 7 percent of the mass of ocean sediments. 

Authigenic smectites and zeolites are commonly found in abundance 

in South Pacific sedimenls. The smectites apparently formed as the 

alteration products of basaltic glasses. Similar smectite formation was 

recently documented in sediments from two Deep Sea Drilling Program 

sites by Gieskes et~. (1976) and Perry, et~. (1976). Both of these 

recent studies related pore water chemistry and isotopic data to the 

formation of both smectite and zeolites. 

Studies of nearshore tropically-weathered terrigeneous sediments 

have not shown that reverse weathering reactions are taking place. 

Porrenga (1967), Russell (1970) and Drever (1971a, b) documented the 

formation of glauconite, the occurrence of ion exchange reactions, and 

the exchange of Mg for Fe in the octahedral layers of smectites in 

anoxic sediments. It should be noted that minerals resulting from 

reverse weathering reactions involving nearly isochemical phase trans-
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formations of poorly-crystalline or amorphous detrital materials could 

be present, but not detected in the aforementioned studies. For ex

ample, Drever's (1971b) data could be interpreted such that 2-3 percent 

of the total silicate fraction of the recent marine sediments of Banderas 

Bay might consist of authigenic nontronite, but this small percentage 

would be impossible to detect in the detrital smectite-rich sediments of 

the Bay. 

Formation of authigenic minerals from crystallil1e clay minerals 

appears only to occur after deep burial of marine sediments. Perry and 

Hower (1970, 1972) and several others investigated the mineralogical 

changes occurring during the burial diagenesis of Gulf Coast pelitic 

sediments. These changes included the conversion of smectite to well 

ordered mixed-layer smectite-illite and perhaps the alteration of kaoli

nite to chlorite with depth of burial. The changes appear independent 

of age and stratigraphic boundaries and are dependent primarily on 

burial termperature. 

Whereas the bulk of the studies presented in Table 1-3 were conduc

ted on the distribution and possible diagenesis of crystalline alumino

silicates or the alteration of volcanic glasses in the marine environ

ment, little effort has centered on the fate of terrigeneously-derived, 

poorly-crystalline or amorphous aluminosilicates after entering the 

ocean. Moberly (1963) and Moberly, et!l. (1968) examined the muds of 

Kaneohe Bay and suggested that the amorphous and poorly-crystalline 

"kaolinite" was altering to form authigenic illite and smectite. How-

ever, Moberly, et ale failed to present any direct evidence for the --
formation of these authigenic minerals. In general the studies of 
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Moberly, Drever, and others have only suggested that river-derived 

amorphous aluminosilicates may enter into reverse weathering reactions, 

but have failed to provide any direct evidence or an assessment of their 

importance in controlling oceanic chemistry. 

Within the last few years there has been considerable investigation 

of the chemical composition of the interstitial waters of modern marine 

sediments as summarized by Manhiem (1976) and presented in Table 1-3. In 

general the studies show that pore waters are similar to overlying ocean 

waters in chemical composition. The major cations show only minor 

changes with depth in the interstitial waters of marine sediment cores. 

These changes, in general, are not great enough to support any major 

changes in the clay mineral composition of the sediments, assuming a 

closed or nearly closed chemical system. 

If the sediment pore water system is not closed or isolated from 

the overlying oceanic water, then diffusion and/or flushing of the pore 

waters with seawater may be so rapid that large scale changes in the ' 

pore water chemistry would not be observable from solid-phase diagenetic 

transformations. Similarly if the solid-phase changes are isochemical, 

that is, for example the restructuring of amorphous aluminosilicates 

requires no additions or subtractions of chemical species from solution, 

then there would be no change in the chemistry of the pore waters as the 

result of solid-phase diagenetic transformations. Some systems may 

actually represent an open sy~tem with restructuring of amorphous alumino

silicates to authigenic phyllosilicates a nearly isochemical process. 

In summary, the lack of chemical gradients within the pore waters of 

recent sediments is not diagnostic evidence that authigenic mineral 
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formation is not occurring. 

Summary of Previous Work 

Studies of the diagenesis of structured clay minerals in modern 

marine sediments indicate that they are quite unreactive with seawater 

and that major mineralogical changes occur only after moderate to deep 

burial. Conversely, studies on the diagenesis of "amorphous alumino

silicates", including volcanogenic glasses, indicate that they may be 

quite reactive with seawater and may restructure to minerals similar to . 

illite, chlorite, and montmorillonite. Unfortunately these previous 

studies with the exception of the recent studies by Perry, et ~. 

(1976a, b) and Gieskes, et~. (1976), have provided little insight into 

the actual mechanisms of the reactions and the rates at which these 
\ 

transformations may occur. 
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Introduction 

CHAPTER 2 

FIELD AREA 

This study included sampling of marine sediments from the Kaneohe 

Bay lagoon and stream and soil sediments from the watershed of adjacent 

Kahana Bay. The purpose of this chapter is to present, as background 

information, a general description of the topography, hydrology, and 

geology of the watershed of both Kahana and Kaneohe Bays and to describe 

the bathymetry, sedimentology and physical oceanography of Kaneohe Bay. 

The bays are located on the northeast coast of the island of Oahu within 

the Hawaiian Archipelago (Figure 2-1). 

The information presented in this chapter is summarized from sev

eral excellent compendium publications presenting the results of various 

geologic, oceanographic and biologic studies of the two bay areas (cf., 

Bathen, 1968; Smith, et ~., 1973; Cox, et ~., 1973; Moberly, 1963; 

Moberly, et ~., 1968; Roy, 1970; Foote, et ~., 1972; Coulbourn, 1971; 

Banner, 1968; Steinhilper, 1968; Cox and Gorden, 1970; Stearns, 1939, 

1967; Cline, et ~., 1955; Swindale, 1966; and others). Only those 

aspects relevant to this study will be discussed. 

Kaneohe Bay 

Kaneohe Bay is approximately 12.8 km in length and 4.3 km in 

breadth with its long axis oriented northwest-southeast (see Figure 

2-1), The physiography and bathymetry of the bay are presented in 

Figures 2-2 and 2-3, respectively. The bay consists of a barrier reef < 

across its north side; two navigable channels cut the northern and 

southern ends of the reef, and a lagoon containing patch and fringing 
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Figure 2-1. Location map of Oahu Island of the Hawaiian Archipelago depicting the Kaneohe 
Bay and Kahana Bay study areas. 
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reefs is found behind the barrier reef. A semi-isolated body of water 

occurs in the southern basin of the lagoon. 

The bay was formed by river erosion of the basalts of the Koolau 

Range during periods of the Quaternary when sea level was significantly 

lower than present (Roy, 1970; Stearns 1966, 1974). During the last sea 

level rise (12,000 ybp to present) the present reefs, reef-derived 

sediments, and terrigenous sediments infilled the former river valleys 

to produce the configuration of the bay as seen today. During the last 

300 or more years, the bay has been further modified by human activities, 

primarily through increased runoff and soil erosion owing to agriculture 

and urban construction, dredging, sewage additions, and ancient fishponds 

(Smith, et~., 1973; Cox, et~., 1973). 

Kaneohe Bay Watershed 

The watershed of Kaneohe Bay as depicted in Figure 2-4 has an area 
2 of 46.2 km. The southern boundary of the watershed is composed of 

near-vertical cliffs of basalts. The area ;s drained by nine perennial 

streams and a series of intermittent ones. Average rainfall for the 

watershed is 100-150 cm/yr with the bulk falling during the winter 

months. Torrential rains are very comnon. Rainfall is very dependent 

on elevation with extremes of 350-500 cm/yr in the mountains to 20-30 

cm/yr at the Kaneohe Marine Corps Air Station located near the southeast 

portion of the bay. These variations in rainfall are very important in 

the formation of soil types from the weathering of the basalts. Runoff 

from the perennial streams is estimated to have averaged 315,000 m3/day 

prior to the construction of diversionary ca"nals and tunnels through the 

Koolau Range from 1920 to present. With the present diversions, Cox and 
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Gorden (1970) estimate the average perennial stream discharge to be 

182,000 m3/day. In addition to the perennial stream discharge, the 

following average discharges may be added: intermittant streams 23,000 

m3/day, ground water 23,000 m3/day, sewage 11,300 m3/ day, and direct 

precipitation 380,000 m3/day; thus the total freshwater input to the bay 

is 619,300 m3/day (Cox and Gordon, 1970). From this total may be 

subtracted 390,000 m3/day due to evaporation (Bathen, 1968) giving an 

average net input of 229,300 m3/day to the bay from freshwater sources. 

Detailed stream discharge values may be found in Takaski, et~. (1969). 

The upper reaches of the watershed are composed of basalts of the 

Koolau Range which rise to elevations of more than 600 meters. Wentworth 

and Winchell (1947) describe the basalts as being very uniform both in 

texture and composition, despite the numerous flows and dike swarms 

composing the Koolauseries. The Koolau basalts are slightly more 

silicic than most of the "normal Hawaiian basalts." Outcrops of basalt 

appear in near-vertical cliffs, near the ridge lines of the Koolau 

Range; in general the lower, less steep slopes and stream valleys are 

filled with soils. 

The soil types resulting from the weathering of basaltic rocks are 

very dependent on temperature, rainfall, soil stability, and drainage. 

The soils of the Kaneohe Bay watershed form a variety of types dependent 

on the aforementioned factors. Figures 2-4a, 2-4b, 2-4c and Table 2-1 

present the soil types found within the Kaneohe and adjacent Kahan.a 

watersheds. In general, the soils are of a sublateritic nature result

ing in the formation of iron and aluminum hydroxides, amorphous alumino

silicates, halloysUe and kaolinite mixed with fine sand and silt-size 
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Figure 2-4a. Soil types of the Kaneohe Bay Watershed; see Figure 2-4c for legend. The 
watershed is dominately overlain by kaolinitic-Humic Latosols, except for the southwestern por
tion where montmori110nitic soils are found, the result of the area's lower rainfall. (Adapted 
from Foote, et ~~ 1972.) 
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Figure 2-4b. Soil types of the Kahana River watershed; see Figure 
2-4c for legend. The watershed is dominately overlain by Kaolinitic
Humic Latosols. Mineralogical and chemical analyses of soil and Kahana 
Stream samples are presented in Chapter 5. 
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Kaneohe and Kahana Watersheds 

Soil s Map Legend 

Ae Alaeloe clay 
ALF Alaeloe silty clay 
Hn Hanalei silty clay 
Ka Kaena clay 
Kg Kaneohe silty clay 
Kla Kawaihapi clay loam 
Kt Kokokahi clay 
Lo Lolekaa silty clay 
Mt Mokuleia clayey sand 
Ph Pearl Harbor clay 
Wm Waialua stony silty clay 
Wp Waikane silty clay 
RO Rock Outcrop - Koolau Basalt 

__ - Wa ters hed Bounda ry 

Soil-type Boundary 

x870 Elevation in feet 

--....- Stream 

_ .. , - Intermittent Stream 

Figure 2-4c. Legend for Figures 2-4a and 2-4b; see Table 2-1 
classification and description of the above soil types. 
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grains of feldspar (labradorite), olivine, pyroxenes, ilmenite, and mag

netite. Magnesium-montmorillinitic soils are limited to the area near 

the Kaneohe MCAS where the rainfall is sufficiently low to act upon 

recent volcanic ash deposits to produce this type of layer-silicate 

(Hussain and Swindale, 1970). The only other occurrence of smectite 

clays within the bay watershed are small veins of nontronite and sapo

nite from the weathered contact zones of dikes near Nuaani Pali (Sherman, 

et ~., 1962). 

Kaneohe Bay Watershed Soils 

The Ultisols which cover the majority of the basin's surface area 

are soils which are always moist and have argillic horizons in the sub

soil. These soils have low cation exchange capacities «20 meq/100 g) 

and are dominately composed of kaolinitic layer-silicates and sand and 

silt-size resistant basaltic minerals: olivine, pyroxenes, magnetite, 

and i 1 me n ite . 

The Inceptisols are lateritic, alluvial soils found in the lower 

elevations and consequently drier areas (total 4 percent) of the water

shed, and are distinguished visually by a dark reddish-brown color in 

the A horizon. The Ustropepts are the result of strong weathering of 

basalts or older alluvium and are composed dominantly of kaolinitic 

clays. The soils are described in detail by Walker (1964). 

The Vertisols, or dark magnesium clays (Cline, et ~., 1955), 

cover about 5 percent of the bay's watershed and are restricted to the 

southern edge of the bay (see Figure 2-4b). These soils are reported to 

contain large amounts of Mg-montmorillonite, minor kaolinitic clays, 

along with silt-size fractions of feldspars, ilmenite, hematite, and 
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TABLE 2-1 
CLASSIFICATION AND DESCRIPTION OF THE SOILS OF THE KANEOHE AND KAHANA WATERSHEDSl 

SERIES FAMILY GROUP 
Alaeloe Clayey, oxidic, isohyperthermic Orthoxic Tropohumults 

Hanalei Fine, mixed, nonacid,isohyper- Typic Tropaquepts 
thermic 

Kaena Very-fi ne, montmori 11 oniti c, Typi c Pe 11 uderts 

Kaneohe 
Kawaihapi 
Kokokahi 

i sohyperthermi c 
Clayey, oxidic, isohyperthermic 
Fine, mixed, isohyperthermic 
Very-fine, montmorillonitic, 
isohyperthermic 

Humoxic Tropohumults 
Cumulic Haplustols 
Udorthentic Pellusterts 

Lolekaa Clayey, oxidic, isohyperthermic Humoxic Tropohumults 
Mokuleia Sandy, carbonatic, isohyper- Entic Haplustolls 

thermic 
Pearl Fine, montmori 11 oniti c, nonaci d Typi c Tropaquepts 

Ha rbor i sohyperthermi c 

Waialua Very-fine, kaolinitic, Typic Haplustolls 
isohyperthermic 

Waikane Clayey, oxidic isohyperthermic Humoxic Tropohumults 
1 Adapted from Foote, et ~., 1972. 

ORDER GREAT SOIL GROUP 
Ultisols Humic ferrigeneous 

latosols 
Inceptisols Alluvial soils 

Vertisols Gray hydromorphic 

Ultisols 
Mollisols 
Vertisols 

soils 
Humic latosols 
Alluvial soils 
Dark magnesium 
clays 

Ultisols Humic latosols 
Mollisols Alluvial soils 

Inceptisols Gray hydromorphic 
soils 

Mollisols Low humic latosols 

Ultisols Humic latosols 



magnetite (Raymundo, 1965; Hussain and Swindale, 1970). 

Kaneohe Bay - Oceanography 

A complete description of the physical oceanography of Kaneohe Bay 

is found in Bathen (1968). The bay which measures 52 km2 in area maybe 

divided into three regions: a northern region, which has the most 

freshwater influx and salt water exchange; a central portion in which 

the circulation is restricted by the shallow barrier reef; and a re

stricted southern portion. Each region may be divided into three zones: 

an inshore zone of fringing reefs and muddy substrates dominately of 

terrigenous origin, a lagoon zone characterized by a substrate of silt

to sand-sized CaC03 rich sediments and numerous small patch reefs, and a 

barrier reef. 

The major currents of the bay are tidal in nature. On an incoming 

tide (see Figure 2-5), ocean water enters the bay through both channels 

and across the barrier reef. On a falling tide (see Figure 2-5), the 

discharge flow is dominantly through the channels; the flow over the 

reefs is still shoreward. In the southeastern portion of the bay, a 

semi-persistent eddy is reported to exist (Cox, et ~., 1973). The 

tidal flow during both incoming and outgoing conditions is limited to 

the movement of water less than 5 meters depth. 

A considerable volume of water is exchanged across the barrier reef 

and the two channels during each tidal cycle. The net flow for the 

inshore portions of the bay is very limited, as the bulk of the water 

exchanged is surface water near the bay's entrances. As previously men

tioned, there is a net input of 230,000 m3/day of freshwater to the bay, 

which is the net transport from the bay each day. The southern region 
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Fi9ure 2-5. Basic circulation patters with Kaneohe Bay for incoming and outgoing tides. 
Note the relative water stagnation in the southern portion of the bay. (Adapted from Bathen, 1968.) 



of the bay has 27 percent of the total bay volume, but as reported by 

Cox, et~. (1973), receives only 8 percent of the total exchange trans

port in and out of the bay. The exchange transport for the total bay is 

18.32 x 106 m3/day, which is 26 percent of the bay's volume, whereas the 

exchange transport for the southern region is .174 x 106 m3/day or about 

0.4 percent of the total basin volume. 

The temperature within the bay waters is a function of season, 

depth, and geographic location. Seasonal change is the dominant cause 

of water temperature changes. A slight 0.2 to 0.5°C diurnal temperature 

fluctuation is normal in the surface water. Seasonal average surface 

temperature values for the bay are presented in Figure 2-6. Bathen 

(1968) noted that the largest variations in temperature and also sali

nity occurred at stream mouths, 19-28°C and 31-35 ppt, respectively. 

Similarly, the deeper shoreward portions of the lagoon exhibited a large 

temperature fluctuation, 20-27°C, but only a modest salinity variation, 

33-35 ppt. The highest temperatures and salinities were noted on the 

reefs, 29°C and 36 ppt, respectively. The average surface salinities 

for the bay are depicted in Figure 2-7. 

The bay becomes stratified in the summer months, which in the 

southern portion of the bay results in the sewage outflow remaining on 

the surface. Winter storms produce extensive vertical mixing and hence 

more uniform water properties with depth during the winter months. 

The open ocean surface water off Kaneohe Bay exhibits only minor 

variations in temperature, 24-27°C, and salinity, 34-35 ppt. On the 

average, the bay's surface waters are 0.25 to 1°C cooler in the winter 

and 1.5 to 2°C warmer in the summer than the open ocean. 

52 



U1 
W 

JUNE AUG OCT 

KANEONE BAY SURFACE TEMPERATURES 

YEARLY MEAN 
25. D· C 

25.3° C 
25.9° C 

25.4° C 

DEC 

MONTH 

LOCATION 

---- Nearshore, South Bay 

--- - Bay mouth, Southeast Channel 
------ Barrier Reef 

Central Lagoon 

Makuoloe Island Ref. Temp. 

/ 

FEB APR 

/' 
/' 

/ 

"., 
"., 

Figure 2-6. Kaneohe Bay surface water temperatures. (Adapted from Bathen, 1968.) 

30 

28 

26 
t-3 
I?j 

~ 
I?j 

~ 
24 > 

~ 

22 

20 

~ 
I?j 

o 
C':) 



(J"1 
..j:>o 

~----------------------------~--------------------------------------------------------~i 36,40 

JUNE AUG OCT 

................................... 
. ..................................... . 

-~-==-~ --- " " 
"\ 

\ \ 

\\, ii' 
\ " I , / 

\
' I I 

':) 
KANEOHE BAY SURFACE SALINITIES 

YEARLY MEAN LOCATION 

bEC 

MONTH 

34,77 % !:S Surf, of all Stations 

34, 72 % --- - Nearshore • South Bay 
35,12 % ............ Bay mouth, Southeast Channel 

35,28 % Barrier Reef 
34,75 % ----- Central Lagoon 

FEB APR 

Figure 2-7, Kaneohe Bay surface water salinities, (Adapted from Bathen, 1968,) 

36,00 

35,60 

35,20 

34,80 

00 

34.40 ~ 
...... 
Z ...... 

34, 00 ~ 

I 
33,60 '"d 

33,20 

32,80 

32,40 

32,00 

31,60 

'"d 
t-3 



Kaneohe Bay - Bathymetry and Sedimentology 

A thorough discussion of the bathymetry and physical sedimentology 

of the bay exists in several sources (cf., Roy, 1970; Smith, et ~., 

1973; Cox, et ~., 1973; Moberly, 1963; Moberly, et ~., 1968); a brief 

review is appropriate for the support of the concepts generated in this 

study. 

The bathymetry of Kaneohe Bay (Figure 2:..3) is a direct result of 

the bay's physiography as presented in Figure 2-2. It is convenient to 

divide the bay into ocean reefs, lagoon reefs (designated by the dashed 

line in Figure 2-2), and non-reef areas. Within these categories further 

subdivisions may be made into fringing reefs around the shorelines of 

the bay and its islands, patch reefs within the lagoon, and the ocean

ward barrier reef. Smith, et~. (1973) show that the division between 

lagoon and ocean reefs is basically the division between the patch/ 

fringing reefs and the barrier reef within the lagoon; the patch and 

fringing reefs are very similar to each other in terms of ecology, but 

differ significantly from the barrier reef . 

. Non-reef areas include the lagoon floor and the two large sand 

channels crossirig the barrier reef to the open ocean. Important to this 

study are the sediments of the lagoon floor and the shallow mud flats 

which, as reported by Roy (1970), are onlapping the adjacent fringing 

reef-flat areas. The mud flat sediments are terrigenous in origin and 

are the result of natural stream processes, but the areal extent of the 

mud flats has been increased in recent years by man'sactivities in the 

bay's watershed resulting in an increased sediment load of the streams 

and ultimately in increased depositional rates within the lagoon. The 

55 



presence of recent deltas at several river mouths is shown in Figure 2-

2. Mud (silt and clay) is the overwhelming constituent of the lagoon 

floor sediments and of the mud-flat sediments, but is absent from the 

sand channels and the ocean reefs (Smith, et ~.~ 1973; Cox, et ~., 

1973). 

The gross mineralogy and physical sedimentology of the surficial 

sediments of the bay have been defined in previous works. On the basis 

of percent calcium carbonate, the surficial sediment can be divided into 

sediments of terrigenous origin and those resulting from biologic 

activities. Figure 2-8 clearly depicts the influence of streams in 

providing land-derived material to Kaneohe Bay; these nearshore areas 

have total CaC03 contents less than 50 percent. Roy (1970) and Smith, 

et~. (1973) suggest that the CaC03 in the lagoon sediments is primarily 

washed landward from the barrier reefs and that the patch and fringing 

reefs do not contribute significantly to the total quantity of lagoon 

sediment. 

The final aspect of sedimentology of Kaneohe Bay which is of 

importance to this study is the sedimentation rates for the bay. Roy 

(1970) documentied that the average ra te of 1 agoon i nfi 11 i ng, or s hoa l

ing, which has occurred since 1927 is 1.6 meters. In contrast Roy 

demonstrated that little infilling occurred during the period from 1882 

to 1927. Figure 2-9 depicts the rates of shoaling within the bay and 

Table 2-2 summarizes these values. 

The shoaling is not simply due to input of land-derived detritus 

into the bay, but as shown in Figure 2-8 it appears that at least half 

of the sedimentary material in Kaneohe Bay is CaC03 derived from the 
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TABLE 2-2 

SUMMARY OF RECENT SEDIMENTATION RATES FOR KANEOHE BAY 

NEAR SHORE RATES - Terrigenous Sediments 

NORTH BAY 

SOUTH BAY 

348 em/lOa yrs ~ 41 em 

471 em/lOa yrs ~ 70 em 

LAGOON FLOOR RATES - Carbonate Sediments 

NORTH BAY 

SOUTH BAY 

232 em/lOa yrs ~ 28 em 

343 em/lOa yrs ~ 39 em 

Based on net bathymetric differences between 1927 and 1969 
(adapted from Roy, 1970). 
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reefs. Thus Roy (1970) concluded that there also has been an increase 

in the rate of CaC03 sedimentation since 1927. 

The increase in terrigenous material may be explained by increased 

runoff and increased suspended-load brought to the bay by streams, which 

is in part due to increased urbanization in the Kaneohe Bay watershed. 

(Smith, et~., 1973). The CaC03 sedimentation increase is a b.it more 

difficult to explain but may be the result of altered circulation in the 

bay owing to dredging. 

If one uses the value of 50 percent as the average carbonate 

content of the lagoon sediments (Roy, 1970, estimated 72 percent, but 

Smith, ~!~., 1973 give a value of approximately 50 percent) and assume 

an average porosity of 77 percent, then a calculated minimum deposition 

rate of terrigenous material to the entire lagoon floor of the bay is 

.91T/year. On 1 February 1969, Cox, et~. (1973) monitored Kaneohe 

Stream during a large flood and estimated that 0.385 x 105 T/day of mud 

were carried into the bay. Using the average figures, it becomes ap

parent that only three such days per year are required to deposit the 

sediment required by the infilling rates of Roy (1970). As torrential 

rains are frequent, it is reasonable to suggest that the majority of 

Kaneohe Bay terrigenous sedimentation occurs during flood conditions. 

Carbonate sedimentation probably occurs during winter storms when there 

are strong shoreward currents developed across the barrier reef by wave 

action. 

Kahana Stream Watershed and Bay 

Although the Kahana Stream watershed is relatively small and con

sists of a single stream network as compared to the large and multi-
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stream net of the Kaneohe Bay watershed, its geology, soils, and hy

drology are very similar. Figure 2-1 depicts its spatial relationship 

to Kaneohe Bay. Coulbourn (1971) and Cox and Gorden (1970) present a 

general description of the valley with Coulbourn presenting a detailed 

description of the bay's oceanography and sedimentology. Important to 

this study is that the valley has been reserved for use as a future 

park, hence it is nearly undeveloped and does not have the problems 

associated with urbanization as those of Kaneohe Bay. The reasons for 

sampling the Kahana watershed rather than the Kaneohe watershed were: 

1) The public ownership of the land of the Kahana watershed allowed for 

greater ease of accessibility than for the Kaneohe watershed, which 

predominantly consists of privately owned land, and 2) the undisturbed 

nature of the streams and soils of the Kahana watershed versus the 

agriculturally modified soil~ and streams of the Kaneohe watershed. 

The Kahana Valley extends about 6.4 km inland from the coast to the 

crest of the Koolau Ridge and occupies an area of 20.6 km2. Precipitous 

ridges, 300 to 800 meters in height, steeply border both sides of the 

valley and are joined by a crescent-shaped beach that protects a flat, 

swampy valley floor. The upper stream flows oVer a coarse sand and 

gravel bed and is lined by very dense tropical vegetation. In the lower 

2.5 km of the stream's course, it begins to meander over the swamp 

terrain of the lower valley. Here a large flood plain borders the 

stream and is stabilized by heavy vegetation. 

Precipitation in the watershed ranges from 190 cm/yr at the bay 

shore to 610 cm/yr at the Koolau crest (Mink, et ~., 1963). The Kahana 

Stream is perennial, although some of its lower tributaries are inter-
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mittent. The stream reaches the sea through a large estuarine channel 

at the eastern corner of the bay. The mouth of the stream is blocked by 

a sand bar of carbonate reef-derived material; discharge across the bar 

is intermittent. According to Takaski, et~. (1969), the long-term 

discharge'of Kahana Stream under present conditions is 1.12 x 105 

m3/day during dry periods and 1.42 x 107 m3/day during extreme floods. 

The soils of the Kahana watershed are presented in Figure 2-4a. 

The mineralogical and chemical compositions of these soils which were 

sampled during this study are presented in Chapter 5. 



Introduction 

CHAPTER 3 

METHODOLOGY 

The purpose of this chapter is to present the techniques and pro

cedures used in (1) obtaining the sediment samples and their contained 

pore waters, (2) chemical analyses of the pore waters, and (3) chemical, 

mineralogical, and sedimentological analyses of the sQ1id phases present 

in the sediments. Although numerous studies are present in the liter

ature concerning sediment-seawater interactions (see Chapter 1), very few 

attempt to examine the sediment other than for gross properties. This 

vacuity is, in part, due to the difficulties encountered in quantit-
.p''; 

ative1y analyzing fine-grained terrigenous sediments and the lack of 

"tried and true" procedures used in such studies. As a result, a number 

of new or modified techniques and analytical schemes had to be developed 

to allow for the detailed analysis of the sediments of Kaneohe Bay and 

Kahana Watershed. Discussion of these solid phase analytical techniques' 

is the primary purpose of this chapter. 

Field Methods 

General 

The samples were obtained during four different field efforts. The 

Kahana River sediment samples and the soil samples from the Kahana 

Watershed were collected by F. T. Mackenzie in 1967 and by the author in 

December, 1971. In addition"Mackenzie (1967, unpublished data) per

formed chemical analyses of the stream water at each sediment sampling 

location and of the pore waters obtained from some of the soil sampling 

locations. The majority of the Kaneohe Bay marine sediments were 
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collected by gravity coring from the R/V Salpa in November-December, 1971 

and from the R/V Territu in June, 1972. Subsequent laboratory analyses 

were performed using the facilities of the Hawaii Institute of Marine 

Biology located on Moku 0 Loe Island within Kaneohe Bay and at the 

Department of Oceanography, University.of Hawaii, in Honolulu. 

Kahana River Samples 

Figure 3-1 depicts soil sample locations within the Kahana Water

shed. The sampling procedure used was to collect samples from the Band 

C horizons by digging a small trench with a shovel, then IIgrabbingll the 

sample and sealing in a polyethylene bag. In situ temperature and pH 

measurements were made by direct insertion of a thermometer and com

bination pH electrode into the soil. Stream-bed sediments were obtained 

in a manner similar to the soil samples, but an attempt was made to 

gather fine-grained muds from shallow pools along the stream's course. 

Kaneohe Bay Marine Sediment Samples and Pore Waters 

The 1971 cores were obtained using two methods: (1) short gravity 

cores from shipboard, and (2) hand-collection with SCUBA equipment. The 

shipboard gravity cores were obtained using a modified 75 kg, 2 meter, 

Benthos gravity corer with a 9 cm clear PVC liner and standard core 

catcher. The corer was allowed to free-fall 5-10 meters. Sixteen cores 

from 0.75-1.50 meters in length were obtained. Two cores collected with 

the aid of SCUBA were obtained by driving a 9 cm PVC core barrel liner 

into the lagoonal muds and extracting. 

Similar techniques were followed in the 1972 field effort except a 

4 meter core barrel was used resulting in five cores (referred to as the 

liS" cores) ranging from 2.0 to 3.75 meters in length. Extreme care was 
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exercised to avoid any possible mixing of the sediments and pore waters 

in all stages of the coring operation. Cores which showed any visual 

signs of mixing were discarded and additional attempts were made at the 

same location. Figure 3-2 shows the locations of the cores collected. 

The procedures followed in the field and the subsequent pore water 

analyses scheme are depicted in Figure 3-3. Deviations in the proce

dures outlined were made because some cores were obtained for specific 

studies. Following collection, selected portions of the core were 

carefully extruded from the core barrel liner into 500 ml PVC wide-mouth 

jars; pH and temperature measurements were made by placing the electrode 

and thermometer directly into the sediment before extrusion. 

For samples to be analyzed for pore water sulphides, a portion of 

the core was quickly extruded into a sample jar containing 50 ml of O.lN 

KOH. The extrusion was performed such that the end of the core liner 

and the extruded mud were always kept below the surface of the KOH 

solution. The jars were then sealed and shaken until a slurry formed. 

As the pH of the slurry is above nin~, any H2S initially present in the 

pore waters will be converted to HS- ion, thus reducing the problem of 

loss of gaseous H2S (Thorstenson and Mackenzie, 1974). 

Pore Water Analysis 

Figure 3-3 displays the analytical scheme used for the extraction 

of the sediment pore waters for chemical analysis. The chemical tech

niques used in the determination of the various species analyzed are· 

presented in Table 3-1. The precision of the chemical techniques used 

in the pore water analyses is given in Thorstenson and Mackenzie (1974). 

The pore waters were extracted by centrifugation (18,000 9 for 10 min-
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utes in 50 ml polypropylene tubes) within 1-6 hours of collection. 

Centrifugation was chosen as the pore water extraction method over 

squeezing methods owing to the large sample size and to avoid the effect 

of temperature changes accompanying sediment squeezing (cf., Bischoff, 

~~., 1970; Mangelsdorf, et ~., 1969; Hulbert and Brindale, 1975). 

5edimentAnalysis 

General 

The sediment samples used for grain-size, mineralogical, and 

chemical analysis were sealed in the field in either the original core 

liner (5 cores) or in double polyethylene bags. After opening in the 

laboratory, the samples were split to provide about a 100 gram sample of 

approximately 10 cm of the core. The Kahana samples were simply mixed 

within the originai sampling bag and then split to obtain about a 50 

gram sample for analysis. 

Following the initial pretreatment splits, a threefold analytical 

scheme was followed for the Kaneohe Bay sediments as outlined in Figure 

3-4. About 50 grams were taken for grain-size, mineralogical, and 

chemical analysis; the chemical treatments performed on this split were 

primarily qualitative in nature. A 2 gram sample of the sediment was 

taken for the qualitative determination of total organic, carbonate, 

amorphous iron-oxyhydroxides, opaline silica, and amorphous alumino

silicate content of the sediment. A third 20 gram split of the bulk 

sediment was used for Carbon-Hydrogen-Nitrogen (CHN) determinations. 

The Kahana sediments were treated in a similar manner, except they were 

not analyzed for CHN content. 

Numerous papers have been written on various aspects of grain-size, 
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SPECIES 
Mg++ 

Ca++ 
Sr++ 
Mn++ 
Na+ 
K+ 

-...J NH+ 0 
4 

Si02 
NO-3 

PO-3 
4 

Alk 
= S 

S04 
Cl-

pH 

TABLE 3-1 
SUMMARY OF THE ANALYTICAL CHEMICAL TECHNIQUES USED IN PORE WATER ANALYSES 

ANALYTICAL TECHNIQUE 
Titration with EDTA; Erichrome Black T as indicator, for total 

Ca + Mg; difference method 
Titration with EDTA; NNI as indicator 
AA - spectroscopy 
AA - spectroscopy 
AA - spectroscopy 
AA - spectroscopy 
Vis - spectroscopy; phenolhypochorite-nitroprusside complex 
Vis - spectroscopy; ammonium para-molybdate complex 
Vis - spectroscopy; N-(l-naphthyl)-ethylenediamine complex in 
a sulphanilamide-acid solution 

Inorganic phosohate; Vis - spectroscopy; molybdic acid, 
ascorbic acid, trivalent antimony complex 

Titration with .01N HCl + pH electrode 
Back-titration of excess iodine with sodium-thiosulfate in a 
starch solution 

Gravimetric; precipitatibn with barium 
Vol hard titration; back titration of excess silver nitrate 
with potassium cyanide with ferric alum as indicator 

Direct insertation of a Beckman combination electrode into 
the sediment using an Orion 407 ion analyzer 

REFERENCE 
Land, 1966 

do. 

Sol orenzo, 1969 
Strickland and Parsons, 1965 
do. 

Murphy and Riley, 1962 

Fritz and Schenk, 1966 
Thorstenson and Mackenzie, 

1975 
Fritz and Schenk, 1966 
Wi 1 son, 1960 
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chemical and mineralogical analyses of fine-grained sediments, and an 

extensive review of the literature reveals that there is widespread 

disagreement on techniques to be employed in any study of these mat

erials. One objective of this study is to quantitatively document the 

occurrence of authigenic silicate minerals within the sediments of 

Kaneohe Bay; consequently, an analytical scheme was developed to allow 

for detailed mineralogical examination of the sediments. The primary 

techniques employed in this study were: (1) grain-size separations and 

subsequent chemical and mineralogical analyses of each size fraction, 

(2) selective chemical dissolution techniques for the study of the 

amorphous constituents, (3) X-ray diffraction analysis for the deter

mination of mineralogy, (4) Scanning Electron Microscopy and Differ

ential Thermal Analysis' to aid in the determination of mineralogy, and 

(5) petrochemical analysis of the sediments. Figure 3-4 depicts the 

scheme that was followed in the analysis of the sediment samples. 

Tables 3-2, 3-3, and 3-4 summarize the techniques employed in the selec

tive chemical dissolution of the amorphous solid phases, organics and 

carbonates, the X-ray identification of mineralogy, and the chemical 

analysis of the sediment, respectively. 

CHN Analysis 

A 20 gram sample was treated with a 20 percent W/W solution of 

trichloroacetic acid to remove the carbonates from the sample. The 

sample was allowed to react for 1 hour with periodic stirring, then 

supercentrifuged to remove the liquid, and the process repeated two to 

five times depending on the total carbonate weight percentage of the 

sample. The sample was then dialyzed to remov~ any remaining soluble 
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salts, dried at 60°C, and maintained in a desicator prior to CHN anal

ysis. 

The CHN determination was performed by first drying the sediment at 

110°C for 10 hours, weighing, then analyzing the sample on a Perkin

Elmer Model 185 analyzer. Combustion was performed at 1 ,080°C with 

helium as the carrier gas. Precision is estimated at 2-4 percent. 

Quantitative Selective Chemical Dissolution Studies 

The 2 gram sample splits were initially dialyzed to remove soluble 

salts, then dried at 60°C, and allowed to come to room temperature for 

6 to 8 hours in a dessicator, which was attached directly to the bal

ance, prior to weighing. All weights conform to a precision of .:!:. 0.1 

milligram. Each 2 gram sample was then split into two pre-weighed 

polypropylene, 50 ml test tubes and subjected to an organic dissolution 

treatment (see Table 3-2). Following this treatment and each subsequent 

chemical dissolution treatment, as shown in Figure 3-4 (see also Table 

3-2), the sample was rinsed several times with distilled water, centri

fuged, and the supernatent was examined for Tyndall effects to avoid the 

loss of any particulate matter prior to discarding the fluid. The test 

tube and sample were then dried at 60°C and weighed. The amorphous 

silicate materials, iron-oxyhydroxides, organics, and carbonates are 

expressed as a weight-loss percent of the total sample based on a 60°C 

dry weight. 

Mineralogical Analyses 

A 50 gram sample was initially placed in a polypropylene beaker, 

covered with distilled water, and allowed to stand for 5 days with 

periodic mild agitation. At the end of this period, any large masses of 
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DISSOLUTION 
SPECIES 

Organics 

Carbonates 

Amorphous 
iron-oxy
hydroxides 

Opaline 
silica 

Amorphous 
alumino
silicates 

Carbonates
CHN analysis 

TABLE 3-2 
SUMMARY OF SELECTIVE CHEMICAL DISSOLUTION TECHNIQUES USED IN SEDIMENT ANALYSES 

SUMMARY OF TECHNIQUE 

Three treatments: 10 ml 5% NaOCl (buffered to pH 9.5 with 
HC1) per gram of sediment at 60°C for 20 minutes, with 
periodic stirring 

Three to eight treatments: 100 ml of IN NaOAc (buffered 
to pH 5 with HOAc) per gram of sediment at 60°C for 30 
minutes with periodic stirring 

Three to eight treatments: 40 ml 0.3M Na-citrate and 
5 ml of 1M NaHCO solution per gram of sediment at 60°C 
with 0.5g of Na2~204 for 15 minutes with constant stirring 

Two to three treatments: 25 ml 5% Na 2C03 solution per 
gram of sample at BO°C for 10 minutes with constant 
stirring 

Two to five treatments: 25 ml 0.5N NaOH per gram of 
sample at BO°C for 5 minutes with constant stirring 

Two to five treatments: 100 ml of 20% trichloroacetic 
acid per gram of sample at 25°C with periodic stirring 

REFERENCE 

Anderson, 1963 

Jackson, 1969 

Mehra and Jackson, 1960 
Follet, et ~., 1965a,b 

Follet, et al., 1965a,b 
BracewelT;ef al., 1970 
Wada and Greenland, 1970 

Hashimoto and Jackson, 1960 
Follet, et al., 1965a,b 
Briner ana Jackson, 1970 

Thorstenson and Mackenzie, 
1974 



particles were broken up with the aid of a rubber policeman. Organic 

matter was removed from the sample and a 5 gram reference sample was 

taken and subsequently dialyzed. The bulk samples were then treated to 

remove the carbonate minerals using the NaOAc-HOAc technique of Jackson 

(1969) (see Table 3-2). The solutes were removed by dialysis to avoid 

the loss of any fine sediment. Following dialysis, a wet split of 5 

grams was obtained for quantitative grain-size analysis by gravity and 

centrifugal decantations and for X-ray mineralogical analysis. This 5 

gram split was brought to dryness at 60°C, weighed, and disaggregated as 

previously described; the size-separation techniques are as follows. 

The samples were separated into >20, 20 to 2.0, 0.5 to 2.0, 0.5 to 

0.2, and <0.2 micron size intervals by gravity and centrifugal decanta

tions. The separations were performed in a consecutive manner such that 

all the liquid used in decantation remained with the <0.2 micron frac

tion. This liquid was removed by vacuum ceramic-candle filtration (0.03 

mic~on pore diameter). All decantation fluids were subjected to Tyndall 

light examination prior to discarding. Wet reference splits were made 

of each of the siz~ fractions, transferred to clean 7.5 x 13 cm poly

ethylene bags, and oven-dried at 60°C. 

The >20, 20 to 2.0, and 0.5 to 2.0 micron size fractions received 

qualitative selective chemical dissolution treatments to remove amor

phous iron-oxyhydroxide-coatings, opaline silica, and aluminosilicate 

materials; whereas, the 0.2 to 0.5 and <0.2 micron fractions were wet 

split with one-half of the samples preserved for quantitative X-ray 

powder diffraction analysis, SEM, DTA, and XRF studies. The remaining 

half was dried at 60°C for quantitative chemical dissolution treatments; 
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the resulting solutions from the three treatments were quantitatively 

analyzed for Si, Al, Fetotal' Ca, Mg, and.K using the techniques de

scribed in Table 3-3. 

Selective Chemical Dissolution Analysis (SDA) 

Whereas the chemical dissolution techniques for the removal of 

organic matter and carbonates are relatively straightforward and accep

ted by most investigators, the techniques for the selective dissolution 

of amorphous iron-oxyhydroxide-coatings and amorphous silica and sili

cates have been the subject of significant debate (cf., Follet, et ~., 

1965a, b; Wada and Greenland, 1970; Brinner and Jackson, 1970; Bracewell, 

et ~., 1970). The analytical techniques (see Table 3-2) chosen for 

this study and discussed in Appendix A are the result of extensive 

literature survey and laboratory investigations on reference clay min

eral samples. 

Iron removal was accomplished using the technique described by 

Mehra and Jackson (1960) as prese~ted in Table 3-2. Conley, et ~. 

(1973) suggest that this technique may result in the destruction of 

montmorillonite clays, but investigations presented in Appendix A do not 

support this claim and the technique appears to be very efficient in 

removing the poorly-crystalline iron-oxyhydroxide phases from the 

samples without damage to other components. 

Because the marine sediments of Kaneohe Bay contain both biogenic 

opaline silica and terrigenous amorphous aluminosilicate material 

(allophane), a scheme was devised for the selective dissolution of these 

materials. For some time it has been customary to determine the opaline 

silica content of soils by treatment with hot Na 2C03 and/or NaOH or KOH 
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solutions, and usually alkali reagents have been used to dissolve X-ray 

amorphous aluminosilicates (Wada and Greenland, 1970). Digestion with 

dilute Na2C03 solution is thought to remove the amorphous silicieous 

material (Jackson, 1969), although Hashimoto and Jackson (1960) state 

that amorphous inorganic material is not completely dissolved with this 

reagent. Consequently, they examined the differential dissolution of 

IIclaysll with NaOH and discovered that allophane could be removed by 

boiling for 2.5 minutes in a 0.5N NaOH solution with little damage to 

crystalline materials. Brinner and Jackson (1970) subsequently altered 

the procedure using 0.5N KOH. A comprehensive review of these tech

niques is given by Follet, et~. (1965a, b) and by Wada and Greenland 

(1970) who concluded that cold or hot Na2C03 solutions dissolve the 

opaline silica of soils and minor amounts of allophane (amorphous 

aluminosilicates) whereas hot NaOH or KOH solutions dissolve both types 

of amorphous silica-material with neither technique harming the crystal

line phases, except gibbsite. 

In this work, a twofold analytical scheme was developed for the 

selective removal of opaline silica and amorphous aluminosilicates. The 

technique~ outlined in Table 3-2 rely on the differential solubilities 

of opaline silica and amorphous aluminosilicates. Experimental evi

dence, scanning electron microscopy, and solution chemistry presented in 

Chapter 5 and Appendix A support the procedures followed. Two treat

ments of a 5 percent w/w solution of Na2C03 at BO°C for 10 minutes in a 

water bath resulted in the complete removal of all biogenic opal as 

evidenced by SEM studies, whereas the aqueous phase contained little Al 

or other cations present in the solution. This treatment resulted in 
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small losses of material from the Kahana soil samples, whereas two or 

three treatments of 0.5 NaOH at 80°C for 5 minutes dissolved material of 

chemical composition similar to that of kaolinite plus iron-oxyhydrox

ides. Experimental evidence presented in Appendix A again suggests that 

little of the poorly-crystalline metahalloysite is dissolved by this 

technique. 

X-ray Diffraction Mineralogy (XRD) 

The mineralogy of each of the size fractions following each suc-

cessive selective dissolution treatment was determined by powder X-ray 

diffraction. A Norelco wide-angle diffractometer with nickel-filtered 

copper radiation and a solid crystal scintillation counter with both 

digital print-out and continuous strip chart recording was used through

out the study. Two or three samples were prepared from the slurry of 

each size fraction-chemical dissolution treatment sample prior to its 

reaching dryness and mounted on frosted petrographic glass slides using 

the smear technique of Gibbs (1965). The smear mounts were then scanned 

in accordance with Table 3-3. Weight percentages of each mineral pres-

ent were determined by measurement of selected peak areas, either 

digitally or by polar planimeter, correcting for background effects, and 

using the following equation: 

Mineral Weight % = 
Adsorption Factor x Peak Area 
k • 
~ (Adsorption Factor)i x (Peak Area); 
i=l 

(3-1) 

The adsorption factor for each mineral phase i is determined from 

experimental calibration curves and theoretical considerations (see 

Appendix B) and k is the total number of species present. 

Montmorillonite and mixed layer montmorillonite/illite were de-
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TABLE 3-3 
SUMMARY OF X-RAY POWDER DIFFRACTION PROCEDURES 

SIZE SDAl X-RAY ANALYSIS SCAN2 SCAN RATE 
FRACTION TREATMENTS PRE-TREATMENTS (02e) (02e/min) REMARKS 

All 0 None 3-40 1.0 

All 0, C None 3-40 1.0 

All 0, C, F None 3-40 1.0 

.2-.5, <.2 do. Glycolated3 3-18 0.5 Samples with 14Ao peaks only 

All 0, C, F, S None 3-40 0.5 

.2-.5, <.2 do. Glycolated 3-18 0.5 All samples, a few heated to 
550°C 

.2-.5, <.2 do. Li sat,4 glycolated, 3-18 0.5 For determination of nontronite 
heated to 250°C, after Schultz, 1969 
reglycolated 

10 = organic removal; C = carbonate removal; F = amorphorus iron oxyhydroxide removal; S = amor
phous opaline silica and aluminosilicate removal. 

