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ABSTRACT 

The nearshore submerged shelf of Oahu consists of a shallowly dipping terrace 

extending from the shoreline out to the - -20 m contour, where there is a sharp break in 

slope down to - -30 m. Limestones recovered in a series of cores taken from this nearshore 

terrace are typical of shallow-marine reef environments and constitute four facies, the 

branching-coral, encrusting-coral, massive-coral, and encrusting-algae facies. The windward 

margin of the terrace is dominated by coralline algal bindstones (algal ridge) that formed in 

a shallow, high-energy environment within 1-2 m of paleosea level. The leeward margin of 

the terrace is dominated by coral framestones, bindstones, and rudstones. The composition 

as well as shoreward zonation of facies suggests that the terrace represents an in situ fossil 

reef complex. Th-U ages of in situ corals are all Pleistocene and suggest that the bulk of 

the feature formed during marine oxygen isotope stage 7 (- 186 to 242 ka). This in situ 

stage 7 reef complex is herein referred to as the Waianae Reef. The position of the 

Waianae Reef indicates that it formed during periods when sea level was - 9 to 20 m below 

present sea level. Its extensiveness and geomorphic prominence as well as the lack of an 

emergent stage 7 reef framework suggest that on Oahu much of isotope stage 7 was 

characterized by sea levels below present. This represents the first in situ reef framework 

correlated to stage 7 on Oahu. Later accretion along the seaward front of the terrace 

occurred during the latter part of isotope stage 5 (post-Se, - 80 to 110 ka). The position of 

the late stage 5 reefal limestones is consistent with their formation during periods when sea 

level was below present. The general trend of decreasing Th-U age of stage 5 corals with 

distance offshore suggests that accretion along the seaward front of the terrace occurred 

during a period of general sea-level fall during the latter part of stage 5. These data 

represent the first corals on Oahu correlated to late stage 5. 

Vl 



Although the diagenetic record in the cored samples is incomplete, three periods of 

diagenesis are identified: early shallow-marine, meteoric, and post-meteoric shallow-marine. 

Early shallow-marine diagenesis includes cementation by aragonite and Mg calcite in an 

active marine phreatic zone and predominantly micritization in a stagnant marine phreatic 

zone. Meteoric processes occurred in the vadose zone and include precipitation of calcite 

(needle fibers, meniscus cements, micritic networks), neomorphism, and dissolution. All 

limestones are presently in an active marine phreatic zone. Evidence of post-meteoric 

shallow-marine diagenesis is found in last-generation Mg calcite cements and internal 

sediments occurring directly on limestone substrates that have otherwise been stabilized to 

calcite. The present seafloor is undergoing extensive biological and physical erosion. No 

Holocene limestones were recovered. Petrographic and geochemical signatures of subaerial 

exposure and meteoric diagenesis are recognized within the upper several centimeters of all 

cores. Thus, the present seafloor in the study area is a flooded Pleistocene subaerial 

exposure surface. 
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1.1 Introduction 

CHAPTER 1 

INTRODUCTION AND GEOLOGIC SETTING 

Much of our understanding of late Quaternary sea-level highstands and local island 

tectonics comes from sedimentologic and geochronologic study of fossil coral-algal reefs. 

The island of Oahu has been an important locale in the study of late Quaternary sea levels 

(e.g. Veeh 1966; Ku et al. 1974). Oahu contains an extensive and complex sedimentary 

carbonate record of Quaternary sea levels in the form of emerged and submerged shorelines 

(preserved intertidal notches) and shelves (coral and coralline algal reef complexes) (cf. 

Steams 1946; 1978). Following the work of Stearns, investigations of carbonates on Oahu 

have focused, almost exclusively, on radiometric dating of emerged marine deposits in order 

to constrain the timing of Quaternary sea levels (e.g. Veeh, 1966; Ku et al. 1974; Muhs and 

Szabo 1994; Szabo, et al. 1994; Fletcher and Jones 1996; Grigg and Jones 1997). 

Sedimentologic and petrologic data are an integral component of paleoenvironmental, thus 

paleo-sea-level, interpretations. However, there have been few sedimentary petrologic 

studies of emergent carbonates in Hawaii (e.g. Meyers 1987; Sherman et al. 1993). In 

addition, the nearshore submarine record has received very limited study. 

The work of Steams (1974, 1978), Coulboum et al. (1974), and Fletcher and 

Sherman (1995) clearly identified morphological features on the submarine slopes of Oahu 

formed by relative sea levels lower than present. The shallow submarine slope of Oahu is 

characterized by a stepped topography consisting of broad terraces, separated by eroded, 

vertical scarps bearing intertidal notches and other erosional features typically associated 

with former shorelines. An understanding of the mode and timing of their formation is 

absent from our knowledge of the Quaternary history of Oahu. During the late Quaternary, 
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eustatic sea level has fluctuated between - 6 m above and - 130 m below present sea level 

(Chappell and Shackleton 1986; Shackleton 1987). Presumably, these sea-level fluctuations 

were accompanied by vertical migration of marine and meteoric environments within the 

nearshore sediments of Oahu. Both of these diagenetic environments can leave 

characteristic petrographic and geochemical features. 

There are two well-documented emergent Pleistocene reef al units on Oahu, the 

Kaena Formation, which has been correlated to marine oxygen isotope stage 15 or 13, and 

the Waimanalo Formation, which has been correlated to marine oxygen isotope substage Se, 

the last interglacial period (Szabo et al. 1994 ). Both of these units are found island-wide 

and include an in situ reef framework. Emergent deposits that have been correlated to the 

intervening highstands between deposition of the Kaena Formation and the Waimanalo 

Formation (-500 ka to -125 ka, including marine oxygen isotope stages 11, 9, and 7) are 

restricted to a few exposures of coarse carbonate gravels, which are often interpreted as 

beach deposits (cf. Bruckner and Radtke 1989; Szabo et al. 1994; Grigg and Jones 1997). 

No emergent marine units have been correlated to the intervening period between deposition 

of the Waimanalo Formation and Holocene reefs (-125 ka to -7 ka, including marine 

oxygen isotope stages Sc, 5a, and 3). 

The large gaps in the emergent Pleistocene carbonate record on Oahu and the 

geomorphic prominence of submarine terraces surrounding the island suggests that some of 

this missing record may be found in the submarine environment. Therefore, I have chosen 

to examine the geologic history of the nearshore terrace surrounding Oahu in the context of 

local and global sea-level and climatic histories. A series of cores was recovered from the 

nearshore terrace in order to determine its depositional and diagenetic histories and to obtain 

coral samples for radiometric dating. 

In this dissertation, depositional facies are described that indicate that a nearshore 

submarine terrace surrounding the island of Oahu is composed mainly of an in situ fossil 
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reef complex. Th-U ages of in situ corals are reported, indicating that the nearshore terrace 

has formed by a complex association of vertical and lateral accretion during marine oxygen 

isotope stage 7 and the latter part of isotope stage 5. Information regarding these time 

periods is important on both global and local scales. Globally, the sedimentary database on 

the timing and position of highstands associated with marine oxygen isotope stage 7, and 

substages 5c and 5a is rather sparse in comparison to that of isotope substage Se. On a 

local scale, the age and position of additional fossil reefal units on Oahu is important to our 

understanding of coastal evolution and island tectonics. Results presented here identify a 

new Pleistocene reefal unit on Oahu. Petrographic and geochemical evidence of early 

shallow-marine, meteoric, and post-meteoric shallow-marine diagenesis are also presented, 

which complement the sedimentologic and geochronologic results leading to a better overall 

understanding of the geologic history of the nearshore terrace. In addition, the significance 

of these findings and the extent to which the sedimentary petrology of these deposits 

augments our present understanding of sea-level history and near-shore Quaternary 

environments on Oahu are discussed. 

1.2 Geologic Setting 

1.2.J Origin of Oahu and Tectonic Setting 

Oahu (21 °27' N, 158° W) is a high volcanic island located 404 km from the 

southeastern end (Loihi Seamount at-18°55' N, 155°15' W) of the 3500 km long Hawaii

Emperor island-seamount chain. Wilson (1963) proposed that the Hawaiian Islands were 

formed by the northwestward movement of the Pacific plate over a stationary hotspot. Later, 

Morgan ( 1972) suggested that the Emperor Seamounts north of the Hawaiian Islands were 

also formed by movement of the Pacific plate over the Hawaiian hot spot. The linear 
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increase in age from southeast to northwest of shield-building volcanoes in the Hawaii

Emperor chain, as well as geochemical and petrologic similarities among these volcanoes, 

provide strong evidence for a hot spot origin of the Hawaii-Emperor chain (see Macdonald 

et al. 1983; Duncan and Clague 1985; Nunn 1994, and references therein). The present 

location of the Hawaiian hotspot is believed to be in the vicinity of Kilauea and Mauna Loa 

volcanoes. 

Oahu is composed primarily of the eroded remnants of two great shield volcanoes. 

Erosional remnants of these shields are the Waianae Range on the west (Waianae Volcanic 

Series) and the younger Koolau Range on the east (Koolau Volcanic Series) (Macdonald et 

al. 1983). The highest point on Oahu is the Waianae Range's Mt. Kaala at 1,225 m. 

Potassium-Argon ages range from 2.73 to 3.8 Ma for the Waianae Volcanic Series and 1.8 

to 2.77 Ma for the Koolau Volcanic Series (McDougall 1964; Doell and Dalrymple 1973). 

After a long period of inactivity, during which deep canyons were carved into the shields, 

volcanic activity resumed and a series of lava flows, cinder cones, and tuff cones were 

formed which are grouped together as the Honolulu Volcanic Series [Macdonald, 1983 

#50] and have potassium-argon ages of 0.31 - 1.13 Ma (Gramlich et al. 1971; Lanphere and 

Dalrymple 1980). Pleistocene sedimentary carbonates (discussed in more detail below) 

deposited in subtidal reef through supratidal dune environments form an important aspect of 

the island's geology and are more extensive on Oahu than on any other of the main 

Hawaiian islands. Much of the coastal plains of Oahu are underlain by and composed 

primarily of emergent Pleistocene limestones. 

Oahu's intraplate location isolates it from the tectonic influence of continents and 

plate boundaries. Therefore, the local tectonic climate is a function of the relationship 

between movement of the Pacific plate and volcanic activity in the vicinity of the Hawaiian 

hotspot. Oahu has, in the past, been characterized as a "stable tectonic setting" and suitable 

for use as a global datum for Quaternary sea levels (Veeh 1966; Ku et al. 1974; Steams 
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1978; Moore 1987; Gallup et al. 1994). However, recent geophysical investigations (Watts 

and ten Brink 1989) and analyses of Pleistocene limestones on Oahu (Jones 1993, 1994; 

Muhs and Szabo 1994; Szabo et al. 1994; Grigg and Jones 1997) indicate that Oahu has 

been undergoing gradual uplift during the late Quaternary. Uplift of Oahu is likely a result 

of lithospheric flexure associated with volcanic loading at the Big Island of Hawaii. 

Volcanic loading at the island of Hawaii creates a flexural depression in the 

lithosphere as well as a compensatory flexural bulge. Oahu may be experiencing long-term 

uplift as the northwestward motion of the Pacific plate carries it over the flexural bulge 

created by loading at the Big Island. Elevations and ages of emergent Pleistocene 

limestones on Oahu indicate that Oahu has experienced nearly 30 m of uplift over the last 

-500 ky at an average rate of 0.05 to 0.06 m per 1000 years (Szabo et al. 1994 ). 