2All at 35Kv, 15ma, Cu, K,,) Ni filter; 1° Scatter slit, 006 11 Receiving slit; time constant = 2sec 
for 10/min, lsec for 1/2°/min. 

3Glycolation at 40°C for 24 hours. 

4Li saturation with 3N LiCl. 



termined by expansion with ethylene glycol. Nontronite was identified 

by use of Li saturation and a heating-reglycolation test (Greene -

Kelly, 1955; Schultz, 1969). Detailed discussions of the methods are 

presented in Chapter 5. 

Analysis of variance showed that the effects of sampling, slide 

preparation, and slide orientation were not significantly different from 

the random fluctuations of the counting system. The precision of the x
ray data is estimated to be + 10 to 20 percent of the values reported. 

Sediment Chemistry 

Total oxide chemical analyses were performed in duplicate on the 

total, 2 to 20,0.5 to 2,0.2 to 0.5, and <0.2 micron size fractions 

dried at 80°C and treated to remove organic and carbonate materials. 

The procedures used were those of Buckley and Cranston (1971) where the 

determinations of Si, Ti, Al, Ca, Mg, Na, K, and Fetotal were made from 

a single decomposition of the sediment. Decomposition of all samples 

was carried out in a teflon-lined bomb (Parr Manufacturing Co.) similar 

to that described by Bernas (1968). A 100 mg sample which was dried at 

80°C for 4 hours was placed in the bomb and wetted with 1 ml aqua 

regia. Six milliliters of concentrated HF were added and the bomb 

tightly sealed. The bomb was then heated at 100°C in an oven for 90 

minutes, and subsequently cooled in a water bath to room temperature 

before opening. After opening, the sample solution was washed into a 

125 ml polypropylene bottle containing 5.6 g of boric acid (H3B03) and 

20 ml of double distilled water. The insoluble metal flourides, present 

in the digested sample after the HF treatment, are dissolved by the 

boric acid. The brown polypropylene bottle was shaken for 1 hour on a 
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shaker table to complete the boric acid dissolution. The solution was 

transferred to a class A glass volumetric flask to bring the volume to 

100 ml and returned to a brown polypropylene bottle until analysis. 

Blank solutions received the same treatment. Buckley and Cranston 

report that there is no contamination from the glass volumetrics if the 

storage time is less than 1 hour. 

An atomic absorption spectrophotometer (Perkin-Elmer Model 305) was 
+2 used for most of the analyses except for Fe . Except as noted in Table 

3-4, all instrumental settings were as recommended by the Perkin-Elmer 

Analytical Methods Book. Baselines for each element were determined by 

blank solutions, known standards mixed with the blank solutions, and by 

routine analysis of USGS rock standards W-l (diabase) and G-l (granite). 

Burner type, orientation, and fuel selection were as recommended by 

Buckley and Cranston (1971) (see Table 3-4). 

Si, Al, Ca, and Mg for some samples were analyzed by other means 

for comparision with the AA-spectrophotometric analyses to estimate 

relative accuracy of the AA-spectrophotometric techniques. Si and Al 

were determined by visable-spectroscopy using the methods of Strickland 

and Parsons (1968) and Riley (1958), respectively. A Beckman OU-2 

instrument was used for these analyses. Ca and Mg were determined by 

titration with EOTA, following the complexing of Al,Ti, and Fe with HCN 

and triethanolamine using the methods of Schapiro and Branock (1962). 

The results of these alternate analyses were all within 0.5 percent of 

the results obtained by AA-spectrophotometric analysis. FeD was deter

mined for only a few samples following the procedures of Riley (1958). 

Sulphur was analyzed using the standard combustion-EOTA comp1ex-
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OXIDE 

Si02 

Ti02 

A1 203 

Fe203 

00 FeO 
N 

K20 

Na20 

CaO 

MgO 

S 

LOI 

TABLE 3-4 
SUMMARY OF ANALYTICAL TECHNIQUES USED IN THE ANALYSIS OF SEDIMENT SAMPLES 

ANALYTICAL TECHNIQUE 

AA - spectroscopy; N?O - acetylene flame; Vis - spectroscopy; 
NH4 - paramolybdate tomplex 

AA - spectroscopy; N20 - acetylene flame 

AA - spectroscopy; N?O - acetylene flame; Vis - spectroscopy; 
8 - oxine-alumina complex 

AA - spectroscopy; air-acetylene flame (as total Fe) 

Titration with K2Cr207, diphenylamine sulfonate indicator 

AA - spectroscopy; air-acetylene flame 

AA - spectroscopy; air-acetylene flame 

AA - spectroscopy; N20 - acetylene flame + 1% LaC1 1 ; titra
tion with EDTA, NN' Tndicator + HCN and triethanolamine 

AA - spectroscopy; N?O - acetylene flame + 1% LaC1 3 ; titra
tion with EOTA, Ericnrome Black T indicator + HCN and tri
ethanolamine 

Combustion - compleximetric method; LEce analyzer, EOTA 
complexing agent 

Combustion at 950°C, for 1-1/2 hours 

REFERENCE 

Buckley and Cranston, 1971 
Strickland and Parsons, 1968 

Buckl ey and Cranston, 1971 

Buckley and Cranston, 1971 
Riley, 1958 

Buckley and Cranston, 1971 

Riley, 1958 

Buckley and Cranston, 1971 

do. 

do. 
Schapiro'and Brannock, 1962 

Buckley and Cranston, 1971 
Schapiro and Brannock, 1962 

Berner, 1964 

Schapiro and Brannock, 1962 



imetric method with a LECO analyzer. This method is similar to that 

used by Berner (1964). 

Loss on ignition was determined by placing a 50 mg sample (dried at 

80°C for 4 hours) in a muffle furnace at 950°C. for 4 hours in a pre

weighed nickle crucible, followed by reweighing. Samples were main

tained in a desiccator between weighings. 

The fluids from the selective chemical dissolution were analyzed 

for Si, A1, Fetota1' Ca, Mg, and K. Si and A1 were analyzed by visib1e

spectroscopy and the other elements by AA-spectroscopy. Care was exer

cised to ensure that the blanks and standards matched the chemical 

composition of the original dissolution fluids. As with all the AA

spectroscopy analyses, an aspiration rate check was made to ensure that 

the blanks and standards had the same viscosity as the samples. 

Nontronite Chemical Analysis 

The 0.2 to 0.5 and <0.2 micron size factions of three cores, which 

had been subjected to all of the selective chemical dissolution treat

ments, were chosen for chemical analysis of their contained nontronite. 

The X-ray mineralogy of the three samples was approximately 80 percent 

kao1inite-metahalloysite and 20 percent nontronite. The samples were 

treated in a manner similar to that of Briner and Jackson (1970), where 

0.5 gram of the sample was placed in a nickel crucible and heated to 

550°C for 6 hours to dehydroxylate the kao1inite-metahal10ysite, fol

lowed by two 10-minute baths in 0.5N NaOH at BO°C. The sample was then 

washed and centrifuged to remove the excess liquid, which was analyzed 

for the major elements. The sample was dried and reweighed to determine 

the gravimetric loss of kaolinite-metaha110ysite. The residue was then 
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subjected to X-ray powder diffraction and chemical analyses. X-ray 

diffraction patterns show that no kaolinite-metahalloysite remained as 

the result of this technique, but there was a marked increase in the 

crystallinity of the nontronite. 

Differential Thermal Analysis (DTA) 

DTA curves from 60 to 950°C were obtained on several samples using 

a Du Pont programmable analyzer. The apparatus and techniques are 

similar to those employed by Mackenzie and Mitchell (1957). A 200 mg 

sample was placed in a stainless steel sample holder; heating rate was 

10°C/minute in a continuous flow nitrogen environment, using fused 

silica as a reference standard. 

Scanning Electron Microscopy Analysis (SEM) 

All samples resulting from the treatment procedures previously 

discussed were studied with the aid of the SEM. A 200 mg sample was 

smear-mounted on an aluminum stub, dried in a desiccator for several 

days, then placed in a vacuum evaporator and coated with a two-layer 

coating consisting of a nominally 50Ao coating of carbon followed by a 

nominally 150 to 250Ao coating of gold, 60 percent gold to 40 percent 

pallidum alloy, or silver coating. A few samples were coated only with 

100-200Ao of carbon, but excessive charging usually necessitated the 

addition of a metal. The samples were examined at magnifications from 

500 to 50,000 times. 

Qualitative energy dispersive analysis of the resulting X-rays 

(EDAX) was also performed routinely to assist in the identification of 

many of the individual grains. All the samples were examined on either 

a Cambridge S4-10 or JEOLCO-50A SEM. 
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A discussion of the detailed techniques used in the SEM-EDAX 

analysis appears in Appendix C. 
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CHAPTER 4 

PORE WATER CHEMISTRY 

General 

If the chemistry of seawater ;s in part regulated by ongoing post

deposition alterations in recent marine sediments, then these altera

tions should be reflected in changes in the chemistry of the inter

stitial solutions of the sediments, the media for reactions between 

solid phases of the sediment, sediment-solute interactions, and for 

transport across the sediment-seawater boundary. The study of pore 

fluid chemistry, as related to sediment mineralogy, provides a meaning

ful approach to assessing the nature of diagenetic processes in Recent 

marine sediments. This approach is predicated on the concept that the 

ratio of dissolved component to solid component is very small for most 

constituents. Reactior\,s undectable in the solid phases commonly have a 

large and measureable effect~uponthe pore fluids. 

The purpose of this chapter is to present the results of the 

analysis of the pore fluids from the Recent sediment column within 

Kaneohe Bay. Discussion concerning the relationships between observed 

. chemical gradients and the formation of authigenic mineral phases is 

reserved for Chapter 6. This study, unlike most previous pore water 

investigations, is supplemented by detailed solid phase analyses, which 

allows for a unique understanding of the sediment - pore water reactions 

responsible for the observed pore water gradients within the sediment 

column. 

Studies of pore fluids in marine sediment have been pursued by many 

investigators beginning with Murray and Irvine (1895) who collected 
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drippings from "blue terrigenous muds" from the Scottish coast and 

compared their chemistry with overlying ocean water. A recent summary 

of marine pore fluids studies by Manheim (1976) lists over 200 separate 

investigations. The published analytical data on pore waters are most 

interesting and puzzling (cf., Siever, et ~., 1965; Friedman, et ~., 

1968;. Pressley, 1969; Berner, et ~., 1970; Bischoff and Ku, 1970, 1971; 

Bischoff and Sayles, 1972; Bender, et~., 1972; Neissenbaum et ~., 

1972; Heezen, et ~., 1973; Sholkovitz, 1973; Manheim and Sayles, 1974; 

Thorstenson and Mackenzie, 1974; Sayles and Manheim, 1975; and many 

others). These studies have shown that the extent of the solid phase

pore fluid interaction is extremely variable. Changes in the composi

tion of the interstitial fluids of pelagic sediments have been reported 

to be very limited, whereas in near-shore sediments with high rates of 

sedimentation, extensive changes have been noted. Many of the depar

tures in the chemistry of the pore waters relative to seawater noted in 

early studies of marine sediments, may be readily explained as tempera

ture artifacts induced during sample squeezing. The principal excep

tions being the depletion of S04 and organic matter, which is not 

temperature sensitive, by anaerobic bacteria and the precipitation of 

the produced S= as sulphide minerals, dissolved silica, and some trace 

metals. 

In those studies which have avoided the effects of "temperature of 

extraction" in near-shore sediments, it has been demonstrated that large 

and systematic changes in pore water chemistry with depth in the sedi-

ment column are present, but are highly variable. Understanding of 

this variability in previous studies is lacking, in part due to the lack 
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of accompanying detailed studies of the solid phases. 

The interpretation of pore water data in terms of diagenetic 

reactions occurring within the sediment is subject to several severe 

limitations as outlined by Sayles and Manheim (1975): 

1. The pore solutions are, in most reactions, the only medium of 

reaction; therefore, pore fluids only record the results of soluble 

products or the depletion of components from the solution; hence, 

diagenetic solid-phase transformations which are isochemical may not be 

detected by pore fluid analysis. 

2. The pore fluid represents a record which is the integration of 

all reactions occurring that affect the concentrations of dissolved 

components. As a result, many of the observed compositional changes may 

be explained by several very different reactions--one or all of which 

may occur. 

3. Observed changes in pore fluid are commonly masked by dif

fusion, which acts to minimize the chemical gradients established by 

reaction. In sediments no longer undergoing diagenetic alteration, 

diffusion may completely erase any evidence of reaction if deposition 

rates are very slow; i.e., pelagic clays. Reactions generally are 

"early" and limited to the upper few meters of sediment. 

The above limitations tend to make the identification of the 

reactions that control the pore fluid composition nearly impossible 

without detailed knowledge of the chemical and mineralogical changes in 

the solid phases which are responsible for the chemical gradients. 

Nearly all previous studies, except those mentioned in Chapter 1, have 

failed to examine the solid phase components of the sediment column. 
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As summarized by Sayles and Manheim (1975), the most complex 

pattern of interstitial water diagenesis is discovered in rapidly 

deposited, organic-rich terrigenous silts and clays, containing, in 

addition, variable amounts of biogenic carbonate and silica. The pore 

waters of this type of sediment display extensive alteration of the 

original concentrations of almost all constituents. Kaneohe Bay pre

sents an extreme, but reasonable, example of this type of sedimentation. 

Fresh Water Input to Kaneohe Bay 

The manner in which information concerning dissolved species in the 

pore waters of Kaneohe Bay is presented is of importance. Figure 4-1 

depicts the analytical data for 10 dissolved species of three cores from 

different sedimentological regimes of Kaneohe Bay. These data are 

presented as depth versus observed concentration. It can be seen that 

very strong vertical gradients exist for all of the dissolved species. 

It is important to note the systematic decrease in C,- ion with depth in 

Figures 4-1 and 4-2. The low concentrations do not represent the uptake 

of Cl- ion by reaction, because no mineral in these sediments can con

tain sufficient Cl- to account for the observed depletions of up to 5 

percent. Rather, the decreases in Cl concentration must reflect di

lution by fresh waters. This relationship has been noted in other 

studies of near-shore terrigenous sediments (Sayles and Manheim, 1975) 

but the source of the fresh water required for dilution in the Kaneohe 

Bay sediments is still unexplained. Organic matter upon oxidation 

produces H20, but this source cannot account for the net changes ob

served in Figure 4-3 because the sediments of Kaneohe Bay are anoxic. 

Manheim (1967) demonstrated that the occurrence of fresh water in the 
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Figure 4-1; Observed concentration versus depth profiles for the dissolved chemical speciies 
from pore waters of three shallow gravity cores from Kaneohe Bay. Core 3 represents lagoonal 
carbonate sediments from the central bay having sedimentation rates of 3.0 cm/year. Core 10 
represents near-shore terrigenous sediments from the north bay having sedimentation rates of 3 .. 4 
cm/year. Core 12 represents near-shore terrigenous sediments from the sewage-outfall affected 
southern bay having sedimentation rates of 4.7 cm/year. 
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Figure 4-2. Observed chloride concentrations for the pore waters 
of Kaneohe Bay sediments. Solid symbols represent cores whose mineral
ogy has <50 percent carbonate; open, >50 percent carbonate. Triangle 
symbols represent cores from the north bay; squares, central bay; and 
circles, south bay. 
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Figure 4-3. Net decrease in Cl- concentration with depth for the 
pore waters of Kaneohe Bay sediments expressed as departures from bottom 
water Cl- values of 558.0 mmoles/l. The depletion of Cl- with depth is 
probably due to the influx of meteoric ground water and represent~ a 
dilution of the pore fluids; parallel decreases may be seen in Na con
centrations (Figure 4-25). Although basal meteoric ground waters of 
Oahu contain 200-270 ppm total dissolved solids (Davis, 1969), no at
tempt will be made in this study to correct other chemical species 
concentrations for ground water additions other than simple dilution. 
Symbols are the same as in Figure 4-2. 
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pore fluids of sediments up to 120 km off the coast of Florida is the 

result of subsurface flow from land. Visher and Mink (1974) report the 

presence of fresh water springs on the Oahu shallow shelf. Another 

source within the Kaneohe Bay sediments is poorly-crystalline clay 

minerals, which contain considerable unbound water. The expulsion of 

some of this water from the clays during burial could lead to a fresh

ening of the pore fluids (Schmidt, 1973). The amount of water that 

would be released by this process during shallow burial is difficult to 

measure, but an estimation can be made. 

Kahana River and Kaneohe Watershed stream sediments (see Chapter 5) 

average 14-22 weight percent unbound (H 20-) water, whereas the Kaneohe 

Bay sediments average (on a C03, organic free basis)/only 14-17 weight 

percent unbound water. This loss' of H20- is probably due in part to the 

restructuring of halloysite to metahalloysite, and to an increase in 

crystallinity of disordered kaolinite within the Kaneohe Bay sediments. 

These processes could account fo~ a maximum of 4-6 percent freshening of 

the interstitial waters with depth in the sediments. However, fresh

ening is present in the calcium carbonate-rich cores equal to the 

observed amount of dilution in the terrigenous-rich cores. This ob

servation tends to support the concept of fresh water seepage from the 

island's Ghyben-Herzberg lens. If meteoric ground water is the source, 

then as much as 10 weight percent of the dissolved silica in the pore 

waters may be from ground water. (Davis, 1969, gives an average value 

of 0.733 mmole/l of dissolved Si02 in the ground waters of Oahu.) The 

actual dilution mechanism is probably a combination of meteoric water 

seepage and clay mineral dewatering with the meteoric water contribution 
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being the most signifi.cant. In view of the uncertainty of the fresh 

water source, the freshening of the interstitial fluids with subbottom 

depth will be treated as a result of simple dilution. 

The pore water data to be presented in this chapter are given as: 

(l) observed concentration versus depth plots, and (2) "net change" data 

for which K, Ca, Mg, 504, and total alkalinity have been normalized to a 

C1 concentration of 558.0 mmoles/liter and then expressed as departures 

from Kaneohe Bay bottom water values and referred to as "delta" plots. 

Table 4-1 presents the analytical concentrations for pore water samples 

extracted from cores used in this study. 

£!:!. 
The pH values for all cores generally decrease with depth. This 

decrease is shown in Figure 4-4; however, reversals of pH at a depth of 

about 75 cm are evident for several cores. Leeper (1975) ascribes these 

reversals to organic reactions in the pore fluids. 

5u1 phate 

All of the cores show systematic depletions of sulphate with 

depth: a pattern demonstrated in many previous studies in anoxic 

environments as summarized by Go1dhaber and Kaplan (1974) and Berner 

(1974). The reduction in the dissolved sulphate concentration is 

attributed to the activity of anaerobic sulphate-reducing bacteria. 

Figure 4-5 presents the dissolved sulphate concentrations for 13 cores 

from Kaneohe Bay and Figure 4-6 presents the net change in sulphate 

corrected for the dilution effects of fresh water with depth in the 

cores. The importance of sediment type, total organic content, organic

type and sedimentation rate in controlling the rate of sulphate re-
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TABLE 4- 1 

DISSOLVED CHEMICAL COMPONENT CONCENTRATION IN KANEOHE BAY INTERSTITIAL WATERl 

Depth 
S-2 SO -2 

Total 
Ca+2 M9+2 NH + 

Na+ Na+ 
K+ PO -3 

Fe 
Sr+2 (em) 2 pH 4 Alk 4 Si02 Cl meas cal c3 

4 NO; Total 

Core 14 15 7.16 0.000 0.00 5.90 4.20 29.40 2.77 0.1193 545.25 416.98 472.22 8.96 n. d. n.d. n. d. n.d. 
St 5 76 7.07 0.000 0.00 5.90 4.30 29.30 2.54 0.1175 552.50 462.38 478.97 9.69 n.d. n.d. n.d. n.d. 

137 7.45 0.000 1. 15 10.00 7.70 33.90 1. 94 0.1210 546.75 416.98 464.21 9.69 n.d. n. d. n. d. n.d. 

Core 2 20 7.40 0.000 18.75 12.00 7.80 52.30 0.75 0.4094 552.50 469.80 470.94 10.10 n.d. n.d. n.d. n. d. 
Sc 71 7.04 0.100 9.80 18.60 4.20 50.10 1. 22 0.4913 549.25 454.51 467.82 10.00 n. d. n.d. n.d. n.d. 

99 7.41 0.670 3.85 24.80 3.10 48.00 1. 50 0.4058 551.00 467.48 471 .18 9.95 n.d. n.d. n.d. n.d. 

Core 3 1 5 7.68 0.090 28.80 3.20 9.55 55.50 0.25 0.1816 554.75 421.61 475.23 10.15 n.d. n.d. n. d. n.d. 
Cc 50 7.47 0.055 29.70 3.98 9.80 56.50 0.69 0.2136 549.00 445.70 469.26 9.94 n.d. n.d. n.d. n.d. 

76 7.35 0.138 26.30 4.81 9.30 56.20 0.28 0.2492 539.50 429.49 456.00 9.90 n.d. n.d. n. d. n. d. 
101 7.34 0.401 23.80 5.31 9.20 55.10 0.47 0.2919 535.75 481.84 450.75 9.64 n.d. n.d. n.d. n.d. 
127 7.28 0.260 23.80 5.94 8.90 54.00 0.71 0.3845 529.25 437.83 447.22 9.58 n.d. n.d. n. d. n.d. 
152 7.15 0.400 24.60 6.33 8.45 53.25 0,69 0.4201 527.25 419.76 450.16 9.32 n.d. n.d. n.d. n. d. 

1.0 Core 5 20 7.54 0.140 28.55 3.44 9.40 53.90 0.42 0.2775 544.00 460.99 468.08 9.72 n.d. n.d. n.d. n.d. 0"\ Cc 60 7.41 0.032 24.90 5.22 8.00 53.10 0.69 0.2995 535.75 449.41 457.99 9.95 n.d. n.d. n.d. n.d. 
83 7.28 0.088 19.30 6.85 7.20 48.90 0.87 0.3880 509.85 447.09 433.07 9.33 n.d. n.d. n.d. n.d. 

106 7.27 0.129 17.60 8.90 5.40 45.90 2.52 0.4557 496.85 425.78 427.41 8.67 n.d. n. d. n.d. n.d. 

Core 9 15 7.38 n.d. 28.65 2.99 10.10 50.80 0.15 0.1605 558.25 481.84 486.93 9.63 n.d. n.d. n.d. n.d. 
Nt 30 7.68 n.d. 27.75 2.76 9.80 52.40 0.17 0.1353 553.25 474.89 477 .08 9.85 n.d. n.d. n.d. n.d. 

45 7.65 n.d. 27.45 3.30 9.20 52.70 0.17 0.1602 554.25 470.26 478.41 10.06 n.d. n. d. n.d. n.d. 
60 7.75 n.d. 19.30 7.67 6.80 47.45 0.73 0.2456 538.25 467.94 465.47 9.80 n.d. n.d. n.d. n.d. 

Core 10 10 7.22 n. d. 27.20 5.06 9.60 52.75 0.62 0.1994 557.50 463.31 482.31 9.29 n.d. n.d. n.d. n.d. 
Nt 20 7.39 n.d. 26.30 5.60 9.60 52.40 0.50 0.2456 553.75 465.63 477.16 10.27 n.d. n.d. n.d. n.d: 

45 7.48 n.d. 25.20 6.50 9.15 52.35 1. 00 0.3524 549.00 465.63 472.19 9.69 n.d. n.d. n.d. n.d. 
71 7.34 n.d. 19.05 11.60 6.65 49.95 1. 25 0.3453 544.00 460.99 469.41 9.92 n.d. n. d. n. d. n.d. 

106 7.40 n.d. 17.10 12.71 5.80 49.20 1.46 0.2848 526.25 465.63 452.25 9.44 n.d. n. d. n.d. n.d. 
122 7.41 n.d. 15.40 13.22 5.15 48.65 1. 73 0.2883 534.75 456.36 459.60 9.83 n.d. n. d. n.d. n.d. 
137 7.40 n.d. 13.15 13.94 4.85 48.45 2.15 0.3560 535.00 460.99 457.24 9.24 n.d. n.d. n.d. n.d. 

lAll values expressed as mmoles/liter, except Total Alkalinity which is meq/liter and pH. 
2Samp le depth is the median value of a 15 cm sampling interval. 
3Determined by the difference between total anions and cations. 
4Field handling procedures may have caused contamination of samples. 
5S = south bay, C = central bay, N = north bay; c = >50 percent carbonate, t = < 50 percent carbonate. 
n.d. = not determined. 
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Depth 
(cm)2 pH 5- 2 

Core 11 
St 

30 7.30 n.d. 
60 7.39 n.d. 

147 7.47 n.d. 

Core 12 
St 

20 7.09 n.d. 
817.19 n.d. 

1377.15 n.d. 

Core 13 
St 

35 7.26 n.d. 
117 7.12 n.d. 

Core 14 
St 

8 7.28 n.d. 
64 7.26 n.d. 

Core 15 
Sc 

20 7.33 n.d. 
120 7.24 n.d. 

Core 16 
Nc 

55 7.50 n.d. 

Core 17 66 
Cc 

Core 18 22 
Ct 

Core 51 145 
Nc 267 

285 

Core 52 4 150 
Cc 

Core 53 107 
Cc 168 

229 
285 
350 

Core 54 120 
Sc 180 

Core 55 145 
St 205 

6.94 n.d. 

7.31 n.d. 

7.28 n. d. 
7.15 n.d. 
7.13 n.d. 

7.28 n.d. 

6.91 n.d. 
6.81 n.d. 
6.85 n.d. 
6.85 n.d. 
6.70 n.d. 

7.24 n.d. 
7.08 n.d. 

7.23 n.d. 
7.26 n.d. 

SO -2 
4 

16.30 
5.20 
1.90 

19.30 
5.40 
0.80 

7.40 
2.70 

24.90 
5.80 

22.60 
2.10 

28.60 

21.00 

26.60 

23.30 
19.20 
13.10 

20.40 

20.00 
15.20 
9.30 
7.00 
6.60 

0.00 
0.80 

0.00 
0.00 

Total 
Alk 

17.19 
28.51 
25.33 

11 .21 
24.80 
29.80 

23.00 
27.16 

6.80 
23.90 

7.38 
26.23 

Ca+2 

8.60 
4.70 
3.35 

7.50 
4.50 
3.10 

5.00 
3.25 

9.00 
4.75 

8.70 
2.55 

Mg+2 

50.65 
49.35 
45.80 

53.15 
49.60 
47.20 

49.80 
47.00 

53.50 
49.85 

53.75 
46.25 

TABLE 4-1 (contd) 

NH + 
4 

1. 46 
2.01 
4.22 

1. 21 
2.26 
2.84 

1.71 
3.04 

0.90 
2.36 

0.78 
1. 94 

Si02 

0.2278 
0.2492 
0.2599 

0.2278 
0.2995 
0.2670 

0.2599 
0.2884 

O. 1816 
0.2670 

0.2955 
0.4450 

Cl 

544.50 
547.75 
535.50 

548.50 
542.75 
536.20 

538.75 
533.50 

556.25 
542.00 

544.75 
545.25 

Na+ 
meas 

453.36 
467.94 
446.17 

444.78 
454.04 
444.31 

444.78 
454.04 

463.31 
447.09 

456.36 
472.57 

Na+ 
calc 3 

464.61 
466.80 
452.26 

466.13 
458.47 
454.68 

456.18 
453.33 

476.86 
456.60 

462.21 
466.80 

3.08 10.85 53.15 0.18 0.2314 550.00 454.04 472.34 

8.53 

4.89 

5.61 
11 .40 
12.10 

6.43 

10.60 
14.80 
16.25 
15.20 
16.85 

28.00 
27.85 

29.40 
30.95 

8.15 

10.20 

8.10 
6.25 
4.00 

11 .15 

5.75 
5.50 
5.00 
5.00 
5.00 

1.40 
1. 25 

2.15 
1. 40 

50.75 1. 18 

53.20 0.37 

54.90 2.57 
53.00 2.58 
48.90 3.87 

45.65 0.90 

52.25 0.71 
51. 05 1. 48 
51.75 2.24 
50.85 3.52 
50.24 2.64 

46.55 1.51 
44.50 4.17 

47.70 4.14 
46.70 5.69 

0.5981 

0.3133 

0.3739 
0.3900 
0.4038 

0.3879 

0.3628 
0.4170 
0.3651 
0.3975 
0.4144 

0.3421 
0.3726 

0.4306 
0.4101 

553.00 

546.75 

556.00 
526.00 
541.00 

446.50 

537.00 
550.25 
542.00 
533.50 
520.00 

548.50 
547.00 

514.50 
517.00 

435.51 

458.68 

n.d. 
n.d. 
n.d. 

n.d. 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

n.d. 
n. d. 

n.d. 
n.d. 

455.22 

467.62 

n.d. 
n.d. 
n.d. 

n.d. 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

n.d. 
n.d. 

n.d. 
n.d. 

K+ 

9.70 
9.73 
9.87 

9.66 
9.50 
9.47 

9.04 
9.18 

10.05 
9.33 

9.43 
9.33 

PO -3 
4 

n.d. 
n.d. 
n.d. 

n.d. 
n.d. 
n.d. 

n.d. 
n.d. 

n.d. 
n.d. 

n.d. 
n.d. 

9.73 n.d. 

9.33 

10.03 

n.d. 
n.d. 
n.d. 

n.d. 

n.d .. 
n.d. 
n.d. 
n.d. 
n.d. 

n.d. 
n.d. 

n.d. 
n.d. 

n.d. 

n.d. 

0.139 
0.158 
0.359 

0.062 

0.062 
0.115 
0.225 
0.258 
0.288 

0.032 
0.079 

0.072 
0.137 

NO; 

n.d. 
n.d. 
n.d. 

n.d. 
n.d. 
n.d. 

n.d. 
n.d. 

n.d. 
n. d. 

n.d. 
n.d. 

n.d. 

n.d. 

n.d. 

.0048 

.0018 

.0020 

.0087 

.0040 

.0025 

.0031 

.0030 

.0020 

.0025 

.0016 

.0038 

.0029 

Fe 
Total 

n.d. 
n.d. 
n.d. 

n.d. 
n.d. 
n.d. 

n. d. 
n.d. 

n.d. 
n.d. 

n.d. 
n.d. 

n.d. 

n.d. 

n.d. 

0.058 
0.054 
0.040 

0.197 

0.045 
0.047 
0.058 
0.058 
0.040 

0.045 
0.040 

0.049 
0.054 

Sr+2 

n.d. 
n.d. 
n.d. 

n.d. 
n. d. 
n.d. 

n.d. 
n.d. 

n.d. 
n.d. 

n.d. 
n.d. 

n.d. 

n.d. 

n.d. 

0.047 
0.037 
0.028 

0.067 

0.049 
0.041 
0.040 
0.036 
0.034 

0.029 
0.023 

0.029 
0.020 
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Figure 4-4. In situ pH values obtained from sediments of Kaneohe 
Bay. Solid symbols represent cores whose mineralogy has <50 percent 
carbonate; open, >50 percent carbonate. Triangle symbols represent 
cores from the north bay; squares, central bay; and circles, south bay. 
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Figure 4-5. Observed sulphate concentrations for the pore waters 
of Kaneohe Bay sediments. Symbols are the same as in Figure 4-4. 
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Figure 4-6. Net changes in the sulphate concentrations for the 
pore waters of Kaneohe Bay sediments. Observed values have been norm
alized to a Cl- value of 558 mmoles/l and are expressed as deviations 
from a bottom water sulphate concentration of 28.0 mmoles/l. Symbols 
are the same as in Figure 4-4. The rate of sulphate depletion appears 
to be controlled by core location; cores from the sewage-polluted south 
bay (circle symbols) show a pronounced increase in sulphate reduction 
with depth over sediments from other locations. Berner (1974) attributes 
this rapid rate of sulphate reduction to the increased amount of readily 
metabolized organic compounds from sewage outfalls. 
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duction may be evaluated in these plots of sulphate concentration versus 

depth. The cores from the southern portion of the bay show a greatly 

increased rate of reduction over the cores from the northern and central 

portions of the Bay. Similarly, the rate for the near-shore terrigenous 

cores is higher than for carbonate-rich cores from the lagoonal sedi

ments within the same geographical portion of the bay. Berner (1974) 

concluded from his kinetic models for sulphur, phosphorus, and nitrogen 

species in the pore waters of the sediments of Somes Sound, Maine, and 

Long Island Sound, that sewage pollution and high rates of sediment 

deposition result in the availability of more rapidly decomposible 

organic compounds to the micro-organisms living in the sediments than 

organic compounds from natural sources. Berner concluded that the type 

of organic matter appears to be a more important factor in influencing 

metabolic rates of these sediment micro-organisms, than the total amount 

of organic matter deposited in the sediment. 

Berner's model appears to be valid for the Kaneohe Bay sediments. 

The total organic content of the terrigenous cores is similar for both 

south and north/central bay (around 9 vs. 7 weight percent total oxi

dizable organic matter near the surface), but the amount of sulphate 

reduction in the pore waters of the south bay sediments with depth is 

significantly greater than the north/central bay sediments. As will be 

discussed later, the south bay is the site of large sewage outfalls; 

hence, a source of readily metabolizable organic matter. The total 

oxidizable organic co~tent of the carbonates of the north/central bay is 

significantly lower (1-2 weight percent) than the terrigenous sediments, 

and as a result show the slowest rates of sulphate reduction, even 

101 



though the total organic content is great enough, if completely meta

bolized, to result in the complete reduction of sulphate (Berner, 1974). 

A conclusion is that the type of organic material and the total amount 

available for the generalized sulphate reduction reaction: 

2CH20 + S04= = H2S + 2HC03- (4-1) 

do appear to be primary factors in controlling the rate of micro-organ

ism metabolism and consequently the sulphate reduction rate within 

Kaneohe Bay sediments. 

Sulphide 

Wet chemical analysis for pore water concentrations of sulphide was 

performed only on a limited number of cores (Table 4-1). In general, 

the terrigenous cores had no detectable sulphide concentrations (either 

by analysis or shipboard H2S smell), whereas the carbonate-rich cores 

had low, but detectable dissolved sulphide concentrations at depth. 

Consistent with numerous other studies (as summarized in Goldhaber and 

Kaplan, 1974), the low concentrations of dissolved sulphides, even in 

cores where complete sulphate reduction has occurred, is due to the 

rapid formation of iron-sulphide minerals. Mineralogical and chemical 

analyses (Chapter 5) of the sediment indicate that pyrite is being 

formed as the result of reaction of amorphous iron-oxyhydroxides and the 

dissolved sulphide of the pore water. In the terrigenous cores, suffi

cient amorphous iron-substances exist to react with the available 

sulphide to form iron-sulphide minerals and keep the sulphide concen

tration near zero. In the carbonate cores the amount of amorphous iron

oxyhydroxides is small in the surficial sediments and decreases with 

depth to near zero values, hence the appearance of detectable dissolved 

l~ 



sulphide at depth. In the following reaction: 

4S04 + 15/2CH20 + 1/2H2C03 + Fe203 = 2FeS2 + 8HCO; + 4H20 (4-2) 

the amount of available iron would be a limiting factor in the reaction 

as is evidenced from the Kaneohe Bay sediments. 

Even in the carbonate-rich cores, the minor amount of terrigenous 

iron contamination is sufficient to keep the sulphide concentrations 

very low as compared to the sulphide profiles from anoxic carbonate 

sediments of Bermuda (Thorstenson and Mackenzie, 1974). 

Total A lka 1 inity 

Total or titration alkalinity of the pore waters shows marked 

increases with increasing subbottom depth for all cores as shown in 

Figures 4-7 and 4-8. These increases are generally attributed to sul

phate reduction by organic matter (Equation 4-1) and the production of 

ammonia, as discussed by Berner, et~. (1970). The alkalinity of the 
. ./ 

Kaneohe Bay sediments, however, presents an enigma, as is shown in 

Figure 4-9. As seen from Equation 4-1 the red~ction of 1 mmole/l of 

sulphate is accompanied by the production of 2 meq/l of alkalinity. The 

production of 1 mmole/l of ammonia is accompanied by 1 meq/l of alka

linity. It follows that if no reactions involving the precipitation or 

dissolution of a solid phase were occurring the slope of the line in 

Figure 4-9, would be equal to 2 meq/l of alkalinity per 1 mmole/l of 

sulphate reduced plus the minor contribution from ammonia production 

(see Figure 4-11), rather than the nearly 1 meq/l per 1 mmol ell rel a

tionship as shown. 

The problem is simply one of determining whether the 1:1 rela

tionship between sulphate reduction and alkalinity is simply coinci-
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Figure 4-7. Observed titration alkalinity for the pore waters of 
Kaneohe Bay sediments. Solid symbols represent cores whose mineralogy 
has <50 percent carbonate; open, >50 percent carbonate. Triangle sym
bols represent cores from the north bay; squares, central bay; and 
circles, south bay. 
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Figure 4-8. Net increases in titration alkalinity for the pore 
waters of Kaneohe Bay sediments. Observed values have been normalized 
to a Cl- vaue of 558 mmoles/l and expressed as deviations from a bottom 
water concentration of 2.5 meq/l. Symbols are the same as in Figure 4-
7. 
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Figure 4-9. Plot of "net alkalinity production" versus observed 
net increase in alkalinity in the pore waters of Kaneohe Bay sediments. 
If alkalinity is not being consumed by mineral-pore water reactions, 
then the plot would approximate the dashed line; however, a depletion of 
the "alkalinity produced II is occurring at a nearly linear rate of 1 meq 
consumed for each 2 meq produced regardless of sediment type; only in 
the near-surface samples does the observed alkalinity equal the "net 
alkalinity production." Symbols are the same as in Figure 4-7. 
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dental with the precipitation of solid phases, or whether there exists 

something inherent in the stochiometry of the reactions involved that 

leads to this relation. 

As can be seen by comparing the net decreases in the concentrations 
++ ++ of Ca and Mg to the "missing" alkalinity in Figure 4-10, and, noting 

nearly equal depletions of Ca++ and Mg++ as shown in Figure 4-11, the 

precipitation of dolomite (Equation 4-3) could account for the "missing" 

a 1 ka 1 i n ity : 

Mg++ + Ca++ + 4HCO-3 M C (CO) 2CO 2H 0 = g a 32+ 2 + 2· (4-3) 

However, detailed mineralogic analyses do not show the presence of 

dolomite within the sediments, indicating that other reactions are taking 

place. Analysis of the chemical composition of the silicate fraction of 

the sediments show that Ca++ is being lost from the sediments and Mg++ 

is being taken up. The relationship is such (see Chapter 5) that the 

Mg++ decreases with increasing subbottom depth in the pore waters are 

balanced by the Mg++ increases in the sediment and electrical neutrality 
. ++ 

in the pore waters is balanced by the loss of Ca from the sediments. 

The resultant nearly simultaneous precipitation of Mg-calcite and/or 

aragonite could account for the apparent alkalinity disparity and the 

Ca++ profiles. The addition of around 1 weight percent calcite and/or 

aragonite would not be detectable in the mineralogical analyses of the 

sediment. 

There are several other reactions, not directly linked to the 

sulphate reduction process, that consume alkalinity with attendant 

cation uptake. These reactions include the formation of sepiolite 

and/or various "reverse-weathering" clay mineral formations as proposed 
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Figure 4-ll+ Plot of the net decreases of Ca++ versus the net 
decreases of Mg from the pore waters within Kaneohe Bay sediments. 
Although scatter is present, the terrigenous dominate~cores (solid 
symbols) appear to result in greater depletions of Mg than the car
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by Mackenzie and Garrels (1966a). Further discussion of the a1ka1inity

sulphate reduction profiles and the formation of authigenic a1umino

silicate minerals is reserved for Chapter 6. 

Ammonia, Nitrate, and Phosphate 

The production of ammonia in the bay's pore waters is shown in 

Figure 4-12. The parallelism of this profile to the alkalinity profile 

and sulphate reduction profiles is clearly shown. Ammonia is produced 

in anoxic sediments by the decomposition of organic nitrogen compounds 

(a minor amount may also come from the reduction of interstitial water 

nitrate). Sho1kovitz (1973) showed that a sulphate reduction model 

(i.e., Equation 6-1) is applicable in predicting ammonia concentrations 

in pore waters if the C:N ratio is known of the decomposing organic 

material. Berner (1974), however, states that like sulphate reduction, 

the production of ammonia is controlled by the type of organic nitrogen 

compounds and the rate of sedimentation and not simply the C:N ratio of 

the organic matter. 

In Figure 4-13, the ammonia concentration of the interstitial water 

is plotted against the C:N ratio of the sediment at or near the same 

depth (see Table 5-4). The rate of ammonia production appears related 

to the C:N ratio; the south bay sediments form a set whose initial C:N 

ratios suggest an initial surface value of near six, whereas the C:N 

ratio of north bay sediments is about 10. These C:N ratios are consis

tent with the data of Steinhi1per (1970) who reports a C:N ratio of six 

for the sewage effluent being dumped into the south bay and between six 

and 10 for suspended particulate organic matter in the north bay. In 

addition, it can be seen from Figure 4-14 that the C:N ratio increases 
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Figure 4-12. Observed ammonia production for the pore waters of 
Kaneohe Bay sediments. Similar to sulphate depletion, the rate of 
ammonia production appears to be dependent on sediment-organic type as 
the sewage-polluted south bay sediments (circle symbols) show greatly 
increased rates of production over sediments from other portions of the 
bay. The gradients for ammonia are inverse to those of sulphate (see 
Figure 4-6) as observed elsewhere (Berner, 1974). Symbols are the same 
as in Figure 4-11. 
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Figure 4-14. Sediment carbon:nitrogen ratio as a function of 
depth. In all cores analyzed for organic CHN (see Table 5-4) the C:N 
ratio increase with depth .is similar to the profiles observed by Emery 
and Rittenberg (1952) for anoxic sediments of the Santa Barbara Basin. 
This relationship suggests that nitrogeneous organic compounds are 
metabolized at a faster rate by sediment micro-organisms tha~~on
nitrogeneous organics. Symbols are the same as in Figure 4-11~~ 
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with depth for both sediment types; a phenomenon observed by several 

other investigators (cf., Holm-Hansen, 1966; Gordon, 1971; Emery and 

Rittenberg, 1952; and Emery, 1960). 

- The nitrate values presented in Figure 4-15 are very low and are 

near the detection limits of the analytical technique. Also, they may 

be in error due to the possible oxidization of NH4+ prior to analysis. 

Only the deep liS cores" were analyzed, and all the cores show a de

pletion of nitrate with increasing subbottom depth as would be expected 

from the theoretical predictions of Thorstenson (1970). Sholkovitz 

(1973) and Berner, et~. (1970) report nondetectable values below the 

sediment water interface for similar anoxic sediments. 

Total reactive phosphate profiles for the deep "s cores" inter

stitial waters are shown in Figure 4-16. The increasing values of 

phosphate with depth agree with trends reported from other anoxic sedi

ments (cf., Sholkovitz, 1973, and Nissenbaum, et ~., 1972). Moberly, 

et~. (1968) give values of .214 and .304 weight percent for the total 

P content of the surface lagoonal carbonate and terrigenous sediments, 

respectively. No analyses of organic P are available for the Kaneohe 

Bay sediments, but generally the ratio of total P to organic P is 6:1 

(Rittenberg, et ~., 1955), which gives organic P values of .035 and 

.051 weight percent, for the two Kaneohe Bay sediment types, respective

ly and C:P ratios of 240 and 150 respectively, which would be in reason

able agreement with the phosphate production model of Sholkovitz (1973). 

Calcium, Strontium, Magnesium 

All of the pore waters analyzed from Kaneohe Bay commonly show 

major depletions of calcium, strontium, and magnesium with increasing 
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Figure 4-15. Observed nitrate concentrations for the pore waters 
from the deep "5 cores" of Kaneohe Bay. All cores exhibit depletions of 
nitrate with depth, but gradients may be artificial to improper sample 
handling, see chapter 3. Symbols are the same as in Figure 4-11. 
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Figure 4-16. Observed total reactive phosphate concentrations for 
the pore waters from the ~eep liS cores" of Kaneohe Bay. All cores 
exhibit increases in P04- similar to those observed and modeled by 
Sholkovitz (1973) for anoxic sediments of the Santa Barbara Basin based 
on a C:P ratio of 212:1. Kaneohe Bay surface sediments probably have 
C:P ratios between 150:1 and 240:1 based total P values from Moberly, et 
~ (1968). Symbols are the same as in Figure 4-11. 
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subbottom depth. Figures 4-17 and 4-18 show the Ca++ profiles as ob

served values and as net change-normalized values with depth, respect

ively. Similar depletions of Ca++ in anoxic sediments have been ob

served by Sholkovitz (1973), Nissenbaum, et~. (1972), Drever (1971), 

and Pressley and Kaplan (1968). The loss of Ca++ is usually attributed 

to the precipitation of aragonite or Mg-calcite from the interstitial 

fluids owing to the increase in carbonate alkalinity. However, if one 

compares the depletion of Ca++ versus the "loss" of produced alkalinity 

from sulphate reduction and ammonia production as shown in Figure 4-19, 

it is apparent that if all the Ca++ lost is due to the formation of 

CaC03, this reaction does not completely account for the "loss" of 

alkalinity, implying that other reactions must be taking place to cause 

the 110SS" of alkalinity. 

Pore fluid strontium was only measured for the deeper liS" cores and 

the concentration versus depth profiles are shown in Figure 4-20. The 

parallelism of the loss of Sr++ to Ca++ is strikingly shown by comparing 

Figure 4-18 to Figure 4-16. . ++ ++ A nearly constant ratlo of 75 Ca :1 Sr 

by weight is observed for the depletions of these two species. This 

parallelism of Sr to Ca has been observed by other investigators (as 

summarized by Manheim and Sayles, 1975). It appears that the loss of Ca 

and Sr is due to the precipitation of aragonite. If calcite were being 

formed, one would expect the ratio to be near 400:1 whereas aragonite 

precipitation would cause a "loss ratio" of 100:1, if precipitation is 

obtained from near-saturated, normal marine waters at 25°C (Kinsman and 

Holland, 1969). If the Ca++ loss is doubled to account for the excess 

loss of alkalinity, then the "total Ca++ depletion" value would bring 
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Figure 4-17. Observed calcium concentrations for the pore waters 
of Kaneohe Bay sediments. Solid symbols represent cores whose mineral
ogy has <50 percent carbonate; open, >50 percent carbonate. Triangle 
symbols represent cores from the north bay; squares, central bay; and 
circles, south bay. 
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Figure 4-18. Net decreases in calcium concentrations for pore 
waters from Kaneohe Bay sediments. Observed values have been normalized 
to a Cl- value of 558 mmoles/l and expressed as deviations from a bottom 
water concentration of 10.4 mmoles/l. All cores show decreases in 
calcium concentrations with depth within the pore waters, paralleling 
the depletions of sulphate (see Figure 4-6). Symbols are the same as in 
Figure 4-17. 
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Figure 4-19. Plot of net decrease of Ca++ versus net "loss" of 
producf~ alkalinity from the pore waters of Kaneohe Bay sediments. The 
net Ca loss only accounts for about half of the net "loss" of produced 
alkalinity, regardless of sediment type, suggesting that the simple 
precipitation of calcite or aragonite is not controlling the alkalinity 
gradients. Symbols are the same as in Figure 4-17 0 
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Figure 4-20. Observed strontium concentrations for the pore waters 
from the deep liS cores" of Kaneohe Bay. All cores show ~pletions with 
depth and show extreme parallelism with depletions of Ca (see Figure 
4-18). Symbols are the same as in Figure 4-17. 
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the Ca:Sr 1I10ss ratio" near that expected for the precipitation of 

aragonite. 