1.2.2 Climate and Oceanography 

Oahu is subtropical and located between the subtropical high and the intertropical 

convergence zone. Therefore, a principal control on regional climate is the northeast trade 

winds (Morgan 1996). The positions of both the subtropical high and the intertropical 

convergence zone move with the seasons. During summer (May through September), the 

subtropical high-pressure cell is strong and trade winds are relatively constant, blowing 

more than 90% of the time. Summer rainfall is generally orographic. During winter 

(October through April), the subtropical high is further south and weaker so that trade 

winds are less dominant. The weaker subtropical high allows low pressure systems to move 

into the region, and rainfall during the winter months is more cyclonic rather than 

orographic (Morgan 1996). The difference between the average temperature of the warmest 

and coolest months differs by only 5° C or less for most localities on Oahu. However, daily 

temperature ranges can often exceed this value. For most localities on Oahu, average 
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monthly low temperatures vary between approximately 15° and 22° C, while average 

monthly highs range from approximately 24 ° to 31 ° C (Department of Geography 1983). 

As on the other main Hawaiian Islands, the topography of Oahu has a pronounced 

effect on precipitation patterns. Remarkable differences in rainfall occur over short 

distances. The peaks of the windward Koolau Range receive over 760 cm of rain per year, 

while portions of the southern and western (leeward) coasts receive less than 64 cm/year 

(Morgan 1996). Orographic effects account for most rainfall at windward locations. 

Moisture-laden air brought in by the northeast trade winds is forced to rise over windward 

slopes resulting in cloudiness and rain. Windward locations receive rain throughout the 

year. In contrast, leeward locations are in a rain shadow and shielded from these effects. 

The bulk of annual rain along the leeward coast of Oahu comes from winter storms (cold 

fronts and Kona storms) approaching from northerly and westerly directions. Oahu is also 

subject to tropical cyclones and hurricanes from June through November. 

Oahu is located within the westward flowing North Equatorial Current, part of the 

North Pacific Gyre. Current velocities vary between 15 and 25 cm/sec in the main current 

flow, but can vary greatly due to the local effects of winds and tides. Ocean temperatures 

around Oahu vary between 22.5° and 25° C during the winter and between 25° and 27.5° in 

the summer (Morgan 1996). Tidal range in Hawaii is only about 0.3 to 0.6 m (Macdonald 

et al. 1983). Oahu is exposed to five types of open-ocean swell. North Pacific winter 

waves on the north and northwestern shores and hurricane-generated swell on the south or 

southwestern shore are generally the most destructive. The other three wave types in Hawaii 

are tradewind-generated swell from the northeast or east, long-period southerly swell from 

the southern ocean during the austral winter, and Kana-storm-generated swell. The latter 

three types of swells are generally moderate, non-destructive waves (Moberly and 

Chamberlain 1964; Grigg 1998). 
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Wave exposure is an important factor in controlling coral community structure and 

limiting Holocene reef accretion in Hawaii (Grigg 1998). In protected and deep 

environments (below storm wave base) the dominant corals species is Porites compressa. 

In more exposed settings, Porites lobata is the dominant coral (Grigg 1998). North Pacific 

winter swell generates the largest waves and is also the most frequent source of large waves. 

These waves typically have periods of 14 to 20 s and heights from 3 to 7 m. Waves of this 

magnitude are able to generate and transport a coarse bedload of carbonate gravel that 

scours and abrades the reef surface toppling living coral colonies. Although extremely 

infrequent, hurricane-generated waves also periodically cause high mortality to reef-building 

corals in Hawaii. Tradewind-generated waves are the most common wave type in Hawaii 

and persist 90% of the time in summer months, and 55-65% of the time during winter. 

These waves typically have periods of 5 to 9 s, heights of 1 to 3 m and are generally not 

detrimental to reef accretion. Similarly, long-period southerly swell with periods of 14 to 22 

s and heights of 1 to 2 m are generally not detrimental to reef accretion. Both trade-wind 

waves and southerly swell may be beneficial to reef growth by increasing circulation and 

exchange of nutrients. Kona-storm waves are generated locally by winter low pressure 

fronts that pass over the islands from northwest to southeast. These waves approach the 

islands from the south to northwest and have periods of 6 to 12 sand heights of up to 4 m. 

Kana-storm-generated waves are occasionally destructive to reefs in Hawaii (Grigg 1998). 

1.2.3 Groundwater 

Precipitation is the sole source of freshwater for Oahu. Therefore, the amount and 

distribution of Oahu's surface water and groundwater is a direct function of the spatial and 

temporal distribution of rainfall (Morgan 1996). Of the average 1,803 mgd total rainfall on 

Oahu, 747 mgd is lost to evapotranspiration, 405 mgd contributes to surface water and 651 
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mgd infiltrates to the subsurface as groundwater recharge (State of Hawaii 1979). While 

rainfall may exceed 760 cm/yr at the crest of the Koolau ridge, streams are generally flashy 

and only a few contain water throughout the year. The generally high permeability of 

Hawaiian basalts and soils favors rapid infiltration and low runoff during periods of low to 

moderate rainfall, whereas the small and steep watersheds favor high runoff during periods 

of heavy rainfall (Peterson 1972; Macdonald et al. 1983). 

There are two principal modes of groundwater occurrence on Oahu, high-level 

groundwater and basal groundwater (State of Hawaii 1979; Morgan 1996). High level 

groundwater refers to groundwater that is confined by impermeable dikes. Of much greater 

significance is basal groundwater which forms a fresh water Ghyben-Herzberg lens that 

floats on and displaces underlying salt water. A zone of transition composed of brackish 

water separates the two reservoirs. Because rainfall and, therefore, basal water recharge is 

highest in interior mountainous areas, groundwater heads are also highest in these areas. As 

a result, groundwater flow is generally from the interior to the coastal portions of the island. 

Basal groundwaters occur principally in basalts. Along the coastal margins of Oahu 

alluvium and marine Pleistocene carbonates form a caprock over more permeable basalts 

which impedes the seaward flow of groundwater causing the basal lens to thicken and 

become artesian (Department of Geography 1983; Morgan 1996). Because the basal lens 

floats on underlying seawater, fluctuations in relative sea level during the late Quaternary 

would have been accompanied by migration of the basal freshwater lens( es) of Oahu. 

1.2.4 Study Area 

This research has focused on the shallowest of Oahu's submarine terraces. The 

study areas lie on the leeward side of Oahu between Maili and Kepuhi Points and on the 

windward side of Oahu outside of Kaneohe Bay (Fig. 1). The nearshore terrace is 
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Figure 1. Location maps showing coring sites along 
leeward and windward Oahu. 
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particularly well defined in these areas. Nearshore topography consists of a shallowly 

dipping shelf extending out to the - -20 m contour, where there is a sharp break in slope 

down to - -30m, where a deeper terrace begins (Fig. 2). The seafloor at these sites consists 

of well-lithified limestone with a thin veneer of loose carbonate sand and sparse, patchy 

occurrences of coral and coralline algal growth. In some areas, a prominent erosional notch 

is carved into the seaward front of the nearshore terrace at - -24 m. Stearns ( 197 4) named 

this feature the Kaneohe shoreline and proposed that it was formed in the late Pleistocene at 

- 80 ka. 
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Figure 2. Geomorphology of the nearshore terrace. The nearshore slope of Oahu has 
a step-like topography consisting of broad, shallowly dipping shelves separated by 
steep, eroded scarps that bear intertidal notches and other erosional features typically 
associated with former shorelines (cf. Fletcher and Sherman 1995). These terraces 
are prominent geomorphic features found island-wide. This research has focused on 
the shallowest terrace between depths of - 10 and 30 m. 
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CHAPTER2 

QUATERNARY SEA LEVELS AND THE SEDIMENTARY CARBONATE 

RECORD ON OAHU 

2.1 Terrestrial Drill Cores 

The longest, and most continuous, records of Quaternary sea-level movements on 

Oahu are found in deep cores taken from Oahu's coastal plains. Borings on the Ewa Plain 

(Stearns and Chamberlain 1967) contain a record of at least 8 cycles of marine 

transgressions and regressions during the Pleistocene (and possibly late Pliocene), which 

were concluded to be the result of glacio-eustatic changes in sea level (Resig 1969). 

However, with the exception of the uppermost section of these cores which likely correlates 

to marine oxygen isotope substage 5e, the transgressive/regressive cycles have not been 

correlated with the marine oxygen isotope record. Cores taken from the coastal plain at 

Waimanalo revealed four Pleistocene transgressive/regressive cycles (Lum and Stearns 

1970). The cores also provided the opportunity for the convenient grouping of lithologic 

units into four formations which, they suggested, correlated with continental glacial or 

interglacial stages. The four formations named by Lum and Stearns ( 1970) and their 

glacial/interglacial stage equivalents are: the Kahuku Point (Aftonian, Kansan), Kaena 

(Yarmouth), Bellows Field (Illinoian), and Waimanalo (Sangamon). 

2.2 Emergent Limestones on Oahu 

Extensive outcrops of emerged marine carbonates also provide a record of 

Quaternary sea-level movements on Oahu. Stearns (1978) recognized ten different emerged 

Quaternary shorelines on Oahu and named these (in what Stearns concluded was 
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chronological order from oldest to youngest) the: + 75 m Olowalu, + 17 m Kahuku, + 7 .5 m 

PCA, +30 m Kaena, +21.5 m Laie, +12 m Waialae, +3.6 m Kailua, +7.5 m Waimanalo, 

+0.6 m Leahi, and+ 1.5 m Kapapa. Evidence for these paleoshorelines is found in: 

emerged consolidated "beach deposits", reef limestones and deposits of loose marine 

detritus, in situ "nips" (wave-cut notches) in consolidated rock, emerged wave-cut benches, 

and marine terraces in sediments of the mouths of river valleys (Stearns 1978). 

Subsequent research has focused primarily on radiometric dating of the deposits 

originally described by Stearns (Table 1). Of the Pleistocene formations identified by 

Stearns, only the Kaena and Waimanalo are well documented and have yielded samples 

suitable for radiometric dating. The Kaena Formation includes in situ reef framework along 

with associated skeletal rudstones as well as overlying, planar-bedded grainstones and 

rudstones that are interpreted as beach deposits (Stearns 1978; Grigg and Jones 1997). 

Stearns ( 1978) concluded that the Kaena Formation is an emergent fringing reef deposited 

during a highstand that existed for a long time and led to the growth of the most extensive 

emergent reefs on Oahu. A coral sample from the Kaena Formation has a 230Th-age of 

-532 ka, and may correlate to either marine oxygen isotope stage 15 or 13 (Szabo et al. 

1994). 

Similar to the Kaena Formation, the W aimanalo Formation is composed of two 

main facies, a lower facies consisting of in situ coral-algal framework, and an upper facies 

consisting of seaward-dipping, planar-bedded, skeletal grainstones and rudstones (Stearns 

1978; Sherman 1992; Muhs and Szabo 1994). 23°Th-ages of fossil corals from the 

W aimanalo reef and associated limestones range between -114 to -131 ka correlating to 

marine oxygen isotope stage 5e (Szabo et al. 1994). Of the other formations and 

paleoshorelines described by Stearns, some of the type localities on Oahu have been lost 

due to construction and additional evidence of their existence has not been found (e.g. the 

Olowalu and PCA stands). Radiometric dating suggests that the Waialae, Kailua, and 
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TABLE 1.-Lithology, elevation and radiometric age of emergent, coral-bearing, Pleistocene 
limestones on Oahu. 

Unit Lithology Elevation (m) Age (ka) Reference 
Waimanalo Fm. In situ reef and overlying In situ reef up to +8.5 - 131 to 114 Szabo et al. 1994 

coral conglomerate Conglomerate up to + 12.5 

West Beach Beach deposit +15 196 ±29 Grigg and Jones 1997 

Kahe Point Beach deposit +15 - 250 (>243 to 190) Bruckner and Radtke 1989 

Black Point Coral conglomerate +17 347 (413 to 305) Szabo et al. 1994 

Kaena Fm. In situ reef and overlying +30 m maximum 532 (662 to 462) Szabo et al. 1994 
coral conglomerate 



Waimanalo stands of the sea cannot be differentiated based on radiometric age and all likely 

represent marine oxygen isotope stage 5e (Easton and Ku 1981; Muhs and Szabo 1994; 

Szabo et al. 1994. The Leahi formation also formed during marine oxygen isotope stage 5e, 

but may be the product of the second of two highstands during this period (cf. Sherman et 

al. 1993; Muhs and Szabo 1994; Szabo et al. 1994). Deposits of the Kahuku and Laie 

stands have not yielded samples suitable for radiometric dating. Based on their similarity of 

elevation and occurrence, the deposits of the Laie and Kaena stands may actually represent 

deposition during the same period. 