As previously discussed (see Figure 4-11), the loss of Mg from the 

pore fluids with depth ;s nearly equal to the Ca loss. This parallelism 

of Mg to Ca is interesting and has also been observed by Bischoff, et 

~. (1970) and Drever (1971a) for other anoxic, near-shore siliceous 

sediments. Drever (1971b, 1974) ascribes the depletion of Mg in anoxic 

sediment pore waters to the neoformation of saponite from nontronite as 

" the result o~ the loss of Fe from nontronite to form sulphides. As will 

be discussed in Chapters 5 and 6, this reaction may be taking place in 

Kaneohe Bay sediments but on a more limited scale than observed in 

Drever's study of the Rio Ameca. Other possibilities for the loss of Mg 

include ion-exchange, sepiolite precipitation, and magnesian calcite 

formation. 

The observed and net depletions of Mg with depth are shown in 

Figures 4-21 and 4-22 respectively. 

Potassium 

Interstitial water potassium appears to be the most variable of all 

the dissolved species analyzed in this study as ;s shown in Figures 4-23 

and 4-24. There are trends, however, in the interstitial water profiles 

of K+ shown in Figure 4-24. Potassium enrichments with depth appear to 

be associated with near-shore terrigenous sediment pore waters~ whereas 

depletions are noted within the carbonate-rich sediment pore waters. 

Siever, et~. (1965) suggested that K+ enrichment may be the result of 

the "marine weathering ll of feldspars. The deeper IISII cores were not 

+ analyzed for K . 
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Figure 4-21. Observed magnesium concentrations for the pore waters 
of Kaneohe Bay sediments. Solid symbols represent cores whose mineral
ogy has <50 percent carbonate; open, >50 percent carbonate. Triangles 
represent cores from the north bay; squares, central bay; circles, south 
bay. 
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Figure 4-22. Net changes in the magnesium concentrations for pore 
waters of Kaneohe Bay sediments. Observed values have been normalized 
to a C1- value of 558 l11TIo1es/l and expressed as deviation fr~ a bottom 
water concent+~tion of 55.5 mmo1es/1. The parallelism of Mg behavior 
to that of Ca is striking (see Figure 4-11). Symbols are the same as 
in Figure 4-21. 
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Figure 4-23. Observed potassium concentrations for the pore 
waters of Kaneohe Bay sediments. Data scatter may be due, in part, to 
analytical error. Symbols are the same as in Figure 4+21. The pore 
waters. from the deep liS cores" were not analyzed for K . 
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Figure 4-24. Net changes in the potassium concentrations for pore 
waters of Kaneohe Bay sediments. Observed values have been normalized 
to a Cl- value of 558 mmoles/l and expressed as deviations from a bottom 
water concentration of 10.1 mmoles/l. Symbols are the same as in Figure 
4-21. 
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Sodium 

All of the cores show systematic decreases of Na+ with depth. 

Figure 4-25 presents the observed Na+ values as determined by AA-spec

troscopy. The scatter of the data is probably the result of analytical 

error and, for this reason, the deeper liS cores" were not analyzed. 

Figure 4-26 presents the Na concentration as calculated by anion-cation 

difference. The agreement with the observed values is reasonable. The 

decreases of Na with depth parallel the decreases of C1- (Figure 4-2) 

and are assumed to be the result of the dilution of the pore waters by 

meteoric waters. 

Sil i ca 

Silica, as shown in Figure 4-27, is enriched in all interstitial 

water samples approaching a concentration with depth of 0.4 mmoles/1 (24 

ppm) as an upper bound. Virtually all previous studies of pore waters 

report similar silica enrichments (summarized by Wo11ast, 1974). Heath 

(1974) calculated a mean value of 0.4 mmo1es/1 from about 800 silica 

profiles reported in the literature. 

The increase in silica concentrations is generally attributed to 

the dissolution of biogenic opal as first suggested by Siever, et ~. 

(1965). As will be shown in Chapter 5, all of the sediments studied 

have significant quantities of siliceous microfossils, whose total 

weight in the sediment decreases with depth in the sediment column. The 

0.4 mmoles/l maximum appears to represent a steady-state value as dis

cussed by Lerman (1975), who used the data from cores 10 and 3 of this 

study to arrive at this conclusion. Presumably, this steady-state value 

is the result pf the formation of an authigenic silicate phase in the 
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Figure 4-25. Observed sodium concentrations for the pore waters of 
Kaneohe Bay sediments. Data scatter is probably due to analytical 
er+ors (mainly from dilution errors). Compare with Figure 4-26 where 
Na concentrations have been calculated by net anion-cation difference. 
Symbols are the same as in Figu+e 4-21. The pore waters of the deep "s 
cores" were not analyzed for Na . 
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Figure 4-26. Calculated sodium concentrations for the pore waters 
of Kaneohe Bay sediments by total cation-anion difference. The profiles 
parallel the loss of C1- (see Figure 4-3) and tend to support a fresh 
water dilution mechanism in the pore waters. Bottom water concentration 
is 475.80 mmoles/l. Symbols are the same as in Figure 4-21. 
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Figure 4-27. Observed dissolved silica (expressed as SiO ) con
centrations for pore waters of Kaneohe Bay sediments. All cor~s show 
increases with depth and appear to reach a maximum, possible steady
state value of 0.4 mmoles/l (24 ppm). Increases in the pore water 
silica is due to the dissolution of biogenic opal; the steady-state 
value of 0.4 mmoles/l may be maintained by the formation of authigenic 
aluminosilicates (see Chapter 6). Symbols are the .same as in Figure 4-
21. 
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sediments. Further discussion of the silica profiles is reserved for 

Chapter 6. 

Iron 

The dissolved total iron profiles of the deeper "s cores" shown in 

Figure 4-28 appear to represent a constant value of 0.06 mmoles/l. 

These values are in reasonable agreement with observed concentrations of 

dissolved iron reported by Troup, et~. (1973) for anoxic terrigenous 

sediments in Chesapeake Bay. It should be noted that the analysis of 

dissolved iron from sediment pore waters is difficult and that values 

presented in Figure 4-28 are suspect due to sample handling errors 

(e.g., oxidization, precipitation as iron hydroxides, etc.). 

Diffusion, Convection, and Advection 

A major difficulty in the interpretation and modeling of pore water 

compositions with depth in a sediment column is estimating the net 

amount by which the changes in pore water composition produced by 

reaction(s) are modified by the flux of dissolved chemical constituents 

into or out of the sediment column. Chemical diffusion and bulk flow of 

water through the sediment column by compaction, convection, and/or 

local hydrologic conditions may result in a flux of dissolved chemical 

constituents into or out of the sediment column. 

Estimates of the net flux of a given chemical species through the 

sediment water owing to chemical diffusion may be obtained from a 

knowledge of the sedimentation rate, the diffusion coefficient of the 

molecule or ion involved, and the concentration gradient at the sedi

ment-water interface (Berner, 1971). A more detailed discussion of 

diffusion gradients for the Kaneohe Bay pore waters presented in this 
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Figure 4-28. Observed total dissolved iron for the pore waters of 
the deep "S cores" of Kaneohe Bay. Dissolved iron values appear to be 
at a steady-state value of 0.052 mmoles/l (1.9 ppm). This value ;s in 
agreement with values reported by Troup, et al (1973). Symbols are the 
same as in figure 4-21. ----
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chapter may be found in Thorstenson, et~. (1977). They concluded that 

diffusion appears to have only minor effects on the observed concen

tration gradients, except, perhaps, for CO2, 

As previously discussed, a flow of ground water must be taking 

place through the marine sediments of Kaneohe Bay. However, the 1 to 4 

percent decrease in chlorinity observed in these pore waters suggest 

that basal ground water flow is at most a minor factor in the genesis of 

the pore water gradients observed in the sediments. 

Porosity changes in the sediment with depth also appear to be of a 

minor nature, in terms of IInet squeezingll out of pore water due to 

compaction. Roy (1970) cites a value of 77 percent as an average 

porosity for the surface sediments of the lagoon floor. No porosities 

were determined for the sediments with depth, but, based on the amount 

of lI extractable li pore water (see Chapter 3) from the sediments with 

depth, obtained as a part of this study, only minor porosity changes 

(less than 30 percent) occur even in the deeper cores. This is in 

agreement with theoretical values of the compaction of fine-grained 

sediments (Weller, 1959). 

The question of convective flow through the sediments is addressed 

by Thorstenson, et~. (1977), and they conclude that its effects are 

insignificant. 

In light of the above discussion, the Kaneohe Bay sediment column 

can be cons1dered as a nearly closed chemical system and the observed 

gradients in the pore water dissolved constituents a result of sediment

pore water reactions. 
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Summary 

The pore waters of the sediments of Kaneohe Bay show depletions of 

S04=' Ca++, Sr++, and Mg++ with depth. Titration alkalinity, NH4+, 

P04-3, and Si02 ~how pronounced increases with increasing subbottom 
+ - + depth, whereas Na , Cl , K , and Fetotal show little departure from 

overlying bay waters with respect to depth, assuming that the observed 

depletions of Na+ and Cl.- are due to the influx of meteoric ground 

waters. 

The purpose of~this chapter has been to present the pore-water 

gradients observed in Kaneohe Bay sediments. Little attempt was made to 

explain these gradients in terms of geochemical modeling because without 

knowledge of the chemical and mineralogical changes in the solid phase 

of the pore water-sediment system, the gradients may be explained by a 

multitude of possible mineral dissolution-formation reactions. The 

results of the mineralogical and chemical analyses of the solid phases 

are presented in the next chapter; with these data, an attempt is made 

in Chapter 6 to explain the chemistry of the pore waters of Kaneohe Bay. 
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CHAPTER 5 

SOLI~ PHASE CHEMISTRY AND MINERALOGY 

General 

If the departures of the chemistry of the pore waters in the sedi

ments of Kaneohe Bay from the chemistry of the overlying sea water are 

to be explained in terms of authigenic mineral formation and dissolution 

of solid phases, it is imperative that detailed study of the solid phase 

components of the sediment column be done. The purpose of this chapter 

is to present the results of the sedimentological, mineralogical, and 

petrochemical analyses of the sediments from the cores obtained in 

Kaneohe Bay and from the soils and stream beds of the Kahana Watershed. 

As previously discussed in Chapter 3, the methodology used in the 

investigation of fine-grained sediments is dependent on the objectives 

of the investigation. Because an objective of this study is to quanti

tatively document the occurrence of authigenic silicate minerals within 

the sediment column of Kaneohe Bay, an analytical scheme was designed 

primarily to assess the mineralogical characteristics of the solid 

phases and secondarily to define the chemical composition of the sedi

ment. The only major aspect of the sediment not examined in this study 

was that of ion-exchange chemical reactions. The importance of these 

reactions in controlling pore-water chemistry in anoxic terrigeneous 

sediments is recognized from the work of Russell (1970) and Bischoff, et 

~. (1975), but the scope of this study was limited as not to include 

ion-exchange studies. 

Very few previous studies have combined the investigation of pore 

water chemistry with sediment mineralogy and chemistry. Moberly, et ~. 
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(1968) performed bulk chemical and mineralogical analysis on the sedi

ments of Kaneohe Bay and the submarine fan present at the mouth of 

Kaneohe Bay. Drever (1971a) examined both the mineralogy and chemistry 

of selected size-fractions of the anoxic sediments of Banderas Bay, 

Mexico and their contained pore waters but was unable to document any 

authigenic mineral formation other than glauconite formation. Recently, 

Geiskes, et~. (1975) documented the alteration of basaltic glasses to 

montmorillonite at Deep Sea Drilling Site 245 from petrochemical and 

mineralogical data. Similarly, Perry, et~. (1976a,b) showed through 

pore water chemistry, mineralogy, oxygen isotope and petrochemical 

analyses of the solid phases at DSDP sites 149, 322, and 325, that deep 

basal basalts and associated volcanogenic sediments are undergoing 

alteration resulting in the formation of dioctahedral Mg-smectite. 

Their detailed mineralogical and petrochemical studies permitted them to 

interpret the observed pore water gradients. 

This chapter will document evidence for the formation of authigenic 

nontronite, mixed-layer smectite-illite, pyrite, apatite, and possibly 

sepiolite, phillipsite, clinoptilolite, and labadorite within the Recent 

sediments of Kaneohe Bay. This evidence is the direct result of de

tailed mineralogical and petrochemical studies of the solid phases of 

the sediment column of Kaneohe Bay in a similar, but more detailed, 

fashion to the studies mentioned above. 

Mineralogical Analyses 

Determination of amorphous components and clay mineral abundances 

in fine-grained sediments by X-ray diffraction techniques is known to be 

very unreliable {cf. Follet, ~~., 1965; Towe, 1974; Perry, et ~., 
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1976b, and many others). Variations in composition, particle size, and 

relative crystallinity affect the relative peak intensities of the clay 

minerals. In addition, the nature of the amorphous constituents com

monly selectively masks the identification of crystalline phases. It is 

assumed that mineralogical techniques employed in this study -- selec

tive chemical dissolution of the amorphous phases and quantitative X-ray 

diffraction analyses of the crystalline phases of selected size-sepa

rated fractions avoid many of the inherent inaccuracies of previous 

studies. Acknowledgement of the errors of the techniques used in this 

study is given in Chapter 3, Appendix A and Appendix B. The mineral

ogical values (expressed as weight percentages) presented in this study 

may be assumed for practical considerations to have precision limits of 

+10-20 percent of the value reported. 

Grain-size separation and the selective chemical dissolution tech

niques performed prior to X-ray diffraction analysis and petrochemical 

analysis are of importance in this study. The importance of size sepa

rations is emphasized in Figure 5-1, which is a grain-size-weight per

cent frequency plot for the non-carbonate crystalline materials of the 

l50cm sample from core 10. From this figure it can be readily seen that 

the analysis of selected size-intervals has the effect of concentrating 

certain mineral species, e.g. the occurrence of nontronite (1.7% of 

total non-carbonate crystalline sample) would not be detected in the 

total sample, but is easily recognized in the 0.2-0.5 micron size 

fraction where it represents 20.5% of the crystalline material. Figure 

5-2 presents X-ray diffractograms for the 135 cm sample of core 13 which 

illustrates the distribution of X-ray diffraction detectable mineralogy 
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Figure 5.,..1. Mineralogy of the non-carbonate crystalline phases of the 150 cm subbottom depth of 
core 10 as a function of grain size. Two distinct groups of minerals may be made by a split at 0.5 
microns with plagioclase, hematite-goethite, pyrite, gibbsite, ilmenite-magnetite, and the mafic 
minerals being greater than 0.5 microns, nontronite and mixed-layer smectite-illite composing the 
less than 0.5 micron fraction and kaolinite-metaha1loysite ubiq~itous in all size intervals. Size
separations prior to X-ray powder diffractioD allow for the determination of small amounts of min
erals that would be masked in the analysis of the total sample. 



TABLE 5-1 

GRAIN-SIZE DISTRIBUTIONS OF KANEOHE BAY AND KAHANA 
WATERSHED SAMPLES EXPRESSED AS WEIGHT PERCENT 

Kaneohe Bay Sediments (Organic, Carbonate Free) 

Depth >20 2-20 .5-2 .2-.5 <.2 
Core (cm) Micron Micron Micron Micron Micron 

WR-l 15 56.45 26.34 5.57 5.30 6.34 
30 37.33 40.88 7.19 4.79 4.81 
45 51. 66 27.42 7. 18 8.19 5.55 
60 49.42 29.46 7.18 6.68 7.26 

15 46.40 39.19 4.97 3.88 5.57 
75 44.50 32.29 9.24 7.94 6.03 

135 69.29 17.65 2.80 3.08 7.19 

10 10 7.63 55.15 9.43 9.00 18.80 
20 17.69 44.08 8.77 11.06 18.40 
45 9.57 48.67 15.73 3.77 22.26 
70 8.26 44.44 24.58 20.65 2.06 
95 6.91 49.71 25.97 6.98 10.43 

120 20.38 48.64 29.47 1. 01 0.50 
150 11 .58 64.09 17.10 6.86 0.37 

12 20 1. 75 59.05 18.47 17.08 3.65 
80 11 .35 43.48 11 .19 10.87 23.11 

135 0.58 49.79 28.19 17.43 4.00 

13 35 9.96 40.00 14.98 11 .95 23.12 
125 0.54 44.59 33.62 18.70 2.56 

<.5 
Micron 

S5 100 7.92 79. 18 7.68 5.21 
160 11 . 19 76.39 8.08 4.34 
225 12.59 73.55 8.82 5.05 

Kaneohe Bay (Total Sediment) 

>20 2-20 <2 
Micron Micron Micron 

3 15 99.54 0.33 0.13 
50 92.23 5.58 2. 19 
75 97.49 1. 90 0.61 

100 92.59 5.59 1.82 
125 98.11 1.43 0.,46 
150 96.90 2.38 0.72 
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TABLE 5-1 (Continued) 

Depth >20 2-20 <2 
Core (cm) Micron Micron Micron 

S3 105 4.90 94.47 0.63 
165 13.04 86.57 0.39 
225 1. 88 97.29 0.83 
285 7.90 91.67 0.44 
350 3.55 96.07 0.38 

Kahana Watershed (Organic, Carbonate Free) 

Sample >20 2-20 .2-2 <.2 
No. Micron Micron Micron Micron 

#16 48.29 20.91 5.70 25.10 
#15 39.78 26.50 7.92 25.80 
#14 29.48 27.14 8.94 34.43 
#13 48.88 12.38 4.32 34.43 
#12 73.98 3.39 1. 67 20.97 
#7 71. 15 11.52 4.52 12.81 
#6 17.24 21.83 14. 1 i 46.83 
#5 51.07 21. 28 5.87 21.77 
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as a function of grain size. The uppermost X-ray powder diffractogram 

in Figure 5-3 depicts the mineralogy of this sample if no size-sepa

rations or pretreatments were performed. Table 5-1 presents the weight 

percent frequency for each size interval for all the sediments analyzed 

in this study. 

Figure 5-3 demonstrates the importance of the removal of the 

amorphous constituents from the total sediment in terms of their "mas k

ing effects ll on crystalline phases in X-ray powder diffraction studies. 

In the 0.2-0.5 micron size fraction, one can see the effects that the 

selective chemical dissolution techniques used in this study have in 

revealing the presence of nontronite and mixed-layer smectite-illite 

which would be. normally masked by the presence of amorphous materials. 

Kahana River Mineralogy 

Table 5-2 presents the total mineralogy of the soil and streambed 

sediment samples collected from the Kahana River and its watershed. In 

general the mineralogy'is relatively constant for the entire watershed 

with kaolinite-metahalloysite and amorphous iron-hydroxides as the 

dominant components. The analyses are consistent with mineralogical 

studies of other soils formed from the weathering of Hawaiian Basalts 

under similar meteorologic conditions (cf. Hussain and Swindale, 1970; 

Wentworth, et ~., 1940; Tamura, et ~., 1953, 1955; Bates, 1960, 1962; 

Walker, 1964). The mineralogy indicates that these soils-stream sedi

ments belong to the Low Humic Latosols (Cline, et ~., 1955). 

Quartz in Kahana soil sample #6, the Kaneohe Bay sediments, and as 

reported in the literature from soils developed on the Koolau Basalts is 

derived from two sources. Quartz is known to occur in the dike swarms, . 
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Figure 5-2. X-ray powder diffraction traces of the different grain-size intervals chosen in the 

analysis of the sediments. All samples have undergone selective chemical dissolution treatment for 

the removal of organics, carbonates, amorphous iron oxyhydroxides, opaline silica, and amorphous 

aluminosilicate phases. Quantitative mineralogy was determined by peak area measurements for each 

mineral phase by size interval as described in Appendix B. Note that significant mineralogical 

changes occur at 20 microns and most importantly at 0.5 microns. Hm = hematite-goethite, Mg = 

magnetite, Py = pyrite, 01 = olivine, F = plagioclase, G = gibbsite, K, H kaolinite-metahalloysite, 

I = illite and M = nontronite. 
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Figure 5-3. X-ray powder diffraction traces showing the effect of the removal of amorphous 
components from the .2-.5 micron size fraction of the 135 cm subbottom depth sample from core 13. The 
uppermost trace is of the total, non-sized sample, in which all amorphous constituents and carbonates 

are still present; note the masking effects of the amorphous materials, grain-size and the presence 
of carbonates when compared to the traces in figure 5-2. The second trace from the top shows the 
silicate fraction of the sediment prior to the removal of amorphous iron, opal, and amorphous a1um

inosilicate. By comparing the second and third traces from the top, the masking effects of iron oxy
hydroxide coating is obvious. Prior to chemical treatment for iron removal only a diffuse 14Ao peak 
may be identified and background intensities average 400-500 cps, whereas following the iron removal 
distince 14Ao and other peaks are readily detected and background intensities are lowered to an 
average of 200-250 cps. The bottom profile represents a fully treated sample in which all ·of the 
amorphous components have been removed; note the increase in the relative crystallinity of the 7.2Ao 
kao1inite-ha110ysite due to the probable loss of amorphous aluminosilicates and associated with the 
poorly crystalline kaolinite-metaha110ysite and the higher degree of resolution of the 14Ao peak 
leading to the detection of a mixed-layer smectite-illite phase. Background intensities for fully 
treated samples average 75-150 cps with peak height intensities averaging 100-200 cps above back
ground. Hm=hematite-goethite, Py=pyrite, A=aragonite, MgC=high magnesian calcite (>6 mole % MgC03), 
C=ca1 cite, K, H= kao1 i ni te-metaha 11 oysite, G=gi bbs ite, ~lnontronite, ML= mixed-layer smectite-i 11 i te, 
and I=i11ite. Dotted traces represent glyco1ated samples. 

Relative displacements of the glyco1ated 002 montmori11onite/001 illite peak indicates an 80% 
randomly expandable layer smectite-illite using the theoretical criteria of Reynolds and Hower (1970). 
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and hydrothermally altered caldera rocks of the Koolau basalts. E.O. 

Jackson (1976, pers. comm.) reports large crystals of quartz (up to 250 

mm) in dikes at the headwaters of Kahana River; similar occurrences are 

known at several other localities along the Koolau Range. The second 

source of quartz is of eolian origin (Rex, et ~., 1969). It is of 

importance to this study to distinguish the type of quartz present in 

these sediments. Eolian quartz is commonly associated with appreciable 

amounts of illite and feldspars, and usually with smaller quantities of 

chlorite, vermiculite, and amphibole (Jackson, et~., 1971). The 

presence of illitic micas in certain soils on Oahu was originally sug

gested by Juang and Uehara (1968) to be due to pedogenic processes, but 

the data of Rex, et~. (1969), Jackson, et~. (1971), and Dymond, et 

~. (1974) suggest that because mica has a covariant linear relationship 

to eolian quartz and has Paleozoic K-Ar dates, the illite is eolian in 

origin. Because mixed-layer smectite-illite is considered to be of 

authigenic origin in the Kaneohe Bay sediments, it is necessary to 

demonstrate that the mixed-layer clay within the bay sediments is not of 

eolian origin. 

The hydrothermal quartz typically has crystal sizes greater than 20 

microns, whereas eolian quartz is in the 1-10 micron size range (Rex, et 

~., 1969); hence on the basis of grain size, one may in a crude fashion 

distinguish the origin of the quartz found in the sediments. All of the 

quartz in sample #6 is greater than 20 microns in size, suggesting 

hydrothermal origin. Similarly, the quartz present in the Kaneohe Bay 

sediments is usually greater than 20 microns, although trace amounts of 

2-20 micron size quartz are present. Therefore, the eolian flux of 
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TABLE 5-2 

'TOTAL MINERALOGY OF THE SOIL AND STREAM SEDIMENT SAMPLES FROM 
THE KAHANA RIVER WATERSHED 

Sample # 16 15 14 13 12 7 6 5 

T. Org. 3.78 5.34 3.94 6.46 5.86 4.93 4.84 8.93 

Fe-ox 14.34 10.68 18.78 14.35 13.93 14.44 16.80 14.25 

Am-Si 6. 16 4.39 4.26 4.13 6.93 4.54 5.05 5.18 

Kao1* 53.35 61.71 61.34 46.74 57.50 55.38 50.01 47.99 

P1ag 9.58 8.79 3.82 19.60 11 ~47 7.56 2.10 14.34 

Gibb 2.30 4.04 1. 71 0.50 1.97 9.34 1.57 

Ilm 2.55 3.07 0.43 3.74 4.71 4.54 0.44 

Hem 9.72 2.46 4.76 5.37 0.37 6.44 1.49 2.32 

Mag 0.41 0.11 1.08 0.84 

Pyx 1.08 

01 2.25 

Qtz 2.00 

* includes metahal10ysite 
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sediment to the sediments of Kaneohe Bay and Kahana Watershed is rel

atively insignificant and may be ignored. 

No smectite or mixed-layer smectite-illite minerals were detected 

in the mineralogical analysis of the Kahana samples. The mineralogy of 

the soils and stream sediments of the Kahana Watershed should closely 

approximate the mineralogy of the terrigeneous sediments being deposited 

in the northern, central and south central margins of Kaneohe Bay. As 

explained in Chapter 2, minor amounts of dioctahedral Mg-montmorillonite 

are formed in the soils along the southern margin of the bay and are 

found in the adjoining sediments of the bay (Moberly, 1963). No dioc

tahedral ~1g-montmorillonite was detected in any of the surface samples 

of the cores analyzed for mineralogy in this study. 

Kaneohe Bay Mineralogy 

The mineralogy of eight cores from Kaneohe Bay was determined; the 

cores were chosen as being representative of the different sedimento

logical regimes present in the bay, as discussed in Chapters 2 and 4. 

Core WR-l (60 cm, total depth) is from shallow-water terrigeneous sedi

ments collected from the delta at the mouth of Waiahole Stream; core 10 

(150 cm), nearshore terrigeneous sediments near the mouth of Kahaluu 

Stream; cores 3 (150 cm) and S3 (350 cm), carbonate dominated (greater 

than 90 percent) sediments from the central lagoon floor; and cores 1 

(135 cm), 12 (135 cm), 13 (125 cm), and S5 (225 cm), nearshore, terri

geneous dominated, sewage-contaminated, sediments of the south bay near 

the mouth of Kaneohe Stream. 

Table 5-3 presents the variations in total mineralogy with depth 

for these cores. Tables 5-5 and 5-6 present the mineralogy of the 0.2 -
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TABLE 5-3 
TOTAL MINERALOGY OF THE SEDIMENT SAJl1PLES FROM KANEOHE BAY 

CORE WR-l CORE 1 CORE 10 
Depth 
(em) 60 45 30 15 135 75 15 150 120 95 70 45 20 10 

T. Org 5.41 5.23 5.62 6.82 6.19 5.91 5.76 4.89 5.78 3.94 7.72 6.11 6.12 5.24 
Fe-ox 7.18 6.58 7.60 7.13 4.53 7.84 8.10 2.76 5.05 4.08 5.98 7.80 4.30 4.30 
Opal 5.40 5.17 5.24 3.56 2.71 7.32 6.33 2.75 1.88 5.05 3.51 3.24 5.95 6.56 
Am-A1Si 4.22 4.61 4.03 3.64 3.75 6.33 5.82 2.68 2.92 4.16 3.86 4.68 4.49 4.48 
Mg-eal 2.59 2.56 2.04 1.85 0.60 0.24 0.39 9.24 12.12 7.03 5.67 4.52 7.64 2.47 
Cal 0.27 0.10 0.17 4.47 4.24 3.72 3.21 2.26 3.03 0.95 
Arag 1.19 0.45 0.65 16.09 13.93 9.92 10.02 7.34 3.75 2.91 
Kao1* 29.95 27.24 32.93 28.47 23.21 35.97 23.50 19.85 21.24 34.94 32.56 33.15 35.68 38.91 

+::> Plag 11 . 84 1 3. 1 3 1 O. 1 2 8.79 11 .99 8.04 11.40 13.41 13.83 7.89 9.12 8.06 8.74 9.08 <..0 
Gibb 4.84 3.25 3.22 7.71 3.12 3.38 4.79 2.90 3.01 1.93 3.06 2. 11 2.99 
Pyrite 2.09 1.44 1.31 0.82 0.97 0.63 1.94 1.58 1.67 0.40 1.16 0.41 
Pyx 2.93 3.93 2.42 7.48 8.47 5.75 3.59 1.29 1. 73 2.45 3.25 2.57 2.18 2.92 
01 0.62 10.08 3.04 7.90 1. 78 1.85 1.24 0.80 0.71 0.94 0.7B 1.04 
Amble ---- ---- 2.46 3.59 1.90 1.20 2.07 1. 17 1.56 0.40 2.18 
11m 2.48 1.36 1.82 1.46 2.80 1.17 4.28 2.55 1.43 1.14 1.96 1.32 2.16 2.22 
Mag 3.50 3.01 4.55 3.58 7.23 4.19 5.52 2.86 1.98 1.53 1.87 2.33 3.84 3.00 
Hem 13.37 10.25 18.32 13.39 10.46 11.75 11.98 9.81 9.12 5.14 4.83 8.19 8.04 10.06 
Qtz 0.41 0.32 0.67 0.49 0.19 0.42 0.45 0.05 0.61 0.40 0.55 0.41 0.16 0.42 
Nont 2.53 1.84 O. 11 0.12 0.82 0.17 0.13 0.96 0.10 1.06 1.68 1.29 0.21 0.27 
Mx-1ay 0.16 ---- ---- 0.15 0.01 
Talc 
Sepia 
Phill 
Sider 

*Ine1udes Meta-Ha11oysite. 



TABLE 5-3 (cont'd) 

CORE 12 CORE 13 CORE S3 
Depth 
(em) 135 75 15 125 35 350 280 225 165 105 

T. Org 9.95 9.16 6.63 6.79 6.42 0.60 1.04 0.90 1.09 0.50 
Fe-ox 5.23 7.06 9.37 7.27 6.89 0.56 0.54 0.37 0.37 0.44 
Opal 2.65 5.26 1. 24 3.64 5.75 0.77 . 0.77 1.15 0.76 0.90 
Am-A1Si 2.78 4.01 1.22 2.54 3.67 0.53 0.59 0.70 0.52 0.69 
Mg-cal 7.32 2.36 7.09 8.15 5.89 47.52 49.82 51.40 53.00 47.87 
Cal 3.78 1.22 3.22 2.72 2.04 17.24 14.34 12.11 12.78 16.85 
Arag 12.52 4.56 21.90 11.77 14.72 25.59 26.75 24.69 24.69 24.39 
Kao1* 28.93 35.40 27.06 22.56 38.90 2.08 1.02 1.16 1. 76 2.02 
P1ag 9.45 8.70 8.09 12.94 7.66 0.85 0.93 1.16 0.73 1. 21 

(J1 Gibb 3.30 4.09 3.02 2.99 4.60 0.33 0.20 o. 11 0.34 0.18 C> 

Pyrite 1.56 1.29 0.44 1.36 1.90 0.94 0.93 1.17 1.04 1.39 
Pyx 0.03 1.68 0.04 0.81 1. 90 0.57 0.37 0.53 0.21 0.43 
01 0.01 0.98 0.75 0.75 0.30 0.10 0.08 o. , 5 0.25 
Amble 1. 33 1.45 1.16 0.07 0.09 0.10 0.16 
11m 0.97 0.61 2.04 1.37 0.13 0.14 0.14 0.47 
Mag 2.69 2.05 2.35 1.81 1.89 0.12 0.16 0.18 0.13 0.44 
Hem 5.04 6.05 6.95 4.40 5.50 0.22 0.19 0.19 0.21 
Qtz 0.56 0.77 0.54 0.92 0.64 0.05 0.03 0.04 0.06 
Nont 3.95 2.54 0.22 4.40 0.95 0.43 0.35 0.16 0.40 0.39 
Mx-1ay 0.24 0.54 0.69 0.03 0.03 
Talc 0.51 0.25 0.19 0.37 
Sepio 0.24 
Phi 11 
Sider 0.06 1.04 1.34 1.66 0.98 1.21 

*Inc1udes Meta-Ha11oysite. 



TABLE 5-3 (eont'd) 

CORE 3 CORE S5 
Depth 
(em) 150 125 100 75 50 15 225 160 100 

T. Org 0.95 0.86 1.06 1.00 1.94 0.78 0.35 0.42 0.82 
Fe-ox 0.41 0.35 0.48 0.10 0.56 0.04 1.65 1.92 1.86 
Opal 0.65 0.65 0.87 0.78 0.84 0.76 7.26 5.98 4.86 
Am-A1Si 0.48 0.37 0.24 0.34 0.48 0.27 3.92 3.15 2.49 
Mg-eal 53.00 54.44 52.45 53.39 47.56 50.05 10.15 7.55 3.83 
Cal 11.12 13.21 13.26 9.61 15.85 15.40 5.85 7.55 2.03 
Arag 29.25 26.74 28.61 31.46 29.84 30.80 23.02 20.85 5.40 
Kao1* 0.88 0.58 0.39 0.54 0.69 0.70 20.98 17.95 26.38 
P1ag 0.35 0.26 0.37 0.49 0.55 0.24 10.39 10.99 14.34 ....... 
Gibb 0.1'8 0.07 0.10 0.20 0.34 1.54 4.85 <..TI ....... 
Pyrite 0.57 0.49 0.41 0.48 0.39 0.13 1.22 1.64 1.88 
Pyx 0.26 0.09 0.14 0.18 0.16 0.15 6.49 5.64 4.90 
01 0.12 0.06 0.07 0.04 0.06 0.04 2.39 1.15 0.26 
Amble 0.06 0.06 0.28 0.33 0.34 
11m 0.12 0.08 0.13 0.06 0.14 0.55 1.45 4.08 
Mag 0.08 0.08 0.05 0.07 0.05 0.35 2.46 3.88 
Hem 0.31 0.16 0.11 0.15 0.38 0.14 5.21 6.81 10.77 
Qtz 0.02 0.02 0.03 0.02 0.93 0.77 
Nont 0.20 0.17 0.11 0.12 0.09 1.14 1.10 1.24 
Mx-lay 0.02 0.82 0.62 1.01 
Talc 0.15 0.12 0.21 0.22 0.14 0.27 
Sepio 0.10 
Phill 0.02 
Sider 0.98 1.12 1.04 0.88 

*Ineludes Meta-Ha11oysite. 



0.5 micron and less than 0.2 micron size fractions, respectively. The 

trends in mineralogy with depth in the cores will be discussed for each 

mineral type individually. Figure 5-4 is a graphic representation of 

Table 5-3 for core 10 and may be assumed to be representative of the 

other cores .analyzed, excepting the carbonate dominated cores, 3 and 53. 

Figure 5-5 presents the total mineralogy of core 10 on an organic, car

bonate free basis. 

Total Oxidizable Organic Matter 

In general, the cores ,show decreases with depth in the amount of 

organic matter that may be removed by treatment with 5% Na-hypochlorite. 

However, no trends appear to be present in the total %C on a carbonate 

free basis with depth in the sediment as presented in Table 5-4. The 

only consistent observation with respect to the organic component of the 

sediment is the increase in C:N ratio with depth as shown in Figure 4-

14 and previously discussed in Chapter 4. 

Total Carbonate 

Total carbonate was determined by gravimetric selective dissolution 

techniques on all the sediment samples. Mineralogical determinations 

for calcite, Mg-calcite, and aragonite were made by X-ray powder dif

fraction analysis of sediment following organic removal using the tech

nique of Ristvet (1971). For those cores whose total carbonate content 

was less than 50 weight percent, the mineralogical analysis is based on 

the whole sample. For cores 3 and 53, whose total carbonate content 

exceeds 90 weight percent, the sediment was size-separated into >20, 2-

20 and <2 micron fractions prior to X-ray powder diffraction analysis. 

The proportion of total carbonate minerals in the sediment and 
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Figure 5-4. Total mineralogy as a function of subbottom depth for 
core la, a nearshore terrigeneous-dominated core from the central bay area. 
Increase in carbonate content with increasing subbottom depth ;s probably a 
function of the terrigeneous sedimentation rate being slower in past years. 
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Figure 5-5. Similar to figure 5-4, except expressed on an organic, 
carbonate free weight percentage basis. Note decreases in amorphous iron 
oxyhydroxides, opaline silica, and amorphous aluminosilicate with increas
ing subbottom depth. These losses are nearly balanced by increases in 
authigenic nontronite, mixed-layer smectite-illite, and pyrite. Decrease 
in kaolinite-metahalloysite below 100 cm is probably due to an increase in 
detrital plagioclase and ;s reflected in a change in th~ size distribution 
of the sediment. 
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TABLE 5-4 

TOTAL NITROGEN, CARBON, HYDROGEN DETERMINATIONS OF KANEOHE BAY 
SEDIMENTS ON A CARBONATE FREE BASISI 

Depth N C H2 CIN Carbonates 3 
(cm) (wt %) (wt %) (wt %) (wt %) 

Core 10 10 0.23 O·;.r 2.78 .z5'i 1. 71 12. 1 6.70 (? 

,20 O. 24 01-.(> 2.58 ),.II! 1. 54 10.8 15.36 /. fJ" 
45 O. 26 (}).2. 3.21 J ?3 1. 78 12.4 15.01 (S'o 
70 0.19 ,1.15 2.58 J.05 1. 49 13.6 20.59 A ,'I) 

95 0.300.)..'( 3.17 J..'I'1 1. 30 10.6 21.57 :<5:"1 
120 O. 23 f). I (, 3.65 ,H8 1. 34 15.7 32.09 J ,;;5 
150 0.20°1'-1 3.12 J..J~I 1. 16 15.2 31.27 3?5 

Core 12 20 0.23 0·6 3.28 ~./5 1.49 14.2 34.57 'to IS 

80 Tr. 2.95 ).P;' 1. 34 9.84 / .. 1 g 

135 Tr. 2.99 /...{'I 1. 16 26.62 Jl"l 

Core S3 106 0.84 0 0 '& 6.22 0." 1.70 7.4 90.32 i (J. ,;><l 

167 O. 96 r;c{j 8.41 0·'(6 2.08 8.8 91.46 /0·9 f? 

228 0.67 (MJ6 5.33 (')'1'1 1. 40 7.9 91.79 fl. f) ! 

285 0.72 00£ 5.46 On 1. 90 7.6 92.25 fl.C!') 

350 0.60 O() s 5.44 (PO 1. 98 9.3 91.39 10'7) 

Core S5 100 0.24°·J..' 2.10 (.~< 1. 30 8.8 11 .26 /. .:::5 

160 O. 28 O./~ 2.74.1·Y.3 1. 53 9.8 35.95 Y.3 I 

225 0.26 1:J.f!; 3.50 .:I ·13 1.43 13.5 39.02 H<f 

IA11 weights based on samples dried at 11 O°C. 
2May be inconsistent due to hydroscopic nature of clays 
in sediments. 

3Gravimetric analysis based on carbonate dissolution with 
trichloroacetic acid. 
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their mineralogy are, as suggested by Roy (1970) and Smith, et ~. 

(1973), a function of position within the bay. The nearshore terri

geneous cores (WR-l, 1, 10, 12, 13 and S5) depict increases in the total 

amount of carbonate minerals with increasing subbottom depth, with 

pronounced increases at depths greater than 100-120 cm. The sudden 

increase of carbonate sediment probably is the result of lower rates of 

terrigeneous sedimentation prior to 1920 (Roy, 1970). The increase in 

terrigeneous sedimentation rate appears to also be reflected in the size 
~ 

distribution of the non-carbonate minerals, i.e., there is a general 

lack of clay-sized material below 100-120 cm in these cores, suggesting 

that they may have been winnowed out by current action during periods of 

slower deposition. Cores 3 and S3 from the central lagoon floor show no 

irregularities with depth in total carbonate content. 

The terrigeneous cores do not exhibit any systematic changes in 

carbonate mineralogy with depth within each core. Cores 3 and S3 show 

slight increases in the amount of calcite in the less than 1.0 micron 

size fraction with increasing depth, suggesting (as previously discussed 

in Chapter 4) that calcium carbonate is being added to the sediments by 

precipitation from the pore waters. Table 5-5 presents the carbonate 

mineralogy by size fraction for cores 3 and S3. 

Siderite was detected in cores 3 and S3 at depths below 75 cm 

corresponding to the depth where free H2S was detected. The siderite 

is of authigenic origin. 

Total Amorphous Iron-Oxyhydroxides 

The terrigeneous cores show pronounced decreases in the amount of 

soluble amorphous iron-oxyhydroxides with depth for the total sediment 
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TABLE 5-5 

CARBONATE MINERALOGY OF CORES 3 AND S3 
(weight percent, assuming carbonate = 100% of sample) 

1 2 
Depth Arag Mg-Cal Cal Mole % Mole % 

(cm) (wt %) (wt %) (wt %) MgC033 MgC034 

>20 micron size fraction 
Core 3 15 32 52 16 14.8 1.0 

50 32 51 17 16.8 1.0 
75 33 56 11 18.0 1.2 

100 30 55 15 15.8 1.0 
125 28 57 15 17.2 1.0 
150 31 57 12 17.4 1.0 

Core S3 105 31 56 13 15.8 1.0 
165 30 54 16 14.4 1.0 
225 30 53 17 16.0 1.0 
285 28 57 15 15.2 1.6 

2-20 micron size fraction 
Core 3 15 25 56 19 15.2 1.0 

50 18 62 20 14.6 1.0 
75 21 58 21 14.8 1.0 

100 19 59 22 14.8 2.0 
125 21 53 26 14.8 1.2 
150 19 60 21 15.8 1.8 

Core S3 105 27 53 20 15.6 1.0 
165 27 59 14 15.8 1.0 
225 29 56 15 14.8 1.4 
285 29 54 17 16.6 2.8 
350 28 52 20 14.4 1.0 

<2 micron size fraction 
Core 3 15 34 54 18 14.4 1.0 

50 27 51 19 14.8 1.6 
75 21 46 21 14.6 2.0 

100 12 57 23 15.4 1.6 
125 24 56 20 14.8 1.2 
150 22 46 20 14.8 1.6 

Core S3 105 30 54 16 15.6 1.2 
165 31 58 18 14.6 1.0 
225 39 65 15 15.0 1.4 
285 25 56 18 14.8 1.4 
350 26 58 18 17.8 1.8 

1 >6 mode mole % MgC03 
2 <6 mode mole % MgCO 
3 Modal mole % MgC03 ~f Mg-calcite phase 
4 Modal mole % MgC03 of calcite phase 

157 



as shown in Figure 5-5 and Table 5-3. This decrease in amorphous iron

oxyhydroxides is much more pronounced in the 0.2 - 0.5 and less than 0.2 

micron size fractions as shown in Tables 5-6 and 5-7 and Figures 5-6 and 

5-7. The occurrence of large amounts of amorphous iron materials as 

very small particles (less than 1 micron) in tropically weathered soils 

has been reported by Tamura and Jackson (1953) and Walker (1964). The 

loss of amorphous iron-oxyhydroxides with increasing subbottom depth 

correlates with the formation of authigenic pyrite and the reduction of 

pore water sulphate. 

Figure 5-8 and Table 5-8 present the chemistry of the amorphous 

iron-oxyhydroxide material removed from the total organic, carbonate 

free sediment. The only change observed in chemical composition is that 

of a slight increase in Si02 with depth, which may be attributed to the 

fact that amorphous iron and amorphous aluminosilicates are commonly 

chemically bound together in soil profiles. The formation of pyrite in 

the bay sediment preferenti ally removes the more IIi ron-ri ch II amorphous 

iron-oxyhydroxide phases, resulting in a more II silica-rich ll amorphous 

iron-oxyhydroxide remaining. 

Amorphous iron-oxyhydroxides nearly disappear from the carbonate 

rich cores 3 and 53 with depth and it is only in these cores that H2S 

was recognized in the pore waters, suggesting that the rate of pyrit

ization within the bay's sediment is controlled by the availability of 

readily reactive iron. 

Opaline Silica 

All cores show pronounced decreases in the amount of biogenic 

1I0paline ll silica present with increasing depth as shown in Figure 5-5 
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TABLE 5-6 
MINERALOGY OF THE .2-.5 _MICRON SIZE FRACTION; ORGANIC, CARBONATE FREE 

CORE WR-l CORE 10 
Depth 
(em) 60 4·5 30 15 150 120 95 70 45 20 10 

Fe-ox 8.34 8.28 8.70 8.89 3.84 4.09 5.42 6.82 6.45 9.10 8.79 
Opal 2.10 2.46 1.93 2.29 1.96 1.83 2.06 4.18 3.21 3.20 3.01 
Am-A1Si 6.21 7.30 7.26 7.19 4.03 4.48 4.08 4.21 4.39 6.10 5.29 
Kaol* 65.01 75.40 79.65 79.18 65.82 75.26 78.70 81.40 79.07 79.15 81.25 
Nont 18.34 6.56 2.46 2.45 20.74 12.54 9.73 3.39 6.88 2.45 1.66 
Mx-lay 3.61 1. 79 

(J1 

'..0 

CORE 1 CORE 12 CORE 13 CORE S5 
Depth 
(em) 135 75 15 135 75 15 125 35 225 160 100 

Fe-ox 5.92 8.11 7.93 4.82 10.11 13.24 5.36 8.34 1.28 1.03 1.06 
Opal 2.62 3.21 3.43 2.42 2.78 2.89 2.04 2.61 1.08 0.93 1.16 
Am-A1Si 5.26 6.39 6.84 4.23 4.79 5.01 4.79 4.81 1. 76 1.86 2.84 
Kaol* 74.13 79.82 77 .81 64.63 77 .38 78.86 64.10 79.19 50.82 53.86 63.61 
Nont 10.34 2.47 4.09 22.13 4.94 21.95 1. 76 31.64 30.78 18.04 
Mx-lay 1.72 1.77 1. 76 13.42 11.54 13.29 

*Ine1udes Meta-Ha11oysite. 
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Figure 5-6. Total mineralogy (organic, carbonate-free) of the 0.2-0.5 micron size fraction of 
core 10 as a function of subbottom depth. Note decreases in amorphous iron oxyhydroxide, opaline 
silica, amorphous aluminosilicate, and kaolinite-metahalloysite which parallel increases in the 
abundance of nontronite and mixed-layer smectite-illite. 



TABLE 5-7 
MINERALOGY OF THE LESS THAN 0.2 MICRON SIZE FRACTION; ORGANIC, CARBONATE FREE 

CORE WR-1 CORE 1 CORE 13 
Depth 
(em) 60 45 30 15 135 75 15 125 35 

Fe-ox 15.52 14.40 15.60 17.30 10.52 15.86 14.48 5.58 10.22 
Opal 3.00 4.76 5.03 5.21 4.16 7.66 7.80 3.58 8.44 
Am-A1Si 8.26 8.74 9.04 8.27 5.60 6.22 9.14 3.70 5.92 
Kaol* 58.58 52.63 70.33 69.22 70.95 70.26 68.58 67.10 73.16 
Nont 14.64 19.47 7. 17 17.43 2.26 
Mx-1ay ---"- 1.59 2.61 ----

0"1 

CORE 10 CORE 12 
Depth 
(em) 150 120 95 70 45 20 10 135 75 15 

Fe-ox 6.22 9.98 10.34 11.80 12.78 10.90 12.16 6.42 10.94 14.80 
Opal 2.62 2.46 2.72 4.06 3.78 3.86 5.52 2.94 3.06 4.20 
Am-A1Si 4.28 2.56 5.16 4.52 4-.46 6.48 8.66 4.14 8.74 9.24 
Kaol* 63.42 78.20 74.42 75.64 76.61 78.76 72.92 70.07 69.53 63.15 
Nont 23.46 6.80 7.36 3.98 2.37 0.74 14.71 7.73 8.15 
Mx-1ay 1. 73 

*Ineludes Meta-Halloysite. 
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Figure 5-7. Total mineralogy (organic, carbonate-free) of the less than 0.2 micron size fraction 
of core 10 as a function of subbottom depth. Mineralogical changes generally parallel those of the 
0.2-0.5 micron size fraction shown in Figure 5-6. 



TABLE 5-8 

CHEMICAL COMPOSITION OF THE AMORPHOUS IRON-OXYHYDROXIDE MATERIAL 

Depth Amph Fe l Fe203 A1 203 Si02 Diff2 

(cm) (wt %) (wt %) (wt %) (wt %) (wt %) 

Core WR-l 15 7.13 76.90 0.46 4.10 18.54 
30 7.60 76.49 0.49 4.05 19.97 
45 6.58 76.08 0.47 4.65 18.80 
60 7.18 79.40 0.43 4.10 16.07 

Core 1 15 8.70 76.37 0.40 4.10 19.17 
75 7.84 75.50 0.41 4.10 19.99 

135 4.53 82.06 0.40 4.85 12.69 

Core 10 10 4.30 83.30 0.43 4.94 11.33 
20 4.30 83.50 0.44 4.85 11 .21 
45 7.80 80.20 0.65 6.32· 12.83 
70 5.98 78.10 0.62 6.50 14.78 
95 4.08 79.50 0.77 6.50 13.23 

120 5.06 77 .64 0.84 6.57 14.95 
150 2.76 78.75 0.78 6.32 14.15 

Core 12 20 9.37 76.90 0.49 6.80 15.81 
80 7.06 77 .07 0.58 6.01 15.34 

135 5.23 75.90 0.62 7.52 15.96 

Core 13 35 7.27 83.80 0.47 3.01 12.72 
125 6.89 83.00 0.68 4.30 12.02 

Core S5 100 1.86 83.20 0.23 2.23 14.34 
160 1.92 81.26 0.19 2.08 15.87 
225 1.65 82.60 0.14 2.11 15.15 

IMaterial removed by Na-citrate-Na-dithonite treatments 
of organic~ carbonate free-total sediment. 

2100 percent - sum of reported chemical species. 
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Figure 5-8. Chemical composition of the amorphous iron oxyhydroxides removed by selective 
chemical dissolution treatments of the samples from core 10. Composition is nearly constant with 
depth, except for slight increases in Si and corresponding decreases in total Fe, suggesting that 
minor amounts of Si are bound in the amorphous iron oxyhydroxides. Dissolution within the sediment 
column provides Fe to the pore waters preferrentially removing the iron-rich phases, leaving a Si
rich phase. 



and Table 5-3. This loss of opaline silica is accompanied by increases 

in pore water silica concentrations. Scanning Electron Microscopy (SEM) 

photographs show that the biogenic opaline silica is composed of approx

imately equal amounts of sponge spicules and diatom tests as shown in 

Plates 1a and lb. The dissolution of diatoms appears to take place 

prior to the loss of the sponge spicules, a conclusion supported by the 

observations of Hurd (1973). 

The rate of loss of biogenic opal, like that of iron, appears to be 

a function of particle size as may be seen by comparing Figures 5-5, 5-6 

and 5-8. It is recognized, however, that lIopaline si1ica ll represented 

in the 0.2 - 0.5 and less than 0.2 micron fractions may be the most 

soluble phase of the amorphous aluminosilicate material and not biogenic 

opal. Chemical analysis of the solute from the 0.2 -0.5 micron fraction 

may support this premise, as up to 15% A1 203 was present. 

Table 5-9 and Figure 5-9 present the chemistry of the opaline 

silica material. This chemistry is consistent with the compositions of 

diatoms presented by Martin and Knauer (1973). Only total iron appears 

to be errant; approximately 10 times the values for open-ocean plankton. 

The high iron content probably reflects iron-oxyhydroxide coatings not 

previously removed in the amorphous iron-oxyhydroxide dissolution treat

ments. The only gradient observed in the chemical profiles is that of 

increasing Mg with depth. If one carefully views Plate lb, it appears 

that there are very small less than 0.05 micron elongated crystals 

forming on the sponge spicules. Hurd (1973) observed similar growths on 

radiolarian tests from the Pacific and suggested that the crystals were 

sepiolite. Energy Dispersive X-ray Analysis (EDAX) of the crystals with 
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0"1 
0"1 

Pl ate 1 

a. Large concentration of sponge spicules, diatoms, and other biogenic opaline silica from 150 
cm depth in core 12. Sponge spicules appear to be the dominant non-carbonate biogenic component in 
the terrigenous dominated cores, whereas diatoms nearly equal sponge spicules in the near surface 
sediment from the carbonate dominated cores. The diatom tests appear to undergo dissolution prior to 
the loss of the sponge spicules with increasing depth in all cores. (Core 12, 150 cm, 2-20 microns, 
Fe removed, Au-Pd-C coating) 

b. Higher magnification view of plate la showing the surface of a sponge spicule with growths 
of a Mg-silicate mineral, possibly sepiolite. Hurd (1973) observed similar crystals on radiolarian 
tests from shallow cores from the equatorial Pacific Ocean. Mg determination by non-dispersive. X-ray 
analysis (EDAX) with SEM at extreme (80,000X) magnification. (Core 12, 150 cm, 2-20 microns, Fe 
removed, Au-Pd-C coating) 

c. Metahalloysite grains from the 2-20 micron size fraction from 150 cm depth of core 12. The 
fluffy "cotton-ball II appearance is characteristic of metahanoysite which has been slowly oven-dried, 
as previously described by Eswaran (1972), Diamond and Bloor (1970), and Bohor and Lahodny-Sarc 
(1971). This metahalloysite and probable b-axis disordered poorly crystalline kaolinite are the most 
common nOll-carbonate crystalline material within the Kaneohe Bay sediments. (Core 12,150 em, 2-20 
microns, Fe removed, Au-Pd-C coating) 

d. 2-20 micron size fraction from 60 cm depth of core WR-l, showing the occurrence of meta
halloysite (A), kaolinite? (B), feldspar cleavage face with authigenic overgrowths? (C), a spher
ical authigenic pyrite framboid (D) and a large sponge spicule. This microphotograph clearly depicts 
the difficulty of using the SEM in fine-grained sediments in avoiding "charging" phenomena as shown 
by the bright edges of many of the grains. This phenomena is caused by a lack of a suitable conducting 
coating, resulting in a build up of excess electrons on the surfaces of the grains (see appendix C 
for further discussion). (Core WR-l, 60 cm, 2-20 microns, Fe removed, Au coating) 
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SEM suggests a Mg-silicate, possibly sepiolite, a conclusion consistent 

with the chemical data. 

The rates of opaline silica dissolution appear to be extremely 

rapid if compared with deep ocean, sediments and approach the experi

mental values reported by Hurd (1972) for diatoms and radiolarians which 

have been acid cleaned. Burnett (1974) suggests that biogenic opal 

fragments may become "armored" after a short period by the growth of 

phosphatic (apatite) minerals on the surface of the fragments, thus be

coming more resistant to dissolution. SEM observations do not reveal 

the presence of any coatings of phosphatic minerals on the surface of 

biogenic opal fragments from Kaneohe Bay sediments. Johnson (1976) 

suggested that high rates of opal dissolution occur in sediments dom

inated by tropically eroded terrigeneous materials, thus providing 

silica for the formation of new clay minerals. A point that shall be 

elaborated in the next chapter. 

Amorphous Aluminosilicate 

The isolation and description of amorphous aluminosilicates are 

difficult because of great variability in chemical composition of these 

materials. The term allophane was suggested by Ross and Kerr (1943) to 

describe an amorphous solid solution of silica, alumina, and water 

having no definite crystalline structure. They studied five specimens 

of allophane from Hawaiian soils, all essentially hydrous aluminosil

icates, and found that Si02 ranged from 25-34%, A1 203 from 30-36%, and 

H20 + cations from 31-38%. Tanada (1950) found that the allophane of 

Hawaiian soils had extremely high cation exchange capacities, up to 120 

meg/100g. Tamura and Jackson (1953) were able on the basis of IR spect-
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TABLE 5-9 

CHEMICAL COMPOSITION OF OPALINE SILICA MATERIAL 

Depth "Opal"l Si02 A1 203 Fe203 MgO CaO K20 Diff2 

(cm) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) 

Core WR-1 15 3.56 84.75 2.24 4.00 0.08 0.17 0.03 8.73 
30 5.24 83.65 2.08 4.02 0.08 0.18 0.02 9.97 
45 5.17 81.50 2.30 4.05 0.09 0.23 0.04 11 .79 
60 5.40 82.50 2.08 4.16 0.17 O. 14 0.04 10.91 

Core 1 15 6.33 84.90 2.23 4.12 0.09 0.19 0.10 8.37 
75 7.32 84.38 2.56 4.02 0.19 0.24 0.15 8.46 

135 2.71 83.73 2.29 3.88 0.26 0.23 0.20 8.37 

Core 10 10 6.56 84.42 2. 12 4.45 0.07 0.23 0.04 8.67 
20 5.95 84.60 2.38 4.20 0.14 0.19 0.05 8.44 
45 3.24 83.42 2.26 4.10 0.10 0.18 0.11 9.83 
70 3.51 85.60 1. 94 4.02 0.12 0.13 0.03 8.16 
95 5.05 83.38 2.02 3.73 0.18 0.24 0.10 10.35 

120 1.88 83.10 1. 92 3.78 0.27 0.17 0.02 10.64 
150 2.75 84.38 1.88 3.69 0.34 0.21 0.04 9.46 

Core 12 20 1. 24 84.60 1.89 4.13 0.07 0.23 0.08 9.00 
80 5.26 83.60 2. 11 4.04 0.11 0.18 0.10 9.86 

135 2.65 82.10 1.86 3.79 0.29 0.22 0.17 11 .57 

Core 13 35 5.75 83.28 2.29 4.23 0.08 0.19 0.03 9.90 
125 3.64 83.54 1. 25 4.08 0.12 0.21 0.05 10.75 

Core S5 100 4.86 83.83 2.42 3.82 0.16 0.21 0.05 9.51 
160 5.98 84.62 1. 92 2.78 0.18 0.31 0.06 10.13 
225 4.86 83.10 1.88 3.44 0.24 0.29 0.09 10.96 

IMateria1 removed by hot 5 percent NaCOJ treatments of organic, 
carbonate, amorphous iron-oxide free-t tal sediment. 

2100 percent - sum of reported chemical species. 
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Figure 5-9. Chemical composition of the biogenic opaline silica removed by selective chemical 
dissolution treatments of the samples from core 10. Composition is nearly constant, except for minor 
increases in Mg, which may reflect authigenic sepiolite crystals forming on sponge spicules as shown in 
plate lb. 



rophotometric studies to show that most soil allophane consists of 

hydrous alumina or iron octahedra randomly cross-linked by silicon 

tetrahedra. Fieldes (1955, 1956, 1957), using similar techniques, 

agreed with the Tamura and Jackson (1953) structure. Wada (1967), 

Cloos, et~. (1969) and Henimi and Wada (1976) suggest that the struc

ture of most soil allophanes is near that of a randomly ordered hydrated 

halloysite, but iron may freely substitute for alumina in the psuedo-

octahedral sheet. 

Previous studies of amorphous aluminosilicates in the marine en-

vironment have been limited primarily to the devitrification of volcano

genic glasses (cf. Arrhenius, 1963; Bonatti, 1963; Nayuda, 1965; Arr

henius and Bonatti, 1965; Rex,1967; Geiskes, et ~., 1975; and Perry, 

et~., 1976a,b). In these studies, the alteration products of these 
lilt 

basaltic glasses were nontronite, dioctahedral smectite-illite, clino-

ptilolite, phillipsite, heulandite, and/or harmotone. Drever (197lb) 

and Moberly (1963) examined terrigeneous amorphous aluminosilicates in 

rapidly deposited marine sediments. Moberly was unable to detect any 

direct changes in the nature of this amorphous material but suggested 

that it may be altering to illite. Drever quantitatively analyzed the 

chemistry of amorphous aluminosilicates with depth from Banderas Bay and 

observed that the alkali soluble A1 203, Si02, and Fe203 in the clay 

fraction decreased with depth. He concluded on the basis of inter-

stitial water chemistry; that this decrease in "amorphous aluminosil

icate" did not represent a reaction to form a solid phase resulting 1.n 

the removal of cations from seawater. A simple calculation using 

Drever's data for the alkali-soluble materials shows that the reported 
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loss of A1 203, Si02 and Fe203 may be balanced by the formation of non

tronite with addition of pore water Si02. The total weight of this 

authigenic nontronite would constitute only 1-2 percent of the total 

sediment and would not be detected in the detrital montmorillonite-rich 

sediments of Banderas Bay. Similarly, formation of nontronite would 

require little or no changes in the interstitial water chemistry other 

than alkalinity and Si02. 

The only other observations made concerning the authigenic form

ation of phyllosilicates in seawater are those of Swindale and Fan 

(1967). They observed a new mineral, possip1y chlorite, forming from 

grains of detrital gibbsite in the shallow marine muds off the Island 

Kaui. Bonatti and Arrhenius (1966) noted chlorite overgrowths on 

eolian quartz grains in sediments from the Pacific Ocean. The chlorite 

was interpreted to have formed authigenically in the pore waters of the 

sediment from amorphous iron-aluminum hydrates (desert varnish) that 

originally coated the quartz grains. 

The amount of soluble amorphous a1uminosilicate decreases with 

depth in all cores analyzed from Kaneohe Bay. The weight percentage 

loss of amorphous aluminosilicate is inversely proportional to the 

weight percentage gain of nontronite in the sediment as presented in 

Table 5-3. As in the case of amorphous iron-oxyhydroxides and opaline 

silica, the smaller the particle size the greater the rate of loss of 

amorphous aluminosilicate. Similarly, it may be observed by comparing 

Tables 5-3, 5-5 and 5-6 that the amorphous aluminosilicate is relatively 

uniformly distributed in all size-fractions, suggesting that it occurs 

dominantly as coatings on other grains. 
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Table 5-10 and Figure 5-10 present the chemistry of the soluble 

amorphous aluminosilicate of the organic, carbonate-free, total sedi

ment. The near surface material in almost all cores represents essent

ially an iron-rich "kaolinite", lacking crystal structure and similar to 

the allophanes described by Ross and Kerr (1934), Kanehiro and Whittig 

(1961), and Fieldes (1955) which develop from interise tropical weath

ering of basalts. Pronounced gradients with depth are present in the 

chemistry of this solid phase; most notable are increases in 5i02, MgO, 

K20 and Fe203 and relative losses in A1 203 and CaO. The net changes in 

chemistry suggest that the "kaolinite" amorphous aluminosilicate tends 

to approach the chemical composition of aluminum dioctahedral smectite. 

The chemistry is such that this transformation requires only the addi

tion of 5i, Fe, Mg, and K from the pore waters. 

Kaolinite-Metahalloysite 

The distinction between poorly-crystalline b-axis disordered kaol

inite and metahalloysite [A125i205(OH)4'2H20] by X!ray powder diffraction 

is very difficult and usually requires the aid of electron microscopic 

studies. Metahalloysite with varying quantities of water in its struc

ture and minor amounts of kaolinite (Dean, 1947) are the predominate 

clay minerals (crystalline solid phase) of the soils around Kaneohe Bay. 

5EM studies (e.g., see Plates lc, ld) show that the most abundant 7.2Ao 

mineral is metahalloysite with minor kaolinite in both the sediments of 

the Kahana River watershed and Kaneohe Bay. No attempt will be made to 

distinguish between the two minerals in this study. Furthermore, it is 

recognized that some of the metahalloysite originally may have been 

halloysite, but as the result of sample processing prior to X-ray powder 
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TABLE 5-10 

CHEMICAL COMPOSITION OF THE AMORPHOUS ALUMINOSILICATE MATERIAL 

Depth Am A1Si 1 Si02 jl,1 203 Fe203 CaO MgO K20 Diff2 
(cm) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) 

Core WR-l 15 4.63 32.90 32.60 9.73 1.84 0.65 Tr. 22.28 
30 4.64 33.78 32.10 9.31 1.80 0.62 Tr. 22.39 
45 5.23 32.08 32.05 8.85 1.35 0.90 0.04 22.78 
60 4.83 32.06 30.78 11.86 1.36 0.94 0.04 22.96 

Core 1 15 6.58 33.66 32.18 10.44 1.23 0.80 Tr. 22.19 
75 7.42 34.04 30.04 11.94 0.87 0.82 0.04 22.25 

135 4.48 34.04 26.20 14.04 0.73 1.64 0.13 22.70 

Core 10 10 5.34 32.06 31. 90 10.90 1. 73 0.91 0.04 22.02 
20 5.97 32.32 32.87 10.52 1.35 0.87 0.06 22.01 
45 6.49 33.41 30.70 10.74 0.84 0.98 0.04 23.29 
70 5.77 33.78 27.90 13.78 1.05 0.95 0.18 22.36 
95- 5.85 32.52 28.84 14.16 0.78 1.42 0.21 22.07 

120 4.95 34.98 23.78 14.03 0.95 1.40 0.11 24.67 
150 4.27 34.03 24.93 16.69 0.87 1.82 0.19 21.47 

Core 12 20 4.78 32.76 32.60 9.73 1.44 0.63 0.08 22.76 
80 5.30 33.58 27.34 14.08 0.95 1.04 0.10 22.91 

135 2.36 34.04 25.88 15.10 0.98 1.08 0.16 22.76 

Core 13 35 4.78 33.24 31.08 12.73 1. 38 0.82 0.09 20.70 
125 4.01 37.64 24.73 14.30 0.97 1.43 0.14 21.20 

Core S5 100 2.49 34.40 26.44 13.10 0.89 1.52 0.23 23.44 
160 3.15 34.93 22.99 18.23 0.89 1.40 0.18 21.38 
225 3.92 35.19 23.18 16.10 0.96 1.64 0.23 22.70 

IMateria1 removed by hot 0.5N NaOH treatments of organic, carbon-
ate, amorphous iron-oxide, opaline silica free-total sediment. 

2100 percent - sum of reported chemical species. 
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CORE 10 - CHEMISTRY OF "AMORPHOUS ALUMINO SILICATE" MATERIAL 
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Figure 5-10. Chemical composition of the amorphous aluminosilicate material removed by selective 
chemical dissolution treatments of the samples from core 10. Note that with increasing subbottom 
depth, the composition changes from a "kaolinite" chemistry to a IInontronite" chemistry, thereby 
suggesting the reaction path for the formation of authigenic nontronite and possibly mixed·-layer 
smectite-illite as evidenced by K retention by the nontronite. 



diffraction analysis the halloysite was dehydrated to form metahalloy

site. No 10Ao halloysite was detected in the mineralogical studies, 

only 7.2Ao kaolinite-metahalloysite (see Figures 5-2 and 5-3). 

Kaolinite-metahalloysite is the predominant non-carbonate mineral 

present in the Kaneohe Bay sediments. It appears to be ubiquitous in 

all size fractions less than 30 microns and represents 30-70% of or

ganic, carbonate-free sediment. 

One interesting phenomenon that is observed is in the 0.2 - 0.5 and 

less than 0.2 micron size fractions is the apparent loss of kaolinite

metahalloysite with depth which is nearly equaled by increases in authi

genic nontronite/and mixed-layer smectite-illite. This loss and gain 

relationship cannot be interpreted as a function of changing sedimento

logical regime, as the climate and soil source materials probably have 

been constant for the last 40 years -- the time to deposit 150 cm of 

sediment -- hence, one would expect that the mineralogy in any given 

size fraction would remain constant with depth, if diagenetic processes 

were not occurring. 

The decrease of kaolinite-metahalloysite with depth in the less 

than 0.5 micron size fraction of the sediment is accompanied by an 

apparent increase in crystallinity of the remaining 7.2Ao material with 

increasing depth in all cores. Figures 5-11, 5-12, 5-13, and 5-14 all 

show a "sharpening" (increase in the peak height/peak width ratio) of 

the 7.2Ao p~ak of the kaolinite-metahalloysite. This evidence strongly 

suggests that the least crystalline fraction of the metahalloysite is 

undergoing alteration to nontronite, probably involving the same reac

tion mechanism suggested by the chemical changes in the amorphous 
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aluminosilicate material. 

Sherman (1952) suggested that poorly-crystalline halloysite may 

contain large amounts (up to 20 weight percent) of amorphous or crypto

crystalline aluminosilicate of the same or similar composition. The 

data of this study suggest that there are probably two types of amor

phous aluminosilicates present in the sediments of Kaneohe Bay, both 

taking part in reactions to form nontronite and smectite-illite. The 

first form of amorphous aluminosilicate is that of a distinct solid 

phase, perhaps existing as a gel, although there is no evidence for this 

morphology. This type is readily removed by the selective dissolution 

technique presented in Chapter 3. A large portion of the amorphous 

aluminosilicate may exist within the structure of the poorly-crystalline 

metahalloysite, and is not greatly affected by the dissolution treatments. 

Plagioclase 

The occurrence of detrital plagioclase is restricted to the less 

than 2 micron size-fraction of the sediment. X-ray powder diffraction 

patterns show the plagioclase to be labadorite in composition, con

sistent with petrographic analyses of the source Koolau Basalts by 

Wentworth and Winchell (1947). The amount of labadorite present in the 

sediments ranges from 5-25 weight percent of the organic, carbonate-free 

sediments. As shown in Figure 5-5, there is an increase in plagioclase 

with depth, but this increase parallels changes in the grain-size dist

ribution of the sediment and may reflect slower sedimentation rates 

during the time of deposition of the sediments below 120 cm in the 

nearshore areas of the bay. 

Fragments of plagioclase are readily recognized under the SEM and 
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may be seen in Plates ld, 2a, and 2b. Recognition is based on cleavage 

angles and non-dispersive X-ray chemical analysis. Plates 2a and 2b 

show that very small crystals are found on the cleavage faces of the 

plagioclase fragments. These crystals are only observed on fragments 

from below 45 cm subbottom depth in the Kaneohe Bay cores. Examination 

of the crystals with EDAX under extreme (lOO,OOOX) magnification indi

cates the crystals have a composition the same or similar to the host 

fragment. Inherent difficulties in the non-dispersive X-ray system make 

the analysis of such small particles only semiquantitative. It is 

suggested that these crystals represent authigenic formation of plagio

clase within the sediment column of Kaneohe Bay. No crystals were 

observed on any of the Kahana River samples examined by the SEM, al

though solution pits and grooves were recognized similar to those shown 

in Plate 2b. 

Gi bbs ite 

Gibbsite is a common constituent of the less than 0.5 micron frac

tion of the sediments of Kanoehe Bay and the Kanaha River watershed. 

Its formation in the soil profiles of Hawaii has been well documented by 

Bates (1960). Gibbsite averages from 0-6 weight percent of the organic, 

carbonate-free total sediment and no trends in its abundance are noted 

with subbottom depth. 

No evidence for the formation of authigenic chlorite overgrowths 

as suggested by Swindale and Fan (1967) was noted in any of the samples 

analyzed. 

Pyrite 

One of the most effective geochemical processes that takes place 
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during the early diagenesis of marine sediments is the reduction of 

sulphate ions in interstitial waters by sulphate reducing bacteria. 

This process can give rise to high concentrations of H2S which in turn 

may react with various iron compounds to form iron sulphides, such as 

mackinawite, greigite, pyrrhotite, marcasit~, and pyrite (cf. Berner 

1964a, 1964b, 1967, 1969a, b, 1970). 

Authigenic pyrite was detected in all cores with the total amount 

present increasing with increasing subbottom depth. Pyrite concentra

tions for the total sediment range from 0 to 3 weight percent on an 

organic, carbonate-free basis for the nearshore terrigeneous sediments 

(see Tabl,e 5-3) to a to 0.5 weight percent for the carbonate-rich sedi

ments of the central lagoon. No sulphide mineral other than pyrite was 

detected by X-ray powder diffraction in the analysis of the sediments. 

Similarly, no sulphide minerals, including pyrite, were detected in the 
-

Kahana Watershed samples. 

Although no FeS minerals were detected in the X-ray powder diffrac

tion analysis of the near surface sediments of the bay, it is possible 

that FeS minerals may be present in the first 5-10 cm as evidenced by 

the black coloration of the sediments which quickly changes to brown 

upon exposure to the atmosphere. The black coloration may be due to the 

presence of an authigenic amorphous, or a weakly crystallized tetragonal 

form of FeS, which Berner (1964a) termed hydrotroilite. The lack of 

detailed mineralogical analysis of the upper 20 cm of the bay's sedi

ments leaves the question unresolved of whether or not an a FeS phase is 

forming initially from reaction between H2S and iron-oxyhydroxides' in 

the sediment column or pyrite is precipitating directly without an 
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Plate 2 

a. High magnification (20,OOOX) view of a plagioclase cleavage fragment in the 2-20 micron size 
fraction from 135 cm depth of core 13. The feldspar is 1abadorite as determined by X-ray powder 
diffraction and in agreement with the mineralogy of the source basalts. Note the occurrence of small 
crystals on the face of the labadorite fragment. EDAX suggests that the chemical composition of 
these c~sta1s is essentially the same as the labadorite, although due to their small size, precise 
analysis is difficult. This sample has been treated to remove all amorphous coatings, hence the 
small crystals most probably represent authigenic growth of labadorite. (Core 13, 135 cm, 2-20 
microns, Si removed, Au-C coating) 

b. Higher magnification view of plate 1d showing authigenic 1abadorite crystals growing on the 
face of a 1abadorite cleavage fragment. Detrital feldspar grains from the Kahana River sediments do 
not show these authigenic crystals; however, solution pits (?) such as seen in this microphotograph 
are common. (Core WR-l, 60 cm, 2-20 microns, Fe removed, Au coating) 

c. Solitary pyrite octahedron shown resting on a grain of metahalloysite (?). By comparing 
plates 2c, 2d, and 3a one can see a hierarchy of forms with depth similar to that observed by Hein 
and Griggs (1972) for authigenic pyrite from the r,1onterey-Ascension Fan. Solitary pyrite octahedrons 
are readily seen in the 2-20 micron size-fraction at subbottom depths shallower than 45 cm:. clusters 
of pyrite octahedrons or pyritohedrons from 45-100 cm depth as shown in plate 2d and spherical 
framboids from below 100 cm depth in the nearshore terrigeneous cores of the central and south bay. 
(Core 10, 45 cm, 2-20 microns, Fe removed, Au coating) 

d. Cluster of authigenic pyrite octahedrons, with each octahedron characteristically being 1 
micron in length, from the 95 cm subbottom depth in core 10. Pyritohedrons as shown i'n plate 4a are 
also observed but are much more rare than the octahedral form. (Core 10, 95 cm, Bulk, Untreated, Au 
coating) 
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Pl ate 3 

a. Three spherical pyrite framboids, approximately 20 microns in diameter, from the 150 cm 
subbottom depth sample of core 10. In the mineralogical analysis of all the sediments of Kaneohe 
Bay, pyrite was the only sulphide mineral detected. There is some indication in this microphotograph 
that the framboids first join together to form dumbbell shaped double framboids and then coalesced to 
form large clusters of framboids. Hein and Griggs (1970) found that the individual spherical fram
boids reached diameters of 50-100 microns before forming similar clusters. (Core 10, 150 em, B~lk, 
Untreated, Au-Pd coating) 

b. Higher magnification view of the framboid in the foreground of plate 3a showing the symmetry 
of the pyrite octahedrons forming the framboids. (Core 10, 150 cm, Bulk, Untreated, Au-Pd coating) 

R5 c. Diatom test filled with pyrite octahedrons from 120 cm depth in core S5, which are similar 
to the pyrite fillings of ancient macrofossils described by Hudson and Palframan (1969). The pre
cipitation of the pyrite may be enhanced in these organic-rich micro-environments. As in the sol
itary framboids no other sulphide mineral was detected, except pyrite. (S5, 125 cm, Bulk, Untreated, 
Au coating) 

d. Higher magnification view of plate 3c, showing the individual pyrite octahedrons. This 
sample has not been subjected to selective chemical dissolution treatments for the removal of amor
phous iron, opaline silica, and aluminosilicate. It may be readily seen that a significant coating 
of amorphous iron exists on this sample. Compare with plates ld and 2c, in which the organics, 
carbonates, and amorphous iron have been removed. (S5, 125 cm, Bulk, Untreated, Au coating) 
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Plate 4 

a. Spherical authigenic pyrite framboid composed of pyritohedrons from 225 cm depth in core S5. 
Note that there are several very small octahedrons forming on the outer surface of the right hand 
side of the framboid. (Core S5, 225 cm, 2-20 microns, Si-removed, Au-Pd coating) 

b. Spherical authigenic pyrite framboid composed of poorly-formed pyrite octahedrons from 95 cm 
depth in core 10. The occurrence of these poorly-formed crystals is common in the nearshore terri
geneous cores. An estimate is that one out of every six pyrite framboids in the nearshore terrigeneous 
cores is composed of poorly-formed pyrite octahedrons or pyritohedrons. The two grains in the fore
ground are metahalloysite, displa~ing the characteristic cottonball texture. (Core 10, 95 cm, 2-20 
microns, Fe removed, Au-C coating) 

c. High magnification view (30,000X) of the less than 0.2 micron size fraction from 135 cm 
depth in core 12. The mineralogical composition of this aggregate is approximately 80% kaolinite
metahalloysite, 18% authigenic nontronite, and 2% authigenic 60-90% randomly interstratified mixed
layer smectite-illite. (Core 12, 135 cm, <0.2 microns, Si removed, Au-Pd coating) 

d. High magnification view (50,000X) of authigenic nontronite from the less than 0.2 micron 
size fraction from Core 10 at 150 cm depth. The kaolinite-metahalloysite Was removed from the sample 
by first heating to 550°C and then by selective chemical dissolution with 0.5N NaOH at 80°C for 5 
minutes. The nontronite is sticky, plastic, translucent and has a light olivine-green color. The 
surface morphology is similar to that describe by Borst and Keller (1969). (Core 10, 150 cm, <0.2 
microns, Si removed, Au-Pd-C coating). 
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intermediate FeS phase. 

Plates 2c, d, 3a, b, c, d and 4a, b depict the various morpholog-

i ca 1 forms of the authi geni c pyri te as ana 1 yzed by the SE~t One of the 

more noticeable features is the presence of a hierarchy of morphological 

forms as a function of increasing depth within the core. This morphol

ogy sequence has been previously described by Hein and r,riggs (1972). 

Above 45 cm depth the pyrite occurs as solitary one micron size crystals 

with minor crystal clusters containinq two to ten pyrite octahedrons. 

Between 45-100 cm the solitary and small clusters of crystals develop 

into larger clusters of both octahedrons and pyritohedrons up to 5-10 

microns in size. Below 100 cm the common morphology of the pyrite is as 

spherical framboids, 20-30 microns in diameter, and clusters of fram

boids up to 100 microns in diameter. These localized concentrations of 

pyrite are probably the result of secondary transport and migration of 

iron and sulphide (Bern"er, 1969b). 

The importance of the availability of iron from the dissolution of 

iron-oxyhydroxides in the formation of authigenic iron sulphides is 

well documented within the sediments of Kaneohe Bay. In all of the 

nearshore terrigeneous dominated cores, no H2S was detected within the 

pore waters; within the sediments of these cores the amount of readily 

soluble amorphous iron-oxyhydroxides varies from 8 weight percent near 

the surface to 4-5 weight percent at 150 cm depth. Obviously, a large 

amount of readily soluble iron was available to react with the H2S 

produced by bacterial sulphate reduction even at depth. In the carbon

ate cores the amount of soluble iron-oxyhydroxides is near zero below 

100 cm subbottom depth and coincides with the first presence of H2S in 

186 



the pore waters (see Chapter 4). Concurrent with the presence of H2S is 

the occurrence of dioctahedral (?) mixed-layer smectite-illite within 

the sediment of the carbonate-rich cores~ suggesting that the Drever Fe

Mg exchange reaction may be taking place in Kaneohe Bay. The inter

pretation is that the initial smectite mineral formed, where there is 

sufficient, readily soluble iron available to form pyrite, is an authi

genic nontronite (or Fe-saponite). Following the loss of amorphous and 

poorly-crystalline iron-oxyhydroxide phases, Fe is extracted from the 

nontronite in a manner similar to the mechanism proposed by Drever 

(1971a) to fonm pyrite, and Mg then occupies the place of the removed 

octahedral Fe to form a Mg-montmorillonite-illite. This mechanism is 

defined in Equation 6-4 and is discussed in Chapter 6. 

Mafic Minerals - Olivines, Pyroxenes and Amphiboles 

Minor amounts of olivines, pyroxenes and amphiboles are present in 

the 2-20 and greater than 20 micron fractions of the nearshore ter

rigeneous sediments. X-ray powder diffraction shows the dominant pyr

oxenes to be augite with minor amounts of hypersthene and amphiboles to 

be hornblende. No.evidence of any alteration of these minerals within 

the Kaneohe Bay sediments was detected. 

Heavy ~1inerals - Magnetite, Ilmenite, and Hematite-Goethite 

Magnetite and ilmenite are common minor constituents of the greater 

than 20 micron size fractions of the nearshore· terrigeneous sediments. 

The Koolau Basalts and associated soils are reported to be very titan

iferohs (Walker, 1964) with the primary titanium mineral of the basalts 

being ilmenite. Magnetite is closely associated with the presence of 

i 1 meni te. 
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Hematite-goethite is a common constituent of the less than 0.5 

micron fraction of the sediments and comprises 0 to 10 weight percent of 

the terrigeneous dominated nearshore sediments. The hematite-goethite 

and associated poorly-crystalline iron- oxyhydroxides are the result of 

weathering of the basalts (Walker, 1964) and are detrital in the bay 

environment. In most cores there is a minor loss of hematite-goethite 

with increasing depth. Accompanying this loss is an increase in the 

degree of crystallinity (peak height/peak width ratio) of the geothite, 

suggesting that the dissolution of the goethite proceeds initially from 

the most poorly-crystalline phases. Hematite-goethite becomes virtually 

absent from the deeper portions of the carbonate dominated cores, owing 

probably to dissolution to provide iron for pyrite formation. 

Quartz 

The source of the detrital quartz within the sediments of Kaneohe 

Bay as previously discussed is from the weathering of hydrothermally 

altered dikes within the Koo1au Basalts, although a very minor component 

may be of eolian origin. 

Nontronite 

Nontronite was detected below 20 cm subbottom depth in all cores 

subjected to mineralogical analysis. The nature of occurrence, chem

istry, and mineralogy provide strong evidence that the nontronite is 

authigenic. The occurrence of nontronite within the sediments is re

stricted to the less than 0.5 micron size fraction. Tables 5-6 and 5-7 

present the weight percent abundance as a function of depth for the 

0.2 - 0.5 and less than 0.2 micron size fractions for the terrigeneous 

dominated cores (also see Figures 5-6 and 5-7). Table 5-3 presents the 



occurrence of nontronite as a function of the total sediment (see also 

Figures 5-4 and 5-5) for the terrigeneous- and carbonate-dominated 

cores. 

The most convincing evidence for authigenesis as the mode of forma

tion is the lack of nontronite in the surficial sediments followed by a 

linear increase in the nontronite weight percentage with increasing sub

bottom depth in all cores analyzed. The net change in the less than 0.5 

micron size fraction on an organic, carbonate-free basis is from below 

the level of detection by X-ray powder diffraction at depths less than 

20-30 cm subbottom depth to 20-25 weight percent at depths near 150 cm: 

a sediment column whose oldest age is only about 50 years! Figures 5-

11, 5-12, 5-13 and 5-14 show the X-ray powder diffraction patterns for 

the 0.2 - 0.5 micron size fraction of the samples analyzed in this 

study. Pronounced increases in the 14A o peak, or 17A o for the glycolated 

sample, from no discernible l4A o peaks at subbottom depths less than 20 

cm to well formed peaks below 60-75 cm depth are observed in all cores. 

Figure 5-15 presents similar data for the insoluble residues of the 

carbonate dominated core 3. In addition to the monotonic increase in 

the abundance of nontronite, there is an increase in the "crystallinity 

index" (peak height/ peak width ratio) of the nontronite with increasing 

subbottom depth. 

Mineralogical identification of the nontronite is based upon chem

ical analysis and the Li+ - test of Greene-Kelly (1953, 1955) as later 

modified by Schultz (1969). The Li+ - test distinguishes beidellite 

(and nontronite) from montmorillonite on the basis of the degree of re

expansion with ethylene glycol after a Li+ - saturated sample has been 
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10"' Degrees 29 

CORE 10 .2-.5 microns 

IOem 

Figure 5-11. X-ray powder diffraction traces of the 0.2-0.5 micron 
size fractions of the samples from core 10. Dotted traces are following 
glycolation of the samples. Note the lack of a l4Ao peak (nontronite) 
in the near surface samples and the near monotonic increases in the peak 
intensity with depth, suggesting the authigenic origin of the nontronite. 
The 7.2Ao peak is kaolinite-metahalloysite. 
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CORE 12 .2-5 microns 

135 em 

Figure 5-12. X-ray powder diffraction traces of the 0.2-0.5 micron 
size fraction of the samples from cores 1 and 12. As in core 10 (Figure 
5-11) no 14Ao peak is detected in the near surface sediments, but is 
present at deeper depths. 'Dotted traces are following glycolation of 
the samples. 
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Degrees 28 

CORE WR-I .2-.5 microns 

Figure 5-13. X-ray powder diffraction traces of the 0.2-0.5 micron 
size fraction of the samples from cores WR-l and 13. Note the simil
arity of the 14Ao peaks to those described in Figures 5-11 and 5-12. 
Dotted traces are following glycolation of the samples. 
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CORE S5 <.5microns 

100 em 

160 an 

Figure 5-14. X-ray powder diffraction traces of the less than 0.5 
micron size fraction of core S5. Note the occurrence of a 10Ao illite 
peak and mixed-layer smectite-illite peak shift following glyco1ation 
near 8.5A~. Analysis of the 002 smectite/001 illite peak shift suggests 
an 80-90% randomly interstratified expandable layer smectite-illite 
using the criteria of Reynolds and Hower (1970). 
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Figure 5-15. X-ray powder diffraction traces of the insoluble residues following the removal of 
organics, carbonates, amorphous iron, opal, and amorphous aluminosilicates from the samples of the 
carbonate-dominated core 3. The sample is not sized but is primarily fine grained. Note the detection 
of phillipsite, sepiolite and mixed-layer smectite-illite in the deeper samples in addition to the 
authigenic nontronite peaks. The occurrence of talc in only the carbonate-rich cores 3 and S3 was 
similar to the talc occurrences reported by Moberly (1963). Hm=hematite-goethite, Py=pyrite, Ilm= 

~ ilmenite, Pyx=pyroxene, F=palgioclase, K, H=kaolinite-halloysite, T=talc, G=gibbsite, Ph=phillipsite, 

I=illite,S=sepiolite, and M=nontronite. Dotted trace is following glycolation of the samples. 
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collapsed by heating. The theory of the test is that Li+ ions are 

sufficiently small that when the smectite clay is heated they can enter 

the layered structure. If the net layer charge is in the octahedral 

sheet (caused by Mg2+ for A1 3+ or Fe3+ substitution), the Li+ will 

occupy previously vacant octahedral cation sites, thereby neutralizing 

the net layer charge and making the clay non-expanding. If the net 

layer charge is in the tetrahedral sheet (caused by A1 3+ for Si 4+) where 

there are no vacant cation sites, the Li+ will not enter the structure 

and the clay will retain its expansibility. 

Figure 5-16 shows the results of the Greene-Kelly Li+ - test for 

the 135 cm subbottonl depth from core 13. Almost complete (80 - 100%) 

re-expansion of the smectite (14AO minimal) takes place after reglycol

ation, following the structural collapse ·of the c-axis dimension to 

9.8AO upon heating to 250°C for one hour. According to Schultz (1969) 

the percent re-expansion provides an indication of the percent of net 

layer charge in the tetrahedral layer. Eighty-five percent re-expansion 

indicates that 72 percent of net layer charge is the result of A1 3+ for 

Si4+ in the tetrahedral sheet. One hundred percent re-expansion will be 

accomplished if 80-100 percent of the net layer charge is in the tetra

hedral sheet. All samples showing a discernible 14Ao peak were analyzed 

for the percent re-expansion following the Li+ - test, and all samples 

display 90 - 100% re-expansion suggesting, on the basis of structure, a 

nontronite or beidellite mineralogy. 

Chemica] analysis of the nontronite was performed on three samples 

following the removal of the kaolinite-metahalloysite from the sample 

using the technique described in Chapter 3. Table 5-11 presents the 
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chemical analyses for the three Kaneohe Bay samples, an API nontronite, 

and an authigenic hydrothermal nontronite from the Red Sea (Bischoff, 

1972). The analyses indicate a low aluminum, high iron silicate similar 

to the API standard and the authigenic nontronite reported by Bischoff 

(1972). 

Atomic proportions were calculated for the three samples in Table 

5-12 using the technique of Ross and Hendricks (1945) by taking the 

general smectite formula as Y4_6Z8020(OH)4 . nH20 (MacEwan, 1961), where 

V and Z refer to octahedral and tetrahedral coordinated cations, re

spectively. As the amount of interlayer water is variable, atomic 

proportions were assigned on the basis that the combined metals equal 44 

equivalents per formula unit. 

All Si is assigned to tetrahedral sites, the deficiency (Table 5-

12) was assigned to Al first, then ferric iron for a sum of 8 tetra

hedral ions. Remaining ferric iron, along with ferrous iron, which have 

suitable ionic radii for coordination, were assigned to octahedral 

sites. The sum of these octahedral cations falls within the 4-6 theo

retical formula. The remaining cations, Ca, Na, t~g, and K were assigned! 

to the interlayer exchangeable positions. 

The chemistry and structural formulas are consistent with other 

authigenic marine nontronites from localities with different modes of 

formation. The Kaneohe Bay nontronites are significantly different from 

soil nontronites known to occur in weathered dikes near Nuuanu Pali, 

which lies on the southeastern boundary of the Kaneohe Watershed. 

Sherman, et~. (1962) report chemical analyses of these soil nontron

ites with A1 203 contents of 17-23 percent and Fe203 contents of 14-17 
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Figure 5-16. X-ray powder diffraction traces of the 0.2-0.5 size 
fraction of the 125cm subbottom depth sample from core 13 showing the 
procedures used in the identification of nontronite and mixed-layer 
smectite-illite. Nontronite was identified using the technique of 
Greene-Kelly (1953,1955) as later modified by Schulz (1969), in,which 

the sample is lithium saturated and then heated to cause a collapse of 
the 14Ao structure to 9.8Ao (250°C). The sample ;s then subjected to 
glycolation and the percentage of re-expans;on to 17Ao indicates the net 

layer charge of the octahedral sheet. Re-exspansibility equalled 85-
100% in all samples, suggesting a beidellite structure. Chemical anal
yses and optical properties confirm that the mineral is nontronite. The 
mixed-layer smectite-illite is identified by measuring the shift of the 

00110Ao/002l7Ao peak (shown as ML) of the clay following glycolation as 
depicted in the middle trace. The 8.7Ao peak position suggests 80% 
expandabl.e layers using the criteria of Reynolds and Hower (1970). It 
is recognized that this is an approximation due to interferences by 
variances in particle size, the poorly-crystalline nature of the clay, 
and by the presence of nontronite and kaolinite-metahalloysite. K,H = 
kaolinite-metahalloysite, ML = mixed-layer smectite-illite, I = illite, 

and M = nontronite. 
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K,H 

M L· 60"1. Randomly intemratified, 
Montmorillonite - illite 

~ 4° 
Degrees 29 

Glycolated 

Heated 250 0 C, 
Reglycolated 

CORE 13 125cm, 2-.5microns, Li-sotura1ed 
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TABLE 5-11 

CHEMICAL COMPOSITION OF KANEOHE BAY 
NONTRONITE SAMPLES1 

Sample Core 10 Core 12 Core 13 127p2 API-33A 3 

Depth 150 cm 150 cm 135 cm 

Si02 39.58 38.32 38.53 39.90 39.92 

Ti02 0.40 0.30 0.41 0.08 

A1 203 5.27 6.10 6.18 2.60 5.37 

Fe203 32.30 30.06 30.63 23.05 29.46 

FeO 0.29 0.32 0.37 5.90 0.28 

MgO 0.58 0.62 0.51 1.28 0.93 

CaO 0.87 0.94 0.82 0.50 2.46 

Na20 0.93 0.84 0.86 2.70 Tr 

K20 0.37 0.23 0.27 1.40 Tr 

H 0+ r1.03 r1.34 f1.12 f70S 7.00 2 
H2O - 14.38 

Total 101. 62 99.81 99.70 97.891+ 99.88 

/ 

lFo11owing removal of organics, carbonates, amorphous iron, opal, 
and aluminosilicate, and kaolinite-halloysite by selective chemical 
dissolution. 