Stearns' (1978) estimate for the age of the Kaena limestone is based on a K-Ar age 

of - 410 ka of a basaltic dike which crosscuts (Kaena) limestone at Black Point, Oahu. 

However, Szabo et al. (1994) report a 23°Th-age of - 347 ka of a coral from the "Black 

Point Limestone." Although they allude to the same K-Ar dated crosscutting dike that 

Stearns cites, they differentiate the Black Point deposit from the Kaena Formation and 

suggest that the Black Point Limestone was deposited during marine oxygen isotope stage 

11. 

Radiometric ages of emergent coral-bearing deposits on Oahu that may correlate to 

oxygen isotope stage 7 include a +14 m deposit at West Beach (Grigg and Jones 1997) and 

a + 15 m deposit at Kahe Point (Bruckner and Radtke 1989). The deposit at West Beach is 

described as a beach deposit. It is correlated to isotope stage 7 based on one electron spin 

resonance (ESR) age of a fossil coral of 196 ±29 ka. Unfortunately, this locale has been 

destroyed due to construction of a hotel and no additional descriptions or dating of this 

deposit exist. The+ 15 m deposit at Kahe Point is also described as a beach deposit. On 

the basis of 6 ESR ages and 3 alpha spectrometry 23°Thl234U ages of fossil corals, Bruckner 

and Radtke ( 1989) conclude that the Kahe Point unit was deposited in the Upper Middle 

Pleistocene (c. 250 ka). The ESR ages range from 215 to 300 ka. 23°Th/234U ages of three 

of these samples range from 210 to >243 ka. A fossil coral from bioclastic sand and 
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conglomerate between 9.8 and 11.6 mat Kahe Point was dated at 142 ±12 ka by Easton 

and Ku (1981) using the alpha spectrometry 23°Th/234U technique. Muhs and Szabo (1994) 

report two alpha spectrometry U-series dates of 120 ±3 and 134 ±4 ka for these deposits. 

Easton and Ku (1981) also reference a personal communication with Ku, who dated a coral 

taken from a nearby beach conglomerate exposed from 15.8 to 18.9 m above sea level at 

>350 ka. Szabo et al. (1994) report high-precision TIMS 23°Th-ages of five corals from 

lithified conglomerate at Kahe Point. All have last interglacial ages. In addition, none of the 

35 fossil corals from Oahu collected between 1 and 24 m above sea level analyzed by Szabo 

et al. (1994) have ages corresponding to isotope stage 7 (186-242 ka). 

Stearns ( 1978) suggested an age of - 4 ka for the + 1.5 m Kapapa stand. 

Radiocarbon ages of fossil material from emerged coastal benches and associated fossil 

beach deposits on offshore islets around Oahu indicate a - +2 m sea level at - 3500 yr BP 

(Fletcher and Jones 1996; Grossman and Fletcher 1998). 

2.3 The Submerged Record of Oahu 

Oahu also has an extensive record of submerged shorelines and shelves. Steams 

( 1974) describes shorelines in Hawaii as "either horizontal notches in rock or extensive 

narrow deposits of beach rock." Shelves are described as "broad, flat features, apparently 

drowned coral reefs." A nomenclature and chronology for the formation of these features 

was proposed by Stearns (1974, 1978). Names and elevations were assigned to pervasive 

notches and shelves that appeared to indicate a "stillstand" of the sea during the 

Quaternary. Stearns (1974) recognized eleven separate submerged shorelines and shelves 

in Hawaii ranging between -4.6 and -106 m below present sea level, each representing a 

distinct sea level. Though, he also noted that some of these features may have been 

occupied by the sea several times during the Quaternary (see Steams 1974, 1978; and 
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Fletcher and Sherman 1995 for a more thorough discussion). While Stearns proposed a 

chronology for the formation of the submerged shorelines of Oahu, it is based entirely on 

indirect evidence. No radiometric ages have been obtained for any of the submerged 

shoreline features around Oahu. The research presented here represents the first 

sedimentologic and geochronologic investigations of these features. 

The -24 m Kaneohe Shoreline (Stearns 1974) was named for a notch carved into 

supposed fossil reef, first noted outside of Kaneohe Bay, Oahu. It is a prominent, typically 

symmetric feature, 2-3 m deep and 2-3 m high, and can be found off all shores of the island 

(see Fig. 2). Steams proposed an age of - 80 ka for the Kaneohe Shoreline. This 

dissertation research has focused on determining the history of the fossil reef which bears 

the Kaneohe shoreline. 
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CHAPTER3 

METHODS AND NOMENCLATURE 

Cores were collected via a diver-operated Tech 2000 submersible, hydraulic, rotary 

coring drill with a 7.6 cm diameter diamond-studded drill bit. All cores were collected 

between - 5 and 35 m water depth. Limestones were classified according to Dunham's 

(1962) scheme as modified by Embry and Klovan (1971). Lithologic description of cores 

is presented in Appendix A. 

The cores were sampled for radiometric, petrographic, mineralogic, and geochemical 

analyses, taking care that each lithofacies as well as obvious diagenetic features within a core 

were sampled. Approximately 70 thin sections were analyzed petrographically. 

Terminology for describing microfabrics follows the recommendations of Rezak and Lavoie 

( 1993). Of particular importance are the terms micrite, microcrystalline, microspar, and 

spar. These terms are used purely to describe crystal size, i.e., micrite and microcrystalline 

1to4 µm; microspar 5 to 20 µm; and spar >20 µmin diameter. Duplicates were made of a 

portion of the thin sections for staining for Mg calcite following the method of (Choquette 

and Trusell (1978). 

Carbonate mineralogy was determined with a Scintag Pad V powder X-ray 

diffractometer (XRD) with a solid state Ge detector using Cu Ka radiation. Calcite-to

aragonite composition ratios were determined using a standard curve generated from the 

peak area ratios ( 111 aragonite peak, 104 calcite peak) of known mixtures of aragonite and 

calcite (Sabine 1992). The mole percentages of MgC03 of magnesian calcite phases were 

determined from the offset of the ct-spacing of the 104 Mg calcite peak from the ct-spacing 

of the 104 peak of pure calcite (Bischoff et al. 1983 ). The term magnesian calcite or Mg 

calcite refers to those metastable calcites with greater than 5 mole % MgC03• Calcite with 
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less than 5 mole% MgC03 is simply referred to as calcite (cf. Scoffin 1993). All 

mineralogic data represent the average of two duplicate analyses. 

Major and minor elements (Ca, Mg, Sr, Fe, Mn) in components and cements were 

quantitatively measured with a Cameca SX50 electron microprobe. Results of microprobe 

analyses are presented in Appendix B. Parameter settings were: 5 µm beam diameter, 15 

kV accelerator voltage, and 15 nA beam current, counting times 60 s (peak and background) 

for Mg, Sr, Fe, and Mn, 30 s (peak) and 15 s (background) for Ca. In all cases Mn was 

below detection limits and, therefore, is not reported here. With the exception of some 

microcrystalline cements, Fe was also below detection limits. Mg and Sr are used as key 

indicators of mineralogy of cements in this study. The relative errors are 1 % for Mg at a 

measured value of 17 mole % MgC03, 4% for Sr at a measured value of 7000 µgig, and 8% 

for Fe at a measured value of 5000 µgig. 

The absolute age of fossil corals was determined using the 23°Th-234U-238U 

technique. Sample chips were ultrasonically cleaned in ultra-pure reagents and powdered. 

Only those samples with< 3% calcite (determined by XRD) were dissolved for Th and U 

isotopic analysis and spiked with 229Th and 233U. Techniques for Th and U isotopic 

analysis of corals in the School of Ocean and Earth Science and Technology Isotope Lab 

are modified after those of Edwards et al. (1987). Total procedural blanks for this 

chemistry were 1-5 pg U and 5-10 pg Th. Analyses were conducted in single-collector ion

counting mode by peak-jumping on a VG Sector 54 mass spectrometer outfitted with a 

WARP abundance sensitivity filter after the magnetic sector and an ion-counting Daly. 

Linearity of the ion counter is within counting statistics everywhere within the range 10 cpm 

to 2 x 106 cpm (as determined by analysis of external standards). All ion-counting data are 

corrected for a Daly Bias of 0.58 30/amu relative. Fractionation of U isotopes was 

calibrated by analysis of external standards (natural U and UOlO). External reproducibility 

of 234U/235U is 0.25% prior to fractionation correction and < 0.10% after correction. 
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Precision of fractionation corrected 234U/235U is - 0.10% (standard deviation of 10 

measurements). 

Radiocarbon ages of post-meteoric marine cements were obtained from the National 

Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility at Woods Hole. 

NOSAMS provided conventional radiocarbon ages and lcr errors that include corrections 

for isotopic fractionation based on 013C values collected during AMS analysis of each 

sample. These ages were calibrated using Calib software version 3.0.3c (Stuiver and 

Reimer 1993) with a regional age correction (Lill.) of 117 ±51 years for the Hawaiian 

Islands (Broecker and Olson 1961; Stuiver and Braziunas 1993). Calibrated ages were 

calculated via the intercept method; 2cr age ranges are reported with 95% certainty. 
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CHAPTER4 

CHARACTER, DISTRIBUTION AND PALEOECOLOGY OF PLEISTOCENE 

FACIES 

4.1 Overview of Pleistocene Facies 

All limestones sampled are typical of tropical, shallow-marine, reef environments. 

Skeletal components of these limestones are shallow marine in origin and include coralline 

algae, coral, mollusks, echinoderms, and benthic forarninifers. No open marine sediments 

or microfossils (e.g., planktonic forarninifera) were recovered. Terriginous input is limited 

to rare volcanic clasts, grain and void coatings of iron-rich clay material, and diagenetic 

products associated with subaerial exposure of carbonate sediments. Limestones are 

classified according to Embry and Klovan's (1971) modification of Dunham's textural 

classification of limestones (Fig. 3). The Embry and K.lovan system recognizes an 

allochthonous component with the terms floatstone and rudstone replacing the terms 

wackestone and grainstone if more than 10% of particles are larger than 2 mm. The 

autochthonous component refers to in situ reef material with the terms framestone, 

bindstone, and bafflestone replacing the single term of boundstone. The submerged 

Pleistocene carbonates of Oahu are divided into four facies on the basis of their dominant 

skeletal component and fabric. Each facies includes both an autochthonous (in situ) and 

allochthonous component. The four facies, in order of increasing depositional energy, are 

the branching-coral facies, the massive-coral facies, the encrusting-coral facies, and the 

encrusting-algae facies (Fig. 4). Each facies represents a different depositional environment 

within a reef complex. The distribution of Pleistocene facies is shown is Figure 5. 
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Allochthonous 
Original components not 
organically bound during 
deposition 

>10% grains >2mm 

Matrix Supported 
supported by >2mm 

component 

Autochthonous 
Original components organically 
bound during deposition 

By By By 
organisms organisms organisms 
which act which which build 
as baffles encrust a rigid 

and bind framework 

Floatstone Rudstone Bafflestone Bindstone Framestone 

Figure 3. Textural classification of reef limestones. Based 
on Embry and Klovan (1971). After Tucker and Wright 
(1990). 

22 



Figure 4. Pleistocene lithofacies found in the nearshore terrace. A) Massive-coral facies 
composed of in situ framework of massive corals (Porites lobata) and a skeletal rudstone 
(R) filling framework voids. B) Branching-coral facies composed of delicate branching 
corals (Pocillopora damicornis) in a lime-mud matrix. C) Encrusting-algae facies 
composed of in situ framework of encrusting coralline algae (Porolithon onkodes). D) 
Encrusting-coral facies composed of encrusting-coral (Montipora, Cyphastrea, and 
Porites) bindstone and rudstone. 
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Figure 5. Results of coring showing distribution of Pleistocene reef facies. Elevation/depth in meters given on side of 
cores. Most reliable Th-U ages (ka) of fossil corals shown below or alongside of core where available. 



4.2 Massive-Coral Fades 

The massive-coral facies consists of in situ coral and coralline-algal framework 

along with coarse skeletal grainstones and rudstones that may fill voids in the framework as 

well as constitute entire core sections. The predominant corals are massive colonies of 

Po rites lobata. Outer portions of the P. lobata colonies are usually encrusted by a 

combination of micritic crusts and coralline algae. Coral colonies are moderately bored and 

also display irregular cm-scale (possibly solutional) vugs. Crustose coralline algae is also 

an important component of the massive-coral facies, where it occurs as sheet-like 

encrustations on the upper surfaces of corals, lining voids in the coral framework, over 

previously lithified rudstone, and coating larger coral clasts in the rudstones. Encrusting 

corals, including Montipora sp., are present but form a secondary component of the 

framework. The encrusting foraminifer Homotrema is also common. Vermetid gastropods 

and serpulid worms are present but rare. Associated skeletal grainstones and rudstones are 

composed predominantly of fragments of the framework-forming corals and coralline algae, 

as well as reef-associated organisms, such as mollusks, echinoderms, and benthic 

foraminifers. Grains typically range from medium sand through coarse pebbles and are 

subangular to subrounded, exhibiting poor to moderate sorting. Large clasts are generally 

encrusted by coralline algae. Mud is also present but is restricted to protected voids in the 

framework. Along the leeward terrace, most cores collected seaward of the - -10 m contour 

are composed entirely of the massive-coral facies (Fig. 5). The exception is core W AllO, 

where the massive coral facies forms the lower 3.5 m of this core. The massive-coral facies 

forms the upper - 1 m of the KAN 1 and KAN4 cores at the seaward margin of the 

windward terrace. 

Porites lobata is the most widespread and common of Hawaiian corals and can 

occur anywhere from the intertidal zone down to depths of 40 m. However, P. lobata is 
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most common high on wave-exposed reef slopes just below the area of highest wave action 

between depths of 3 and 15 m (Maragos 1977; Gulko 1998). Grigg (1998) showed that in 

habitats exposed to high wave energy P. lobata is the dominant reef builder. The 

dominance of massive corals (P. lobata) along with encrusting algae indicates a shallow, 

high-energy environment of deposition (cf. James 1983; Tucker and Wright 1990; James 

and Bourque 1992). The combination of a grainstone and rudstone matrix with in situ 

framework is also common in high-energy settings (cf. Bosence 1985). The massive-coral 

facies is found along the seaward margin of the terrace. This distribution is consistent with 

the expected zonation of lithofacies in a marginal reef complex, where rudstones and 

framestones are most common in reef flat, reef crest, and reef front environments (cf. James 

and Bourque 1992). 

4.3 Branching-Coral Facies 

The branching-coral facies is composed of delicate branching corals, coralline algae, 

and associated biota set in a lime-mud matrix forming in situ bafflestones, floatstones, or 

wackestones. It is differentiated from the massive-coral facies by its mud-supported fabric 

and the presence of delicate branching corals, such as Pocillopora damicomis. The 

floatstones and wackestones are generally poorly sorted and contain silt- to pebble-size, 

angular skeletal clasts, as well as subangular to subrounded peloids, supported by a lime

mud matrix. Grains constitute - 10-20% of these limestones. Skeletal grains are 

predominantly fragments of branching corals and coralline algae, but also include mollusks, 

foraminifers, and echinoderms. Preservation of skeletal components varies from poor to 

good. Boring, micritization, and micrite envelopes are common. Sand-size peloids, which 

constitute - 20% of the grains in this facies, probably represent micritized skeletal grains. 

Branching corals and coralline algae are also found in upright, growth position and may 
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have acted as "baffles" trapping fine-grained sediment and forming in situ baffles tones. 

The branching-coral facies is found along the inner part of the terrace shoreward of the - -

10 m and the massive-coral facies (see Fig. 5). 

In Hawaii, Pocillopora damicornis is usually found in protected bays or upon the 

inner parts of large reef flats away from breaking waves (Maragos 1977). The presence of 

delicate-branching corals and dominance of lime-mud matrix indicate a low-energy 

environment of deposition. The branching-coral facies is found along inner parts of the 

terrace landward of the massive-coral facies. The distribution of the branching-coral facies, 

along the inner part of the terrace, is consistent with the expected zonation of lithofacies in a 

marginal reef complex, where bafflestones and floatstones are most common in back-reef 

environments (James and Bourque 1992). 

4.4 Encrusting-Coral Facies 

The encrusting-coral facies consists mainly of encrusting colonies of Montipora 

patula and Cyphastrea ocellina. These corals are found either as in situ bindstones with a 

semifriable coarse grainstone to rudstone matrix, or as unconsolidated subround to angular, 

oblate to bladed, pebble-size clasts. The lobe coral Porites lobata and the crustose coralline 

P. onkodes are secondary framework components. Unconsolidated clasts are generally 

abraded and coated by some combination of encrusting coralline algae and dense micritic 

crusts. lntraframework voids within the bindstone sections are also generally coated by 

micritic crusts and partially filled by internal sediment. The encrusting-coral facies 

constitutes the upper 4 m of core W AllO at the seaward margin of the leeward terrace (Fig. 

5). 

Although M. patula can be found from the intertidal zone down to depths of 15 m 

on modern Hawaiian reefs, it is most frequently found high on the reef slope or in shallow 
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bays with moderate wave action (Gulko 1998). C. ocellina is usually found nearshore in 

shallow water, frequently in areas that have moderate wave action. The co-occurrence of 

these two species and their encrusting morphologies suggest that they grew in a shallow, 

moderate energy environment. Hagstrom ( 1979) interpreted a similar assemblage of corals 

in the emergent Waimanalo Reef as representing a high energy reef edge environment. 

4.5 Encrusting-Algae Facies 

The encrusting-algae facies consists of a dense, well-lithified in situ bindstone, 

composed mostly of the encrusting crustose coralline algae Porolithon onkodes, along with 

a coarse grainstone to rudstone matrix. The crustose coralline algae Tenarea tessellatum 

is also common. Encrusting forms of the corals Cyphastrea ocellina and Po rites lobata 

and the densely branched coralline algae Porolithon gardineri form a secondary component 

of the bindstone framework. The corals and coralline algae are in growth position. They 

are right side up and within - 30° of vertical. Micritic crusts, both laminar and knobby, are 

common either as laminae within the bindstone or, more conspicuously, as dense coatings 

on intraframework voids. In some cases, large, rounded, skeletal clasts are incorporated into 

the bindstone framework. The grainstone to rudstone matrix is generally semi-friable and 

composed of abraded skeletal clasts including framework components (algae, coral) as well 

as mollusks (e.g., bivalves, and the gastropod Turbo sandwicensis) and locally abundant 

spines of the pencil urchin Heterocentros mammilatus. Clasts are angular to rounded and 

usually heavily encrusted by algae and/or micritic crusts. The encrusting-algae facies forms 

a massive in situ framework at the seaward margin of the windward terrace (Core KANl, 

Fig. 2). Although recovery was not continuous, over an - 6 m interval in the KAN 1 core, 

only the encrusting-algae facies was recovered. 
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Because the distribution of many species of coral and coralline algae is largely 

governed by light levels and wave energy, i.e., water depth, fossil reef assemblages can serve 

as reliable paleoecologic indicators for the Quaternary (cf. Adey 1986; Cabioch et al. 1999). 

In tropical settings, massive Porolithon sp. structures virtually independent of other 

corallines form only in consistently high-energy intertidal zones, generally at the seaward 

margin of coral-algal reefs, i.e., an algal ridge (Adey 1986). Studies by Littler and Doty 

(1975) on Hawaiian algal ridges showed that P. onkodes and P. gardineri dominate the 

seaward margin of the reef. P. gardineri dominates subtidal portions of the crest. P. 

onkodes dominates intertidal portions of the ridge crest, inshore flat, and seaward front. 

Algal ridges are common at the seaward margin of reefs throughout the Central and Eastern 

Pacific wherever there is a consistent and strong swell pattern (Doty 1974). Encrusting 

coralline algae predominate in such settings because they are physically able to withstand 

high wave-energy and because they have a high tolerance to the light levels found in shallow 

water (cf. Bosence 1983). The massive nature of the in situ P. onkodes framework in core 

KAN 1 strongly suggests a very shallow water environment, within ± l m or so of mean low 

water. The abundance of pencil urchin (H. mammilatus) spines and the encrusting 

morphology of associated corals are also consistent with a shallow reef flat to reef crest 

setting (cf. Doty 1974; James and Bourque 1992). In addition, the location of core KANl 

at the windward margin of the terrace is consistent with the expected location of an algal 

ridge. 

An analogous Holocene feature may be the fringing reef in Hanauma Bay which has 

an algal ridge at its seaward margin (cf. Easton and Olson 1976). In a seaward transect of 

cores across the reef, corals were most abundant in lower portions of the cores. Coralline 

algae was dominant in the upper portions of the cores, presumably as the reef approached 

(caught-up with) sea level. Within the Hanauma Reef cores, the - 5 to 6 m interval 

dominated by coralline algae represents about 2000 to 3000 years of growth. Thus, the - 6 
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m interval of the encrusting-algae facies in the KAN 1 core may represent a similar duration 

of time. 
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CHAPTERS 

Th-U AGES OF FOSSIL CORALS AND TIMING OF REEF ACCRETION 

5.1 Th-U Ages of Fossil Corals 

Absolute 23°Th-234U-238U ages of fifteen well preserved(> 97% aragonite) corals of 

the species Porites lobata were determined from high-precision TIMS isotopic composition 

measurements at the University of Hawaii and at the USGS in Denver, Colorado (Table 2, 

Fig. 6). These samples came from five different cores collected along the leeward terrace 

(cores MAB-1, MAI5-l, W AI6- l, W AI8-3 and W All 0) and three different cores collected 

at the windward margin of the terrace (cores KANl, KAN4-l, and KAN4-2). Calculated 

ages fall into two groupings, which correspond to the coring sites (Fig. 5). Corals from 

cores KAN 1, KAN4-1, and KAN4-2 on the windward side of Oahu have ages that range 

from 294.3 to 202.7 ka. Along the leeward terrace, corals from cores collected shoreward 

of the - -15 m contour have ages that are similar to the windward samples and range from 

223. l to 279.6 ka. Seaward of the -15 m contour on the leeward terrace, corals have ages 

that range from 82.8 to 157.6 ka. All ages confirm a Pleistocene age for the nearshore 

terrace/reef complex. Importantly, no Holocene-age samples were recovered at any of the 

coring sites. 