2From Red Sea geothermal brines, Bischoff (1972) 

3 From API (1949) 

I+Includes Mn304 , 0.36; CuO, 1.0; and ZnO, 2.6 
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TABLE 5-12 
ATOMIC FORMULAS FOR NONTRONITE MINERALS 

FROM KANEOHE BAY, RED SEA, AND SPOKANE, WN. 

Sample Core 10 Core 12 Core 13 l27pl API-33A2 
Depth l50cm l50cm l35cm 

Tetrahedral Si 4+ 6.74 6.78 6.77 7.01 7.03 
Sheet A1 3+ 0.86 l.22 1.23 0.54 0.98 

Fe3+ 0.40 0.45 
Total 8.00 8.00 8.00 8.00 8.00 

Octahedral A1 3+ 0.04 0.04 
Sheet Fe3+ 4.04 4.01 4.05 2.66 3.84 

Fe2+ 0.04 0.04 0.05 0.88 0.20 
Ml+ 0.893 0.10 

Total 4.08 4.09 4.14 4.43 4.14 

Interlayer 1/2Mg 0.32 0.32 0.26 
Cations 1/2Ca 0.32 0.36 0.30 0.19 0.46 

Na 0.30 0.29 0.30 0.94 tr 
K 0.08 0.05 0.06 0.32 tr 

Total l.02 1.02 0.92 1.45 0.46 

IFrom Red Sea geothermal brines; Bischoff (1972 ) 
2From Ross and Hendricks (1945 ) 
3Includes 0.54 Mn+Zn+Cu 
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percent, quite different from the authigenic nontronites of Kaneohe Bay. 

Axial dimensions of the Kaneohe Bay nontronite were very difficult 

to obtain due to the relatively poor crystallinity of the nontronite and 

to interference from the kaolinite-metahalloysite. Good diffractogram 

traces, supplemented with powder camera film patterns yielded the fol

lowing range of measurements for these hkZ indices: 060, 1.5l4Ao-

1.520Ao; 020, 4.51Ao-4.525Ao; and 200, 2.60Ao-2.615Ao. Reduction of 

these data yields bo axis dimensions of 9.067-9.074Aoand ao = 5.20Ao-

5.23Ao. The small bo axis dimension is characteristic of dioctahedral 

nontronites and is in agreement with the Li+ - test and the structural 

formulas. 

Mixed-Layer Smectite-Illite 

The occurrence of an authigenic mixed-layer smectite-illite was 

detected by X-ray powder diffraction analysis in the 0.2-0 .. 5 size frac

tion of several cores below 100 cm subbottom depth. No smectite-illite 

was noted above 100 cm depth. Figures 5-14 and 5-16 show pronounced 

lOAD illite peaks and l4Ao smectite peaks. Following glyclolation (see 

Figure 5-16) there is a shift in the 14Ao of the smectite to 17Ao, the 

lOAD peak remains constant, and a mixed-layer peak may be found near 

8. 60A 0. Thi s peak shift is due to th,e presence of a mi xed-l ayer smec

tite-illite consisting of 60-100% randomly interstratified expandable 

layers as identified by the criteria of Reynolds and Hower (1970). The 

poorly-crystalline nature of this material and interference from the 

nontronite does not allow for accurate measurement of the (060) reflect-

ion; hence it cannot be determined if the smectite layer is dioctahedral 

or trioctahedral. The abundance ranges from 2-13 weight percent on an 
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organic, carbonate-free basis in the 0.2-0~5 micron size fraction of the 

cores. 

The possibility of this mixed-layer smectite-illite being glauc

onite may be discounted for the following reasons: (1) the lack of a 

1 .53-1.55Ao (060) reflection, (2) the small grain size, less than 0.5 

microns, and (3) the presence of a mixed-layer 00110Ao/00217Ao reflec

tion near 8.60Ao following glycolation. Controversy, however, does 

exists in the literature over the mineralogy of glauconite. ~ower 

(1961) fOund that material described in the literature as glauconite 

ranges in composition from mixed-layer smectite-illite with 80-100% 

expandable layers to substantially pure illites with lMd to 1M morph

ology. Glauconite is typically characterized as an iron-rich 2:1 di

octahedral lMd mica structure, with few expandable layers (Hower, 1961), 

unlike the mixed-layer smectite-illite described from this study. 

The evidence for authigenic formation is primarily the mode of 

occurrence -- increasing abundance with increasing subbottom depth in 

very young sediments derived from a constant source area. Moberly, et 

~. (1968) reported the occurrence of authi geni c illite in the sediments 

of the KaneGhe Bay submarine fan, but unfortunately their results can be 

explained as an admixture of eolian clays from the continents. As 

previously discussed, the occurrence of mixed-layer smectite-illite 

corresponds to the first appearances of pore water sulphides, suggesting 

that either a Drever (1971b) type reaction may be responsible for its 

formation, or that the availability-of pore water iron may favor the 

formation of nontronite over smectite-illite. Furthermore, the high 

percentage of expandable layers suggests that the mixed-layer smectite-
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illite in Kaneohe Bay sediments is not of eolian origin. 

Talc 

Talc was found to be present in the silicate fraction of the carb

onate-rich sediments of the lagoon floor. Unlike Moberly (1963), who 

found talc to be a nearly ubiquitous component of the surface sediments 

of Kaneohe Bay, no talc was detected in the nearshore terrigeneous 

dominated sediments. Moberly concluded that the talc in the bay's sedi

ments was detrital, and its source, like that of quartz, the hydro

thermally altered caldera rocks of the Koolau Basalts. Although the 

talc detected in this study is restricted to the carbonate-rich sedi

ments, there is no evidence to suggest that its origin is not detrital 

with differential settling as the mechanism for concentration in the 

deeper water lagoonal sediments. 

Sepiolite 

Authigenic sepiolite was detected in the silicate fraction of the 

carbonate-rich cores (3 and S3) below 125 cm subbottom depth by X-ray 

powder diffraction analysis (see Figure 5-15). Sepiolite was also 

detected by SEM studies of cores 3 and S3 and was found to exist as 

clusters of small needles as shown in Plate 5a. SEM studies also sug

gest the possibility of small needles of authigenic sepiolite forming on 

sponge spicules (Plate lb). 

Authigenic sepiolite has been previously detected in marine sedi

ments associated with active ocean spreading centers (Hathaway and 

Sachs, 1965; Bonatti and Joensuu, 1968; and Bowles, et ~., 1971). 

These sepiolites are interpreted to be the result of direct precip

itation from the interaction of seawater and hydrothermal solutions 
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associated with spreading centers. Sepiolite also has been reported in 

Recent carbonate muds (lsphroding, 1972). The origin is attributed to 

the dissolution of diatoms as a mechanism to provide high pore water 

silica activities. This occurrence of sepiolite in Recent carbonate 

muds would appear similar to the Kaneohe Bay geologic setting and oc-

currence. Sepiolite has also been reported in the Deep Sea Drilling 

Project (DSDP) literature (e.g. Rex, 1970; Cook, 1971; and others) from 

sediments rich in radiolarians and absent in clay minerals. 

Wollast, et~. (1968) and Christ, et~. (1973) obtained the free 

energy of formation for freshly precipitated, disordered sepiolite and 

poorly-ordered crystalline sepiolite, respectively. Christ, et~. 

report a solubility-determined log Ksp = -40.1 at 25°C. Wollast (1974) 

using DSDP pore water data has shown that by calculating the product 

(Mg++)2 (H4Si04)3 (OH)4, corresponding to the equilibrium of the ions 

involved in the synthesis of sepiolite, that a constant ion activity 

product is obtained for those DSDP holes with radiolarian ooze sections 

exactly corresponding with the Christ, et~. equilibrium value. Sim

ilar results are obtained for sepiolite lAP calculations within the pore 

waters of Kaneohe Bay as summarized in Table 5-13. As can be seen in 

Table 5-13, the carbonate cores 3 and S3 are nearly at the sepiolite 

equilibrium value, whereas, the terrigeneous cores are slightly under-

saturated with respect to sepiolite, suggesting that other reactions may 

be controlling the distribution of magnesium and dissolved silica within 

these pore waters. 

Zeolites 

Phillipsite, clinoptilolite (?) and analcime (?) were detected as 

205 



N 
a 
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Plate 5 

a. Authigenic sepiolite (?) needles from 150 cm depth in core 3. Sepiolite was also detected 
by X-ray powder diffraction in the 125 cm depth sample from this core. The presence of on"ly minor 
amounts of sepiolite is interesting, in that ion activity product calculations suggest that the pore 
waters are near saturation with respect to sepiolite (see text) from 45 cm and deeper in a"lmost all 
of the cores analyzed from Kaneohe Bay. (Core 3, 150 cm, Bulk, Untreated, Au coating) 

b. Authigenic lath-shaped phillipsite crystal from core 10 at 150 cm depth. Phillipsite is 
reported by Mumpton and Ormsby (1976) to occur both as stout prisms and stubby laths, 3-30 microns in 
length and 0.3-3 microns thick. They similarly reported that a common characteristic of many phillip
sites is a "crackingll along cleaveage planes parallel to the axis of elongation. EDAX ana"lysis 
suggests the following atomic ratios: 10 Si:4Al:1.8K:1.5Na"for the crystal shown. (Core "10, 150 cm, 
.5-2 microns, Si removed, Au-Pd-C coating) 

c. Lath shaped authigenic phillipsite crystal from core 10 at 95 cm depth. Similar solitary 
phillipsite laths are observed in almost all cores from below 45-60 cm depth. Only in a very few 
cores was phillipsite detected by X-ray powder diffraction suggesting that the total amount is 
probably less than 0.5 weight percent for any given sample. (Core 10, 95 cm, 2-20 microns, Fe 
removed, Au-Pd coating) 

d. Lath shaped authigenic phillipsite crystal from the same sample as plate 5c. The phillip
site lath is resting on a gibbsite (?) grain. EDAX suggests the following atomic rations for the 
phillipsite: 10.2 Si:4A;:1.75K:l.6Na. (Core 10, 95 cm, 2-20 microns, Si removed, Au-Pd-C coating) 
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TABLE 5-13 
CALCULATED ION ACTIVITY PRODUCT FOR DISSOLVED PORE WATER SPECIES 

INVOLVED IN THE FORMATION OF AUTHIGENIC SEPIOLITE 

Depth 1 log IAp2 Depth log lAP 
Core 2 20 -39.52 Core 12 20 -41. 53 

Sc 3 71 -40.78 St 81 -40.84 
99 -39.46 137 -41. 20 

Core 3 15 -39.73 Core 13 35 -40.72 
Cc 50 -40.05 St 117 -41.22 

76 -40.33 
101 -40. 18 Core 14 8 -41 .06 
127 -40.09 St 64 -40.71 
152 -40.50 

Core 15 20 -40.23 
Core 5 20 -39.47 Sc 120 -40.19 

Cc 60 -39.90 
83 -40.15 Core Sl 145 -39.69 

106 -39.95 Nc 267 -40.56 
285 -40.57 

Core 9 15 -40.77 
Nt 30 -39.87 Core S3 107 -40.79 

45 -39.77 Cc 168 -41 .24 
60 -38.90 229 -41 .24-

285 -41 .06 
Core 10 10 -41. 20 350 -41.36 

Nt 20 -40.25 
45 -39.43 Core S4 120 -39.85 
71 -40.05 Sc 180 -40.20 

106 -40.07 
122 -40.03 Core S5 145 -39.85 
137 -39.98 St 205 -40.20 

Core 11 30 -40.73 
St 60 -40.29 

147 -39.97 

1 centimeters below lagoon floor 

2 log lAP = [M9]2[H4Si04]3[OH]4, TMg=0.315 

3 S = south bay, C = central bay, N = north bay; c = >50 
percent carbonate, t = < 50 percent carbonate 
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authi geni c mi nera 1 components of the sediments of Kaneohe Bay. Phi 11 i p

site was identified by X-ray powder diffraction analysis (see Figure 5-

15) and SEM studies; whereas, the identification of c1inopti101ite and 

analcime is the result of SEM analysis. 

Zeolites are a common constituent of slowly accumulating d€ep-sea 

brown and red clays of the Pacific Ocean. Reports of zeolites are much 

less common in the Atlantic Ocean than in the Pacific (Turekian, 1965; 

Hay, 1966; Cronan, 1974). Of the various zeolites reported from the 

oceans, phillipsite and c1inoptilolite are the most common in occurrence 

and abundance. 

Phillipsite was first reported as a component of marine sediments 

by Murray and Renard (1891) and later characterized by the studies of 

Goldberg (1961), Bonatti (1963) and others. Phillipsite has a wide

spread stratigraphic and geographic distribution in cores obtained 

during DSDP. The origin of marine phillipsite has been the subject of 

considerable attention (cf. Goldberg, 1961, Arrhenius, 1963; Bonatti, 

1963; Shepard, et ~., 1970). Based on the association of phillipsite 

with volcanogenic debris, Murray and Renard suggest that it was formed 

from the breakdown of volcanic glasses; a view that has been supported 

by most subsequent studies. Bonatti (1963) observed that the formation 

of phillipsite was from the alteration of pa1agonite grains in contact 

with seawater or pore waters. 

Bernat and Goldberg (1969) and Bernat et~. (1970) through anal

yses of radioactive nuclides incorporated in phillipsites suggested that 

low sedimentation rates were not a prerequisite to its formation, but 

its formation was initiated by amorphous volcanic glasses in contact 
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with pore waters. Bernat, et~. further suggested that phillipsite 

could form large crystals in a matter of a few years. 

The phillipsite detected in the Kaneohe Bay sediments appears to be 

the result of the reaction of amorphous aluminosilicate material with 

the interstital waters. SEM analysis shows individual elongated, eu

hedral, prismatic crystals ranging from 8-20 microns in length. Plates 

5b, 5c, and 5d depict crystals of phillipsite similar to those described 

by Shepard, et~. (1970). Plate 6a shows a phillipsite rosette similar 

to those reported by Mumpton and Ormsby (1976) for lacustrine phillip

site. This "rosette" morphology is previously unreported in marine 

environments. Non-dispersive X-ray analysis of the crystals give atomic 

ra tics s i mil a r to the chemi ca 1 compos iti ons reported by Goldberg (1961) 

and Rex (1967). Si/Al is 2.4-2.5 and Na/K is nearly 1:1. The small 

size of the crystals prevents the accurate determination of chemical 

composition by EDAX. 

Clinoptilolite has been found to occur in a variety of deep-sea 

environments; it is the most abundant zeolite in Atlantic sediments 

(Cronan, 1974). It has been reported as a locally common constituent of 

DSDP cores from the Pacific where it is usually associated with volcanic 

debris in various stages of alteration (Cook and Zemmels, 1971, 1972). 

Clinoptilolite has also been found in DSDP cores from the eastern At

lantic associated with radiolarian-rich sediments and commonly forming 

casts of radiolarians (Berger and Von Rad, 1972). Both phillipsite and 

clinoptilolite occur together in cores from the equatorial Pacific, 

where the phillipsite dominates the clinoptilolite, probably as a result 

of the basaltic nature of the associated volcanic debris (Cook and 
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Zemme 1 s, 1972). 

It is generally considered that clinoptilolite forms from the 

alteration of Si02 - rich volcanic glasses (Hathaway and Sachs, 1965; 

Hay, 1966); Goodell (1965) and Berger and von Rad (1972), however, 

concluded that the dissolution of opaline microfossils was contributing 

silica to the- formation of the clinoptilolite they examined. In con

clusion, it appears that clinoptilolite may form in sediments containing 

amorphous aluminosilicates and derive the needed silica from the dis

solution of the opal -- the probable formation path in the Kaneohe Bay 

sediments. 

The authigenic clinoptilolite from Kaneohe Bay was detected only by 

SEM and identification is based on morphology and chemical composition 

by EDAX. Plates 6b, 6c, and 6d depict crystals of clinoptilo1ite from 

Kaneohe Bay similar in morphology to those reported by Lance1ot, et 2l. 

(1972). EDAX gives Si/Al of 2.5 and Na/Ca/K of 2:1:1. 

Analcime has not been previously reported from marine sediments. 

It is generally associated with the higher pH (greater than 8.4) waters 

of saline lakes. Identification within the sediments of Kaneohe Bay is 

based on morphology of the individual crystals as shown in Plates 7a and 

7b and on chemical composition by EDAX. Similar morphology is reported 

by Mumpton and Ormsby (1976) for lacustrine authigenic analcime. Anal

cime was not detected by X-ray powder diffraction. 

Siderite 

Siderite was detected by X-ray powder diffraction ana1ysls below 

the 75 cm subbottom depth in the carbonate-rich cores 3 and S3 and 

possibly in core 13. The occurrence of siderite correlates with the 
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Plate 6 

a. A rosette of phillipsite laths from 150 cm depth in core 1. This morphology is rare, but is 
reported by Mumpton and Ormsby (1976) for authigenic phillipsites from saline lakes. Most marine 
occurrences of phillipsite appear to be single lath or prisms or simple twins similar to those 
reported by Rex (1967). (Core 1, 150 em, 2- 20 mi crons, Fe removed, Au -Pd coat i ng ) 

b. Lath shaped crystals of authigenic clinoptilolite (?) from core WR-l at 60 cm depth. Most 
marine authigenic clinoptilolite exists as plates as shown in plates 6c and 6d, but monocl"inic
symmetry laths have been observed in lacustrine deposits (Mumpton and Ormsby, 1976). The elinop
tilolite is resting on a grain of metahalloysite. (Core WR-l, 60 cm, 2-20 microns, C03 removed, Au 
coating) 

c. Plates of authigenic clinoptilolite (?) from 150 cm depth in core 1. EDAX gives the follow
ing atomic ratios: 25 Si:10Al :2Na:1Ca:0.8K for the crystals. The crystals are resting on a detrital 
grain of metahalloysite. (Core 1, 150 cm, 2-20 microns, Fe removed, Au-Pd coating) 

d. Authigenic clinoptilolite (?) (A) plate shown in conjunction with two authigenic pyrite 
octahedrons (B) and a possible small rosette of authigenic apatite (C) from core 1 at 150 em depth. 
No clinoptilolite was detected by X-ray powder diffraction in any of the samples analyzed. (Core 1, 
150 cm, 2-20 microns, Fe removed, Au-Pd coating) 
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Plate 7 

a. Possible crystal of authigenic analcime? (A) from 150 cm subbottom depth in core 1" The 
identification is based on the trapezohedral form and EDAX analysis which gives the followin9 atomic 
ratios: 4.1Si:2Al:l.5Na:0.5Ca. This crystal is similar to authigenic' analcime described by Mumpton 
and Ormsby (1976). Also resting on this detrital grain of metahalloysite is an authigenic c~'ystal of 
clinoptilolite ? (B) and a solitary pyrite octahedron (C). (Core 1, 150 cm, 2-20 microns, FE~ re
moved, Au-Pd-C coating) 

b. High magnification view of an analcime? crystal from core 1 at 150 cm depth. EDAX analysis 
suggests the following atomic ratios: 4Si:2Al:l.8Na:0.2K:0.2Ca. The occurrence of analcime in 
normal marine environments has not been previously documented. (Core 1, 150 cm, Bulk, Untreated, Au 
coating) 

c. Authigenic apatite rosette from 95 cm depth in core 10. This morphology is similar to that 
described by Burnett (1974) for the authigenic apatite forming off the coast of Chile and Peru. 
Burnett suggests that the formation of marine apatite is closely related to the dissolution of 
biogenic opal in anoxic sediments. EDAX analysis of the rosette at higher magnification provides the 
following atomic ratios: 5P:4Ca:1F(?):0.2Al. (Core 10, 95 cm, 2-20 micron, C03 removed, cal~bon 
coating) 

d. Authigenic apatite (A) beginning to form a rosette. A solitary pyrite octahedron (B) may 
also be observed. (Core 10, 95 cm, 2-20 microns, C03 removed, carbon coating) 
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detection of H2S wit~in the interstita1 waters of the sediments. The 

abundance of authigenic siderite is less than 2 weight percent of the 

total sediment (see Table 5-3). 

Apatite 

Authigenic apatite was detected by SEM analysis in both the carb

onate-rich and terrigeneous-rich cores of Kaneohe Bay below 75 cm sub

bottom depth. Identification of the apatite is based on morphology and 

chemical composition by EDAX. Plates 7c and 7d depict crystals of 

apatite similar to those described by Burnett (1974) and Ristvet, et ~ 

(1977) for the coast of Chile and Eniwetok Atoll, respectively. Apatit~ 

was not detected by X-ray diffraction analysis and identification is 

based on SE~1 observations; the abundance is very slight (less than 0.01 

weight percent) for the sediments. 

Chemical Analyses 

Total chemistry of the Kaneohe Bay sediment was determined for the 

organic, carbonate-free total sediment, 2-20, 0.5-2, 0.2-0.5 and less 

than 0.2 micron size fractions. Tables 5-14, 5-15, 5-16, 5-17 and 5-18 

present the chemical analyses for the different size fractions. As 

would be expected, the chemistry of each size fraction closely parallels 

its contained mineralogy. Si and A1 are much more abundant in the fine 

fraction as their mineralogy is dominated by kaolinite-metahalloys~te, 

whereas Ti, Fe, Na and S are more abundant in the coarser fractions 

owing to the presence of ilmenite, hematite-goethite, feldspars and 

pyrite. K shows enrichment in the fine fractions. 

Total Silicate Fraction Chemistry 

Figures 5-16 and 5-17 depict the trends in chemistry of cores 10 
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TABLE 5-14 

CHEMICAL ANALYSES OF THE TOTAL SILICATE FRACTION 
(Carbonate. organic free; total Fe reported as Fe203; LOI represents weight loss on heating to 950°C) 

Depth (cm) Si02 Ti02 A1 203 Fe203 CaO MgO Na 20 K20 S LOI Total 

Core WR-l 15 34.14 2.02 22.85 15.90 1. 93 1. 31 0.59 0.13 0.20 19.08 99.15 
30 31. 99 2.94 21.90 19.34 1 .17 1. 08 1. 68 o. 17 0.74 19.1I' 100.18 
45 36.49 2.10 20.32 15.90 3.13 1. 20 1. 10 0.23 0.76 18.10 99.33 
60 35.42 3.34 20.60 16.22 2.82 1. 56 1. 52 0.20 1. 39 17 . 5~) 100.62 

Core 1 15 33.45 2.93 21.83 18.84 1. 91 1. 52 0.83 0.26 0.49 18.n 100.98 
75 30.42 1. 87 24.92 16.72 1. 82 1.80 1. 14 0.39 0.57 20.16 99.81 

135 37.16 4.10 19.86 15. 18 1. 29 1. 96 1. 28 0.52 0.30 17.90 99.51 
N 

-.....J Core 10 10 33.04 4.85 23.60 17.83 1. 67 1. 55 1. 08 0.21 0.11 16.10 100.04 
20 34.25 3.12 24.85 15.83 1. 88 1. 41 1. 43 0.22 0.34 17.08 100.41 
45 31.95 2.84 24.80 16.80 1. 93 1. 31 1. 15 0.09 0.90 17.0? 98.80 
70 32.91 3. 18 24.45 16. 18 1. 64 1. 47 1. 34 0.20 0.49 18. 9~~ 100.08 
95 33.28 1. 76 23.81 15.81 1.82 1. 38 1. 43 0.19 1. 21 17.35 98.04 

120 36.72 2.02 21.73 15.70 1. 44 1. 62 1. 56 0.26 1.37 17.78 100.20 
150 36.16 3.56 22.08 13.19 1. 32 1. 55 1. 56 0.31 1.05 17.31 98.89 

Core 12 20 32.73 1. 92 22.54 19.76 1.83 1. 05 0.93 0.22 0.63 18. 5~~ 100.16 
80 33.29 1. 44 24.12 15.60 1. 54 1. 43 1. 10 0.26 1.06 17.90 99.74 

135 33.76 1. 83 23.73 15.80 1. 42 1. 38 1. 09 0.34 1.10 19.20 99.65 

Core 13 35 34.09 1. 92 24. 11 15.62 1. 55 1. 67 1.84 0.18 1.40 17 . 3Lf 99.72 
125 35.61 2.84 23.14 14.90 1. 46 1.82 1. 55 0.27 1.06 18.19 100.84 

Core S5 100 34.40 3.86 21 . 18 18.80 1. 42 1. 66 1. 50 0.38 1. 12 16.80 101.12 
160 36.26 1. 93 21.24 16.30 1. 36 1. 59 1. 63 0.44 1.06 17.30 100.47 
225 39.82 1. 09 21.32 12.42 1.40 1. 73 1. 55 0.39 1.14 17.89 98.75 
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Figure 5-17. Total sediment chemical composition (organic, carbonate free) of the samples of core 
10 as a function of subbottom depth. Composition is nearly constant for most species and reflects the 
mineralogy of the samples (see figure 5-5). Variations in Si and Al are caused by an increase in 
abundance of detrital plagioclase, and decrease in total Fe by a decrease of detrital hematite-goethite 
with increasing subbottom depth. The increase in S is due to pyrite formation using sulphide produced 
by organic reduction of pore water sulphate. There also appears to be an exchange of Na for Ca as a 
function of depth in the core, which may be a reflection of the increased plagioclase abundance, rather 
than an ion exchange reaction. 
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Figure 5-18. Total sediment chemical composition (organic, carbonate free) of the samples of core 
12 as a function of subbottom depth. Like Figure 5-17, no real gradients, except for S due to the 
formation of authigenic pyrite, are present that may not be explained by variations in ~etrital min
eralogy. 



and 12 (see Table 5-14) as a function of depth. In general, little or 

no change in 'the composition of the sediments is recognized that may not 

be explained by changes in mineralogy. The most striking increase with 

depth is that of sulphur, which is the result of the precipitation of 

authigenic pyrite. Slight increases in Mg, Na, and K are present with 

increasing subbottom depth in all cores and are accompanied by a de

crease in Ca. 

Comparison of the near surface sediment samples with the analysis 

of Moberly, et~. (1968) for stream sediments of Kaneohe Bay and for 

surface and core samples from Kaneohe Bay show reasonable agreement for 

all elements analyzed. In general, the chemical analyses of the total 

sediment reflect little change in composition with depth within the 

sediments of Kaneohe Bay that are not the result of change in detrital 

mineralogy, pyrite formation, or ion-exchange reactions. 

2-20 Micron Silicate Fraction Chemistry 

Little or no change in the chemical composition of the 2-20 micron 

size fraction was noted with depth within the sediments of Kaneohe Bay 

as presented in Table 5-15 and displayed in Figure 5-18 for core 10. 

The chemistry of this size fraction, which along with the greater than 

J20 micron fraction, is the most abundant (50-85 weight percent of the 

silicate fraction, see Table 5-1), and reflects the abundance of plag

ioclase, kaolinite-metahalloysite, hematite, heavy minerals, mafic 

minerals and gibbsite. Sulphur shows large increases with depth as the 

result of pyrite formation. 

0.5-2 Micron Silicate Fraction Chemistry 

The 0.5-2 micron fraction which is dominanted by kaolinite-meta-
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TABLE 5-15 

CHEMICAL ANALYSES OF THE 2-20 MICRON SILICATE FRACTION 
(Carbonate, organic free; total Fe reported as Fe203; LOI represents weight loss on heating to 950°C) 

Depth (cm) Si02 Ti02 A1 203 Fe203 CaO MgO Na 20 K20 S LOI Total 

Core WR-l 15 34.26 4.10 24.72 15.73 2.62 1. 32 1.32 0.26 Tr. 16.01 100.34 
30 35.61 4.86 24.51 15.00 2.40 1.45 1.71 0.17 0.41 14.75 101.88 
45 34.62 1. 62 26.01 15.27 2.98 1.40 1.68 0.19 1.06 14.44 99.28 
60 34.53 4. 14 24.50 16.21 1. 93 1. 20 1.41 0.24 1.23 14.53 99.92 

Core 1 15 35.55 3.10 24.15 16. 19 2.02 1. 56 1. 21 0.11 0.81 16.25 100.95 
N 75 32.70 2.98 28. 11 14.23 1. 93 1.84 1.08 0.22 1.05 14.77 98.91 
N 135 38.68 0.93 22.90 16.20 1. 81 2.05 1.38 0.20 0.47 15.59 100.21 

Core 10 10 34.13 4.10 26.01 16.80 1. 75 1. 10 0.95 0.10 0.10 15.85 100.69 
20 37.15 3.23 22.81 16.25 1. 71 1.38 1.44 0.10 0.34 16.83 101 .24 
45 34.08 3.16 22.93 17.08 1.40 1. 27 1.32 0.15 1.06 17.13 99.58 
70 35.93 3.90 22.01 15.81 1.82 1.46 1.56 0.20 0.61 17.42 100.72 
95 33.40 2.41 24.02 16.02 1. 74 1. 33 1.48 0.19 1.00 16.82 98.41 

120 35.80 2.32 21.42 16.34 1. 89 1.60 1. 56 0.18 1.32 17.08 99.51 
150 36.28 4.20 21.86 14.22 1. 63 1. 50 1.63 0.18 0.95 16.33 98.77 

Core 12 20 34.69 2.43 21.42 17.21 1. 60 0.93 1. 1 0 0.18 0.60 17.82 100.98 
80 34.97 2.10 22.68 17.40 1. 62 0.87 1.05 0.09 0.89 18.01 99.68 

135 35.75 1. 67 23.61 16. 11 1. 06 1.06 1. 31 0.13 1.06 17.07 99.86 

Core 13 35 36.15 1. 64 22.28 16.01 1. 53 1. 62 1.80 0.13 1.42 16.21 98.79 
125 36.58 1. 62 24.10 16.62 1. 56 1.48 1.44 0.18 1.11 17.14 101 .83 
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Figure 5-19. Chemical composition of the 2-20 micron size fraction (organic, carbonate free) of 
the samples from core 10 as a function of subbottom depth. With exception of S, the variation of 
chemical species with subbottom depth appears to be a function of detrital miner~logy. Plagioclase, 
kaolinite-metahalloysite, hematite-goethite, mafic minerals, gibbsite, magnetite, ilmenite, and authi
genic pyrite are the constituents of this size interval. 



ha 11 oys ite, amorphous i ron-oxyhydroxi des, and pyrite mi neral ogy does 

display some minor changes in chemical composition with depth in the 

Kaneohe Bay sediments. Table 5-16 presents the chemical composition of 

the 0.5-2 micron size fraction for all cores analyzed and Figure 5-19 

displays the values for core 10 as a function of subbottom depth. 

Sf/Al is relatively constant with depth, whereas increases in Mg, 

K, and S and an accompanying loss of Ca and Na are present with in

creasing subbottom depth. A minor increase in total Fe may also be 

present with increasing depth. The changes in cation composition of the 

sediment are puzzling and are not explained by mineralogical variations. 

One possible explanation may be in the chemical change of the amorphous 

aluminosilicate component of this fraction as previously discussed. 

0.2-0.5 and Less Than 0.2 Micron Silicate Fraction Chemistry 

Significant changes in the chemical composition of the 0.2-0.5 and 

less than 0.2 micron silicate fraction occur with depth and reflect the 

change in mineralogy owing to the formation of authigenic nontronite and 

mixed-layer smectite-illite. Tables 5-17 and 5-18 present the chemical 

composition of the 0.2-0.5 and less than 0.2 micron silicate fraction, 

respectively. The 0.2-0.5 and less than 0.2 micron fractions may be 

considered jointly owing to similar mineralogic compositions, although 

the mixed-layer smectite-illite appears to be dominantly found in the 

0.2-0.5 micron fraction. Figures 5-20 through 5-23 display the chemical 

compositon of these two fine-grained fractions for cores 10 and 12. 

There is an increase in the Si/A1 ratio of the sediment with in

creasing subbottom depth as a result of amorphous "kaolinite-metahalloy

site" reacting with pore water silica and iron to form nontronite. 
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TABLE 5-16 

CHEMICAL ANALYSES OF THE .5-2 MICRON SILICATE FRACTION 
(Carbonate, organic free; total Fe reported as Fe203; LOI represents weight loss on heating to 950°C) 

Depth (cm) Si02 Ti02 A1 203 Fe203 CaO MgO Na 20 K20 S LOI Total 

Core WR-l 15 33.38 4.30 28.24 13.84 1. 93 1. 10 1.05 0.10 0.10 15.80 100.84 
30 33.56 0.86 29.51 14.00 2.40 1.45 1. 71 0.17 1.35 16.75 101 .76 
45 34.87 0.62 28.01 15.27 1. 98 1.40 1.68 0.19 1. 31 15.44 99.77 
60 35.53 3.14 27.50 15.21 1. 93 1. 20 1.41 0.20 1.23 13.73 101 .08 

Core 1 15 33.89 1. 34 28. 11 16.75 1. 56 1. 54 1.05 0.22 0.46 15.60 100.52 
N 75 34.26 2.82 28.28 15.10 1. 73 1.48 0.88 0.18 0.22 16.91 101. 86 
N 

135 30.81 1. 96 26.91 16.82 1. 52 1. 93 1.03 0.31 0.41 16.65 98.35 4'>0 

Core 10 10 32. 14 2.86 30.86 10.94 1.43 1.37 1. 1 0 0.14 Tr 17.93 98.77 
20 34.93 1.84 32.43 11 .93 1.82 0.73 1.83 0.08 0.10 16.80 102.49 
45 34.41 1.86 30.22 12.08 1.82 1. 15 1.34 0.08 0.81 17.92 101 .69 

, 70 34.51 1. 34 31.08 11.82 2.12 1. 18 1.45 0.12 0.40 16.38 100.41 
95 32.10 2. 18 30.65 14.10 1. 68 1. 34 1.66 0.33 0.34 16.90 101.38 

120 33.25 2.01 30.86 13. 16 1. 71 1.55 1.42 0.26 1.05 16.02 101 .29 
150 34.09 1. 92 29.01 13.83 1. 34 1.50 1. 21 0.24 1.08 16.14 100.36 

Core 12 20 32.56 1. 62 28.73 12.08 1. 52 1.44 1.64 0.18 0.45 18.10 98.32 
80 36.40 2.08 24.10 13.20 1.41 1.47 1.83 0.43 0.39 18.63 99.94 

135 35.19 1.43 25.22 12.69 1.86 1.45 1.39 0.26 0.21 17.95 98.95 

Core 13 35 34.79 1. 93 25.62 13.80 1. 50 1. 59 1. 79 0.17 0.96 17.98 100.13 
125 33.82 2.96 23.86 13.72 1·.48 1. 70 1.62 0.19 0.93 18.36 98.65 
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Figure 5-20. Chemical composition of the 0.5-2 micron size fraction (organic, carbonate free) of 
the samples from core 10 as a function of subbottom depth. ~1ineralogy of this size interval. is dom
inated by kaolinite-metahalloysite, with minor amounts of feldspar, hematite-goethite and gibbsite, and 
in general the chemistry reflects this mineralogy. S does increase with increasing depth as the result 
of authigenic pyrite formation. Increases in r~g, K and accompanying losses of Ca may be the result of 
changes in the chemical composition of the amorphous aluminosilicate within this size fraction (see 
Figure 5-10). 



Accompanying this increase in Si are parallel increases in Mg, K, and 

possibly Na. Decreases in Ca with increasing depth equal the gains in 

Mg and K. 

Similar gradients in the petrochemistry of volcanogenic sediments 

have been observed by Perry, et~. (1976a,b) and Gieskes, ~~. (1975) 

and are associated with the authigenic formation of smectite and smec

tite-illite, in which the smectite has a high Mg/Al ratio and the smec

tite-illites commonly are 90-100% expandable. 

Summary 

Analysis of the mineralogy and petrochemistry of the sediments of 

Kahana Watershed and Kaneohe Bay have documented the formation of auth

igenic nontronite, mixed-layer smectite-illite, sepiolite, apatite, 

clinoptilolite, phillipsite, analcime (?), siderite, and pyrite. De

tection of these minor amounts of,authigenic minerals is the result of 

detailed X-ray powder diffraction studies of grain-size separated and 

selectively chemically treated samples and detailed SEM analyses. With 

the exception of pyrite, none of the authigenic minerals present would 

be detected in a "normalll mineralogical analysis of the total sediment 

or even the non-carbonate fraction. 

The formation of pyrite and nontronite are the most quantitatively 

important reactions occurring with mixed-layer smectite-illite being the 

next most abundant authigenic mineral. Sepiolite, phillipsite, clino

ptilolite, analcime (?), and apatite are only very minor components 

(less than 0.01 weight percent) of the total sediment. 

Changes in the chemical compositon of the sediment with subbottom 

depth, relative to near bottom-surface samples,may be related to the 
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TABLE 5-17 

CHEMICAL ANALYSIS OF THE .2-.5 MICRON SILICATE FRACTION 
(Carbonate, organic free; total Fe reported as Fe203; LOI represents weight loss on heating to 950°C) 

Depth (cm) Si02 Ti02 A1 203 Fe203 CaO MgO Na 20 K20 LOI Total 

Core WR-l 15 35.19 1. 56 32.39 8.36 2.41 1.20 2.05 0.10 18.06 "101 .31 
30 34.62 1. 10 31.70 9.30 2.21 1.02 2.14 0.09 18.21 100.39 
45 34.52 1. 15 29.62 10.50 1. 93 1.33 2.09 0.12 18.26 98.52 
60 35.43 1. 29 28.48 11 .97 1. 93 1. 92 1.86 0.49 18.01 1101 .38 

Core 1 15 36.41 1. 53 31.09 8.99 1.80 1. 12 1.43 O. 19 17.90 100.46 
75 34.32 1. 69 32.10 9.24 1. 62 1.23 1.57 0.18 18.11 1100.06 

135 37.40 1. 44 28.35 9.46 1.86 1.92 1.83 0.71 17.95 1100.92 
N Core 10 10 34.92 1. 56 31.57 9.57 1. 96 1.42 1.05 0.16 18.04 1101.25 N 
-....,J 20 35. 16 1. 49 30.09 10.04 1. 81 1.55 1.63 O. 12 17.11 99.00 

45 35.93 1. 50 29.86 9.36 1.88 l. 55 1.59 0.38 17.86 99.81 
70 34.71 1.72 32.05 9.81 1. 64 1. 90 1.81 0.29 16.90 100.83 
95 35.90 1. 60 30.83 10.44 1.83 1.81 1.65 0.28 17.00 101 .34 

120 35.86 l.44 30.93 9.81 1. 57 1. 70 1.50 0.66 16.82 1,00.29 
150 37.37 1. 26 30.06 9.09 1. 35 2.12 1.37 0.83 17.10 100.45 

Core 12 20 34.09 1. 52 32.20 11 .10 1. 78 1. 10 1.63 0.16 18.39 101 .97 
80 35.31 1.40 32.09 11.36 1.43 1.48 1. 71 0.28 17.26 102.32 

135 36.49 1. 19 30.42 11 .26 1.46 1.86 1.44 0.62 17.39 100.27 

Core 13 35 34.28 1.42 29.43 10.62 1.88 1.43 1.83 0.22 17.99 99.40 
125 37.16 1. 36 27.34 10.89 1. 66 2.04 1.56 0.66 16.85 99.48 

Core S5* 100 36.38 0.91 26.68 12.33 1. 43 1.87 1. 74 0.57 17.42 99.33 
160 40.72 1. 04 24.13 13. 16 1.40 2.30 1. 98 0.86 15.38 100.97 
225 41. 16 0.82 23.78 12.94 1. 10 2.13 1.69 0.93 15.62 100.17 

*Sample is the less than .5 micron size fraction 
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Figure 5-21. Chemical composition of the 0.2-0.5 micron size fraction (organic, carbonate free) of 
the samples from core 10 as a function of subbottom depth. Note a slight increase in Si/Al ratio with 
increasing depth and similar increases in Mgand K corresponding to the authigenic formation of nont
ronite and mixed-layer smectite-illite (see Figure 5-6). 
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Figure 5-22. Chemical composition of the 0.2-0.5 micron size fraction (organic, carbonate free) of 
the samples from core 12 as a function of subbottom depth. Like Figure 5-21, increases in Si/Al, Mg, 
and K with increasing depth, parallel the formation of authigenic nontronite and mixed-layer smectite
illite. 



TABLE 5-18 

CHEMICAL ANALYSIS OF <.2 MICRON SILICATE FRACTION 
(Carbonate, organic free; total Fe reported as Fe203; LOr represents weight loss on heatin9 to 950°C) 

Depth (cm) Si02 Ti02 A1 203 Fe203 CaO MgO Na 20 K20 LOI Total 

Core WR-1 15 34.69 1. 38 29.48 15.00 0.78 0.36 1.85 0.10 18.84 1102.38 
30 33.40 1.40 30.02 14.32 0.75 0.34 1.64 0.23 17.90 "100.00 
45 35.47 loll 25.62 16.99 0.52 0.52 1.01 0.97 18.17 1100.60 
60 35.23 1. 18 26.81 16.54 O. 16 0.49 1.36 0.84 18.20 "101.43 

Core 1 15 35.29 1. 41 29.49 14. 12 0.96 1.13 1.43 0.10 17.94 "101.86 
N 75 33. 11 1. 58 30.22 13.32 0.87 1. 01 1.36 0.10 17.63 99.70 
w 135 35.11 1. 47 29.01 11 .91 0.66 1.82 1.43 0.68 18.80 WO.89 
0 

Core 10 10 33.80 1. 48 31.00 12.73 2.26 1. 55 1.45 0.27 17.64 "101.94 
20 32.26 1. 98 30.45 11 .80 1. 70 1.43 1.80 0.22 18.17 99.81 
45 31.08 1.84 30.93 12.26 1. 91 1.72 1.82 0.31 19.05 "100.92 
70 30.89 1.72 29.64 12.21 1. 73 1.34 1. 63 0.43 18.36 -100.05 
95 31.68 2.12 29.84 13.60 1.82 1.43 1.46 0.19 17.91 100.05 

120 32.24 1. 96 29.20 11 . 17 1. 57 1. 68 1.34 0.38 18.90 98.44 
150 37.43 1. 41 26.21 10.43 1. 53 2.02 1.87 0.56 18.11 99.57 

Core 12 20 34.71 1. 31 26.81 14.63 1.88 1. 93 1. 76 0.31 17.40 "100.74 
80 34.32 1. 38 26.44 13.89 1. 63 1.72 1. 94 0.32 17.83 99.47 

135 34.92 1. 71 25.93 14. 16 1. 66 2.10 2.23 0.57 16.48 99.76 

Core 13 35 34.33 1. 64 28.75 11 .21 1. 56 1. 93 1. 74 0.62 17.50 99.28 
125 36.45 1. 18 28.40 11 .22 1. 64 2.14 1.66 0.79 17.01 1100.49 
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Figure 5-23. Chemical composition of the less than 0.2 micron size fraction (organic, carbonate 
free) of the samples from core 10 as a function of subbottom depth. Increases in Si/Al, Mg, and K with 
increasing depth, reflect the formation of authigenic nontronit,e. The parallelism of Al and Fe suggest 
that the mechanism in the formation of authigenic nontronite involves the solid-phase transformation of 
an iron-rich amorphous IIkaolinite ll in which dissolved silica from the pore water is used in the trans
formation. Increases. in Mg and K concentrations suggest the possible incorporation of these two ele
ments in the formation of a mixed-layer smectite-illite. 
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Figure 5-24. Chemical composition of the less than 0.2 miicron size fraction (organic, carbonate 
free) of the samples of core 12 as a function of subbottom depth. Gradients are similar to those shown 
in figure 5-23. 



formation of authigenic pyrite, nontronite and mixed-layer smectite

illite. Only minor changes are observed in the chemical composition of 

the total sediment, except for S which increases with increasing depth 

owing to pyrite formation. Significant changes in Si, Mg, K, and Ca are 

observed in the 0.2-0.5 ,and less than 0.2 micron size fractions. All 

cores show a definite increase in the Si/Al ratio with 'increasing sub

bottom depth in the less than 0.5 micron fractions as the result of the 

formation of nontronite from the reaction of amorphous aluminosilicate 

of an initial "kaolinite" compositon with pore water silica, iron and 

cations. Mg and K show definite increases with increasing subbottom 

depth and are balanced by net losses of Ca. The incorporation of Mg and 

K into the sediment solid phases are probably the result of the authi

genic formation of mixed-layer smectite-illite. 
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CHAPTER 6 

FORMATION OF AUTHIGENIC MINERALS WITHIN THE SEDIMENTS 
OF KANEOHE BAY AND THEIR IMPLICATIONS ON THE 

CHEMISTRY OF THE OCEAN 

Introduction 

The purpose of this concluding chapter is to suggest the possible 

mechanisms and reaction pathways of authigenic formation of the min-

erals: pyrite, nontronite, mixed-layer smectite-illite, sepiolite, 

feldspar, zeolites, and apatite within the marine sediments of Kaneohe 

Bay. Secondly, an assessment will be made of the relationship between 

the genesis of these authigenic minerals and the chemical gradients 

within the interstitial waters of the sediment. The importance of these 

reactions and pore water gradients in terms of sources and sinks for 

various chemical species to the chemistry of the oceanic system will be 

evaluated. 

Pyrite 

The authigenic formation of pyrite is quantitatively the most 

important and best understood reaction taking place within the sediments 

of Kaneohe Bay. Numerous field and laboratory investigations, as sum

marized by Goldhaber and Kaplan (1974), have described the various 

processes in which bacterially produced sulphide from pore water sul-

phate reacts with the enclosing sediment to produce pyrite. As pre

viously discussed in Chapter 5, pyrite was the only sulphide mineral 

detected in the mineralogical analysis of the sediments; however, these 

analyses did not include a detailed study of the sediment near the 

sediment-seawater interface (less than 10 cm subbottom depth). No 

attempt was made to detect if amorphous or weakly-crystalline iron-
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sulphides were present in these shallow samples. Hence, it is difficult 

to assess the manner in which pyrite is formed in the Kaneohe Bay sedi

ments, although some general remarks may be made. 

The formation of pyrite may follow several pathways (see Goldhaber 

and Kaplan, 1974), but the overall reaction can be summarized by the 

following equation: 

The primary source of the sulphide in the formation of authigenic 

pyrite in the Kaneohe Bay sediments is from the metabolic products of 

sulphate-reducing bacteria. This reaction in which the organic matter 

in the sediment is consumed by the bacteria may be expressed in gener

alized form as: 

where (CH20)106(NH3)16H3P04 represents average marine organic matter 

composition. The results of this reaction are to produce 2 moles of 

alkalinity, 1 mole of H2S, ~~ mole of ammonia and ~3 mole of P043 for 

each mole of SO; consumed. These products are found in the pore waters 

and the pore water concentration of ammonia to phosphate is in accord 

with that predicted by Equation 6-2. However, ratios involving alka

linity and H2S are different than those predicted by Equation 6-2 be

cause HCOj and H2S are removed from the pore waters by precipitation 

reactions discussed later in this chapter. 