As will be discussed in Chapter 6, the terrace limestones have undergone one or 

more periods of emergence and submergence with corresponding episodes of meteoric and 

shallow-marine diagenesis since their deposition. Therefore, before interpreting these ages 

further, it is important to assess their relative quality and reliability. All the corals appeared 

pristine in hand sample. A subset was examined in thin section and displayed typical coral 

skeletal structure and showed no obvious signs of significant alteration. All dated corals 

were> 97% aragonite, which indicates that replacement by calcite has played a minimal 
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TABLE 2.-Uranium and thorium isotopic composition and 230 Th ages of submerged Oahu corals. ' 

SAMPLE DEPTH2 u Th 232Th/238U [230Th/238U] Age o234u o234u 

(m) (ng{g) (J.!g{g) (atomic ratio) activit! (ka) measured3 initial3 

Stage 5 4 

WAIIO-S25 2S 34S3 ±9 186.3 ±2 S.S76 ±16 x 10-5 0.6982 ±3S 104.S ±7 llS.O ±I IS4.7 ±l.O 
WAIIO-S35 26 3201 ±8 39.9 ±I 1.288 ±5 x I 0-5 0.7181 ±3S 110.1 ±7 111.9 ±I IS2.8 ±1.0 

WAI8-3S I A 5"
6 27 2709 ±7 47.S ±1 1.814 ±7 x 10-5 0.6688 ±33 96.8 ±6 119.4 ±I IS7.I ±1.0 

WAI6-I S 15
'
6 

30 308S ±8 227.0 ±4 7.604 ±24 x 10-5 0.6068 ±30 82.8 ±S 124.3 ±I 157.2 ±1.0 

Stage 6 4 ? 
WAIIO-S45 27 343S ±8 144.1 ±2 4.333 ±13 x 10-5 0.8763 ±44 IS2.3 ±1.0 137.0 ±I 211.0±1.3 
WAI10-S55 28 2923 ±7 147.8 ±6 S.224 ±23 x I 0-5 0.8898 ±48 IS7.6 ±l.O 136.0 ±I 212.7 ±1.4 

Stage 7 4 & Older 
(.;.) MAIS- I S 15

"
6 10 2779 ±7 60.0 ±2 2.232 ±8 x lo-5 0.9584 ±48 223.3 ±1.4 79.1 ±I 149.0 ±1.0 

N 
MAIS- I S25

"
6 2. 113 ±6 x 10·4 10 2719 ±7 SS6.0 ±9 0.9926 ±48 247.2 ±1.S 83.S ±1 168.2 ±I.I 

MAB- I S45
"
6 13 26S6 ±6 7S.1 ±2 2.920 ±9 x I 0-5 1.0303 ±SI 279.3 ±1.8 89.0 ±I 196.6 ±1.3 

MAB- I SS5
·
6 13 2709 ±7 99.4 ±2 3.790 ± 12 x 10·5 1.0304 ±SO 279.7 ±1.8 88.9 ±I 196.4 ± 1.2 

KAN4-1S47 17 2630 ±3 < 100 l.S20 ±15 x 10-5 0.9464 ±29 20S.S ±2.1 92.S ±1.9 16S.6 ±2.9 
KAN4- I S4 7· D 17 2630 ±3 < 100 l.7SO ±67 x 10·5 0.9474 ±21 207.8 ±1.8 89.9±1.7 161.9 ±2.7 
KAN4-ISS7 17 2670 ±3 < 100 2.010 ±139 x 10·5 I.OOSI ±26 254.2 ±3.4 87.8 ±2.2 180.4 ±3.5 

KAN4-I ss1
· D 17 2740 ±3 < 100 6.780±22x10-5 0.9824 ±24 234.3 ±2.6 87.9 ±2.0 170.7 ±3.1 

KAN4-2S27 18 2630 ±3 < 100 3.230±18x10-5 0.961S ±18 216.8 ±1.6 90.4 ±1.3 167.2 ±2.0 
KAN4-2S27

" D 18 2660 ±3 < 100 1.690 ±46 x I 0-5 0.9417 ±27 202.7 ±1.9 92.4 ±1.4 164.1 ±2.2 
KAN4-2SS7 18 2610 ±3 < 100 1.230 ±6 x 10-5 0.9Sl0 ±22 207.7 ±1.9 93.4 ±2.0 168.3 ±3.0 

KAN4-2SS7
• D 18 2660 ±3 < 100 4.6SO ±14 x 10-5 0.9S07 ±22 208.2 ±1.9 92.S ±1.9 166.9 ±2.8 

KANl-Sl 5 18 28SO ±7 Sl.3 ±I l.8S9 ±6 x 10-5 1.0266 ±49 294.3 ±1.8 76.3 ±I 17S.8 ±I.I 



\.>.) 
\.>.) 

TABLE 2.-(Continued) Uranium and thorium isotopic composition and 210 Th ages of submerged Oahu corals. ' 

I Activities are calculated using the following: "'2:10 = 9.195 x I 0 ·0 yr" 1 (Meadows et al. 1980), "'214 = 2.835 x I 0 ·0 yr" 1 (Lounsbury and 

Durham 1971; de Bievre et al. 1971 ), "'238 = 1.551 x I 0·111 yr" 1 (Jaffey et al. 1971 ). Analyses conducted on 0.2 to 0.3 g of material. Data is 
corrected for procedural blanks(< 6 pg each for Th and U). Reported errors are 2cr, which include errors in/... values. 
2 Depth= Water depth+ Depth in Core. 
3 o234U = [234U/m U activity ratio - l] x 1000. 
4 After chronology of Bassi not et al. (1994). 
5 Analyses done at University of Hawaii. 
6 Sherman et al. (1999). 
7 Analyses done at USGS, Denver, Colorado. Calculated ages include a small correction for initial detrital Th and U with assumed 

activity ratios for 234U/238U, 230Th/238U, and 232Thl238U of 1.0 ±0.3, 1.0 ±0.3, and 1.21 ±0.64, respectively. 

D Duplicate analysis. 
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role in their preservation. The dated corals contain between 2610 ng/g and 3453 ng/g U 

(Table 2), which is within the range of other Hawaiian corals (e.g., 2310 to 3460 ng/g for> 

30 Pleistocene corals; Szabo et al. 1994) suggesting that wholesale addition or loss of U, if 

it has occurred, has been minimal. Modern corals analyzed by Szabo et al. ( 1994) had U 

concentrations from 2680 to 2830 ng/g. Samples W AI10-S2, W AI10-S3, W AI6-1S 1, and 

W AI10-S4 have U concentrations in excess of 3000 ng/g suggesting that some minor U 

addition may have taken place (cf. Stirling et al. 1998). 

The most stringent test of age reliability arises from a comparison of the 230Th-age

corrected 234U/238U (or 234U/238U) with that of modern seawater (activity ratios in modern 

sea water range from 1.146 to 1.150, or 146 to 150%0 using the o234U convention; Chen et 

al. 1986). Modern and Holocene-aged corals have o234Ui of 145 to 155%0 (Bard et al. 

1996a; Bard et al. l 996b, and references therein). On the basis of these results, ()234Ui has 

been accepted as a "working definition" of 23°Th-234U-238U age quality. In an examination 

of last interglacial reefs of Western Australia, Stirling et al. ( 1998) considered only samples 

with o234Ui lying within the range of 149 ±4 %0 to have 'strictly reliable' 23°Th ages. 

However, they also note that when the allowed range of o234Ui is extended to 149 ±10 %0, 

their conclusions regarding the timing and duration of reef growth are not substantially 

altered. In their chronologic study of the uplifted reefs of Sumba Island, Indonesia, which 

correspond to isotope stage 1 to isotope stage 9 ( - 305 ka), Bard et al. ( 1996b) considered 

Th-U ages with o234Ui within the range of 145-165 %0 as most reliable. 

In the present data set, the older corals range in age from 202.7 to 294.3 ka. o234Ui 

values range from 149.0 to 180.4 %0 indicating diagenetic alteration in some samples and, 

thus, possible biasing of 23°Th ages. Sample MAI5-1S1 from the leeward terrace provides 

the most reliable age for this older material. This sample has a b234Ui value of 149.0 ±1.0 

%0 (i.e., within the range of 149 ±4 %0) and an age of 223.3 ±1.4 ka, corresponding to the 
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age of marine oxygen isotope stage 7 (Bassinot et al. 1994) (Fig. 7). Although the other 

older coral samples have elevated 0234Ui values, most ages cluster within the age range of 

isotope stage 7. Duplicate analyses of samples KAN4-1S4, KAN4-2S2 and KAN4-2S5 

from the windward terrace resulted in 0234Ui values ranging from 161.9 ±2.7 to 168.3 ±3.0 

%0 and 23°Th ages ranging from 202.7 ±1.9 to 216.8 ±1.6 ka, which is within the age range 

of isotope stage 7. Two of these samples (KAN4-1S4° and KAN4-2S2°) have 8234Ui 

values (161.9 ±2.7 and 164.1 ±2.2 %0, respectively) that lie within the 145-165 %0 range 

proposed by Bard et al. ( 1996b) and their corresponding 23°Th ages should be accurate 

enough to associate the corals with an interglacial period. 8234Ui values of the others 

(KAN4-1S4, KAN4-2S2, KAN4-2S5, and KAN4-2S5°) are just barely outside 145-165 %0 

range (165.6 ±2.9 to 168.3 ±3.0 %0). All corals older than isotope stage 7 (>242 ka) have 

0234Ui values in excess of 165 %0. There is also, in general, a positive correlation between 

0234Ui and 23°Th age suggesting that the processes responsible for the elevated o234Ui values 

are also affecting the 23°Th ages. In summary, corals from the nearshore terrace on both the 

leeward and windward sides of Oahu are correlated to oxygen isotope stage 7. 

In contrast, samples collected at the leeward margin of the terrace are significantly 

younger. Two of these samples (W All O-S4 and W All O-S5) have o234Ui in excess of 210 

%0 and, thus, have clearly compromised 23°Th-ages. Measured o234U for these samples is 

nearly equal to the modem marine value and these corals have some of the highest U 

concentrations in the data set. These results together suggest that U addition may have 

occurred in these samples. All other samples have 0234Ui within the range of 149 ±4 %0 

(W All0-S3) or 149 ±10 %0 (W All0-S2, W AI8-3S lA, W AI6-1S 1 and provide reliable 

ages of the core material. These corals have 23°Th ages that range from 82.8 ka to 110.1 ka, 

corresponding to late stage 5, including interstadials 5a and 5c (Bassinot et al. 1994 ). 
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5.2 Timing of Reef Accretion 

5.2.1 Isotope Stage 7 

Th-U ages of in situ fossil corals indicate that accretion of reefs that make up the 

nearshore terrace occurred during isotope stages 7 and 5. On the leeward side of Oahu, 

there is a general trend of decreasing Th-U age of fossil corals moving seaward along the 

terrace. The more shoreward portion of the terrace is composed of reefal material that 

accreted during marine oxygen isotope stage 7. Later vertical and lateral accretion occurred 

along the more seaward portions of the terrace during the latter part of isotope stage 5 (post-

5e ). Importantly, reefal units dating to these time periods are not well documented in the 

emergent Pleistocene record of Oahu. Thus, examination of the accretion history of the 

nearshore terrace begins to fill important gaps in the Pleistocene carbonate record of Oahu 

(Fig. 8). 

The new Th-U TIMS ages reported here indicate that most of the nearshore terrace 

was formed by reef accretion during marine oxygen isotope stage 7 and that the stage 7 reef 

is found on both the windward and leeward sides of Oahu. The Th-U ages of the 

KAN/windward corals provide a reliable estimate for the age of the underlying algal 

framework and correlate the framework to stage 7. There is no obvious evidence for an 

unconformity (e.g. caliche, paleosol, etc.) between the algal framework and the overlying 

corals. The broad range in Th-U ages of the overlying corals precludes correlation of the 

algal framework to a specific substage within stage 7. The most reliable age of the stage 7 

corals is sample MAI5-1Sl from the leeward terrace with a <3234Ui value of 149.0 ±1.0 %0 

and a Th-U age of 223.3 ±1.4 ka. 
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In summary, coring on both the windward and leeward side of Oahu has shown that 

the nearshore terrace consists of in situ reef limestones. Most of these limestones and, 

therefore, most of the terrace is correlated to isotope stage 7. It is this in situ stage 7 reef 

complex that we now identify as the Waianae Reef after the locality where it was first 

examined (Fig. 8). This is the first in situ reef correlated to stage 7 on Oahu. The broad 

range in Th-U ages of corals from the Waianae Reef do not allow us to correlate the 

Waianae Reef to a specific substage within stage 7. 