The source of the iron for the formation of the pyrite is the amor

phous iron-oxyhydroxides within the sediment. A secondary source is 

probably the poorly-crystalline detrital goethite and hematite. If the 
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amorphous iron-oxyhydroxide coatings on the detrital grains are the 

primary source of iron for pyrite authigenesis, then a suitable reducing 

agent must be present to produce ferrous iron from the ferric iron state 

found in the oxyhydroxide. H2S can meet this requirement, in addition 

to several organic acids (Goldhaber and Kaplan, 1974). 

From the SEM observations presented in Chapter 5, it appears that 

the amorphous iron oxyhydroxides must undergo dissolution prior to 

reaction with the H2S to form pyrite or other iron sulphide phases, 

because pyrite forms as discrete crystals not associated with coatings 

(see Plates 2a, 2b, 3a, 3b and 4a). Similarly, the occurrence of pyrite 

octahedrons within a small diatom test, as shown in Plates 3c and 3d, 

suggests that the iron must have been available in solution, because the 

pores in the test are smaller than the pyrite octahedrons. 

The role of readily soluble iron as a possible limiting factor in 

the formation of pyrite was evaluated by Berner (1970), who found that 

in Long Island Sound sediments there was abundant reactive iron avail

able to react with the bacterially produced sulphide to form pyrite. 

Berner noted that pore water sulphide concentrations were near nil, even 

though a significant depletion in pore water sulphate had occurred. As 

previously discussed in Chapters 4 and 5, pore water sulphide concentra

tions for the Kaneohe Bay sediments are likewise small, even in those 

sediments where complete sulphate reduction has occurred; however, H2S 

was detected below 100-150 cm subbottom depth in the carbonate-rich 

cores. Mineralogical analysis of these cores show almost complete loss 

of amorphous iron at depths corresponding to the detection of H2S. The 

interpretation of this correlation is that the presence of H2S is de-
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pendent on a lack of soluble iron. 

Another interesting aspect of pyrite formation within the Kaneohe 

Bay sediments, is the presence of greater amounts of reduced sulphur, 

mainly in the form of pyrite, than can be accounted for by the reduction 

of pore water sulphate. Table 6-1 presents data for core 12, showing 

the measured values of total S from the sediments, the expected values 

of total S from sulphate reduction, ignoring diffusion and convection, 

and the difference or "excess S" between the measured and expected S. 

In the data shown, and for all the other cores, an excess in total 

sediment S exists up to one weight percent of the organic, carbonate

free sediment. The excess sulphide is the result of either addition from 

the decomposing organic matter or the addition of sulphate to the pore 

waters from the overlying sea water. Because organically bound sulphur 

usually amounts to less than 10% of the total sulphur in marine sedi

ments (Kaplan, et ~., 1963), the data suggest that sulphate sulphur 

must be added to the pore waters from overlying seawater following 

burial. 

Nontronite and Mixed-Layer Smectite~Illite 

As shown in Chapter 5, nontronite is the most quantitatively impor

tant authigenic silicate mineral occurring within the Kaneohe Bay sedi

ments .. Nontronite is detected in the less than 0.5 micron size sediment 

fractions of all cores analyzed at subbottom depths greater than 20 cm. 

The distribution of the nontronite within the total organic, carbonate

free sediment ranges from 0.1 at 20-30 cm depths to 5-6 weight percent 

at subbottom depths between 120 cm and 350 cm. Nontronite occurs in 

both the carbonate-rich cores (greater than 90 weight percent carbonate 
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TABLE 6-1 

EXCESS SULPHER WITHIN THE SEDIMENT COLUMN 
OF CORES 10 AND 12 OVER THAT FOR~1ED FROM CO~lPLETE 

REDUCTION OF PORE WATER SULPHATE 

Subbottom Pyrite S Expected Sl Excess S 
Depth (cm) (Wt %) (Wt %) (Wt %) 

Core 10 
10-20 0.41 0.32 0.09 
20-30 0.34 0.24 0.10 
45-55 0.90 0.20 0.70 
70-BO 0.49 0.19 0.30 
95-105 1.21 0.19 1.02 

120-130 1.37 O.lB 1. 19 
150-160 1.05 0.1B 0.B7 

Core 12 
20-30 0.63 0.24 0.39 
BO-90 1.06 0.19 0.B7 

135-145 1. 10 O.lB 0.92 

1 Corrected for the loss of porewater due to com-
paction after Weller (1959) 
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minerals) and the nearshore terrigenous-dominated cores (less than 50 

weight percent carbonate minerals). The nontronite reaches a constant 

abundance value near 150 cm and below in the carbonate-rich cores; 

whereas, in the terrigenous-dominated cores, nontronite increases in 

abundance with increasing depth to 225 cm, the deepest terrigenous 

sample analyzed. The 150 cm subbottom depth in the carbonate-rich cores 

coincides with the depth at which H2S was detected in the pore waters 

and amorphous iron oxyhydroxides were depleted suggesting that avail

ability of IIfree iron" may be necessary for the formation of nontronite. 

Nontronite formation appears to be nearly contemporaneous with 

deposition. In the nearshore terrigenous-dominated cores, the first 

occurrence of nontronite corresponds with detrital sediments that have 

been in contact with seawater for an average of four to six years. This 

rapid rate of formation shows that the reaction path for the formation 

of nontronite is probably not hindered by any serious kinetic problems. 

From analysis of the change in the chemical compositon of the 

amorphous aluminosilicate material and/or very poorly-crystalline meta

halloysite, it appears that the formation of nontronite may be the 

result of a microsolution-reprecipitation process. Near subsurface 

(less than 20 cm) amorphous aluminosilicate from the Kaneohe Bay cores 

and from the streams of Kaneohe Bay Watershed has a chemical composition 

similar to that of ferrugenous hydrated kaolinite. Henmi and Wada (1976) 

found that most soil allophanes developed from the intense tropical 

weathering of basaltic rocks have a similar composition. With increas

ing subbottom depth within the Kaneohe Bay cores, the chemical composi

tion of the amorphous aluminosilicates changes from that of "kaolinite" 

240 



to that of IInontronite li (see Table 5-10 and Figure 5-10). This chemical 

change can be expressed by the following reaction: 

5A12Si205(OH)4·2H20 + 32.4FeOOH + 44.32H4Si04 + 1.28Mg++ + 0.4K+ 

+ 1.28Ca++ + 2.38Na+ + 7.84HC03 = 7.84C02 + 112.92H20 (6-3) 
+3 +2 . 

+ 8(NaO.295KO.05CaO.16M90.16)(Fe4.01FeO.04A10.04)[S'6.79Al l . 21 ]020(OH)4· 

The net result is the formation of a weakly crystalline nontronite 

with the return of CO2 back to the atmosphere and the depletion of Si, 

Fe, ~1g, K, and HCO; from the pore waters, in agreement with the observa

tions presented in Chapter 4. 

Laboratory studies by Mackenzie, et El. (1967), Siever (1968b), 

Siever and Woodford (1973) and Maynard (1975) have examined the inter-

actions of clay with dissolved silica and found that there were equili

brium silica concentrations above which clays will extract silica from 

the solution a~d below which they will release it. Siever (1968b) found 

that the equilibrium value for kaolinite in seawater was near 0.42 

millimolar Si02 (Mackenzie, et El. (1967) found a value of 0.30 milli

molar). Siever and Woodford (1973) expanding on £iever1s (1968b) ear

lier work were able to demonstrate that increases in pH and K+ concen

tration caused the IIkaolinite equilibrium value ll to decrease. Their 

work demonstrated that possibly two types of product phases were forming 

from the kaolinite: an illite-like phase that forms in K+ containing 

solutions and an anauxite-type phase that forms in the absence of metal 

cations. 

Maynard (1975) measured rate constants for the absorption of silica 

and K+ by crystalline kaolinites to form illite and concluded ~hat the 
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reaction was a two step process: a rapid initial absorption on the 

surface, followed by a slower second reaction that appears to be con

trolled by diffusion into the kaolinite. Maynard compared his lab

oratory rates to an in situ rate constant from Kaneohe Bay (Ristvet, 

1973) and found that laboratory values were a mere factor of three too 

hi gh. Maynard" s 1 aboratory studi es suggest that the transformati on of 

Kaneohe Bay "kaolinite" to nontroni.te by reaction with pore water silica 

and cations as proposed in this work is very plausible and not hindered 

by kinetic factors. 

As can be seen in Equation 6-3, the formation of nontronite is 

dependent on the availability of dissolved Si and Fe. Pore water Si is 

provided by the dissolution of biogenic opaline silica and Fe is the 

result of the dissolution of amorphous iron-oxyhydroxides and poorly

crystall ine hematite-goethite. Pore water iron is consumed to produce 

both pyrite and nontronite. In the carbonate-rich cores, almost all of 

the amorphous iron-oxyhydroxides are consumed in the formation of 

pyrite and nontronite at a subbottom depth of 150 cm and H2S is abundant 

below that depth within the pore waters. Mixed-layer smectite-illite 

also is detected below that depth, suggesting that if sufficient pore 

water iron is not present, a dioctahedral, mixed-layer Mg-montmorillon

ite-illite with 60-100% expandable layers is formed instead of non

tronite. 

The formation of the mixed-layer smectite-illite may also be 

explained by a Drever (1971b) type reaction, in which the octahedral Fe 

of the nontronite is replaced by Mg to liberate iron for the formation 

of pyrite as shown in Equation 6-4 (Drever, 1974): 
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+3. ++ = 
3.5X. 66 Fe4 Al.665'7.34020(OH)4 + 21Mg + 2B504 + 52.5CH20 = 

(6-4) 

3.5X. 66M96Al .665i7.34020(OH)4 + 14Fe52 + 52.5HCO; + 7H 20 + 3B.5H+ 

However, if this reaction represents the dominant mode of forma-

tion, then one would not expect to find mixed-layer smectite-illite at 

those depths where sufficient amorphous iron oxyhydroxides are still 

present to form pyrite. In the bottom of core 55, where pyrite is 

forming from the reaction of pore water iron derived from the dissolu

tion of amorphous iron oxyhydroxides with pore water sulphide, mixed

layer smectite-illite is found, suggesting that the dominant reaction 

path may be similar to the reaction shown in Equation 6-5: 

The reaction path suggested by Equation 6-5 is supported by the 

solid phase chemistry shown in Tables 5-17 and 5-1B in the uptake of Mg 

and K at the expense of Ca. Within the less than 0.5 micron size frac-

tions, there appears to be a regular increase in total cation exchange 

capacity as evidenced by increases in the Na content of the fine-grained 

silicate fractions. (CEC and exchangeable ions were not measured di

rectly in this study; because all samples were immersed in strong Na-

solutions for the removal of organics and carbonates). Bischoff, et al. 

(1975) found systematic increases in CEC with depth within the sediments 

of 5anta Barbara Basin. The mineralogical data suggest that the in-
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crease in CEC is due to the formation of increasing amounts of smectite 

(both nontronite and mixed layer smectite-illite). 

Harder {1972} demonstrated the importance of the availability of Mg 

to the formation of synthetic smectite minerals. He found that the 

formation of smectite may take place at low temperatures (25° and 3°C) 

in solutions containing 15-30 ppm Si02, seawater Mg values, and slightly 

basic pH conditions. He further asserted that iron impurities hindered 

the formation of Mg-smectite-illite. It appears from Harder's work and 

this study, that if Fe is present, then nontronite forms; if not then 

mixed layer Mg-smectite-illite is the mineral formed from the reaction 

of amorphous aluminosilicate with pore water Si, HC03, Mg, K, and Fe 

within the Kaneohe Bay sediments. 

Perry, et~. (1976a, b) report the occurrence of authigenic smec

tite from DSDP sites 322, 325. Pore water chemistry, including oxygen 

isotope measurements, detailed solid phase mineralogy and petrochemistry 

suggest the authigenic formation of this 80-100% randomly interstrat

ified Mg-smectite-illite is from the alteration of volcanic glasses 

probably in a manner similar to the Kaneohe Bay case. 

Drever (1974) takes exception to Equation 6-5, stating that any 

conversion of an amorphous kaolinite to montmorillonite in the sediment 

should result in depletions of pore water Mg++ and K+. Drever supports 

this statement by quoting field evidence from the DSDP (Maxwell, et ~., 

1970) in which the assemblage of opal + kaolinite and seawater has 

persisted since Eocene time in the oxidizing sediments of core 13 of Leg 

3, without any evidence of conversion to montmorillonite. It should be 

noted that core 13 of Leg 3 was in oxidizing sediments, whereas the 
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Kaneohe Bay smectites formed under highly anoxic conditions. Again 

referring to Harder's (1972) work in which he found that Fe~3 hindered 

the formation of synthetic smectite at seawater conditions, it appears 

obvious that the authigenic formation of nontronite from amorphous 

aluminosilicates of metahalloysite composition can only occur when pore 

t · . t F +2. . t t wa er lron eX1S s as e or 1S noneX1S en . The latter case probably 

only exists in sediments which have undergone significant sulphate 

reduction and pyrite formation. 

Sepi 01 ite 

The formational pathway of sepiolite within the carbonate-rich 

Kaneohe Bay sediments is probably one of direct precipitation from the 

pore waters. As previously discussed, log lAP calculations for the 

sediment pore waters show that the pore waters are at or near saturation 

with respect to sepiolite. The reaction is: 

However, the amount of sepiolite present in the sediments is triv

ial and the result of its formation should have only minor effects on 

the pore water chemistry. 

Plagioclase 

The presence of apparent authigenic crystals on detritial plagio

clase grains is recognized only by the use of the SEM, as shown in Plate 

2a, b. Authigenic feldspars have been reported from marine rocks as 

summarized by Kastner (1971). These authigenic feldspar crystals prob

ably result from the reaction of amorphous aluminosilicate coatings on 

the detrital feldspar grains with dissolved silica and alkalies from the 
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pore water, although there is no direct evidence to support this hypoth

esis. 

Zeolites 

Like the authigenic feldspar the quantities of authigenic phillip

site, clinoptilolite, and analcime are so small that detailed analysis 

is impossible. It is assumed they form in a manner similar to nontron

ite. The mass of zeolites formed is quite small (less than 0.1%); 

therefore their contribution to changes in pore water chemistry should 

likewise be trivial. 

Apatite 

The physical and chemical conditions which are most effective in 

controlling apatite precipitation from aqueous solutions are reviewed in 

detail by Burnett (1974). In general, Burnett concluded that the pri

mary factors controlling apatite formation were: 1) high dissolved 

inorganic phosphate content, 2) high Ca/Mg ratio, 3) basic pH, and 4) 

suitable nucleation sites. 

Within the Kaneohe Bay sediments, high dissolved inorganic phos

phate concentrations within the pore waters are produced by decompo

sition of organic matter by sulphate reducing bacteria (see Chapter 4). 

High pore water Ca/Mg ratios are produced by the loss of Mg to form 

mixed-layer smectite-illite and exchange of Mg for Ca within the sedi

ment, and suitable nucleation sites may be found on biogenic silica 

particles. 

The net reaction is shown in Equation 6-7: 

(6-7) 
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The amount of apatite formed is very small and is only detected by 

SEM analysis. A secondary measure of the amount of apatite being formed 

is the effect of its formation on the pore water gradients of dissolved 

phosphate. As shown in Chapter 4, the pore water profiles of dissolved 

phosphate are nearly equal to predicted profiles from the oxidation of 

organic matter, implying that there are no or only minor depletions of 

pore water phosphate to form apatite; consequently, if authigenic 

apatite exists within the sediments, it should be present in very minor 

quantities. 

Implication of the formation of nontronite and mixed-layer smectite

illite on the chemistry of the ocean 

A major difficulty in modelling changes of pore water composition 

with depth in a sediment is estimating the degree to which the changes 

produced by chemical reactions within the sediment are modified by the 

flux of dissolved constituents into or out of the sediment via diffusion 

and/or bioturbation. Presently, models capable of simultaneously com

bining diffusion and chemical reactions in multicomponent systems do not 

exist. Diffusion models that incorporate mineral precipitation and 

dissolution are generally limited to one component (cf. Berner, 1975); 

Lerman, 1975; and Toth, 1976). Models of chemical reacton paths that 

include mineral equilibria are generally limited to closed systems, or 

systems only open to one component (cf. Helgeson, 1968; Helgeson, et 

~., 1969, 1970; Thorstenson, 1970; Ben-Yaakov, 1972; Schink, ~~., 

1975; and Toth, 1976). 

The definition of diagenetic chemical reactions, the rates of these 

reactions and the net flux of dissolved reactants and products in and 
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out of the sediment column are of major concern to this study. Dis

cussion of diffusion and advection effects on pore water gradients may 

be found in Thorstenson, et~. (1977). Because the prime emphasis of 

this investigation was to document changes within the solid phase com

ponents of the Kaneohe Bay sediment column and data of sufficient quant

itative quality were obtained, it is possible to estimate the fluxes 

of the dissolved components entering into the reactions. Because the 

formation of nontronite and mixed-layer smectite-illite are the most 

important silicate mineral reactions occurring within the Kaneohe Bay 

sediments, the remaining portion of this discussion will be devoted to 

the effects of their formation on the chemistry of the ocean. 

Assuming the submarine formation of smectite to be a source of CO2 

in nearshore environments, rich in tropically eroded sediments, then the 

influence of amorphous aluminosilicate-smectite reactions upon ocean 

water chemistry can be demonstrated. For this purpose, assume that the 

limiting constraint on the formation of smectite is pore water silica, 

derived from the dissolution of biogenic opal, then according to Equation 

6-5 for every 4.66 moles of H4Si04 consumed we produce 1 mole of smectite 

and 0.98 moles of CO2, If the average dry weight percent opal for the 

total terrigeneous dominated cores is initially 5.50 percent, then we 

have the potential to form approximately 4.85 percent smectite, assuming 

an initial porosity of 0.60 and maintaining 0.40 millimolar Si02 in 

solution with no outward diffusion, which corresponds closely to ob

served values of smectite concentrations in Kaneohe Bay sediments. 

By taking an average sedimentation rate for the Kaneohe Bay terri

genous dominated sediments, one can calculate that 0.12 weight percent 
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of authigenic smectite is produced in Kaneohe Bay sed"iments per year. 

Assuming that 10% of the total world river sediment flux is deposited in 

marine environments similar to Kaneohe Bay, then there is the potential 

to form 2.2 X 1013 grams of authigenic smectite per year. Using Equa

tion 6-5, the authigenic formation of smectite would account for the 

return of 7.5 X 1012 grams per year of CO2 consumed by rock weathering 

1.33 X 1014g/year, Mackenzie, 1976). 

One can make a similar assessment of the silica flux incorporated 

into the Kaneohe Bay authigenic smectites and also apply this value on a 

worldwide basis. If from Equation 6-5 we consume 4.66 moles or from 

equation 6-3, 5.54 moles of S;02 to form each mole of authigenic smec

tite,then between 2.38 and 2.82 X 1013g of Si02 are incorporated into 

these authigenic clays per year. This value is equal to 5.3 - 6.3 

weight percent of the yearly silica flux delivered to the oceans by 

rivers (4.5 X 1014g/year, G.arrels and Mackenzie, 1971), or 6.8 - 8.1 

percent of the flux suggested byWollast (1974) to be incorporated into 

oceanic sediments as minerals other than biogenic opal (3.5 X 1014 

g/year) . 

The influence of this reaction on the magnesium and potassium 

cycles is more difficult to assess. If Equation 6-5 represents the 

dominant authigenic smectite reaction, then the global flux of magnesium 

incorporated into authigenic smectite formation would be 1.73 X 1012g/ 

year or 1.4 percent of the flux of magnesium derived from rock weather

ing. (1.23 X 1014g/year, Garrels and Mackenzie, 1971). The potassium 

11 flux would equal 3.4 X 10 g/year incorporated into the sediment,or 

0.6 percent of the flux of potassium derived from rock weathering. 
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If the Kaneohe Bay type authigenic smectite reactions are occurring 

in sedimentary environments other than the previously discussed anoxic 

nearshore environments similar to Kaneohe Bay, then the estimated fluxes 

of CO2 return and Si02 and Mg depletions can be appropriately increased. 

A very likely environment would be in ocean floor volcanogenic sedi

ments, where the authigenic formation of nontronite and Mg-montmorillon

ite has been well documented (Rex, 1968, Bonatti, 1963; Perry, et ~., 

1976a,b). Toth (1976) used the data from Perry, et~. (1976a,b) and 

Edgar, et~. (1973) to estimate the flux of magnesium into volcanogenic 

sediments in the submarine formation of smectite. He assumed that 20 

percent of the floor of the oceans was covered by volcanogenic sediments 

in which a reaction similar to Equation 6-5 was taking place. Then 

based on the flux of magnesium into the sediments at DSDP Site 149, he 

estimated that 1.4 X 1012 g/year of magnesium are being consumed to form 

authigenic smectite in volcanogenic sediments. This value is nearly 

equal to the flux of magnesium being incorporated into "Kaneohe Bay

type" sediments, suggesting that the total flux of CO2 released in the 

formation of authigenic smectites from both terrigeneously derived 

amorphous aluminosilicates and oceanic volcanogenic glasses may be 1.4 X 

1013 g/year, or 10.2 percent of the CO2 flux consumed in silicate rock 

weathering. The incorporated silica flux would be 4.3 X 1013 g/year or 

12.3 percent of the estimated total silica flux incorporated into non

biogenic oceanic sediments (Wollast, 1974). 

Reverse weathering reactions of the types described above resulting 

in the formation o~ authigenic smectites can only account for a return 

of about 10 percent of the flux of CO2 consumed during silicate rock 
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weathering. At today's rate of dissolved silica transfer to the ocean, 

silicate weathering would consume 1.33 X 1014 grams of CO2 per year. At 

this rate, it would only take 15,000 years to remove the 2.E X 1018 

grams of CO2 presently in the atmosphere by silicate weathering alone 

(Mackenzie, 1976). The implication is that there must be other reac

tions involving silicates that return CO2 to the atmosphere. 

One can appeal, for example, to the formation of sepiolite (Wollast, 

1974), alteration of basalts and deposition of dolomite along sea floor 

spreading centers (Hart, 1973), zeolite formation (Bonatti, 1963), 

buffering of acidic volcanic gases from the earth's interior (Garrels 

and Mackenzie, 1971), and the diagensis of deeply-buried sediments 

(Perry and Hower, 1970), to provide the additional reactions necessary 

for the maintenance of steady-state conditions in the world ocean. 

Summary and Conclusions 

The formation of several authigenic minerals within the sediment 

column of Kaneohe Bay has been qualitatively and quantitatively iden

tified. The simultaneous study of both detailed pore water chemistry 

and solid-phase mineralogy and chemistry hijs provided meaningful reac

tion pathways for formation of this authigenic suite of minerals. 

The importance of laboratory and field procedures in obtaining both 

pore water chemical data and solid phase mineralogical and chemical data 

cannot be overemphasized. The use of centrifugal extraction of pore 

waters at .:!.D.. situ temperatures with resultant chemical analyses being 

performed shortly after extraction probably provides a very close approx

imation of the .:!.D.. situ pore water chemistry. Size separation combined 

with careful quantitative selective dissolution techniques results in 
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the characterization of the amorphous constituents of the fine-grained, 

tropically-weathered, terrigeneously-derived sediments of Kaneohe Bay. 

Similarly, these two techniques allow for the quantitative determination 

of very small amounts of authigenic minerals by X-ray powder diffraction 

analysis. Without the use of size-separation and amorphous component 

removal, these authigenic minerals would not be detected, as is the case 

in two previous studies (Moberly, et ~., 1968 and Drever, 1971b). The 

use of scanning electron microscopy in conjunction with energy disper

sive X-ray spectrometry allowed for the identification and character

ization of several authigenic minerals not detected by X-ray powder 

diffraction analyses. In addition the SEM was an invaluable tool in 

characterizing and evaluating some of the mineralogical analytic tech

niques used in this study. 

Analyses of the pore waters of the anoxic sediment column of Kaneohe 

B 1 d 1 t · f SO= C ++ S ++ d M ++ . th . . b ay revea ep e lons 0 4' a , r ,an g Wl lncreaslng su -

bottom depth, whereas titration alkalinity, NH~, P043, and Si02 show 

pronounced increases with increasing depth of burial, withSi02 appro-
+ aching an lIequilibriumll value of 0.4 mill imoles/l iter. Pore water Na , 

+ -K ,Cl and total Fe show little departures from the overlaying bay 

waters with respect to burial depth, assuming that the observed de

pletions of Na+ and Cl- are due to the influx of meteoric ground water. 

Comparison of the observed pore water dissolved species gradients 

with those expected from theoretical considerations suggests that cer-

ta;n pore water-sediment reactions must be occurring. The near absence 

of dissolved sulphide or hydrogen sulphide gas exists within the pore 

waters, although nearly complete reduction of pore water sulphate has 
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occurred. Examination of the sediments reveals the presence of large 

quantities of amorphous iron oxyhydroxides, which are reacting with H2S 

to produce authigenic pyrite. Observed pore water alkalinity values are 

almost exactly half of the expected production of alkalinity from sul

phate reduction and ammonia production. This "missing alkalinity" is 

almost equally balanced by equal depletions of Ca++ and ~A.g++, suggesting 

the precipitation of dolomite; however, dolomite was not detected in the 

detailed solid phase analyses. The pore water Mg++ depletion may be 

accounted for by 1) exchange for Ca on exchangeable sites on the solid 

phases, and 2) incorporation into authigenic smectite. Approximately 

one-half of the "missing pore water alkalinity" can be accounted for in 

the reactions involving formation of authigenic nontronite and mixed-

1 ayer smectite-i 11 ite. The remai ni ng "mi 5S; ng pore water a 1 ka 1 ini ty" 

and the Ca++ depletions can be accounted for by the precipitation of 

authigenic aragonite. Minor increases in the amount of aragonite with 

increasing subbottom depth were detected and the precipitation of authi

genic aragonite is supported by the depletion of pore water Sr++. 

The behavior of pore water silica within the Kaneohe Bay sediment 

column is that of rapid increase from overlying bottom water values to a 

steady-state value of 0.4 mmole/liter at depth. This 5i02 concentration 

may represent an "equilibrium" value maintained by the authigenic for

mation of smectite, in conjunction with sepiolite and zeolites. 

Analysis of the solid phase components of the Kaneohe Bay sediment 

column shows the presence of several authigenic silicate and non-sili

cate minerals, including: nontronite, mixed-layer smectite-illite, 

plagioclase, phillipsite, clinoptilolite, analcime, pyrite, apatite, and 
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siderite. 

The presence of pyrite was documented in every sample of Kaneohe 

Bay sediments taken below 10 cm subbottom depth. The pyrite is the 

result of reaction between pore water sulphide and amorphous iron

oxyhydroxides. Authigenic pyrite concentrations range from 0.3 to 1.9 

weight percent of the total sediment. The concentration gradient of 

pyrite with subbottom depth is not linear, a marked change occurs around 

40cm subbottom depth. This change probably defines the lower limit of 

bioturbation activities which increase the amount of available sulphate 

for reduction by advection. Evidence for bioturbation occurring from 

the 0 to 40cm subbottom depth is the amount of "excess sulphide" in the 

solid phase chemistry. This amount of excess sulphide increases linearly 

to 40 cm, at greater depths a nearly constant value is attained of 

approximately 0.9 weight percent additional solid phase sulphide then 

could have precipitated from the original pore fluids. 

Nontronite formation is the result of the reaction of amorphous 

aluminosilicate whose initial chemical composition is that of meta

halloysite, with pore water silica, iron, and cations to form a poorly

crystalline nontronite. Mixed-layer smectite-illite probably forms by a 

similar process. The importance of the availability of iron in influ

encing the authigenic formation of nontronit~ ~as noted. If iron is 

readily available from the dissolution of amorphous iron-oxyhydroxides, 

as evidenced by a lack of H2S within the pore waters, then nontronite 

forms, but if. iron is not present, as evi denced by the presence of H2S, 

then a mixed-layer dioctahedral Mg-smectite-illite is formed instead of 

nontronite. 

254 



The total amount of authigenic smectite minerals formed appears to 

be limited by the availability of pore water silica derived from the 

dissolution of biogenic opal. There is a potential within the Kaneohe 

Bay sediments to form 0.12 weight percent authigenic smectite per year. 

This value and an estimate that 10 percent of the total flux of river 

sediment is being deposited in Kaneohe Bay type environments, suggests 

that approximately 5 percent of the CO2 flux consumed in rock weathering 

may be returned to the atmosphere by reverse weathering reactions 

resulting in authigenic smectite formation. 
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APPENDIX A 

SELECTIVE CHEMICAL DISSOLUTION ANALYSES 

Introduction 

The solid-phase analytical techniques chosen for this study were 

the result of an extensive literature survey and several laboratory 

investigations on reference clay samples. The purpose of this appendix 

is to present the results of laboratory investigations of the effects of 

different selective chemical dissolution techniques on reference clays 

and to discuss the relative merits of these techniques. 

The selective chemical dissolution techniques used in this study 

for the removal of organic matter and carbonates from the nearshore 

marine sediment samples (see Table 3-2) are relatively straightforward 

and are accepted by most investigators. However, the techniques for the 

selective removal of amorphous iron-oxyhydroxide coatings and amorphous 

silica and silicates have been the subject of considerable debate and 

deserve -additi ona 1 comment (cf. Fo 11 et, et ~., 1965a, b; t1ada and 

Greenland, 1970; Brinner and Jackson, 1970; Bracewell, et ~., 1970; and 

others). The three techniques used in this study for the removal of 

amorphous iron-oxyhydroxides, opaline silica and amorphous a1umino

silicate material are presented in Table 3-2. 

It is important that for any selective dissolution technique to be 

reliable it meet the following criteria: (1) all other components of 

the sample must have much lower solubilities than the component selec

tively dissolved, and (2) the amount of dissolution from other compo

nents of the sample should be a linear function of the weight percentage 

of the component in the sample. To test each of the techniques, a 
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series of experiments were designed using the mineral standards pre

sented in Table A1. The experiments had three basic objectives: (1) to 

measure gravimetric changes (losses) in known standards subjected to the 

chemical treatments as a function of solution strength, temperature, 

and/or time of duration; (2) to measure the changes in solute chemistry 

as the result of the dissolution of the mineral standards; and (3) to 

determine the effects of these treatments on the X-ray powder diffrac

tion characteristics of known standards. The procedures followed in the 

chemical analysis of the solutes are presented in Chapter 3. 

Amorphous Iron-Oxyhydroxides Removal 

Several methods have been proposed over the years for the removal of 

amorphous iron-oxyhydroxides from sediments and most are based either 

upon the reduction and mobilization of iron with dithionate (Aguilera 

and Jackson, 1953; Mitchell and Mackenzie, 1954; Mehra and Jackson, 

1960) or, like those of Jeffries and Johnson (1961), on variants of the 

oxalic acid treatment of Tamm (1922). Other methods utilizing H2S, 

nascent hydrogen, or microbiological reduction have also been used 

(Drosdoff and Truog, 1935; Truog, et ~., 1937; Allison and Scarseth, 

1942). These methods were developed for the purpose of IIcleaning-upli 

samples for further mineralogical analysis, primarily X-ray powder 

diffraction analysis. Based on the research of Fo11et, et~. (1965a, 

b), the method of Mehra and Jackson (1960) was chosen for this study. 

The possible effects of the Mehra and Jackson technique on crystalline 

iron-oxyhydroxides, e.g. goethite, hematite, ilmenite, and magnetite, 

and on the swelling properties of montmorillonite clays are of concern 

to this investigation. Conley, et~. (1973) suggested that this tech-
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TABLE Al 
REFERENCE MINERAL STANDARDS USED IN SELECTIVE CHEMICAL 

DISSOLUTION AND QUANTITATIVE X-RAY POWDER DIFFRACTION STUDIES 

Mineral 

Halloysite 
Meta-halloysite 
Meta-ha 11 oysite 
Di ckite 
Kao 1 i nite 
Nontronite 
Mon tmo ri 11 on ite 
Montmori 110nite 
Montmorillonite 
Montmorillonite 
Montmorillonite 
Illite 
III i te 
I11 ite 
Gl auconite 
Vermi cul i te (Type "C") 
Talc 
Pyrophyllite 
ex Quartz 
Magnetite 
Ilmenite 
Gibbsite 
Goethite 
Diaspore 
Boehmite 
Labadorite 
Olivine (Fa85 Fo 15 ) 
Hornblende 
Phi 11 ips ite 
Pyri te 
Opal 

Amorphous iron hydroxide 
Allophane 

Location 

Chevrier, France (collected by E.C. Dapples) 
Illinois Geol. Survey #867 (Eureka, Utah) 
API #13 (Eureka, Utah) 
API #15 (San Juancito, NM) 
API #2 (Macon, Georgia) 
API #33A(Garfield, Washington) 
API #41 (Rosewell, Virginia) 
API #22A (Amory, Mississippi) 
API #27 (Belle Fourche, SO) 
API #30 (Santa Rita, NM) 
API #11 (Santa Rita, NM) 
API #36 (Morris, Illinois) 
API #35 (Fithian, Illinois) 
Merillan, Wisconsin 
Reno Member, Trempelau Group, Wisconsin 
Vermiculite Corp. of America 
Sargent-Welch Inc. 
API #49 (Robbins, NC) 
Unknown 
Ely, Minnesota 
Norway (Wards Natural Science) 
Oahu (collected by author) 
Wards Natural Science 
American Colloid Company 
American Colloid Company 
Wards Natural Science 
Wards Natural Science 
Unknown 
Wards Natural Science 
Unknown 
Mixture of radiolarians and diatoms 

from Central Pacific Ocean 
Synthetically prepared 
Volcanic soil from weathering of andesitic 

ash, near Crater Lake, Oregon 
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nique may result in the destruction of the swelling properties of smec

tite clays. 

Table A2 presents the results after several mineral standards sub

jected to the amorphous iron-oxyhydroxide selective dissolution tech

nique presented in Table 3-2. In each experiment, 200 mg of the mineral 

standard were placed in a pre-weighed 100 m1 polypropylene centrifuge 

tube, subjected to the dissolution treatment, centrifuged at 10,000 rpm 

for 10 minutes, decanted, and washed three times, prior to drying at 

60°C and weighing in a controlled, dehumidified environment. All weigh

ings have a precision of + 0.2 mg. 

Table A2 demonstrates the differences in solubilities between 

amorphous iron hydroxide, goethite and hematite and the more crystalline 

iron phases, magnetite and ilmenite. Amorphous iron hydroxide, goethite 

and hematite show nearly complete dissolution within one or two 15 

minute treatments. Magnetite and ilmenite were only slightly dissolved 

after 3 treatments, whereas the clay minerals tested show no dissol

ution, excepting nontronite. The nontronite dissolution is less than 

2.5 weight percent and probably represents an impurity of amorphous 

iron-oxyhydroxide in the sample. Chemical analysis of the API #2 kaol

inite standard show 0.42 weight percent Fe203 (API, 1949) which is the 

result of amorphous iron-oxyhydroxide impurities within the kaolinite. 

Based on the analyses presented in Table A2, it was decided that 

this technique did selectively remove only the amorphous iron-oxyhydr

oxides and the poorly crystalline hematite and goethite. Because hema

tite-goethite was detected in the greater than 20 micron size-fraction 

of most samples following three and occasionally four to eight selective 
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TABLE A2 
MATERIAL DISSOLVED BY THE CITRATE-DITHIONITE 

DISSOLUTION TECHNIQUEl 

Mineral 2 

Amorph Fe-oxide 
Hematite 
Goethite 
Magnetite 
Ilmenite 
Kaolinite (API 2) 
Meta-halloysite (API 13) 
Montmorillonite (API 27) 
Nontronite (API 33a) 

Weight Percent Dissolved 3 
15 Minutes Treatment Number 
1st 2nd 3rd Total 

100.0 100.0 
80.2 16.8 3.0 100.0 
84.6 13.2 2.2 100.0 
1.2 1.0 0.2 2.4 
0.1 0.0 0.0 0.1 
0.4 0.2 0.0 0.6 
0.1 0.0 0.0 0.1 
0.2 0.1 0.0 0.3 
1.8 0.2 0.1 2.1 

1200mg of mineral in 40ml of Na-citrate, 5ml of NaHCO and 
0.5 gram of Na-dithionate at 60°C for 15 minutes witH constant 
stirring 

2A11 ground to less than 44 microns 

3Determined gravimetrically; precision + 0.2 mg; average of 
three samples 
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dissolution treatments, it was assumed that the solubility difference 

between the amorphous iron-oxyhydroxides and the crystalline hematite 

and geothite is such that amorphous material is removed in advance of 

the crystalline material. Up to 50% of the weight percentage of the 

amorphous iron-oxyhydroxides presented in Chapter 5 may be in actuality 

poorly-crystalline hematite-goethite. 

Maintaining proper pH conditions and constant temperature is of 

concern in the performance of this selective dissolution technique. 

Mehra and Jackson (1960) demonstrated that the optimum pH for maximum 

reaction kinetics occurs at approximately pH 7.3, necessitating the need 

for a NaHC03 buffer. The effect of temperature of the reation is a 

secondary one, in that, if the temperature of the solution exceeds 75°C, 

pyrite or mackinawite will precipitate from the solution as the reaction 

to produce an iron sulphide phase is favored over the iron-citrate 

complex. As the result of several experiments at various reaction 

temperatures, it was concluded that 60°C was an ideal temperature which 

allows the citrate-complex reaction to proceed rapidly, but avoids the 

formation of iron sulphides. 

As stated earlier, Conley, et~. (1973) reported that a destruc

tive and irreversible reaction between dithionite and smectite clays may 

occur during iron removal using the Mehra and Jackson technique. This 
~ 

reaction was based on the observations of Conley, et~. that decreases 

in the cation exhcange capacities of clays treated for iron removal 

occurred only in clays assumed to contain montmorillonite. To test this 

possible effect, five X-ray powder diffraction smear mounts of both 

montmori11ionite (API 27) and nontronite (API 33a) were prepared using 

262 



exactly 150 mg of clay per mount for both untreated and treated samples. 

Comparison of the relative peak areas, peak heights, peak positions, and 

background baseline heights for the 14Ao and 17-18Ao peaks of both the 

treated and untreated samples, non-glycolated and glycolated, respect

ively, showed no statistical difference between the samples which had 

received treatment for the removal of amorphous iron-oxyhydroxides and 

those which were untreated. 

Opaline Silica Removal 

The common method used to determine the amount of soluble (amor

phous) silica in sediments by treatment with hot NaC03 or NaOH solu

tions. Dilute Na 203 was suggested by Jackson (1969) and Jones (1969) to 

remove amorphous siliceous materials, whereas Hashimoto and Jackson 

(1960) state that this reagent was often ineffective in dissolving 

amorphous inorganic silica. Consequently, they studied the differential 

dissolution of clays with hot NaOH and concluded that all amorphous 

silica materials could be selectively removed using a solution of boiling 

0.5N NaOH for 2 1/2 minutes. Mitchell and Farmer (1962) have success

fully removed hydrated amorphous silica materials from soils using hot 

5% NaC03 . Follet, et~. (1965a, b) reexamined the above techniques and 

summarized their relative effectiveness in the removal of amorphous 

silica materials from soils. On the basis of the previous work, it was 

decided that a detailed study should be conducted on the effects of 

these types of treatments on the layer silicates and amorphous silicates 

found in the Kaneohe Bay sediments. 

Based on the work of Hurd (1972), it was decided that a two-step 

dissolution scheme might be formulated in which biogenic opaline silica 
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could be selectively dissolved from sediments containing amorphous 

aluminosilicates. Because Hurd (1972) only presents semiquantitative 

data for NaC03 dissolution effects and Hashimoto and Jackson's (1960) 

work only examined the effects of the NaOH treatment on a110phanes and 

kaolinite, a series of simple experiments were performed to understand 

what happens to the mineral components of a sample of Kaneohe Bay sedi

ment subjected to the NaC03 treatement for the removal of opaline, 

silica. 

Table A3 presents the results of several mineral standards sub

jected to the amorphous opaline silica selective dissolution technique 

presented in Table 3-2. In each experiment, 200 mg of the mineral 

standard was placed in a pre-weighed 100 m1 po1yprophyene centrifuge 

tube, subjected to the dissolution treatment, centrifuged at 10,000 rpm 

for 10 min, decanted, and washed three times, prior to drying at 60°C 

for weighing. Essentially the same procedure was followed as in the 

amorphous iron-oxyhydroxides treatement study, except that the solute 

was analyzed for Si, A1, and Fe by atomic absorption spectrophotometry. 

Table A3 clearly shows the selective nature of this technique in 

removing biogenic opal with only very minor effects on the crystalline 

layer silicates and minor dissolution of the allophane. When allophane 

is mixed with biogenic opal, allophane's rate of dissolution is obvi

ously decreased with respect to biogenic opal as evidenced in the last 

two analyses shown in Table A3. Chemical analyses of the solutions 

resulting from the dissolution treatments show almost no Al for the 

first treatment and for the second treatment an amount of Al that would 

be present if one-half of the solids dissolved consisted of allophane. 
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TABLE A3 
MATERIAL DISSOLVED BY THE NaC03 

DISSOLUTION TECHNIQUEl 

Minera1 2 

Biogenic Opal 
Allophane 
Metahalloysite (API 13) 
Kaolinite (API 2) 
Montmorillonite (API 27) 
Nontronite (API 33a) 

50% Biogenic Opal 
50% Allophane 

50% Biogenic Opal 
25% Allophane 
25% Metahalloysite 

Weight Percent Dissolved 3 

10 Minute Treatments 
1st 2nd Total 
92.3 B.7 100.0 
4.7 2.9 7.6 
0.9 0.9 1.B 
0.6 0.1 0.7 
0.7 0.2 0.9 
0.4 0.1 0.5 

4B.3 4.2 52.5 

47.2 3.6 50.B 

1200mg of mineral in 25ml 5% NaC03 at BO°C for 10 
minutes with constant stirring 

2All ground to less than 44 microns 

3Determined gravimetrically precision + 0.2mg; 
average of three samples -
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Similar findings were reported by Hurd (1972), Weaver, et~. (1968), 

and Huang and Volger (1972). 

Amorphous Aluminosilicate Removal 

Several techniques have been used for the selective removal of 

amorphous aluminosilicates from clays. As a result of a literature 

survey, ,it was decided to use a NaOH treatment technique (cf. Hashimoto 

and Jackson, 1960; Follet, et ~., 1965a, b; and Briner and Jackson, 

1970) to selectively remove the amorphous aluminosilicates from the 

Kaneohe Bay sediment samples. Like the NaC03 dissolution technique, the 

NaOH technique is based on the differences in solubilities and rates of 

dissolution of amorphous aliminosilicates and crystalline silicates. 

i Table A4 presents the results of several mineral standards sub

jected to the amorphous aluminosilicate removal procedure presented in 

Table 3-2. The procedures followed were similar to those used for the 

removal of opaline silica. As can be seen in Table A4, the effective

ness of this technique in selectively dissolving the allophane used as a 

standard is quite good. The effect of the treatment on other crystal

line minerals appears to be minimal. In light of the dissolution data 

presented in Table A4, it was concluded that this technique satisfies 

the condition of selectively dissolving the amorphous aluminosilicate 

phases without drastically affecting other crystalline phases, even 

poorly-crystalline metahalloysite. 

A second area of investigation was the effect of both the amorphous 

aluminosilicate and the opaline silica dissolution techniques on the x
ray powder diffraction patterns of the layer silicates which might be 

present in the Kaneohe Bay sediments. Several samples of metahalloy-
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TABLE A4 
MATERIAL DISSOLVED BY THE NaOH 

DISSOLUTION TECHNIQUEl 

Minera1 2 
Weight Percent Dissolved 3 

5 Minute Treatments 
1st 2nd 3rd Total 

Allophane 61.4 37.2 1.0 99.B 
Metahalloys;te (API 13) 3.2 1.2 O.B 5.2 
Halloysite 3.9 2.1 1.4 7.4 
Kaolinite (API 2) 1.9 1.2 0.6 3.7 
Montmorillonite (API 41) 3.6 1.9 1.3 6.8 
Montmorillonite (API 22a) 2.6 2.1 0.8 5.5 
Montmorillonite (API 27) 2.1 1.3 1.0 4.4 
Montmorillonite (API 30) 1.8 1.2 0.9 3.9 
Nontronite (API 33a) 2.7 1.9 0.9 4.5 
Illite (API 36) 3.4 1.6 0.6 5.6 
Illite (AP I 35) 1.6 1.3 0.4 3.3 
Glauconite 2.9 2.1 2.2 7.2 
Talc 0.3 0.3 0.1 0.7 
a Quartz 1.1 0.4 0.1 1.6 
Labadorite 0.8 0.3 0.1 1.2 
Gibbsite 2.4 1.2 1.0 4.6 

50% A110phane 3B.3 12. 1 1.4 51.8 
50% Metaha110ysite 

25% All ophane . 
50% Metahalloysite 21.2 4.6 1.2 27.0 
25% Nontronite 

1200 mg of mineral in 25 ml of 0.5 N NaOH at BO°C for five 
minutes with constant stirring 

2A11 ground to less than 44 microns 

3Det~rmined gravimetrically; precision + 0.2 mg; average of 
three samples 
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site, kaolinite, nontronite, montmorillonite, illite and talc were 

anal~zed by X-ray powder diffraction before and after treatment. Peak 

area, peak height, peak position, peak width, and background intensity 

were measured for each sample prepared in triplicate and then analyzed 

in two different X-ray beam orientations for each sample mount. The 

mounts were prepared using 150 mg of sample using the smear mounting 

technique described in Appendix B. In the case of the opaline silica 

removal treatments, no changes were noted in the peak intensity char-

acteristics for all the standards excepting metahalloysite. The meta

halloysite showed a minor decrease in background intensity of the 

treated samples when compared to the untreated ones. Peak areas for the 

-two samples were equal when tested in a simple analysis of variance test 

at the 90% confidence level. 

As in the opaline silica removal studies, no significant changes in 

the X-ray powder diffraction characteristics of the standards were 

observed following treatment for amorphous aluminosilicate removal. 