5.2.2 Isotope Stage 5 

Th-U TIMS ages of fossil corals reported here are the first corals on Oahu 

correlated to late stage 5 (i.e., post-Se). These corals were collected along the seaward 

margin of the nearshore terrace on the leeward side of Oahu. The ages range from 110.1 to 

82.8 ka corresponding to the latter part of marine oxygen isotope stage 5 (substages 5a-d) 

(Bassinot et al. 1994). Within the data set of Szabo et al. (1994) is a growth position coral 

from 1 to 3 m above sea level at Kaena Point that yielded an age of 110.5 ka, which is the 

youngest age in their data set. This age is nearly identical to our sample W AI10-S3 

collected at - -26 m (110.1 ka). This suggests that some portion of the massive-coral facies 

at the base of core W All 0 may have accreted in an offshore environment 

contemporaneously with deposition of the now emergent W aimanalo reef. However, Szabo 

et al. (1994) restrict the timing of the last interglacial highstand (i.e., isotope substage 5e) to 

- 131 to 114 ka. Th-U TIMS ages of fossil corals from the tectonically stable, far-field site 

of Western Australia indicate that the last interglacial highstand lasted from 128 to 116 ka 

(Stirling et al. 1998). According to the 8180 reference record of Bassinot et al. ( 1994 ), a 

coral age of - 110 ka places coral growth between the timing of isotope substages 5d and 
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Se (106 ka, event 5.4 and 122 ka, event 5.5, respectively). Thus, the young (-110 ka) ages 

reported by Szabo et al. (1994) for the Waimanalo Reef are potentially problematic. All 

other Th-U ages of corals from the leeward margin reported here are < 110 ka and do not 

overlap with any reported ages of emergent marine deposits on Oahu. These corals range in 

age from 104.5 ka to 82.8 ka and cover the time period including interstadials 5a and 5c. 

Thus, the nearshore terrace contains an important record of the early transition from 

interglacial to glacial conditions. 
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CHAPTER6 

DIAGENETIC PROCESSES AND PRODUCTS 

6.1 Mineralogic Composition of Pleistocene Carbonates 

The composition of modem and Pleistocene tropical, shallow-marine carbonate 

facies is very similar. Therefore, modem sediments may serve as a model for the original 

mineralogic composition of Pleistocene sediments prior to the onset of diagenesis. Modern 

shallow-marine carbonate sediments have a heterogeneous composition reflecting primarily 

the carbonate mineralogies of shallow-marine benthic organisms. The cored Pleistocene 

limestones of Oahu contain an assemblage of coral, coralline algae, mollusks, echinoderms, 

serpulid worm tubes, and forarninifers. These occur as both in situ skeletons as well as 

redeposited skeletal clasts. Shallow-marine carbonate secreting organisms are composed 

principally of aragonite and Mg calcite (Morse and Mackenzie 1990). Organisms 

depositing skeletons of Mg calcite include coralline algae, echinoderms, and benthic 

foraminifera (Scoffin 1987; Morse and Mackenzie 1990). Aragonite secreting organisms 

include corals and mollusks (Scoffin 1987). While some mollusk shells may contain both 

aragonite and calcite, most are composed wholly of aragonite. Oysters are the only 

common shallow-marine mollusk composed of calcite. Shallow-marine cements are also 

composed of aragonite and Mg calcite (Morse and Mackenzie 1990; Tucker and Wright 

1990). While most modem shallow-marine carbonate sediments consist of aragonite and 

Mg calcite, these phases are metastable and in most instances will eventually be converted to 

calcite upon exposure to meteoric environments (Morse and Mackenzie 1990; Tucker and 

Wright 1990). 

The submerged Pleistocene carbonates of Oahu have a variable composition of 

aragonite, Mg calcite, and calcite (Fig. 9). A few samples contained trace amounts of 
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Kaneohe Shoreline 

Figure 9. Bulk mineralogy of limestones from the nearshore terrace. Dots 
indicate mineralogy of individual samples. Numbers in parentheses 
indicate the average composition of samples (in weight percent) within the 
depth zones of< 10 m, 10 to 20 m, and > 20 m. 
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dolomite, but it is relatively unimportant compared to the other carbonate minerals. 

Although the average bulk mineralogic compositions of limestones include calcite, aragonite, 

and Mg calcite, there is a general trend of decreasing calcite moving seaward along the 

terrace. Shoreward limestones ( < - 10 m water depth) have a relatively uniform 

composition of predominantly calcite (> 60% ). Continuing seaward (- 10 to 20 m water 

depth), limestones have the broadest range of compositions from uniformly calcite to a 

mixture of mainly aragonite and Mg calcite. Beyond the - -20 m contour, limestones 

display a more uniform composition predominantly of aragonite and Mg calcite. 

6.2 Early Shallow-Marine Diagenesis 

Evidence of early shallow-marine diagenesis is found in first-generation shallow

marine aragonite and Mg calcite cements (Fig. 10). Aragonite is found exclusively as 

acicular aggregates, whereas Mg calcite is found in a variety of forms, including 

microcrystalline, peloidal, and bladed spar. All are common shallow-marine reef cements 

(Macintyre 1977; Macintyre and Marshall 1988). Acicular aragonite cement is relatively 

common in the massive-coral facies, but is found exclusively as an intraskeletal syntaxial 

cement primarily in coral and less frequently in mollusk fragments. Acicular aragonite is 

absent from the branching-coral facies. Overall, it is not an important agent of lithification 

in the submerged Pleistocene limestones of Oahu. These acicular aragonite cements have 

an average strontium concentration of 7891 µg/g . MgC03 content is consistently low, 

averaging 0.4 mole % MgC03• The high strontium and low magnesium concentrations 

found in the acicular aragonite cements are typical of aragonite cements precipitated from 

normal seawater (Macintyre 1977; Macintyre and Marshall 1988). When multiple 

generations of cement are present in intraskeletal pores in coral skeletons, syntaxial acicular 

aragonite is the first cement, a common relationship that has been reported at several locales 
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Figure 10. Submarine cements. A) Original marine syntaxial acicular aragonite 
cement lining intraskeletal cavities in coral and engulfed distally by secondary void
filling calcite spar cement (v-f). Coral altered to neomorphic spar. Thin section 
plane-polarized light. B) Coral with coating of microcrystalline Mg calcite cement 
and peloidal Mg calcite partially filling intraskeletal cavities forming geopetal 
structure. Thin section, crossed polars. C) Close-up of peloidal Mg calcite showing 
clear, dentate rim of Mg calcite microspar (arrows) reducing interpeloidal porosity. 
Thin section, crossed polars. D) Void lined by isopachous rim of bladed Mg calcite 
spar. Bladed spar overlain by peloidal Mg calcite. Thin section, plane-polarized 
light. E) Laminated mi critic crust (extending diagonally from upper right to lower 
left) over crustose coralline algae in massive-coral facies. Lithified skeletal rudstone 
over micritic crust. F) Laminated micritic crust overlain by knobby micritic crust on 
coral skeleton in massive-coral facies. Note that dark microcrystalline Mg calcite fills 
outer edge of coral skeleton. 
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(cf. Ginsburg et al. 1971; James et al. 1976). Macintyre (1977) and Lighty (1985) 

observed that syntaxial acicular aragonite forms just below the living tissue and surface of 

active skeletal accretion in corals. They concluded that its formation is probably 

contemporaneous with coral growth. Thus, the presence of syntaxial acicular aragonite in 

the massive-coral facies provides good evidence of early marine diagenesis 

contemporaneous with deposition. In addition, syntaxial acicular aragonite cements are in 

some cases engulfed in secondary, void-filling calcite spar cement, which indicates their 

formation prior to the onset of meteoric diagenesis (see Fig. 10). 

Microcrystalline Mg calcite is the most common type of cement found in the 

submerged Pleistocene limestones of Oahu and is most prevalent in the massive-coral 

facies. It forms coatings and crusts, - 10-60 µm thick on grains and the walls of 

intraskeletal and framework cavities, and as the matrix of internal sediment. The 

microcrystalline coatings are commonly overgrown by a 5-10 µm thick fringe of clear, 

bladed microspar. While microcrystalline Mg calcite generally forms the first generation of 

cement, it also forms coatings on previous generations of cement, such as acicular aragonite, 

bladed spar, and equant spar. Sharp boundaries separate cement from substrates. This, 

along with its distribution as linings on the walls of intragranular and intraskeletal pores, is a 

good indication that the microcrystalline coatings represent a cement rather than a product 

of boring organisms. Peloids formed of Mg calcite are also common, being found 

primarily in protected intragranular, intraskeletal, and framework pores where peloids are 

protected from compaction and commonly form geopetal structures. Well-defined peloids 

(- 20 - 60 µmin diameter) have a clear, dentate rim of microspar that tends to reduce 

interpeloidal porosity (cf. Lighty 1985; Macintyre 1985). Bladed Mg calcite microspar is 

commonly present on cavity walls that contain peloidal Mg calcite. 

Microcrystalline Mg calcite also forms lithified mi critic crusts (Macintyre 1977; 

Marshall 1983; Macintyre and Marshall 1988) in the massive-coral, encrusting-coral and 
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encrusting-algae facies. The crusts are lithified deposits of microcrystalline, commonly 

peloidal, Mg calcite with varying amounts of internal sediment that form coatings - 0.1 to 

5.0 cm thick on the upper surfaces of corals and associated encrusting organisms (coralline 

algae, foraminifera, vermetids, serpulids, etc.), in cavities in the reef framework, and over 

previously lithified grainstones and rudstones. The crusts generally fill intraskeletal cavities 

and borings at the outer edges of the corals that they coat. The crusts are found in 

laminated and columnar forms (see Fig. 10). Laminated crusts generally have a smooth 

surface, display wavy, often discontinuous laminae - 0.5 to 1.0 mm thick, and may have a 

domal shape. Columnar crusts have an irregular, "knobby" surface, which is the expression 

of club-shaped protuberances - 3 to 30 mm high. The knobs may be a result of the 

differential accretion of microcrystalline or peloidal Mg calcite or in some cases the 

presence of buried encrusting organisms (e.g., Macintyre 1977, 1984; Marshall 1983). In 

some instances columnar crusts may form on top of laminated crusts. In modem 

environments, micritic crusts develop within reef structures, generally in areas close to the 

reef surface and where marine cementation is particularly active (Macintyre and Marshall 

1988; Scoffin 1993. The micritic crusts found in the Oahu cores contain an average of 15.0 

mole% MgC03 and 1321 µgig strontium. 

Along with micrite and peloids, bladed microspar and spar are a common cement in 

the submerged limestones of Oahu. The spar is found as isopachous rims coating and 

sometimes binding grains, but more frequently lining the walls of reef cavities and 

intraskeletal pores, primarily corals. Individual crystals are - 5-100+ µm long. They 

generally show a gradual increase in width along their length and then have an obtuse 

pyramid termination. The distribution of microspar versus spar is largely a function of 

grain and pore size, with larger crystals lining the larger pores. Bladed Mg calcite is 

commonly found in close association with microcrystalline Mg calcite and may have an 

inner zone of microcrystalline to peloidal Mg calcite. A similar relationship has been 
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described by James et al. (1976) and Marshall (1983). Bladed Mg calcite cement may be 

produced by continued growth on the upper faces of rhombs constituting microcrystalline 

Mg calcite cement (Longman 1980; Pierson and Shinn 1985). 