Only in two samples, the metahalloysite and the API 41 montmorillonite 

were slight, but measurable changes. Both minerals showed an increase 

of 10-15 percent in peak height intensity and a 5-10% decrease in peak 
I 

width. Peak areas decreased 2-4% for both minerals. These changes are 

probably the result of the removal of either amorphous or very poorly

crystalline material from the lattices of each mineral. The treatments 

do not appreciably change the X-ray powder diffraction peak areas, 

suggesting that the combined use of the gravimetric_selective chemical 

dissolution and X-ray powder diffraction data should produce valid total 

mineralogical analyses. 
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APPENDIX B 

QUANTITATIVE X-RAY POWDER DIFFRACTION ANALYSIS 

Introduction 

A principal endeavor of this study was to achieve a high degree of 

precision in the quantitative X-ray powder diffraction analyses of the 
-

fine-grained sediments of Kaneohe Bay to obtain meaningful information 

about the distribution of clay mineral species. Many investigators have 

directed their efforts towards achieving a "true" quantification in clay 

petrology, using X-ray powder diffraction techniques, but none of the 

methods appears to be clearly superior to the others. 

Because of the need to analyze a large number of samples in this 

study, it was decided that an analytical scheme should be developed that 

could achieve speed, good reproducibility, internal consistency, and 

reasonable precision, rather than the exceptional accuracy and precision 

obtained by highly complex methods (e.g., Roberts and Johnson, 1974). 

A precision goal of ~ 10-20 percent of the weight of the clay mineral 

reported was set for this study to facilitate the detection of strati-

graphic trends in clay mineral composition within the sediments of 

Kaneohe Bay, but still allow for the use of simple quantitative X-ray 

powder diffraction techniques. 

Previous Investigations 

A wide variety of X-ray powder diffraction techniques for quantita

tive clay mineral analyses have been published in recent years. All of 

these techniques assume that for a completely randomly oriented mineral 

component, (K1 ug and Alexander, 1974; Cody and Thompson, 1976) the 

component's concentration in an unknown sample can be related to the 
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integrated intensity of a selected hkZ reflection of the component. Of 

the various techniques, some relate the selected reflection intensity to 

the intensity of an internal standard, whereas others use empirically or 

theoretically derived factors which relate the selected reflectfon 

intensity to mineral weight percentages. 

Schultz (1964) used empirically determined factors to directly 
, 

relate peak intensities to mineral percentages in his analyses of the 

Pierre Shale. Other studies· (Carrol, 1970; Bader, et 2l., 1970) at

tempted to define the mass absorption coefficients of clay minerals 

through experimentation, and then develop factors to relate integrated 

intensities to mineral percentages. A modification of this technique 

was used for the majority of the analyses in this study; although, 

several samples were also analyzed using the internal standard method. 

Internal standards have been used rather than mass absorption 

coefficients in an attempt to avoid the difficulties of differences in 

mass absorption chracteristics within samples and between samples and 

experimental standards (i.e., API reference clay minerals). Various 

internal standards have been used including fluorite (Chave, 1954), 

boehmite (Van der Marel, 1960; Gibbs, 1967; Matthews, 1973; and this 

study), aluminum powder (Burtner, 1974), zinc hydroxide (Mossman, et 

2l., 1967), and molybdenum sulphide (Quakernaat, 1970; Cody and Thompson, 

1976) . 

Towe (1974) emphasized the importance of mounting techniques used 

in the preparation of samples for X-ray powder diffraction analysis. 

Cody and Thompson (1976) comment on the possible biases introduced in a 

quantitative analysis of clays by sfze-separation and mounting techni-
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ques. The size-separation and mounting techniques employed in this 

study may introduce bias into the overall accuracy of the analysis, but 

the techniques used were deemed necessary to detect small quantities of 

authigenic silicates present. The effects of biases invoked by sample 

preparation are included in the overall estimate of precision. 

Sample Preparation 

Two techniques were employed in this study for the preparation of 

oriented specimens on glass slides for X-ray powder diffractometry. 

These two techniques and others are discussed thoroughly by Gibbs 

(1965), Shaw (1972), and Drever (1973). Both procedures were chosen to 

avoid size segregation within the sample mounts which might give rise to 

erroneous quantitative analysis. 

The first and most commonly used procedure was the smear mounting 

technique described by Gibbs (1965). Samples following size separa

tions, selective chemical dissolution analyses, and repeated washing 

with distilled water (see figure 3-4) were brought to near dryness in a 

60°C oven. The samples were stirred every 1-2 hours during the 24-36 

hour drying period to maintain a uniform mixture. When the moisture 

content of the sample was such that a "plastic texture" was reached, a 

150-200 mg subsample was removed and smeared onto a standard frosted 

petrographic slide over an area 25 x 25 mm resulting in a "infinitely" 

thick mount of 2 mm. The "smearing" was performed by using a stiff 30 

------1mm wide, 2-3mm----tl't-itk strip of acryi-i-e-te smear the s-amj3-le-te--a-uniform 

thickness. After practice one may accomplish this with only two or 

three passes of the "smearing tool" to obtain a uniform mount with a 

"smooth". surface to avoi d topographi c effects. To provi de a check on 
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the within sample variance of this method, ten Kaneohe Bay samples of 

different grain size fractions were chosen and analyzed using four 

separate mounts per sample. The between sample variance of the selected 

integrated peak areas from the X-ray powder diffractogram of the four 

different mounts was equal (on a 95% confidence level) to the within 

sample variance obtained by the repeated analysis of the same mount with 

four different orientations to the X-ray beam path. These results 

suggest that the specimens produced by a smear mount' technique are 

highly uniform. 

The second technique of sample mounting for X-ray powder diffrac

tion analyses is similar to the technique of Drever (1973). The pro

cedure involves the rapid filtration of a clay suspension onto a filter 

membrane, such that there is no opportunity for size segregation to 

occur. A standard 47 mm, 0.45 or 0.22 micron pore diameter filter 

(e.g., Millipore or Nucleopore brands) is mounted in a fitted glass 

filter holder. The filter assembly is attached to a vacuum (25 inches 

Hg) and 200 - 250 mg of clay is quickly filtered from a uniform suspen

sion and deposited onto the filter membrane. The clay concentration in 

suspension should be in the range of 1-3% by weight (i.e., 0.5g/50ml) to 

keep the filtration time below 3-5 minutes. Following filtration the 

clay sample may be saturated with a specific ion (i.e., Li, K, Mg, Cs) 

by drawing the appropriate chloride solution through the clay on the 

filter, followed by 3-4 washings with distilled water to remove any 

excess salts. The Li saturated samples used in the Greene-Kelly smec

tite test were all prepared in this manner. 

Following filtration and pretreatments, the filter holder is 
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dissembled and the membrane, while still moist, is placed clay side down 

on a frosted glass petrographic microscope slide (27 x 52 mm). The back 

of the membrane is rolled gently witH a small photographic print roller, 

two or three times, or until no air bubbles are present between the clay 

and the glass slide. The membrane is gently peeled from the clay and 

the mount dried in a desiccator at 23°C with 52 percent relative humidity 

for X-ray powder diffraction analysis. 

To insure that there was .no loss of sample through the 0.22 or 0.45 

micron pore diameter Millipore filters, the fluid which had passed 

through the fi lter was exami ned us i ng the Tynda 11 1 i ght effect. No 

particles, even in the less 0.2 micron size fraction passed through 

either pore size filter, although the 0.22 micron pore size filter was 

exclusively used for the 0.2 - 0.5 and the less than 0.2 micron size 

fraction samples. 

The two previously described sample mounting techniques were chosen 

because of their simplicity, speed, and economy, but most importantly, 

reproducibility. Because the clay is not required to come to dryness 

prior to X-ray powder diffraction analysis in both techniques, possible 

dehydration effcts are avoided, which is significant in the analysis of 

highly hydrated clays (e.g. halloysite or amorphous aluminosilicates), 

which were characteristic of this study. All samples were brought to 

final dryness at 23°C in a desiccator at 52 percent relative humidity. 

Samples for glycolation were placed over ethylene glycol at 40°C for 24 

hours. 

Mass Absorption Coefficient Technique 

The primary X-ray powder d,iffraction technique used in this study 
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was modified from the procedures used by the Deep Sea Drilling Program 

(Bader et~., 1970). The number of components present, the threshold 

or detection level for each component, interference factors (i.e., two 

or more components with the same hkl reflections), and the high back

ground levels due to scattering by amorphous materials have been of 

concern in other studies using this technique; this study, however, 

avoided many of these problems. As discussed in Chapter 3 and Appendix 

A, the amorphous materials and carbonates were removed by selective 

chemical dissolution prior to detailed X-ray powder diffraction. 

Similarly size-separation of the samples reduced the number of com

ponents to a minimum within each size fraction. The combination of 

these techniques resulted in (1) the complete removal of interferring 

peaks and (2) a significant lowering of the threshold values. In the 

case of the 0.2 - 0.5 and less than 0.2 micron size fraction the com

ponents present were reduced to kaolinite-metahalloysite, nontronite, 

and mixed-layer smectite-illite. Because of the .binary nature of these 

two small size fractions, a simple calibration curve was developed for 

kaolinite and nontronite mixtures relating mineral concentration to peak 

area ratios. Carbonate mineralogy in the total and size-separated 

samples was determined in a similar manner using the technique of Ristvet 

(1971). Both of these techniques will be subsequently discussed in this 

appendix. 

The theory of the mass absorption coefficient technique used in 

this study may be found in Klug and Alexander (1974) or in Bader, et 

~., (1970). In essence the theory assumes a uniform mixture of n 

components with particle sizes smaller than 20 microns such that extinc-
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tion and microabsorption effects are negligible and of an infinite mount 

thickness (greater than lmm for clays). In this uniform mixture, the 

total intensity of X-rays diffracted by the ith component (Ii) of the 

mixture of n components by some selected (hkZ) crystal plane is given 

by: 

K.f. 
I. = -'-' , , 

u 
(B-1) 

where Ki is dependent on the absorption nature of component i and the 

geometry of the apparatus, fi is the volume fraction of the ith comp

onent, and u is the linear absortpion coefficient of the powder mixture. 

If Xi is the weight fraction and Pi the density of the ith component, it 

follows that: 

and 

u ... 

* 

X./p. 
F. = ' , , n 

};(X./p.) 
i=l ' .' 

};X . (u ./p . ) , , , 
};(X./p.) , , 

= 
* };X.(u.) , , 

};(X./p.) , , 

(B-2) 

(B-3) 

where ui = ui/Pi or its corresponding mass coefficient. By substituting 

equations B-2 and B-3 into B-1, one obtains: 

I. = K.XiPi , , * 
W.X. , , 

(B-4) 

Now considering a sample with numerous mineral components, l, ... i, 

j of differing mass absorption coefficients and densities, it becomes 

obvious from Equation B-5 that the ratio of a peak area (integrated 

intensitybackground and interferring peak areas) of mineral 1 to the 
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peak area of mineral 2 is only dependent on the concentration rati6 of 

mineral 1 to 2 and not on any other component present: 

X 
constant _1 

X2 
(B-5) 

The constant may be experimentally determined by preparing weight 

mixtures of i and j and measuring Ii/Ij similar to shown in figure Bl. 

The basis for the calculation for a multicomponent system rather 

than the above binary case is that the whole is equal to the sum of the 

parts; that is, X-ray powder diffraction identifies all of the crystal-

line components in the sample, such that: 

K.I. x 100 
C. = ~'.-'---, n 

E(K.I.) 
j=l J J 

(B-6) 

where Ci is the weight percent concentration of the ith mineral, n is 

the number of components, and K. is the "calibration factor" for the ith , 
mineral component. 

Table Bl presents the calibration factors, (Ki ) which were experi

mentally determined from mixtures of weighed standards (see Table Al for 

mineral standards) to simulate the expected Kaneohe Bay sediment com

positions. Reproducibility of the experimental X-ray powder diffraction 

analyses was ~ 5 percent of the weight value of anyone component. 

The advantage of this multicomponent approach over the internal 

standard technique is the avoidance of sample drying, weighing, the 

addition of a known standard, and mixing of the standard with the sample. 

This method results in a significant time saving and allows the samples 
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TABLE B1 
CALIBRATION TABLE OF mNERALS UNDER INVESTIGATION 

Mineral 

Pyrite 

Pyrite (2)1 

Plagioclase (Lab) 

Kaol-Halloy 

Kaol-Halloy (2)1 

Gibbsite 

Pyroxene (Augite) 

Amphibole' (hnblde) 

Olivine 

~'agnetite 

Hematite 

Ilmenite 

Qtz 

Talc 

III ite 

Smectite 

Sepiol ite 

1Secondary peak 

Peak Location 
(Deg 2o, Cuo:) 

2.709 

1.633 

3.180 

12.35 

4.48 

4.85 

2.99 

2.59 

2.78 - 2.83 

2.53 

2.51 

2.74 

3.34 

9.21 

10.02 

14. OC - 1 7 . 00 

11.42 
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Ki 

2.10 

1.42 

2.80 

2.25 

4.10 

2.10 

2.72 

2.39 

2.00 

1.45 

3.33 

1.82 

1.00 

5.00 

6.00 

6.25 

3.50 



to be analyzed without having to be brought to dryness and then rehy

drated for mounting and X-ray powder diffraction analysis. 

Known Standard Addition Technique 

Quantitative X-ray powder diffraction analysis was performed on 

several samples using synthetic boehmite (American Colloid Co.) as an 

internal standard. The procedure was to weigh 150 mg of sample which 

had been dried at 80°C and add 10 mg of boehmite, mix thoroughly and 

mount with the smear technique after adding one or two drops of dis

tilled water. For each component a selected peak area was measured and 

compared to the peak area of the boehmite, the peak areas ratio gives 

the component concentration when compared to the ratio of a standard 

component versus the boehmite, as determined experimentally. 

The experimental ratios were determined by using API clay standards 

or reference minerals which had been ground to the appropriate grain

size as the sample to be analyzed, to avoid microabsorption effects. By 

using peak area intensities instead of peak height intensities the 

effects of minor crystallinity differences between standards and sample 

mineral are negated. There still remains unresolved difficulties in 

estimating the difference in intensities between standard and sample due 

to variations in chemical composition and crystal orientation (see Cody 

and Thompson, 1976, for discussion). Of the standards chosen, only API 

13, -metahalloysite, showed an appreciable difference in crystallinity 

from the kaolinite-metahalloysite of the Kaneohe Bay sediments. Boeh

mite-standard ratios were determined proportionally to the concentration 

ranges expected in the unknown samples for the minerals presented in 

Table Bl. 
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Several samples from the 2-20 and 0.5-2 micron size fractions in 

which all amorphous materials and carbonates had been removed were 

analyzed using the above technique and the quantified results compared 

to samples analyzed by the "mass absorption factor" technique. In all 

but one sample, the results were within ~ 8% for the two techniques. 

The only systematic error involved a lower estimate of kaolinite-meta

halloysite percentage for the internal standard method when compared to 

the mass absorption factor technique. This result may be due to the 

difference in crystallinities between the standard clay and the sample 

clay which are amplified in the internal standard measurement technique 

where the sum of the parts may not be equal to 100%. The self-forcing 

nature of the summing process in the mass absorption factor calculations 

may artificially increase the abundance of kaolinite-metahalloysite. 

Metahalloysite-Nontronite Binary Analyses 

Because the 0.2-0.5 and less than 0.2 micron size fractions of the 

crystalline silicate fraction of the Kaneohe Bay sediments were composed 

of nontronite and metahalloysite, plus a few samples showing minor 

mixed-layer smectite-illite in the 0.2-0.5 micron size-fraction, a 

different X-ray powder diffraction analytical scheme was used. A binary 

peak area ratio to concentration calibration curve was experimentally 

determined for the nontronite-metahalloysite mixture using API 33a non

tronite and API 13 metahalloysite as the clay standards. The calibra

tion curve is shown in Figure Bl. The precision of this technique is 

estimated at ~ 5 percent. 

The mixed-layer smectite-illite concentration was determined from 

a binary calibration curve with nontronite. A 60% randomly interstrat-
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Figure Bl. Calibration curve for the X-ray powder diffraction 
analysis of binary metahalloysite-nontronite mixtures. 
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ified smectite-illite (Reynolds and Hower, 1970), location unknown, was 

used as the clay standard. 

Carbonate Mineralogy 

X-ray powder diffraction analysis of the carbonate fraction of the 

Kaneohe Bay sediments was performed using a modifcation of the technique 

of Ristvet (1971). Analysis of the Kaneohe Bay core samples, except 

cores 3 and S3, were performed on unsized subsamples following treatment 

to remove the organic materials. The analytical procedure then assumes 

that calcite, Mg-calcite and aragonite are 100 percent of the sample. 

Cores 3 and S3 were size-separated prior to analysis. 

Total Mineralogy Determinations 

The mineralogical analyses present in Tables 5-3, 5-6, 5-7 are the 

result of a summation procedure in which the total crystalline fraction 

mineralogy was determined by X-ray powder diffraction for each of the 

five grain-size fractions, and then recalculated for the total sample, 

using the size distributions as shown in Table 5-1. The crystalline 

component values were recalculated using the gravimetric selective 

chemical dissolution values for the amorphous components. Carbonate 

component mineralogy was determined for the total sample only from the 

gravimetric dissolution values and the X-ray powder diffraction analysis 

of the total sample, except for cores 3 and S3 in which size separation 

values were used. 
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Introduction 

APPENDIX C 

SCANNING ELECTON ~lICROSCOPY (Sn1) AND ENERGY 
DISPERSIVE X-RAY SPECTROSCOPY (EDA) 

The scanning electron microscope provides a uniquely suited tool 

for the investigation of fine-grained sediments, because it provides a 

magnified, three-dimensional view of the sample surface with great depth 

of focus not obtainable with either conventional optical microscopy or 

transmission electron microscopy. In addition the SEM may be equipped 

with either an energy dispersive or wavelength dispersive X-ray spectro

meter to provide specimen elemental analyses. Numerous publications by 

the various SEM and X-ray spectrometer manufacturers discuss the theory 

and operation of these instruments. The purpose of this appendix is to 

present the techniques used in this study and to discuss some of the 

inherent difficulties in using the SEM to analyze fine-grai~ sediments. 

Equipment 

The SEM facilities of the Materials Sciences Department of North

western University were utilized for this study. Two SEM units were 

employed: A Cambridge S4-10 with a standard tungsten filament and a 

JEOL 50A. The S4-10 was equipped with an EDAX International model 707A 

energy dispersive X-ray analyzer, whereas the 50A was equpped with an 

Ortec wavelength dispersive gas-proportional, X-ray spectrometer. A 

Denton vacuum evaporator was used in the coating of the specimens with a 

suitable conducting medium. 

Sample Preparation 

Sample preparation is unusually simple for such a sophisticated 
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instrument as the SEM, a feature which greatly enhances its usefulness 

when compared to a transmission electron microscope. Samples may be 

mounted in a variety of methods, but are restricted to one condition: 

that they are attached to a conducting sample holder. The mounting 

holders (stubs) used in this study consisted of 12mm and 30mm diameter 

aluminum discg with a mounting shank in the back (Engis Equipment Co., 

Morton Grove, Ill.). Techniques used in sample mounting included the 

sprinkling of drie& disaggregated sediment directly on an adhesive 

mounting medium, such as Duco cement, silver paint, or double stick 

cellophane tape and "smear mounting" directly to the stub. The smear 

mounting technique was commonly used to provide a reasonably unoriented 

sample mount during this study. Other techniques for mounting of clays 

for SEM analysis may be found in Bohor and Hughes (1971). 

The smea~ mo~nting technique involved the use of about 200 mg of 

sample spread out over a roughened (prepared by using a coarse file) 

stub surface about lmm thick, using a piece of thick mylar to accomplish 

the smear in one stroke (see Appendix B). 

Because clay minerals are essentially nonconductors of electrons, 

the samples must be coated with a thin layer of a conductive material to 

prevent charge buildup from the bombarding electron beam of the SEM. To 

accompli.h this, several techniques may be used depending on the anal

ysis to be accomplished. For most analyses, the sample was coated with 

a two-layer coating consisting of a nominally 50Ao coating of carbon 

followed by a nominally 50-l00Ao coating of 60% gold-40% palladium 

alloy. Samples which were coated with pure gold usually required a 100-

150Ao coating. Whereas the use of gold-palladium and gold coatings 
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eliminated charge buildup on most specimens (provided the electron beam 

accelerating voltage was kept below 25 KV), these coatings, because of 

their high Z numbers acted as absorbers for low KeV X-rays generated 

from low Z number elements or produced similar energy X-rays to those 

elements being analyzed. For example, to provide for the detection of 

phosphorus in the authigenic apatite of cores 3 and S3, it was necessary 

to coat the specimen with carbon and then silver to avoid peak inter

ference by gold. Silver is not recommended as a routine coating because 

of its "brittleness ll when the sample is removed and replaced in the high 

vacuum of the SEM. 

The use of a 100-150Ao coating of carbon was also tried. When the 

coated specimens were placed in the SEM, charging difficulty occurred at 

accelerating voltages of about 10 KV, thereby limiting magnification to 

approximately 5,000X, but when the sample was placed on a cold stage 

(liquid nitrogen cooled (-196°C)), the carbon-only coating was found to 

be effective in preventing charging with beam voltages up to 20 Kv. The 

carbon-only coating provides a low Z number element which significantly 

enhances the capabilities of the X-ray analysis systems. 

To obtain a continuous conductive coating over the rough and porous 

surface of the specimens, it was necessary to rotate the sample in the 

vacuum evaporator along two axes simultaneously. These rotations ef

fectively allow for a solid angle of incidence of 90° to be formed 

between all areas of the surface of the specimen and the source of the 

evaporating conducting medium, resulting in a very uniform deposition of 

the coating. 

Because clay minerals are hygroscopic, the stub mounted samples 
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must be very dry prior to the application of the coating. Similarly 

they must be kept dry following coating to prevent rupture of the 

conductive layer (especially important with silver or aluminum coatings) 

and to reduce SEM vacuum pump-down-time. It was found that following 

mounting, if the specimens were oven-dried at 80 0 e for 4 hours, and then 

maintained in a vacuum (25 inches of Hg) desiccator for 1-2 days, that 

no difficulties occurred in the coating procedure. Similarly, the 

samples were constantly maintained in a desiccator when not being anal

yzed to prevent rupture of the coatings. 

One additional sample preparation technique need be discussed. In 

the analyses of the untreated, or organic, carbonate-free samples, 

charging phenomena commonly occurred even at low accelerating voltages 

(less than 10 Kv) even though a proper coating of gold or gold-pallidium 

had been applied. This phenomena was not observed in the same samples 

in which the amorphous iron-oxyhydroxides had been removed. Because of 

this evidence, it was assumed that the amorphous iron-oxyhydroxide 

coatings might be causing a "magnetic" effect when struck by the elec

tron beam of the SEM. To avoid this "magnetic-chargingll phenomena, the 

samples were placed in a degaussing unit prior to analysis, resulting in 

near elimination of the charging. 

SEM Procedures 

The objective of the use of SEM in this study was to determine the 

presence of authigenic minerals. Recognition of these minerals was 

primarily by crystal habit or morphology. Fortunately, several papers 

have been published on the morphology of clays and other fine-grain 

minerals. Borst and Keller (1969) produced a brief atlas of many of the 
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API Project 49 reference clays, with other authors adding to this funda

mental "atlas" (cf. Bohor and Hughes, 1971; Bohor and Lahodny-Sarc, 

1971; Diamond and Bloor, 1970; Diamond, 1970; Hein and Griggs, 1972; 

Eswarn, 1972; Mumpton and Ormsby, 1976; Keller, 1976; Burnett, 1974; and 

others) which greatly supplements the existing TEM replica photographs 

of clays (Beutelspacher and Van der Marel, 1968). These references pro

vided the basis, in conjunction with elemental analysis by simultaneous 

X-ray spectrometry, for the identification of several of the authigenic 

minerals reported in Chapter 5. 

The procedure followed was to scan each sample at 2000 to 5000X in 

a grid pattern over the sample. When an unusual grain was observed in 

the sample aggregate it was examined at higher magnificqtions-, 10_,000 -

50,000X, for photography and X-ray analysis. Using this procedure 

approximately 2-3 samples could be examined per hour. 

It was quickly discovered that only particles larger than 0.5 

microns could effectively be analyzed as individual grains, consequently 

much of the SEM analysis centered on the examination of the> 20, 2-20, 

and 0.5-2 micron size fractions. The difficulties in viewing particles 

smaller than 0.5 microns were caused by the requirement to use high 

accelerating voltages (30-40 Kv) to obtain 30,000 - 100,000X magni

fications such that the individual grains could become apparent. To use 

these higher voltages with clays, it is necessary to place a very thick 

(200-300AO) coating of a conducting medium to avoid charging effects, 

but this thick coating masks the surface textures. It is possible that 

this problem might be overcome with the use of thin 50-100AO metallic 

coatings in combination with a cold stage. 
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Energy Dispersive X-Ray Analysis (EDA) 

Within the last several years, the rapid development of a new way 

to measure X-ray fl uoresce'nce has resul ted in the development of commer

cial equipment adaptable to use on the SEM for X-ray elemental analysis. 

Whereas, traditional X-ray fluorescence is performed using the X-ray 

wavelength as the property to be measured by diffraction, and is accord

ingly called wavelength dispersive analysis (Bertin, 1970), the new 

method measures the X-ray energy directly and is called energy disper

sive analysis. The theory and principles of the equipment used in EDA 

are thoroughly discussed by Russ (1972) and the special applications to 

the SEM by EDAX International (1972). The principle advantages of EDA 

over wavelength dispersive analysis is the capability to analyze for all 

elements with atomic numbers greater than 10 simultaneously and at X-ray 

fluxes 100 times less. 

The use of EDA in this study was confined primarily to either 

qualitative or semi-quantitative determinations of the elements present 

in an unknown sediment grain, such as displayed in the plates in Chapter 

5. Whereas the interpretation of a recorded X-ray energy spectrum to 

obtain a qualitative analysis of a specimen is parti~ularly straight

forward with EDA methods, quantitative analysis is quite complex. In 

the qualitative case, counts were usually made over a 500 to 1000 seconds 

counting time with a 15-20 Kv beam voltage to provide sufficient counts 

at each representative X-ray energy for the minor elements to be de

te·cted. The energies of the peaks were either determined visually from 

a video display or from a digitized printout; elemental determination is 

then made from identification of the various energy peaks by use of 
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standard tables (EDAX International, 1972). 

Semi-quantitative analysis was performed using a beam voltage of 

15-20 Kv and a counting time of 1000 to 1500 seconds. The total energy 

spectrum was presented in digitized form for each 0.05 KeV energy win

dow. Following the analysis of the unknown grain, a standard prepared 

either from kaolinite, phillipsite, labadorite, or nontronite was placed 

under the beam at the same beam diameter, beam voltage, and magnifi

cation and a similar 100 second count was made. From the standard, 

whose elemental composition is known, the unknown chemical composition 

was estimated. No attempt was made to: (1) match Bremsstrahlung radi

ation backgrounds of standard and unknown; or (2) correct for differ

ences caused by intere1ement interferences (i.e., the secondary fluor

escence of Al by Si) other than from the standard itself; or (3) esti

mate differences caused by topographic effects. To minimize topographic 

effects an attempt was made to analyze grains with the same orientation 

to the EDA detector. Because of these possible errors, the chemical 

analysis presented in Chapter 5 are given as relative ratios. The 

precision of the method is probably:!:.' 10 percent of the value reported. 

--~- -

289 



290 



REFERENCES 

Aguilera, N.H. and Jackson, M.L., 1953, Iron oxide removal from soils 
and clays. Soil Sci. Soc. Amer. Proc., 1I: 359-364. 

Allison, L.E. and Scarseth, G.D., 1942, A biological reduction method 
for removing free iron oxides from soils and colloidal clays. Jour. 
Amer. Soc. Agronomy, 34: 616-623. 

American Petroleum Institute,1949, American Petroleum Institute Research 
Project 49, Reference Clay Minerals, Preliminary Report 1-8. Colum
bia University, New York. 

Anderson, J.U., 1963, An improved pretreatment for the mineralogical 
analysis of samples containing organic matter. Clays and Clay Min
erals, lQ: 380-388. [Pergamon Press, New YorkJ. 

Arrhenius, G.O.S., 1954, Origin and accumulation of aluminosilicates in 
the ocean. Tellus, ~: 215-221. 

Arrhenius, G.O.S., 1963, Pelagic sediments. in The Sea, Vol. III, M.N. 
Hill, ed., Wiley-Interscience, New York:-655-727. 

Arrhenius, G.O.S. and Bonatti, E., 1965, Neptunism and volcanism in the 
ocean. ~ Progress in Oceanography, Vol. III, F.F. Koczy, ed., Per
gamon Press, New York: 7-22. 

Bader, R.G., Gerard, R.D., et al., 1970, Initial Reports of the Deep Sea 
Drilling Project, Vol.-rv~.S. Govt. Printing Office, Washington, 
D.C.: 745pp. 

Banner, A.H." 1968, A fresh water "kill" on the coral reefs of Hawaii. 
Univ. Hawaii, Hawaii Inst. Marine Biol. Tech. Rept. 15:, 29pp. 

Barth, T.F.W., 1952, Theoretical Petrology. Wiley, New York: 387pp. 

Bates, T.F., 1960, Rock weathering and clay formation in Hawaii. Mineral 
I nd., 29: 1-6. 

Bates, T.F., 1962, Halloysite and gibbsite formation in Hawaii. Clays 
and Clay Minerals, ~: 315-327. [Pergamon Press, New YorkJ. 

Bathen, K.H., 1968, A descriptive study of the physical oceanography of 
Kaneohe Bay, Oahu, Hawaii. Univ. Hawaii, Hawaii Inst. Marine Biol. 
Tech. Rept. 14: 352pp. 

Bender, M., Broecker, W., Gorwitz, V., Middel, V., Kay, R. and Sun, S., 
1972, Geochemistry of three cores from the East Pacific Rise. Earth 
Planet. Sci. Letters, ~: 425-434. 

Ben-Yaakov, S., 1972, Diffusion of sea water ions, I. Diffusion of sea 
water into a dilute solution. Geochim. Cosmochim. Acta, 36: 1395-
1406. 

291 



Berger, W.H. and von Rad, V., 1972, Cretaceous and Cenozoic sediments 
from the Atlantic Ocean. in Initial Reports of the Deep Sea Drill
ing Project, Vol. XIV, D.~ Hayes, et al., eds., U.S. Govt. Printing 
Office, Washington, D.C.: 787-954. ----

Bernas, B., 1968, A new method for the decomposition and comprehensive 
analysis of silicates by atomic absorption spectrometry. Anal. 
Chemistry, 40: 1682-1686. 

Bernat, M. and Goldberg, E.D., 1969, Thorium isotopes in the marine en
vironment. Earth Planet. Sci. Letters, ~: 302-312. 

Bernat, M., Bieri, R.H., Koide, M., Griffin, J.J. and Goldberg, E.D., 
1970, Uranium, potassium, and argon in marine phillipsites. Geo
cim. Cosmochim. Acta, 34: 1053-1071. 

Berner, R.A., 1964a, Distribution and diagenesis of sulfer in some sedi
ments from the Gulf of California. Marine Geology, 1: 117-140. 

Berner, R.A., 1964b, Stability fields of iron minerals in anaerobic 
marine sediments. Jour Geology, 72: 826-834. 

Berner, R.A., 1967, Thermodynamic stability of sedimentary iron sul
fides. Amer. Jour. Science, 265: 773-785. 

Berner, R.A., 1969a, The synthesis of framboidal pyrite. Econ. Geology, 
64: 383-384. 

Berner, R.A., 1969b, t1igration of iron and sulfur within anaerobic sedi
ments during early diagenesis. Amer. Jour Science, 267: 19-42. 

Berner, R.A., 1970~ Sedimentary pyrite formation. Amer. Jour. Science, 
268: 1-23. . 

Berner, R.A., Scott, M.R. and Tomlinson, C., 1970, Carbonate alkalinity 
in the pore waters of anoxic marine sediments. Limnol. Ocean
ography, ~: 544-549. 

Berner, R.A., 1971, Principles of Chemical Sedimentology. McGraw-Hill, 
New York: 240pp. 

Berner, R.A., 1974, Kinectic models for the early diagenesis of nitro
gen, sulfur, phosphorus, and silicon in anoxic marine sediments. ~ 
The Sea, Vol. V, E.D. Goldberg, ed., Wiley-Interscience, New York: 
247-450. 

Berner, R. A. 1975, Diagenetic models of dissolved species in the inter
stitial waters of compacting sediments. Amer. Jour. Science, 275: 
88-96. 

Bertin, E.P., 1970, Principles and Practice of X-ray Spectrometric 
Analysis. Plenum Press, New York: 365pp. 

292 



Beutelspacher, H. and Van der Marel, H.W., 1968, Atlas of Electron 
Microscopy of Clay Minerals and their Admixtures - A picture Atlas. 
Elsevier, Amsterdam: 333pp. 

Bien, G.S., Contois, E.E. and Thomas, W.H., 1958, The removal of soluble 
silica from fresh watet entering the sea. Geochim. Cosmochim. Acta, 
14: 35-54. 

Biscaye, P.E., 1965, Mineralogy and sedimentation of Recent deep-sea 
clays in the Atlantic Ocean and adjacent seas and oceans. Geol. 
Soc. Amer. Bull., 76: 803-832. 

Bischoff, J.L., Greer, R.E. and Luistno, A.O., 1970, Composition of 
interstitial waters of marine sediments: temperature of squeezing 
effect. Science, 167: 1245-1246. 

Bischoff, J.L. and Ku, T., 1970, Pore Fluids of Recent Marine Sediments: 
I oxidizing sediments of 20 0 N, continental rise to Mid-Atlantic 
Ridge. Jour. Sed. Petrology, 40: 960-972. 

Bischoff, J.L. and Ku, T., 1971, Pore Fluids of Recent Marine Sediments: 
II anoxic sediments of 35° to 45°N Gibraltar to Mid-Atlantic 
Ridge. Jour. Sed. Petrology, il.: 1008-1017. 

Bischoff, J.L., 1972, A ferroan nontronite from the Red Sea geothermal 
system. Clays and Clay Minerals, 20: 217-223. 

Bischoff, J.L. and Sayles, F.L., 1972, Pore fluid and mineralogical 
studies of Recent marine sediments: Bauer Depression region of 
East Pacific Rise. Jour. Sed. Petrology, 42: 711-724. 

Bischoff, J.L., Clancy, J.J., and Booth, J.S., 1975, Magnesium removal 
in reducing marine sediments by cation exchange. Geochim. Cosmo
chim. Acta, 39: 559-568. 

Bohor, B.F. and R.E. Hughes, 1971, Scanning electron microscopy of clays 
and clay minerals. Clays and Clay Minerals, ~: 49-54. 

Bohor, B.F. and Lahodny Sarc, V., 1971, Scanning electron microscope 
study of white bauxite and a11ophane. Academie Ycugoslave Des 
Sciences et Des Arte, ~: 1-7. 

Bonatti, E., 1963, Zeolites in Pacific pelagic sediments. N.Y. Acad. 
Sci. Trans., sere II, 28: 938~948. 

Bonatti, E. and Arrhenius, G.O.S., 1965, Eolian sedimentation in the 
Pacific Ocean off northern Mexico. Marine Geology, l: 337-348. 

Bonatti, E. and Joensuu, 0., 1968, Palygorskite from Atlantic deep-sea 
sediments. Amer. Mineralogist, 53: 975-983. 

293 



Borst, R.L. and Keller, W.O., 1969, Scanning electron microphotographs of 
API reference clay minerals and other selected samples. Proc. 
Intern. Clay Conf. Tokyo, Vol I: 871-901. 

Bowles, F.A., Angino, E.A., Hosterman 9 J.W., and Galle, O.K., 1971, Pre
cipitation of deep-sea palygorskite and sepiolite. Earth Planet. 
~r; Lettnr r 11' 3?~-31? ...J\..o I • C ::;}, _. L.."- vc.... 

Bracewell, J.M., Cambell, A.S., and Mitchell, B.D., 1970. An assessment 
of some thermal and chemical techniques used in the study of the 
poorly-ordered aluminosilicates in soil clays. Clay Minerals, 8: 
325-335. -

Brinner, G.P. and Jackson, M.L., 1970, Mineralogical analysis of clays in 
soils developed from basalts in Australia. Israel Jour. Chemistry, 
8: 487-500. 

Broecker, W.S, 1971, A kinectic model for the composition of seawater. 
Quaternary Res., 1: 188-207. 

Broecker, W.S., 1973, Interstitial water studies, Leg 15 - Introduction 
and summary. preprint ~ Initial Reports of the Deep Sea Drilling 
Project, Vol. XX, B.C. Heezen, I.C. MacGregor, et al., eds., U.S. 
Govt. Printing Office, Washington, D.C.: 751-75~-

Brooks, R.R., Presley, B.J. and Kaplan, I.R., 1968, Trace elements in the 
interstitial water of marine sediments. Geochim. Cosmochim. Acta, 
32: 397-414. 

Buckley, E.E. and Cranston, R.E., 1971, Atomic absorption analyses of 18 
elements from a single decomposition of aluminosilicate. Chemical 
Geology, Z: 273-284. 

Burnett, W.C., 1974, Phosphorite deposits from the sea floor off Peru and 
Chile: radiochemical and geochemical investigations concerning their 
origins. Univ. Hawaii, Hawaii Inst. Geophysics Rept. 74-3: 175pp. 

Burtner, R.L., 1974, Quantitative Xray mineralogy - sample preparation 
and analysis with an aluminum internal standard (abs). 23 Ann. Clay 
Minerals Conf., Cleveland, Ohio. 

Burton, J.D., Liss, P.S. and Venugopalan, U.K., 1970, The behavior of 
dissolved silicon during estuarine mixing I. Investigation in 
Southampton water. Jour. Cons. Perma. Int. Explor. ~1er, 33: 134-
140. -

Burton, J.D., 1970, The behavior of dissolved silicon during estuarine 
mixing II. Preliminary investigations in the Veller estuary, sou
thern India. Jour. Cons. Perma. Int. Explor. Mer, 33: 141-148. 

Burton, J.D. and Liss, P.S., 1973, Processes of supply and removal of 
dissolved silicon in the oceans. Geochim. Cosmochim. Acta, 37: 1761-
1773. 

294 



Burst, J.F., Jr., 1959, Post-diagenetic clay mineral environmental rel
ationships in the Gulf Coast Eocene. Clays and Clay Minerals, 6: 
327-341. [Pergamon Press, New YorkJ. -

Burst, J.F., Jr., 1969, Diagenesis of Gulf Coast clayey sediments and 
its possible relation to petroleum migration. Bull. Amer. Assoc. 
Petrol. Geol., 53: 73-93. 

Calvert, G.E., 1968, Silica balance in the ocean. Nature, 219: 919-
920. -

Carrol, D. and Starkey, H.C., 1960 Effect of sea water on clay minerals. 
Clays and Clay Min., ~: 80-101. [Pergamon Press, New YorkJ. 

Carroll, D., 1970, Clay minerals, a guide to their X-ray identification. 
Geol. Soc. Amer. Special Paper 126: 80pp. 

Chave, K.E., 1952, A solid solution between calcite and dolomite. Jour. 
Geology, 60: 190-192. 

Christ, C.L., Hostetler, P.B. and Siebert, R.M., 1973, Studies in the 
system MgO-SiO?-CO?-H20 (II I): the activity-product constant of 
sepiolite. Amer. Jour. Science, 273: 65-83. 

Cline, M.G. and others, 1955, Soil survey of the Territory of Hawaii. 
U.S. Dept of Agriculture, Soil Survey Series 1939, no. 25, U.S. 
Govt. Printing Office, Washington, D.C.: 644pp. 

Cloos, P., Leonard, A.J., Moreau, J.P., Herbillion, A. and Fripiat, J.J., 
1969, Structural organization in amorphous silicoaluminas. Clay and 
Clay Minerals, 1I: 270-287. 

Cody, R.D. and Thompson, G.L., 1976, Quantitive Xray powder diffraction 
analyses of clays using an orienting internal standard and pressed 
disks of bulk shale samples. Clays and Clay Minerals, 24: 224-231. 

Conley, R.F., J.F. Gergel, and M.K. Lloyd, 1973, The chemistry of iron 
removal from clays by dithionite (abs), 10th Annual Mtng, Clays and 
Clay Mineral Society, Program and Abstracts: 47. 

Cook, H.E., 1971, Iron and manganese rich sediments overlying oceanic 
basalt basement, equatorial Pacific, Leg 9, Deep Sea Drilling Proj
ect (abs). Geol. Soc. Amer. Abstracts with Programs, ~: 530-531. 

Cook, H.E. and Zemmels, I., 1971, Xray mineralogy studies, Leg 8. in 
Initial Reports of the Deep Sea Drilling Project, Vol. VIII, J: I. 
Tracey, Jr. et al., eds. U.S. Govt. Printing Office, Washington, 
D.C.: 901-950. - , 

Cook, H.E. and Zemmels, I., 1972, X-ray minera·logy studies, Leg 9. Deep 
Sea Drilling Project. in Initial Reports of the Deep Sea Drilling 
Project, Vol. IX, J.D.~ayes, et al., eds., U.S. Govt. Printing 
Office, Washington, D.C.: 707-777-. 

295 



Conway, E.J., 1942, Mean geochemical data in relation to ocean evolutio~. 
Royal Irish Acad. Proc., 48: 119-159. 

Conway, LJ., 1943, The chemical evolution of the ocean. Royal Irish 
Acad. Proc., 48: 161-212. 

Conway, [.J., 1945, Mean losses of Na, Ca, etc., in one weathering cycle 
and K removal from the ocean. Amer. Jour. Sci., 243: 583-605. 

Correns, C.W., 1939, Pelagic sediments of the North Atlantic Ocean in 
Recent Marine Sediments (symposium), P.D. Trask, ed., Amer. Assoc. 
Petroleum Geologists, Tulsa: 373-395. 

Coulbourn, W.T., 1971, Sedimentology of Kahana Bay, Oahu, Hawaii. Univ. 
Hawaii, Hawaii Inst. Geophysics Rept. 71-14: 141pp. 

Cox, D.C., Fan, P.F., Chave, K.E. and others, 1973, Estuarine pollution 
in the State of Hawaii, Volume 2: Kaneohe Bay study. Univ. Hawaii, 
Water Resources Res. Cntr. Tech. Rept. 31: 444pp. 

Cox, D.C. and Gordon, L.C., 1970, Estuarine pollution in the State of 
Hawaii, Volume 1: Statewide study. Univ. Hawaii, Water Resources 
Res. Cntr. Tech. Rept. 31: 151pp. 

Cronan, D.S., 1974, Authigenic minerals in deep-sea sediments. in The 
Sea, Vol. 5, LD. Goldberg, ed., Wi1ey-Interscience, New York: 491-
525. 

Dasch, E.J., 1969, Strontium isotopes in weathering profiles, deep-sea 
sediments, and sedimentary rocks. Geochim. Cosmochim. Acta, 33: 
1521-1552. _ . -

Davis, S.N., 1969, Silica in streams and ground water of Hawaii. Univ 
Hawaii, Water Resources Res. Cntr. Tech, Rept. 29: 31 pp. 

Dean, L.A., 1947, Differential thermal analysis of Hawaiian soils. Soil 
Science, 63: 95-105. 

Diamond, S. and Bloor, J.W., 1970, Globular cluster microstructure of 
endellite (hydrated halloysite) from Bedford, Indiana. Clays and 
Clay Minerals, ~: 309-312. 

Diamond, S., 1970, Poresize distribution in clays. Clays and Clay Min
erals, ~: 7-23. 

Dietz, R.S., 1942, Clay minerals in recent marine sediments. Amer. Min
eralogist, ~: 219-220. 

Drever, J.L, 1971a, Early diagenesis of clay minerals,_ Rio Ameca Basin, 
Mexico. Jour. Sed. Petrology, il: 982-994. 

Drever, J.I., 1971b, Magnesium iron replacement in clay minerals in 
anoxic marine sediments. Science, 172: 1334-1336. 

296 



Drever, J.I., 1973, The preparation of oriented clay mineral specimens 
for X-ray diffraction analysis by a filter-membrane peel technique. 
Amer. Mineralogists, 58: 553-554. 

Drever, J.I., 1974, The magnesium problem. ~ The Sea, Vol. V, E.D. 
Goldberg, ed., Wiley-Interscience, New York; 337-355. 

Drosdorf, M. and Truog, E., 1935, A method for removing and determining 
the free iron oxide in soil colloids. Jour. Amer. Soc. Agron., 27: 
312-317. --

Dymond, J., Biscaye, P.E. and Rex, R.W., 1974, Eolian origin of mica in 
Hawaiian soils. Geol. Soc. Amer. Bul., 85; 37-40. 

EDAX International, 1972, Energy Dispersive Analysis of X-Rays - Methods 
and the Scanning Electron Microscope. EDAX International, Prarie 
View, Illinois: 40pp. 

Edgar, N.T. and others, 1973, Site 146/149. in Initial Reports of the 
Deep Sea Drilling Project, Vol. XV, N.T--. Edgar, et al., eds., u.S. 
Govt. Printing Office, Washington, D.C.: 17-168.----

Edzwald, J.K. and O'r~elia, C.R., 1975, Clay distributions in Recent est
uarine sediments. Clays and Clay Minerals, 23: 39-44. 

Elderfield, H., 1976, Hydrogeneous material in marine sediments; exclud
ing manganese nodules. in Chemical Oceanography, 2ed., Vol. V, J.P. 
Riley and G. Skirrow, eas., Academic Press, London: 137-215. 

Emery, K.O., 1960, The Sea Off Southern California. Wiley, New York: 
366pp. 

Emery, K.O. and Rittenburg, S.C., 1952, Early diagenesis of,California 
basin sediments in relation to the origin of oil. Bull. Amer. Assoc. 
Petrol. Geol., 36: 735-806. 

Eswarn, H., 1972, Morphology of allophane, imogolite and halloysite. 
Clay Minerals, ~: 281-285. 

Fanning, K.A. and Pilson, M.E.Q., 1973, The lack of inorganic removal of 
silica during river-ocean mixing. Geochim. Cosmochim. Acta, 37: 
2405-2415. --

Fieldes, M., 1955, Clay mineralogy of New Zealand soils, part 2. Allo
phane and related mineral colloids. N.Z. Jour. Sci. Tech., ~: 
336-350. 

Fieldes, M., 1956, Clay mineralogy of New Zealand soils, part 3. Infra
red absorption spectra of the soil clays. N.Z. Jour. Sci. Tech., 
38: 31-43. 

Fieldes, M., 1957, Clay mineralogy of New Zealand soils, part 4. Diff
erential thermal analysis. N.Z. Jour. Sci. Tech., 38: 553-570. 

297 



follet, LA.C., McHardy, W.J., Mitchell, B.D. and Smith, B.F.L., 1965a, 
Chemical dissolution techniques in the study of soil clays: Part I. 
Clay Minerals, ~: 23-34. 