Within the stage-5-age massive-coral facies along the seaward margin of the terrace, 

first-generation Mg calcite cements have largely retained their original composition. The 

microcrystalline cements contain an average of 13.3 mole % MgC03 and 802 µgig 

strontium. The peloidal carbonate contains an average of 14.4 mole % MgC03 and 916 

µgig strontium. The bladed cements contain an average of 15.8 mole% MgC03 and 994 

µgig strontium. These values are consistent with the expected composition of marine Mg 

calcite cements (Macintyre 1977); Macintyre and Marshall 1988). In addition, the similarity 

of magnesium and strontium contents among the microcrystalline and sparry cements 

examined here lends additional support to a precipitate origin for the microcrystalline and 

peloidal Mg calcite. 

The first-generation rnicrocrystalline, peloidal and bladed cements in the stage 7 

(Waianae Reef) massive-coral facies have a more variable as well as lower mean MgC03 

content as indicated by both staining and microprobe analyses. Some have retained their 

original high MgC03 content, consistent with formation in the marine environment. Others 

have a low to intermediate MgC03 content. Variation and lower mean concentration of 

magnesium is common in marine Mg calcite cements that have been exposed to meteoric 

diagenesis (cf. Videtich 1985; Vollbrecht and Meischner 1996). Thus, first-generation Mg 

calcite cements with variable MgC03 contents probably formed prior to meteoric alteration. 

Additional evidence of early shallow marine cementation is found in the fabric and trace

element geochemistry of neomorphic spar. In some instances, large neomorphic crystals 

replacing coral aragonite display a unique zonation with respect to magnesium and 

strontium (Fig. 11). Microprobe analyses show that the part of the crystal that was 

formerly aragonitic coral (identified by its darker color) has an elevated strontium and low 
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Figure 11 . Neomorphism of coral and pore-lining, marine Mg calcite cement. A) 
Large crystal of neomorphic spar encompasses both coral skeleton and isopachous 
rim cement. Residual organic matter imparts a darkened appearance to the former 
coral skeleton, while the surrounding isopachous rim cement is generally clear. Note 
the uniform thickness of the rim and sawtooth (bladed) outline of crystal (arrows). 
Thin section, crossed polars. B) Microprobe traverse of MgC03 (circles) and Sr 
(squares) across single crystal of neomorphic spar (A to A'). MgC03 is elevated in 
the parts of the crystal outside the original coral boundary. The coral skeleton is 
enriched in Sr, which is consistent with its original aragonite mineralogy. C) 
Microprobe map of Mg. Density of white spots reflects abundance of Mg. Mg is 
elevated in parts of the crystals outside the original coral boundary (V =void space). 
D) Microprobe map of Sr. Density of white spots reflects abundance of Sr. Sr is 
elevated in parts of crystals within the original coral skeleton (V=void space). 
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magnesium content, properties consistent with calcitization of aragonite (Sandberg 1985). 

In contrast, parts of the crystal outside the original coral boundary have a relatively low 

strontium and intermediate magnesium content. This zone of intermediate magnesium 

content, with an average of 8.3 mole % MgC03 versus an average of 2.4 mole % MgC03 in 

adjacent void-filling equant calcite cements, forms an isopachous rim with a vague sawtooth 

(bladed) outline around the coral skeleton. It is likely that the coral originally had a lining 

of bladed Mg calcite spar, a product of early marine cementation, prior to the onset of 

meteoric diagenesis and neomorphic replacement. The delicate replacement process of 

calcitization presumably took place via a very thin film such that a single crystal could 

replace both aragonitic coral and fringing Mg calcite cement, while preserving relic 

structures as well as the original relative distributions of trace elements. Other calcitized 

corals have a dark rnicritic coating that is enriched in magnesium relative to secondary void

filling calcite spar cement and probably represents an early-marine rnicrocrystalline cement 

(Fig. 12) 

In contrast to the massive-coral facies, the branching-coral facies contains very little 

evidence of early marine cementation. These limestones are supported by a lime-mud 

matrix. Micritization appears to be the dominant early marine process in the branching

coral facies, where up to 20% of skeletal grains may be rnicritized. Generally, grains are 

initially bored around the margins and the holes filled with rnicrocrystalline sediment or 

cement creating a rnicrite envelope. Micritized grains may also be a result of 

syndepositional recrystallization of skeletal carbonate to equant rnicritic fabrics (Reid et al. 

1992; Macintyre and Reid 1995, 1998). Micritization of grains takes place in nearly all 

shallow-marine, carbonate settings, but is most common in lower-energy settings, where 

there is little sediment movement. The abundance of rnicritized grains in the branching

coral facies is consistent with a low-energy environment of deposition. 
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Figure 12. Neomorphism of coral skeleton. A) Fabric-selective mosaic. Coral skeleton 
composed of coarse mosaic of neomorphic calcite spar, center. Crystals of this mosaic do 
not extend beyond the skeleton. Residual organic matter imparts a darkened appearance 
to the former coral skeleton, while the surrounding, finer, void-filling equant calcite 
cement is generally clear. Dark coating on coral may be early marine microcrystalline 
cement. Thin section, plane-polarized light. B) Microprobe traverse of MgC03 (circles) 
and Sr (squares) across void-filling cement and neomorphic spar (A to A'). MgC03 is 
relatively constant between void-filling cement and neomorphic spar. However, the 
neomorphic spar is enriched in Sr, which is consistent with its originally aragonite 
mineralogy. C) Microprobe map of Mg. Density of white spots reflects abundance of 
Mg. Mg is relatively constant throughout. There is a slight enrichment bordering the 
coral skeleton that corresponds to dark coating in A and may be a remnant of an early 
marine Mg calcite cement. D) Microprobe map of Sr. Density of white spots reflects 
abundance of Sr. Neomorphic spar is enriched with Sr relative to void-filling cement. 
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6.3 Subaerial Exposure and Meteoric Diagenesis 

During periods of emergence, limestones of the nearshore submarine terrace 

underwent the meteoric processes of cementation by calcite, neomorphism, and dissolution. 

Meteoric alteration is patchy on all scales, and there is a range of preservation of original 

skeletal components from seemingly pristine to completely altered. The stage 7 Waianae 

Reef limestones display more evidence of meteoric alteration than the younger stage 5 

limestones. Within the Waianae Reef, the massive-coral facies exhibits a broader range of 

preservation than the adjacent branching-coral facies, which is more completely and 

uniformly altered. 

Meteorically derived calcite forms needle fibers, anastomosing micritic networks 

(alveolar texture), and equant calcite (Fig. 13). Calcite needle fibers (James 1972; McKee 

and Ward 1983) form random and tangential fabrics occupying intragranular and 

intergranular voids. Tangential needle fibers are indicative of caliche facies. Random calcite 

needle fibers are common in caliche profiles and the upper parts of karst profiles and are 

good indicators of vadose zone diagenesis. The needle-fiber calcite examined contains an 

average of 2.3 mole % MgCOy This value is consistent with precipitation in a meteoric 

environment. Anastomosing micritic networks and clotted micrite are found in close 

association with the calcite needle fibers. In some instances the anastomosing networks are 

actually composed of tangential needle fibers coated by microcrystalline to finely crystalline 

calcite. The close association of needle fibers, alveolar texture, and clotted micrite is a good 

indication of subaerial exposure and vadose diagenesis (Esteban and Klappa 1983; Bain 

and Foos 1993). 

In addition to carbonate products, red, iron-rich, noncarbonate clays are incorporated 

into the limestones and form void and grain coatings (Fig. 13). Reddish-brown 

discoloration of submarine host sediment is discernible at macroscopic and 
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Figure 13. Products of subaerial exposure and meteoric diagenesis . A) Random calcite 
needle fibers forming loosely woven network in void. Thin section, crossed polars. B) 
Tangential calcite needle fibers forming interconnected bridge-like bands across voids. 
Thin section, crossed polars. C) Clotted micrite from Pleistocene subaerial exposure 
surface. Clotted texture formed by irregular clumps of micrite separated by large 
irregular voids, channels, and cracks. Anastomosing micritic network (alveolar texture) 
occupies large void in center of photomicrograph. Thin section, plane-polarized light. D) 
Equant calcite (E) forming drusy, void-filling cement within miliolid foraminifer (arrow), 
left center, and replacing micritic cement at grain contacts, center. Thin section, crossed 
polars. E) Discolored coral with coating of iron-rich noncarbonate clay. Light-colored 
peloidal Mg calcite occupying voids is a post-meteoric cement. Thin section, plane
polarized light. 
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microscopic scales. The iron-rich clay coatings are an indication of soil formation. The 

clays may have been transported into the limestone as a colloidal suspension in downward 

percolating subsurface water (Esteban and Klappa 1983; Bain and Foos 1993). 

Equant calcite microspar (5-20 µm) and spar(> 20 µm) are clear, polygonal, 

equigranular crystals that are found as intergranular and void-fill cements (cf. Whittle et al. 

1993). In the terrace limestones of Oahu equant calcite has a patchy distribution. It is most 

prevalent in samples from the stage 7 Waianae Reef, the upper/older parts of the terrace, 

where it is found primarily as a drusy, void-filling cement with crystal sizes ranging from 5 

to 150 µm (Fig. 13). Interparticle equant cements are rare and typically form a meniscus 

texture (Dunham 1971 ). The equant calcite cements studied contain an average of 2.3 mole 

% MgC03 and 1029 µg/g strontium. The distribution, fabric, and composition of these 

equant cements are consistent with formation in a meteoric vadose setting. 

In the cored Pleistocene limestones, neomorphism is largely restricted to the 

Waianae Reef, with over 50% of samples from these limestones displaying evidence of this 

process. Calcitization of aragonitic coral skeletons has resulted in replacement of their 

original skeletal microstructure by a mosaic of calcite spar (Figs. 11 and 12). Although the 

original spherulitic fascicle fabric is destroyed, the outline of the coral skeletons is clearly 

discernible as a dark line and residual organic matter imparts a darkened (brownish) 

appearance to the originally skeletal neomorphic spar (cf. Pingitore 1976; Sandberg 1985). 

Adjacent pore-filling equant calcite cements are generally clear. The altered corals display 

fabric-selective mosaics, in which the individual calcite crystals in the original coral skeleton 

rarely extend beyond the original coral boundaries into void-filling cement (see Fig. 12) 

and, thus, their distribution is controlled by the original skeletal architecture. Pingitore 

(1976) has shown that corals altered in the vadose zone exhibit fabric-selective calcite 

mosaics. The replacement mechanism was presumably via a very thin film of fluid. 
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Mg calcite skeletal grains, such as coralline algae, have largely retained their skeletal 

microstructure (at the level of petrographic microscope examination). However, staining 

and microprobe analyses indicate that they have lost Mg2
+ and are now composed of calcite. 

Loss of Mg2
+ may be a result of repetitive intracrystal incongruent dissolution-precipitation 

in a meteoric environment as proposed for similarly altered porcellaneous foraminifera by 

Budd and Hiatt ( 1993). Aggrading neomorphism of lime-mud matrix is evident as irregular 

patches of neomorphic calcite microspar found within the matrix. Neomorphism in the 

submerged Pleistocene limestones of Oahu is patchy both within and between cores. The 

patchy distribution of neomorphic fabrics along with the fabric-selective calcite mosaics in 

altered corals is consistent with neomorphism occurring in the meteoric vadose zone. 

Dissolution is most evident in the stage 7 Waianae Reef and is visible on both 

macroscopic and microscopic scales (Fig. 14). Aragonitic mollusk and coral grains are 

preferentially dissolved, leaving behind moldic pores. On a macroscopic scale these 

external molds retain an impression of the surface form of the dissolved coral or mollusk. 

In some cases, a mollusk shell has been infilled by lime mud that became lithified. Later, 

the mollusk dissolved away leaving behind a steinkern (internal cast). In thin section, 

moldic pores occur as voids within a lime-mud matrix or as hollow micrite envelopes. 

These moldic pores are in some cases filled by pore-filling calcite cement. However, even 

the pore-filling cements commonly show evidence of later solution. Non-fabric-selective 

dissolution has created vugs, especially in well-lithified lime mud. 