Follet, E.A.C., McHardy, W.J., Mitchell, B.D. and Smith, B.F.l., 1965b, 
Chemical dissolution techniques in the study of soil clays: Part 
II. Clay Minerals, 6: 35-43. 

Foote, D.E., Hill, E.l., Sakuichi, N. and Stephens, F., 1972, Soil 
survey of the islands of Kaui, Oahu, Maui, Molokai and lanai, State 
of Hawaii. U.S. Dept. of Agriculture, Soil Conservation Service, 
U.S. Govt. Printing Office, Washington, D.C.: 232pp. 

Freidman, G~, Fabricand, B.P., Imbimbo, E.S., Brey, M.E. and Sanders, 
J.E., 1968, Chemical changes in interstitial waters from contin
ental shelf sediments. Jour. Sed. Petrology, 38: 1313-1319. 

Fritz, J. and Schenk, G.H., Jr., 1966, Quantitative Analytical Chemistry. 
Allyn and Bacon, Inc., Boston: 516pp. 

Garlick, G.D. and Dymond, J.R., 1970, Oxygen isotope exchange between 
volcanic materials and ocean water. Geol. Soc. Amer. Bull., 81: 
2137-2142. .--

Garlick, G.D., 1974, Stable isotopes of oxygen, carbon, and hydrogen. 
in The Sea, Vol. V, E.D. Goldberg, ed., Wiley-Interscience, New 
York: 393-425. 

Garrels, R.M., 1965, Silica: Role in the buffering of natural waters. 
Science, 148: 69. 

Garrels, R.M. and Mackenzie, F.T., 1971, The Evolution of Sedimentary 
Rocks. Norton and Co., New York: SOOpp. 

Garrels, R.M. and Mackenzie, F.T., 1972, A quantitative model for the 
sedimentary rock cycle. Marine Chemistry, 1: 27-41. 

Garrels, R.M. and Mackenzie, F.T., 1974, Chemical history of the oceans 
deduced from post-depositional changes in sedimentary rocks. in 
Studies in Paleo-Oceanography, l~.W. Hay, ed., Soc. Econ. Pa1eon. 
Mineral. Spec. Pub. 20, Tulsa, Okla.: 193-204. 

Gibbs, R.J., 1965, Errors due to segregation in quantitative clay mineral 
X-ray diffraction mounting techniques. Amer. Mineralogist, 59: 
741-751. . --

Gibbs, R.J., 1967, Quantitative X-ray diffraction analysis using clay 
. mineral standards extracted from the samples to be analyzed. Clay 

Minerals, I: 79-90. 

Gi~skes, J.M., Kastner, M. and Warner, T.B., 1975, Evidence for exten
sive diagenesis, Madagascar Basin, Deep Sea Drilling Site 245. 
Geochim. Cosmochim. Acta, ~: 1385-1393. 

298 



Goldberg, E.D., 1961, Chemical and mineralogical aspects of deep-sea 
sediments. in Physics and Chemistry of the Earth, Vol. IV, Wiley
Interscience; New York: 281-302. 

Goldberg, E.D., 1963, The oceans as a chemical system. in The Sea, Vol. 
II, M.N. Hill, ed., Wiley, New York: 3-25. -

Goldberg, E.D. and Griffin, J.J., 1970~ The sediments of the northern 
Indian Ocean. Deep-Sea Research, l{: 513-537. 

Goldhaber, M.B. and Kaplan, I.R., 1974, The sulfur cycle. in The Sea, 
Vol. V, E.D. Goldberg, ed., Hiley-Interscience, New York: 569-655. 

Goodell, H.G., 1965, The marine geology of the Southern Atlantic Ocean. 
Contrib. 11, Sedimentology Res. Lab., Florida State Univ.: 196pp. 

Gordon, D.C., Jr., 1971, Distribution of particulate organic carbon and 
nitrogen at an oceanic station in the central Pacific. Deep-Sea Res
earch, ~: 1127-1134. 

Greene-Kelly. R .• 1953, The identification of montmorillonoids in clays. 
Jour. Soil Science, ~: 233-237. 

Greene-Kelly, R., 1955, Dehydration of the montmorillonite minerals. Min
eralogical r,1agazine, 30: 604-615. 

Gregor, C.B., 1968, Silica balance of the ocean. Nature, 219: 360-361. 

Griffin, G.M. and Ingram, R.I., 1955, Clay minerals of the Neuse River 
estuary. Jour. Sed. Petrology, 25: 194-200. 

Griffin, G.M., 1962, Regional clay mineral facies - Products of weather
'ing intensity and current distribution in northeastern Gulf of 
~1exico. Bull. Geol. Soc. Amer., J.l: 737-768. 

Griffin, J.J. and Goldberg, E.D., 1963, Clay mineral distributions in 
the Pacific Ocean. in The Sea, Vol. III, M.N. Hill, ed., Wiley
Interscience, New York: 728-741. 

Griffin, J.J., Windom, H. and Goldberg, E.D., 1968, The distribution of 
clay minerals in the World Ocean. Deep-Sea Research, ~: 433-459. 

Griffin, J.J., Koide, M., Hohndorf,A., Hawkins, J. and Goldberg, t.D., 
1972, Sediments of the Lau Basin - rapidly accumulating volcanic 
deposits. Deep-Sea Research, ~: 139-148. 

Grim, R.E., Dietz, R.S. and Bradley, W.S., 1949, Clay mineral composition 
of some sediments from off the the California Coast and Gulf of 
California. Geol. Soc. Amer. Bull., 60: 1785-1808. 

Grim, R.E. and Johns, W.D., 1954, Clay mineral investigations of sediments 
in the northern Gul f of ~1exi co. C1 ays and Cl ay Mi naera 1 s, ~: 81-103. 
[NAS-NRC Pub. 327]. 

299 



Harder, H., 1972, The role of magnesium in thefromation of smectite min
erals. Chern. Geology, lQ: 31-39. 

Harris, R.C., 1966, Biological buffering of oceanic silica. Nature, 212: 
275-276. 

Harris, R.C., 1967, Clay minerals and oceanic evolution. Clays and Clay 
Minerals, ~: 207-214. [Pergamon Press, New York]. 

Hart, R., 1973, A model for chemical exchange in the basalt-seawater sys
tem of oceanic layer II. Can. Jour. Earth Science, lQ: 799-816. 

Hashimoto, I. and Jackson, M.L., 1960, Rapid dissolution of allophane amd 
kaolinite-halloysite after dehydration. Clays and Clay Minerals, 7: 
102-113. [Pergamon Press, New York]. -

Hathaway, J.C. and Sachs, P.L., 1965, Sepiolite and c1inoptilolite from 
the Mid-Atlantic Ridge. Amer. Mineralogist, 50: 852-867. 

Hay, R.L., 1966, Zeolites and zeolitic reactions in sedimentary rocks. 
Geol. Soc. Amer. Spec. Paper 85: l30pp. 

Heath, G.R., 1974, Dissolved silica and deep-sea sediments. in Studies in 
Paleo-Oceanography, Soc. Econ. Paleon. Mineral. Spec. Puo. 20, W.W. 
Hay, ed., Tulsa, Okla.: 77-93. 

Heck, E.T., 1964, Ocean salt. W. Va. Geol. Econ. Survey Bull., 28: 1-42. 

Heezen, B.C., MacGregor, I.G. and others, 1973, Initial Reports of the 
Deep Sea Drilling Project, Vol. XX. U.S. Govt. Printing Office, 
Washington, D.C.: l240pp. 

Hein, J.R. and Griggs, G.B., 1972, Distribution and scanning electron 
microscope (SEM) observations of authigenic pyrite from a Pacific 
deep-sea core. Deep-Sea research, ~: 133-138. 

Helgeson, H.C., 1968, Evaluation of irreversible reactions in geochem
ical processes involving minerals and aqueous solutions. I. Thermo
dynamic relations. Geochim. Cosmochim. Acta, 32: 853-877. 

Helgeson, H.C., Garrels, R.M. and Mackenzie, F.T., 1969, Evaluation of 
irreversible reactions involving minerals and aqueous solutions. II. 
Applications. Geochim. Cosmochim. Acta, 33: 455-481. 

Helgeson, H.C., Brown, T.H., Nigrini, A. and Jones, T.A., 1970. Calcul
ation of mass transfer in geochemical processes involving aqueous 
solutions. Geochim. Cosmochim. Acta, 34: 569-592. 

Helgeson, H.C. and Mackenzie, F.T., 1970, Silicate-seawater equilibria 
in the ocean system. Deep-Sea Research, }2: 877-892. 

Henmi, T. and Wada, K., 1976, Morphology and composition of allophane. 
Amer. Mineralogist, ~: 379-390. 

300 



Hirst, D.M., 1961a, The geochemistry of modern sediments from the Gulf 
of Paria. Part I: The relationship between mineralogy and the dis
tribution of major elements. Geochim. Cosmochim. Acta., 26: 309-334. 

Hirst, D.M., 1962b, The geochemistry of modern sediments from the Gulf 
of Paria. Part II: The location and distribution of trace elements. 
Geochim. Cosmochim. Acta, 26: 1147-1187. 

Holland, H.D., 1965, The history of ocean water and its effect on the 
chemistry of the atmosphere. Nat. Acad. Sci. Proc., 53: 1173-1183. 

Holland, H.D., 1972, The geologic history of sea water - an attempt to 
solve the problem. Geochim. Cosmochim. Acta, 36: 637-651. 

Holm-Hansen, 0., Strickland, J.D.H. and Williams, P.M., 1966, A detailed 
analysis of biologically important substances in a profile off 
southern California. Limnol. Oceanography, ll: 548-561. 

Hower, J., 1961, Some factors concerning the nature and origin of glauc
on ite. Amer. r~i nera 1 ogi s t, 46: 313-334. 

Hower, J., Eslinger, LV., Hower, M.E. and Perry, E.A., 1976, Mechanism 
of burial metamorphism of argillaceous sediment: 1. Mineralogical 
and chemical evidence. Geol. Soc. Amer. Bull., 87: 725-737. 

Huang, W.H. and Volger, D.L., 1972, Dissolution of opal in water and its 
water content. Nature, 235: 157-158. 

Hudson,J.D. and Palfram, D.F.B., 1969, The ecology and preservation of 
the Oxford Clay fauna at Woodham, Buckinghamshire. Q. Jour. Geol. 
Soc. London, 124: 387-418. 

Hulbert, M.H. and Brindale, M.P., 1975, Effects of sample handling on 
the composition of marine sedimentary pore water. Geol. Soc. Amer. 
Bull., 86: 109-11 O. 

Hurd, D.C., 1972, Interaction of biogenic opal, sediment, and seawater 
in the Central Equatorial Pacific Ocean. Univ. Hawaii, Hawaii Inst. 
Geophysics Rept. 72-22: 81pp. 

Hurd, D.C., 1973, Interaction of biogenic opal, sediment, and seawater 
in the Central Equatorial Pacific. Geochim. Cosmochim. Acta, 37: 
2257-2282. -

Hurley, P.M., Heezen, B.C., Pinson, W.H. and Fairbairn, H.W., 1963, K-Ar 
age values in pelagic sediments of the North Atlantic. Geochim. 
Cosmochim. Acta, ~: 393-399. 

Hussain, M.S. and Swindale, L.D., 1970, A morphological study of the 
gray hydromorphic soils of the Hawaiian Islands. Pacific Science, 
24: 543-553. 

301 



Isphording, H. C., 1972, Primary marine attapul gite cl ays of the Yucatan 
Platform and Southeastern United States (abs). Program, 21st Clay 
Minerals Conf., Woods Hole, Mass: 16. 

Jackson, M.L., 1969, Soil Chemical Analysis - Advanced Course, 5th Print. 
Univ. Wisconsin: 894pp. 

Jackson, ti.L., Leve1t, T.W.M., Syers, \.1oK., Rex, R.W., Clayton, R.N., 
Sherman, G.D. and Uehara, G., 1971, Geomorphological relationships 
of tropospherically-derived quartz in soils of the Hawaiian Islands. 
Soil Sci. Soc. Amer. Proc., 35: 515-525. 

Jeffries, C.D. and Johnson, L., 1961, Determination of the easily re
duced iron oxides in soils. Soil Science, 92: 402-403. 

Johns, W.O. and Grim, R.E., 1958, Clay mineral composition of Recent 
sediments of the Mississippi River Delta. Jour. Sed. Petrology. 
28: 186-199. 

Johnson, T.C., 1976a, Controls on the preservation of biogenic opal in 
sediments of the eastern tropical Pacific. Science, 192: 887-889. 

Johnson, T.C., 1976b, Biogenic opal preservation in pelagic sediments of 
a small area in the easter~ tropical Pacific. Geol. Soc. Amer. 
Bull., ~: 1273-1282. 

Jones, R.L., 1969, Determination of opal in soil by alkali dissolution 
analysis. Soil Sci. Soc. Amer. Proc., ~: 976-978. 

Juang, T.C. and Uehara, G., 1968, Mica genesis in Hawaiian soils. Soil 
Sci. Soc. Amer. Proc., 32: 31-35. 

Kanehiro, Y. and Whittig, L.D., 1961, Amorphous mineral collids of the 
Pacific region and adjacent areas. Pacific Science, ]i: 477-481. 

Kaplan, I .R., Emery, K.D. and Rittenberg, S.C., 1963, The distribution 
and isotopic abundance of sulfur in Recent marine sediments off 
Southern California. Geochim. Cosmochim. Acta, ~: 297-331. 

Kastner, M. 1971, Authigenic feldspar in carbonate rocks. Amer Mineral
ogist, ~: 1403-1442. 

Keller, W.O., 1963, Diagenesis in clay minerals -"a review. Clays and 
Clay Minerals, ll: 136-155. [Pergamon Press, New YorkJ. 

Keller, W.O., 1976, Scan electron micrographs of kaolins collected from 
diverse origins-III. Influence of parent material on flint clays 
and flint-like clays. Clays and Clay Minerals, 24: 262-264. 

Kinsman, D.J.J. and Holland, H.D., 1969, The c~ipreciptationof cations 
with CaC03- IV. The co-preci pitati on of Sr with aragonite between 
16-96°C. Geochim'. Cosmochim. Acta, ~: 1-18. 

302 



Klug, H.P. and Alexander, L.E., 1974, X-ray Diffraction Procedures for 
Poly-Crysta nine and Amorphous Materi a 1 s. Wil ey, New Vork: 966pp. 

Kramer, J., 1965, History of seawater. Constant temperature-pressure 
equilibrium models compared to liquid inclusion analyses. Geochim. 
Cosmochim. Acta, ~: 921-946. 

Lancelot, V., Hathaway, J.C. and Hollister, C.D., 1972, Lithology of 
sediments from the western North Atlantic, Leg 11, Deep Sea Drill
ing Project. in Initial Reports of the Deep Sea Drilling Project, 
Vol. XI, C.D.IHollister, et al., eds., U.S. Govt. Printing Office, 
Was hi ngton, D. C.: 901-949-. -

Land, L.S., 1966, Diagenesis of metastable skeletal carbonates. Unpub
lished Ph.D. dissertation, Lehigh University: 141pp. 

Lasaga, A.C. and Holland, H.D., 1976, Mathematical aspects of non-steady
state diagenesis. Geochim. Cosmochim. Acta, 40: 257-266. 

Lawerence, J.R., Gieskes, J.M. and Anderson, T.F., 1976, Oxygen isotope 
material balance calculations, Leg 35. in Initial Reports of the 
Deep Sea Drilling Project, Vol. XXXV, P-. Worstell, et ~., eds., 
in press. 

Leeper, R.H., 1975, Effect of organic decompositon on early diagenesis 
in anoxic marine sediemnts. Unpublished Ph.D. dissertation, Southern 
Methodist University: 230pp. 

Lerman, A., 1975, Maintenance of steady-state in oceanic sediments. Amer. 
Jour. Science, 275: 609-635. 

Lerman, A., Mackenzie, F.T. and Bricker, O.P., 1975, Rates of dissolution 
of aluminosilicates in seawater. Earth Planet. Sci. Letters, 25: 
82-88. 

Li, V., 1972, Geochemical mass balance among lithosphere. hydrosphere, 
and atmosphere. Amer. Jour. Science, 272: 119-137. 

Lisitzen, A.P., 1972, Sedimentation in the world ocean. Soc. Econ. 
Paleon. Mineral. Spec. Pub. 17: 218pp. 

Liss, P.S. and Spencer, C.P., 1970, Abiological processes in the removal 
of silica from seawater. Geochim. Cosmochim. Acta, 34: 1073-1088. 

Liss, P.S. and Pointon, M.J., 1973, Removal of dissolved boron and 
silicon during estuarine mixing of sea and river waters. Geochim. 
Cosmochim. Acta, lL: 1493-1498. 

MacEwan,D.M.C., 1972, Montmorillonite minerals. in The X-ray Identifi
cation and Crystal Structure of Clay r~ineral~ G. Brown, ed., 
Mineralogical Soc., London: 143-207. 

303 



~lackenzie, F.T. and Garrels, R.M., 1965, Silicates: reactivity with sea:
water. Science, 150: 57-58. 

~lackenzie, F.T. and Garrels, R.~1., 1966a, Chemical mass balance between 
rivers and ocean. Amer. Jour. Science, 264: 507-525. 

Mackenzie, F.T. and Garrels, R.M., 1966b. Silica-bicarbonate balance in 
the ocean and early diagenesis. Jour. Sed. Petrology, 36: 1075-108iL 

Mackenzie, F.T., Garrels, R.M., Bricker, O.P. and Bickley, F., 1967, 
Silica in seawater: control by silicate minerals. Science, 155: 
1405-1405. -

Mackenzie, F.T. and Gees, R.M., 1971, Quartz: synthesis at earth-surface 
conditions. Science, 173: 533-535. 

Mackenzie, F.T., 1976, Sedimentary cycling and the evolution of sea 
water. in Chemical Oceanography, 2nd ed., Vol. I, J.P. Riley and 
G. Skirrow, eds., Academic Press, London: 309-364. 

Mackenzie, F.T. and Wollast, R., 1977, Sedimentary cycling models of 
global processes. in The Sea, Vol. VI, E.D. holberg, ed., Wiley
Interscience, New YOrk: 739-785. 

Mackenzie, R.C. and Mitchell, B.D., 1957, Apparatus and techniques for 
differential thermal analysis. in The Differential Thermal Analysis 
of Clays, R.C. Mackenzie, ed., Mineralogical Soc., London: 23-64. 

Mangelsdorf, P.C.,Jr., Wilson, T.R.S., and Daniell, E., 1969, Potassium 
enrichments in interstitial waters of marine sediments. Science, 
165: 171-174. 

Manheim, F.T., 1967, Evidence for the submarine discharge of water on 
the Atlantic continental slope of the southern United States, and 
suggestions for further search. Trans. New York Acad. Sciences, 
ser. II, ~: 839-853. 

Manheim, F.T. and Sayles, F.L., 1974, Composition and origin of inter
stitial waters of marine sediemnts. in The Sea, Vol. V, E.D. 
Goldberg, ed., Hiley-Interscience, NeW York: 527-568. 

Manheim, F.T., 1976, Interstial w~ters of marine sediments. in Chemical 
Oceanography, 2nd ed., Vol. VI, J.P. Riley and G. Skirrow, eds., 
Academic Press, London. 

Martin, J.H. and Knauer, G.A., 1973, The elemental composition of plank
ton. Geochim. Cosmochim. Acta, 37: 1639-1653. 

Matthews, ~1.D., 1973, Flocculation as exemplified in the turbidity 
maximum of Acharon Channel, Yukon River Delta, Alaska. Unpublished 
Ph.D. dissertation, Northwestern University: l5lpp. 

304 



Matti, J.C., Zemmels, I. and Cook, H.E., 1974, X-ray mineralogy data, 
western Indian Ocean - Leg 25, Deep Sea Drilling Project. ~ Init
ial Reports of the Deep Sea Drilling Project, Vol. XXV, E.S.W. 
Simpson, et al., eds., U.S. Govt. Printing Office, Washington, D.C.: 
843-861. --

Maxwell~ A.E. and others, 1970, Initial Reports of the Deep Sea Drilling 
Project, Vol. III, U.S. Govt. Printing Office, Washington, D.C.: 
1205pp. 

Maynard, J.B., 1975, Kinectics of silica absorption by kaolinite with 
application to seawater chemistry. Amer. Jour. Science, 275: 1028-
1048. 

Maynard, J.B., 1976, The long-term buffering of the oceans. Geochim. 
Cosmochim. Acta, 40: 1523-1532. 

Mehra, O.P. and Jackson, M.L., 1960, Iron oxide removal from soils and 
clays by a dithionite-citrate system buffered with sodium bi-carb
onate. Clays and Clay Minerals, 7: 317-327. [Pergamon Press, New 
YorkJ. -

Milne, I.H. and Early, J.W., 1958, Effects of source and environment on 
clay minerals. Bull. Amer. Assoc. Petrol. Geol., 42: 328-338. 

Milne, I.H. and Shott, W.L., 1958, Clay mineralogy of Recent sediments 
from the Mississippi Sound area. Clays and Clay Minerals, 5: 253-
265. [NAS-NRC pub. 566J. -

Mink, J.F., Lee, K.H. and Warson, L.J., 1963, Oahu water plan. Board of 
Water Supply, City and County of Honolulu Hawaii: 68pp. 

Mitchell, B.D. and Mackenzie, R.C., 1954, Removal of free-iron oxide 
from clays. Soil Science, ZZ: 173-184. 

Mitchell, B.D. and Farmer, V.C., 1962, Amorphous clay minerals in some 
Scottish soil profiles. Clay Minerals Bull, ~: 128-144. 

Moberly, R.E., Jr., 1963, Amorphous marine muds from tropically weath
ered basalts. Amer. Jour. Science, 261: 767-772. 

Moberly, R.E., Jr., Kimura, H.S. and McCoy, F.W., Jr., 1968, Authigenic 
marine phyllosilicates near Hawaii. Bull. Geol. Soc. Amer., ~: 
1449-1460. 

Mossman, M.H., Freas, D.H. and Bailey, S.W., 1967, Orienting internal 
standard method for clay mineral X-ray analysis. Clays and Clay 
Mi nera 1 s, .,li: 441-443. [Pergamon Press, New YorkJ. 

Mumpton, F.A. and Ormsby, W.C., 1976, Morphology of zeolites in sediment
ary rocks by scanning electron microscopy. Clays and Clay ~linerals, 
24: 1-24. 

305 



Murphy, J. and Riley, J.P., 1962, A modified single solution method for 
the determination of phosphate in natural waters. Anal. Chimica 
Acta, !L: 31-36. 

Murray, H.H. and Harrison, J.L., 1956, Clay mineral composition of Rec
ent sediemnts from the Sigsbee Deep. Jour. Sed. Petrology, 26: 
363-368. -

Murray, J. and Renard, A.F., 1891, Deep-sea deposits. in Reports of 
Scientific Results, Exploration Voyage of H~1S IIChallenger,1I HMSO, 
London: 528pp. 

Murray, J. and Irvine, R., 1895, On the chemical changes which take place 
in the composition of sea water associated with blue muds on the 
floor of the ocean. Trans. Roy. Soc. Edinburgh, 37: 481-508. 

Na;du, A.S., 1966, Lithologic and chemical facies in the Recent deltaic 
sediments of the Godavari River, India. in Deltas and Their Geologic 
Framework, ~'1.L. Shirley, ed., Houston GeOT. Soc., Houston: 125-157. 

Nayuda, Y.R., 1964, Palagonite tuffs (hyalo-c1astics) and the products 
of post-eruptive processes. Vo1cano10gique Bull., 27: 1-20. 

Nelson, B.W., 1960, Clay mineralogy of the bottom sediments, Rappahannock 
River, Virginia. Clays and Clay Minerals, 7: 135-148. [Pergamon 
Press, New YorkJ. -

Nelson, B.W., 1963, Clay mineral diagenesis in the Rappahannock estuary. 
Clays and Clay ~1inerals, .ll: 210. [Pergamon Press, New YorkJ. 

Nicholls, G., 1965, The geochemical history of the oceans. in Chemical 
Oceanography, Vol. II, J. Riley and G. Skirrow, eds., Academic 
Press, London: 277-293. 

Nissenbaum, A., Pressly, B.J. 'and Kaplan, I.R., 1972, Early diagenesis 
in a reducing fjord, Sannich Inlet, British C10umbia - I. Chemical 
and isotopic changes in major components of the interstitial water. 
Geochim. Cosmochim. A.cta, 36: 1007-1027. 

Norin, H., 1953, Occurrence of authigenic illite mica in sediments of the 
Central Tyrrhenian Sea. Bull. Geol. Inst. Upsala, 1i: 279-284. 

Perry, E.A., Jr. and Hower, J., 1970, Burial diagenesis in Gulf Coast 
pellitic sediments. Clays and Clay r'~inera1s, ~: 165- 177. 

Perry, E.A., Jr., 1971, Silicate-sea water equilibria in the ocean sys
tem: a discussion. Deep-Sea Research, ~: 921-924. 

Perry, E.A., Jr. and Hower, J., 1972, Late-stage dehydration in Gulf 
Coast pe11itic sediments. Bull. Amer. Assoc. Petrol. Geo1., 56: 
2013-2021. 

306 



PerrY'lS.A16 Jr., Gieskes, J.M. and Lawrence, J., 1976a, Mg, Ca, and 
o /0 exchange in the sediment-pore water system., Hole 149, DSDP. 
Geochim. Cosmochim. Acta, 40: 413-424. 

Perry, E.A., Jr., Beckles, LC. and Newton, R.M., 1976b, Chemical and 
mineralogical studies, Sites 322 and 325~ ~ Initial Reports of the 
Deep Sea Drilling Program, Vol. XXXV, P. Worstell, et ~., eds., in 
press. 

Pinask, A.P., and Murray, H.H., 1960, Regional clay mineral patterns in 
the Gulf of Mexico. Clays and Clay Minerals, "{: 162-178. [Pergamon 
Press, New York]. 

Porrenga, D.H., 1966, Clay minerals in Recent sediments of the Niger 
Delta. Clays and Clay Minerals, 14: 221-233. [Pergamon Press, New 
York]. --

Porrenga,D.H., 1967, Clay mineralogy and geochemistry of Recent marine 
sediments in tropical areas. Pub. van het Fysisch-Geografisch Lab
oratorium van de Universite van Amsterdam, No.9: 145pp. 

Powers, M.C., 1954, Clay diagenesis in the Chesapeake Bay area. Clays 
and Clay Minerals, !: 68-80. [NAS-NRC Pub. 327]. 

Powers, M.C., 1957, Adjustment of land-derived clays to the marine en
vironment. Jour. Sed. Petrology, £2: 355-372. 

Powers, t1. C., 1959, Adjustment of cl ays to chemi ca 1 change and the con
cept of the equivalence level. Clays and Clay Minerals, 6: 309-326. 
[Pergamon Press, New York]. -

Pressley, B.J. and Kaplan, I.R., 1968, Changes in dissolved sulfate, cal
cium, and carbonate from interstitial water of nearshore sediments. 
Geochim. Cosmochim. Acta, 32: 1037-1048. 

Pressley, B.J., 1969, Chemistry of interstitial water from marine sedi
ments. Unpublished Ph.D. dissertation, Univ. California, Los 
Angeles. 

Pytkowicz, R.M., 1967, Carbonate cycle and buffer mechanisms of recent 
oceans. Geochim. Cosmochim. Acta, IL: 63-73. 

Pytkowicz, R.M., 1972, The chemical stability of the oceans and CO2 
system. in The Changing Chemistry of the Oceans, D. Dyrssen and D. 
Jagner, eas., Wiley-Interscience, New York: 147-152. 

Pytkowicz, R.M., 1973, The carbon dioxide system in the oceans. Swiss 
Jour. of Hydrology, 35: 8-28. 

Quakernaat, J., 1, Direct diffractometer quantitative analysis of 
synthetic clay mixtures with molybdenite as an orientation indi
cator. Jour. Sed. Petrology, 40: 506-513. 

307 



Rateev, M.A., Gorbunova, Z.N., lisitzyn, A.P. and Nosov, G.l., 1969, The 
distribution of clay minerals in the oceans. Sedimentology, ll: 
21-43. 

Raymundo, ~1.E., 1965, The properties of black earths of Hawaii. Unpub
lished Ph.D. dissertation, Univ. Hawaii: 115pp. 

Reynolds, R.C. and Hower, J., 1970, The nature of interlayering in 
mixed-layer illite-montmorillonites. Clays and Clay Minerals, 18: 
25-36. 

Revelle, R.R., 1944, Marine bottom samples collected in the Pacific 
Ocean by the IICarnegie ll on its seventh cruise. Carnegie Inst. Pub. 
556, Washington, D.C.: 180pp. 

Rex, R.W.and Goldberg, E.D., 1958, Quartz contents of pelagic sediments 
of the Pacific Ocean. Tellus, lQ: 153-159. 

Rex, R.W. and Goldberg, E.D., 1962, Insolubles. in The Sea, Vol. I, M.N. 
Hill, ed., Wiley-Interscience, New York: 295-304. 

Rex, R.W., 1967, Authigenic silicates formed from basaltic glass by more 
than 60 million years contact with seawater, Sylvania Guyot, 
Marshall Islands. Clays and Clay ~linerals, 15: 195-203. [Pergammon 
Press, N.Y.]. --

Rex, R.W., Syers, J.K., Jackson, M.L. and Clayton, R.N., 1969. Eolian 
origin of quartz in soils of Hawaiian Islands and in Pacific 
pelagic sediments. Science, 163: 277-279. 

Rex, R.W., 1970, X-ray mineralogy results, leg 3, Deep Sea Drilling 
Project. in Initial Reports of the Deep Sea Drilling Project, Vol. 
III, A.E.lMaxwell, et al., eds., U.S. Govt. Printing Office, Wash., 
D.C.: 509-581. ----

Riley, J.P., 1958, The rapid analysis of silicate rocks and minerals. 
Anal. Chimica Acta, ~: 169-182. 

Ristvet, B.l., 1971, The progressive diagenetic history of Bermuda. in 
Bermuda Biol. Sta. Spec. Pub. 9, O.P. Bricker, et al, eds.: 118-157. 

Ristvet, B.l., 1973, Recent authigenic nontronite and montmorillonite
illite from Kaneohe Bay, Oahu, Hawaii. Geol. Soc. Amer. Ann. Mtg., 
Abstracts with Programs, ~: 781-782. 

Ristvet, B.l., Tremba, E.l., Couch, R.F., Jr., Fetzer, J., Goter, E., 
Walter, D., and Wendland, V., 1977, General geology of Eniwetok 
Atoll. Air Force Weapons Lab Tech. Rept. 77-XXX (in review), Kirt-
land AFB, NM: 187pp. . 

Rittenberg, S.C., Emery, K.O. and Orr, W.l., 1955, Regeneration of 
nutrients in sediments of marine basins. Deep-Sea Research, l: 23-45. 

308 . 



Ross, C.S. and Kerr, P.F., 1934, Halloysite and allophane. U.S. Geol 
Survey Prof. Paper 185-G, U.S. Govt. Printing Office, Washington, 
D . C .: 1 35-148. 

Ross, C.S. and Hendricks, S.B., 1945, Minerals of the montmorrillonite 
group - their origin and relation to soils and clays. U.S.G.S. Prof. 
Paper 205B, U.S. Govt Printing Office, Washington, D.C.: 23-79. 

Roy, K.J., 1970, Change in the bathymetric configuration, Kaneohe Bay, 
Oahu, 1882-1969. Un;v. Hawaii, Hawaii Inst. Geophysics Rept. 70-15: 
226pp. 

Rubey, W.W., 1951, Geologic history of seawater, an attempt to state the 
problem. Geol. Soc. Amer. Bull., 62: 1111-1147. 

Russ, J.C., 1972, Elemental X-ray Analysis of Materials - EXAM Methods. 
EDAX International, Praire View, Ill: 89p. 

Russel, K.L., 1970, Geochemistry and halmyrolsis of clay minerals, Rio 
Ameca, Mexico. Geochim. Cosmochim. Acta, 34: 893-907. 

Savin, S.M. and Epstein, S., 1970a, The oxygen and hydrogen isotope geo
chemistry of clay minerals. Geochim. Cosmochim. Acta, 34: 25-42. 

Savin, S.M. and Epstein, S., 1970b, The oxygen and hydrogen isotope geo
chemistry of ocean sediments and shales. Geochim. Cosmochim. Acta, 
34: 43-63. 

Savin, S.M., 1973, Oxygen and hydrogen isotope studies of minerals in 
ocean sediments. Proc. Symp. Hydrogeochemistry Biogeochemistry, 
Vol. I, Clarke Co., Washington: 372-391. 

Sayles, F.L. and Bischoff, J.L., 1973, Ferromaganoan sediments in the 
equatorial east Pacific. Earth and Planet. Sci. Letters, ~: 330-
336. 

Sayles, F.L., Ku, T.-L., and Bower, P.C., 1975, Chemistry of ferro
manganoan sediment of the Bauer Deep. Geol. Soc. Amer. Bull., 86: 
1423-1431. --

Sayles, F.L. and Manheim, F.T., 1975, Interstitial solutions and dia
genesis in deeply buried marine sediments: results from the Deep 
Sea Drilling Project. Geochim. Cosmochim. }\eta,~: 103-127. 

Schink, D.R., 1967, Budget for dissolved silica in the Mediterranean Sea. 
Geochim. Cosmochim. Jl.cta, 11: 987-999. 

Schink, D.R., Fanning, K.A. and Pilson, M.E.Q., 1974, Dissolved silica 
in the upper pore waters of the Atlantic Ocean floor. Jour. Geophys. 
Research, 79: 2243-2250. 

309 



Schmalz, R.F., 1957, Quantitative X-ray modal analysis of sediments from 
the Peru-Chile Trench (abs). Bull. Geol. Soc. Amer., 68: 1793. 

Schmidt, G.W., 1973, Interstitial water composition and geochemistry 
of deep Gulf Coast shales and sandstones. Amer. Assoc. Petrol. Geol. 
Bull., 57: 321-337. 

Schultz, L.G., 1964, Quantitative interpretation of mineralogical comp
osition from X-ray and chemical data for the Pierre Shale. u.S. 
Geol. Survey Prof. Paper 391-C, U.S. Govt. Printing Office, Hash
ington, D.C.: 31pp. 

Schultz, L.G., 1969, Lithium and potassium absorption, dehydroxylation 
temperature, and structural water content of aluminous smectites. 
Clays and Clay Minerals, }Z: 115-149. 

Shapiro, L. and Brannock, H., 1962, Rapid analysis of silicate, carbon
ate, and phosphate rocks. U.S. Geol. Survey Bull. 1144-A, U.S. 
Govt. Printing Office, Washington, D.C.: 56pp. 

Shaw, H.G., 1972, The preparation of oriented clay mineral specimens 
for X-ray diffraction analysis by a suction-onto-ceramic tile 
method. Clay Minerals, ~: 349-350. 

Sheppard, R.A., Gude, A.J. and Griffin, J.J., 1970, Chemical composition 
and physical properties of sediments from the Pacific and Indian 
Oceans. Amer. Mineralogist, ~: 2053-2u62. 

Sherman, G.D., 1952, The titanium content of Hawaiian soils and its 
significance. Soil Sci. Soc. AMer. Proc., 1I: 15-18. 

Sherman, G.D., Ikawa, H., Uehara, G. and Okazaki, E., 1962, Types of 
occurrence of nontronite and nontronite-like minerals in soils. 
Pacific Science, ~: 57-62. 

Shishkina, D.V., 1964, Chemical composition of pore solutions in oceanic 
sediments. Geochemi stry Intern., l: 522-528. 

Sholkovitz, E., 1973, Interstitial water chemistry of the Santa Barbara 
Basin sediments. Geochim. Cosmochim. Acta, 1L: 2043-2073. 

Siever, R., 1957, The silica budget in the sedimentary cycle. Amer. Min
eralogist, 42: 821-841. 

Siever, R., Beck, K.C. and Berner, R.A., 1965, Composition of interstit
ial waters of modern sediments. Jour. Geology, 11: 3~-73. 

Siever, R., 1968a, Sedimentological consequences of a steady-state 
ocean-atmosphere. Sedimentology, ll: 5-29. 

Siever, R., 1968b, Establishment of equilibrium between clays and sea 
water. Earth Planet. Sci. Letters, 5: 106-110. 

310 



Siever, R. and Woodford, N., 1973, Sorption of silica by clay minerals. 
Geochim. Cosmocnim. Acta, ~: 1851-1880. 

Sillen, L.G., 1961, The physial chemistry of sea water. in Oceanography, 
~1. Sears, ed., Amer. Assoc. Adv. Sci. Pub. 67: 549-581. 

Si11en, L.G., 1963, How has sea water got its present composition? 
Svensk Kemisk Tidsk., ~: 161-177. 

Sillen, L.G., 1967a, The ocean as a chemical system. Science, 156: 1189-
1197. 

Sillen, L.G., 1967b, Gibbs phase rule and marine sediments. in Equil
ibrium Concepts in Natural Water Systems, R.F. Gould, ed., Adv. 
Chem. Series 67, Amer. Chem. Soc. Spec. Pub. 17, London: 57-69. 

Sillen, L.G., 1967c, How have sea water and air got their present comp
ositions? Chemistry in Britain, l: 291-294. 

Smith, S.V., Chave, K.E., Kam, D.T.O. and others, 1973, Atlas of Kaneohe 
Bay - A reef ecosystem under stress. Univ. Hawaii, Sea Grant Tech. 
Rept. 73-01: 128pp. 

Solorenzo, L., 1969, Determination of ammonia in natural \<Jaters by the 
phenolhypochlorite method. Limnol. Oceanography, Ii: 199-801. 

Stearns, H.T., 1939, Geologic map and guide to the island of Oahu, 
Hawaii. Hawaii Div. Hydrography Bull.,.£: 78pp. 

Stearns, H.T., 1966, Geology of the State of Hawaii. Pacific Books, Palo 
Alto, California: 266pp. 

Stearns, H.T., 1967, Geology of the Hawaiian Islands. 2ed. with suppli
ment by G.S. MacDonald, Hawaii Div. Hydrography Bull., ~: l12pp. 

Stearns, H.T~, 1974, Submerged shorelines and shelves in the Hawaiian 
Islands and a revision of some of the eustatic submerged shorelines. 
Geol. Soc. Amer. Bull., 85: 795-804. 

Steffanson, U. and Richards, F.A., 1963, Processes contributing to the 
nutrient distributions off the Columbia River and straits of Juan 
de Fuca. Limnol. Oceanography, ~: 394-410. 

Steinhilper, F.A., 1970, Particulate organic matter in Kaneohe Bay, Oahu, 
Hawaii. Univ. Hawaii, Hawaii Inst. Mar. Biol. Tech. Rept. 22: 55pp. 

Strickland, J.D.H. and Parsons, F., 1965, A manual of sea water analysis. 
Fisheries Res. Board of Canada Bull., 125, 2ed.: 203pp. 

Swindale, L.D., 1966, Calssification, genesis and morphology of the soils 
of Oahu. Univ. Hawaii, Hawaii Inst. Geophysics (mimeo notes): 29pp. 

311 



Swindale, L.D. and Fan, P.-F., 1967, Transformation of gibbsite to 
chlorite in ocean bottom sediments. Science, 157: 799-800. 

Takasaki, K.J., Hirashima, G.T. and Lubke, LR., 1969, Water resources 
of windward Oahu. U.S. Geol. Survey Water Supply Paper 1894, U.S. 
Govt. Printing Office, Washington, D.C.: 119pp. 

Tamm, 0., 1922, Eine method zur bestimmung der anorganischen kQmponenten 
des gel komplex in boden. Meddit. Statens Skogforsoksanst, 19: 385-
404. --

Tamura, T. and Jackson, M.L., 1953, Structural and energy relationships 
in the formation of iron and aluminum oxides, hydroxides, and s11-
i ca tes .Sc i ence, 117: 381-383. 

Tamura, T., Jackson, ~~.L. and Sherman, G.D., 1953, ~1ineral content of 
low humic and hydrol humic latosols of Hawaii. Soil Sci. Soc. Amer. 
Proc., .!Z.: 343-346. 

Tamura, T., Jackson, M.L. and Sherman, G.D., 1955, Mineral content of 
a latosolic brown forest soil and a hummic ferruginouslatosol of 
Hawaii. Soil Sci. Soc. Amer. Proc., .!2.: 435-439. 

Tanada, T., 1950, Certain properties of the inorganic colloid fraction 
of Hawaiian soils. Jour. Soil Science, ~: 83-96. 

Thorstenson, D.C., Equilibrium distribution of small organic molecules 
in natural waters. Geochim. Cosmochim. Acta, 34: 745-770. 

Thorstenson, D.C. and Mackenzie, F.T., 1974, Time variability of pore 
\I~ater chemistry in Recent carbonate sediments, Devil IS Hole, 
Harrington Sound, Bermuda. Geochim. Cosmochim. Acta, 38: 1-19. 

Thorstenson, D.C, Mackenzie, F.T., Ristvet, B.L. and Leeper, R.H., 1977, 
Pore water chemistry and early diagenesis of Recent anoxic marine 
sediments, Kaneohe Bay, Oahu. in preparation. 

Toth, D.J., 1976, Organic and inorganic reactions in nearshore and deep 
sea sediments. Unpublished Ph.D. dissertation, Northwestern Univ.: 
159pp. 

Towe, K.M., 1974, Quantitative clay petrology: the trees but not the 
forest? Clays and Clay Minerals, ~: 275-278. 

Troup, B.N., Bricker, O.P. and Bray, J.T., 1974, Oxidation effects on 
the analysis of iron in the interstitial water of Recent anoxic 
sediments. Nature, 249: 237-239. 

Truog, E., Taylor, J.R., Jr., Pearson, R.W., Weeks, M.E. and Simonson, 
R.W., 1935, Procedure for special types of mechanical and mineral
ogical soil anlys;s. Soil Sci. Soc. Amer. Proc., 1: 101-112. 

312 



Turekian, K.K., 1965, Some aspects of the geochemistry of marine sedi
ments. in Chemical Oceanography, Vol. II, J.P. Riley and G. Skirrow, 
eds., Academic Press, London: 81-126. 

Van Andel, Tj. H. and Postma, A., 1954, Recent sediments of the Gulf of 
Paria. Reports of the Orinico Shelf Expedition, Vol. I, Verh. Kon. 
Ned. Akad. Wet. afd. Natuurk., Eerste Reeks, 20: 280pp. 

Van der Marel, H.W., 1960, Quantitive analysis of kaolinites. Silcate 
Industriels, ~: 25-31. 

Visher, F.N. and Mink, J.F., 1964, Ground-water resources in southern 
Oahu, Hawaii. U.S. Geol. Survey Water Supply Paper 1778, U.S. Govt. 
Printing Office, Washington, D.C.: 133pp. 

Wada, K., 1967, A structural scheme of soil allophane. Amer. Mineralogist, 
52: 690-708. 

Wada, K. and Greenland, D.J., 1970, Selective dissolution and differen
tial infrared spectroscopy for chacterization of amorphous constit
uents in soil clays. Clay Minerals, ~: 241-254. 

Walker, J.L., 1964, Pedogenesis of some highly ferruginous formations in 
Hawaii. Univ. Hawaii, Hawaii Inst. Geophysics Rept. 64-10: 406pp. 

Weaver, C.E., 1959, The clay petrology of sediments. Clays and Clay 
Minerals, ~: 154-187. [Pergamon Press, New YorkJ. 

Weaver, C.E., 1967, Potassium, illite and the ocean. Geochim. Cosmochim. 
Acta, ll: 2181-2196. 

Weaver, C.E. and Beck, K.C., 1969, Changes in the clay-water system with 
depth, temperature, and time. Water Resources Res. Center, Georgia 
Inst. Tech. Rept. 0769: 95pp. 

Weaver, C.E. and Beck, K.C., 1971, Clay-water system diagenesis during 
burial: How mud becomes gneiss. Geol. Soc. Amer. Spec. Paper 134; 
96pp. 

Weaver, R.M., Syers, J.K. and Jackson, M.L., 1968, Determination of sil
ica in citrate-bicarbonate-dithionite extracts of soils. Soil Sci. 
Soc. Amer. Proc., ~: 497-501. 

Weller, J.M., 1959, Compaction of sediments. Bull. Amer. Assoc. Petrol. 
Geol., 43: 273-310. 

Wentworth, C.K., Wells, R.C. and Allen, V.T., 1940, Ceramic clay in 
Hawaii. Amer. Mineralogist, ~: 1-33. 

Wentworth, C.K. and Winchell, H., 1947, Koolau Basalt Series, Oahu, 
'Hawii. Bull. Geol. Soc. Amer., 58: 49-78. 

313 



Wey1, P., 1966, Environmental stability of the earth's surface - chem
ical considerations. Geochim. Cosmochim. Acta, 30: 633- 679. , -

Whitehouse, U.G. and McCarter, R.S., 1958, Diagenetic modifications of 
clay mineral types in artificial sea water. Clays and Clay Minerals, 
~: 81-119. [NAS-NRC Pub. 566J. 

Wilson, C.L., 1959, Comprehensive Analytical Chemistry, Vol. I, Elsevier, 
New York: 544pp. 

Windom, H.L., 1976, Lithogeneous material in marine sediments. in 
Chemical Oceanography, 2ed., Vol. V., J.P. Riley and G. SkTrrow, 
eds., Academic Press, London: 103-135. 

Wollast, R., Mackenzie, F.T. and Bricker, O.P., 1968, Experimental pre
cipitation and genesis of sepiolite at earth-surface conditions. 
Amer. Mineralogist, ~: 1645-1652. 

Wol1ast, R. and DeBroeu, F., 1971, Study of the behavior of dissolved 
silica in the estuary of the Scheldt. Geochim. Cosmochim. J\cta, 35: 
613-620. 

Wol1ast, R, 1974, The silica problem. in The Sea, Vol. V, E.D. Goldberg, 
ed., Wiley-Interscience, New York:-359-392. 

Yeh, H.-W. and Savin, S.M., 1976, The extent of oxygen isotope exchange 
between clay minerals and sea water. Geochim. Cosmochim. Acta, 40: 
743-748. --

Zemme1s, I., Cook, H.E. and Hathaway, J.C., 1972, X-ray mineralogy stud
ies, Leg 11. in Initial Reports of the Deep Sea Drilling Project, 
Vol. XI, C.D.Hollister, et al., eds., U.S. Govt. Printing Office, 
Washington, D.C.: 729-790-. -

Zen, E-an, 1957, Preliminary report on the mineralogy and petrology of 
some marine bottom samples off the coast of Peru and Chile. Amer. 
Mineralogist, 42: 889-903. 

314 