6.4 Post-Meteoric Shallow-Marine Diagenesis 

Evidence of marine diagenesis that took place after subaerial exposure is found in 

last-generation highly unstable Mg calcite cements and internal sediments found in 
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Figure 14. Dissolution features. A) Macroscopic view of moldic porosity in 
branching-coral facies. Voids caused by dissolution of aragonitic, delicate branching 
coral (Pocillopora damicornis). Voids retain impression of the external surface of the 
coral (external mold) (arrows). B) Moldic pore left behind after dissolution of 
gastropod. Mold is partially filled by equant calcite spar (E) . Thin section, plane
polarized light. 
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limestones that have otherwise been almost wholly stabilized to calcite. Post-meteoric 

marine diagenesis (Fig. 15) is most evident in the W aianae Reef limestones. While large 

parts of these limestones have been stabilized to calcite, solutional voids are commonly lined 

by thick (up to 300 µm) isopachous rims of bladed Mg calcite spar and/or contain Mg 

calcite-rich internal sediment. These thick bladed rims are commonly composed of a series 

of partial spherulites or splays nucleated at points along the substrate (cf. James and 

Ginsburg 1979). This microstructure creates a mammilated surface (millimeter-size 

mammelons) visible in hand sample (see Fig. 15). Isopachous rims of bladed Mg calcite 

also occur on calcitized coral skeletons in which original skeletal microstructure has been 

entirely replaced by a mosaic of neomorphic calcite spar. The Mg calcite cements and 

internal sediments appear to be in pristine condition, i.e., they have retained uniform high

magnesium contents and show no evidence of solution or meteoric alteration. In contrast, 

first-generation early marine cements have highly variable magnesium contents. 

Numerous studies (see Bischoff et al. 1993; Land et al. 1967; Morse and 

Mackenzie 1990; and references therein) have demonstrated that, in general, the first 

diagenetic event to take place in the meteoric regime is the loss of magnesium from highly 

chemically reactive Mg calcites (those with> 12 mole% MgC03). This event is then 

followed by the gradual disappearance of aragonite and replacement by calcite. It has been 

demonstrated that both of these meteoric diagenetic events have taken place in the W aianae 

Reef limestones. The last-generation Mg calcite cements contain an average of - 15 mole 

% MgC03. Experimental data indicate that magnesian calcite with> 12 mole% MgC03 is 

less stable than aragonite as well as calcites with lower magnesium contents (Walter 1985). 

Thus, it is reasonable to conclude that last-generation Mg calcite cements (those with> 12 

mole % MgC03) were formed after stabilization of the surrounding limestone to calcite. It 

is possible that all Mg calcite cements were formed prior to subaerial exposure and that 

some of these were simply not altered in the meteoric environment. The solubility of Mg 
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Figure 15. Post-meteoric marine cement. A) Altered algal grain with isopachous rim of 
bladed spar. Thin section, crossed polars. B) Microprobe traverse of MgC03 (circles) 
and Sr (squares) across algal grain and isopachous rim of bladed spar (A to A1

) . Coralline 
algae is originally composed of Mg calcite. However, microprobe analyses show that this 
grain has lost Mg2+ to solution in a meteoric environment and is now composed of calcite 
(avg. content, 3.8 mole% MgC03). In contrast, the isopachous rim of bladed spar is 
composed of Mg calcite (avg. content, 15.7 mole% MgC03) . Sr is more variable but has 
a somewhat lower average concentration (808 µgig) in the algal grain than in the cement 
(955 µgig) . These data suggest that following deposition this unit was emerged above sea 
level and underwent meteoric diagenesis (e.g., leaching of Mg2+). This was followed by 
submergence and precipitation of post-meteoric marine cements. C) Marnmelons of 
bladed Mg calcite spar partially filling solution void. Thin section, plane-polarized light. 
D) Macroscopic view of bladed Mg calcite marnmelons (black arrow) lining solutional 
void in coral floatstone. Surrounding limestone is almost wholly stabilized to calcite. 
Aragonitic corals have largely dissolved, leaving behind moldic pores (white arrow). 
Only last-generation pore-lining cements are composed of unstable Mg calcite. 
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calcite is controlled not only by magnesium content but also by other chemical and physical 

properties of the solid (Bischoff et al. 1993). However, there is abundant evidence of 

alteration (Mg2
+ loss) of first-generation Mg calcite cements (see Fig. 11) as well as Mg 

calcite skeletal grains (see Fig. 15). It is only the last-generation pore-lining cements that 

have retained a uniform Mg calcite composition. It is also possible that the cements were 

stabilized without a loss of magnesium. However, evidence of this is very rare in the rock 

record (Bischoff et al. 1993). Therefore, last-generation Mg calcite cements and internal 

sediments that occur directly on limestone substrates that have otherwise been almost 

wholly stabilized to calcite provide evidence of marine diagenesis following subaerial 

exposure and meteoric diagenesis. It is unlikely that all of the Mg calcite and aragonite in 

the surrounding rock would have stabilized to calcite while leaving just last-generation, pore

lining, highly chemically reactive Mg calcite cements (both sparry and microcrystalline) 

unaffected. The pristine condition of these cements suggests that they have not been 

exposed to a meteoric environment. Thus, they most probably represent recent marine 

diagenesis that has occurred following the resubmergence of the nearshore terrace during 

the last deglaciation. 

Three samples of the last-generation isopachous rims of bladed Mg calcite spar 

were excavated from Waianae Reef limestone. Ages of these samples were determined 

using radiocarbon accelerator mass spectrometry (Table 3). o13C values of these cements 

range from 1.30 to 3.43 %0, consistent with formation in a shallow-marine environment (cf. 

Morse and Mackenzie 1990). Ages range from 2857 to 5662 Cal yr BP and confirm that 

the cements formed following the deglacial rise in sea level. 
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TABLE 3.-8 13 C composition and radiocarbon age of post-meteoric 
marine cements. 

Sample 
MAK6-S2 
LAH1-S5 
LAH1-S6 

Lab No. 
OS-19217 
OS-20681 
OS-20682 

1.30 
3.16 
3.43 

60 

14C age (±la) 

5320 ±40 
3570 ±40 
3110 ±35 

Cal yr BP (2cr range) 
5660 (5850-5570) 
3440 (3600-3310) 
2860 (3030-2740) 



6.5 Discussion of Diagenetic History 

Petrographic and geochemical data presented here provide evidence of alternating 

periods of marine and meteoric diagenesis, which are attributed to glacio-eustatic 

fluctuations in sea levels during the late Quaternary (Fig. 16). Extensive early marine 

cementation in the stage 7 Waianae Reef massive-coral facies is consistent with its 

formation in a high-energy environment. Marine cementation is favored and, thus, most 

pervasive, near the sediment-water interface in high-energy environments, where water can 

be flushed through the porous structure of the reef (Macintyre 1977). Tucker and Wright 

(1990) refer to this as the active marine phreatic zone. The lack of early marine cementation 

and dominance of micritization in the branching-coral facies is consistent with its deposition 

in a low-energy back-reef environment. The lack of early marine cementation may be 

explained by lower rates of seawater being flushed through the sediments, because of their 

deposition in a relatively low-energy environment, and the lower permeability of the lime

mud matrix. Tucker and Wright (1990) referred to this environment as the stagnant marine 

phreatic zone, where there is little sediment or pore-fluid movement, microbial micritization 

of grains is ubiquitous, and cementation is limited. The absence of cementation in protected 

back-reef areas of fringing and barrier reefs is common in modern reef environments 

(James et al. 1976; Macintyre 1977; Lighty 1985). 

During periods of emergence meteoric alteration of limestones occurred in the 

meteoric vadose zone. There is no conclusive evidence that these limestones were exposed 

to a meteoric phreatic environment. The lack of evidence for a meteoric phreatic 

environment may be a result of sampling bias. Many of the cores were short 1 to 2 m cores 

and may not have penetrated deep enough to encounter the position of the paleo meteoric 

phreatic zone. In addition, the diagenetic history is based mostly on cores from the leeward 

terrace. This portion of the leeward coast currently receives <64 cm of rain per year. 
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Figure 16. Relationship between late Pleistocene sea-level fluctuations, terrace 
formation/reef accretion, and stages of marine and meteoric diagenesis. Gray band 
indicates the position of the nearshore terrace. Sea-level curve from Chappell and 
Shackleton (1986). MIS=marine isotope stage. 
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During glacial times, i.e., periods of emergence, sea-level fall would have greatly increased 

the height of Oahu. The increased height above sea level may have led to increased 

orographic rainfall on the windward side, so it may also have amplified the dryness of the 

leeward side (Nunn 1999). A lack of meteoric phreatic products was also noted in 

Pleistocene limestones from the Bahamas, situated in a similarly dry climate. Although 

stage 7 Waianae Reef limestones likely underwent two complete cycles of emergence and 

submergence (see Fig. 16), multiple generations of meteoric cements were not observed. 

Thus, the diagenetic record in these limestones appears to be incomplete. 

Post-meteoric marine cementation in the branching-coral facies is more extensive 

than early marine cementation. This implies a change in diagenetic environment from 

stagnant marine phreatic, during deposition of the branching-coral facies, to the present 

active marine phreatic environment favoring marine cementation. During periods of 

emergence, the branching-coral facies was lithified and stabilized to calcite in a meteoric 

environment and underwent partial solution and creation of vug and channel porosity. 

Upon submergence into the marine environment, it appears that the stable, lithified substrate 

along with conduit or channel-type porosity has led to high flow rates induced by 

channelized seawater. This, in tum, resulted in precipitation of thick (up to 300 µm), 

isopachous rims of bladed Mg calcite spar lining the walls of large voids (cf. McCullough 

and Land 1992). In some instances, voids are lined or partially filled by a combination of 

micritic crusts and internal sediments. Their association with cavities again suggests that 

enhanced flow probably occurred and was an important aspect of their formation. During 

coring operations, the authors noted that wave energy was capable of moving large volumes 

of water through the fossil reef substrate. 

The general trend of decreasing mineralogic stabilization (decreasing calcite content) 

progressing seaward across the terrace is consistent with the Th-U ages of fossil corals 

from these deposits, i.e., less mineralogic stabilization in the younger limestones. However, 
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the bulk mineralogy of some samples can be deceiving, because post-meteoric marine 

cementation may produce a mineralogically "rejuvenated" limestone. This appears to be 

the case in the back-reef stage 7 limestones, where much of the Mg calcite detected in XRD 

analyses probably reflects last-generation, post-meteoric, shallow-marine cements and 

internal sediments. Most of the components of these limestones, including mixed skeletal 

grains and lime mud matrix, are composed of calcite. Therefore, it is important to examine 

the mineralogic composition of the original skeletal components as well as cement 

generations to determine a limestone's diagenetic history. 
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CHAPTER 7 

DISCUSSION AND CONCLUSIONS 

7.1 Late Pleistocene Sea Levels on Oahu 

7.1.1 Isotope Stage 7 

Previous workers have concluded that over the last 500 ky Oahu has been gradually 

uplifting at a rate of - 0.02 to 0.06 m/ky (Szabo et al. 1994; Grigg and Jones 1997). This 

conclusion is based on the age and elevation of emergent marine deposits on Oahu and the 

general progression of increasing age with elevation (Fig. 17). It is important to understand 

the assumptions and uncertainties involved in estimating rates of uplift. Rates of uplift may 

be calculated using the relationship EA = UA + Ea, where A is the age of a marine deposit, 

EA is the elevation of a deposit of age A, Ea is the original elevation of the deposit, and U is 

the rate of uplift. Solving for uplift, U, the equation may be expressed as U = (EA - Ea)! A. 

Uncertainties in the age of deposits and their original elevation are the most important 

sources of error in determining uplift rates. 

For example, Szabo et al. ( 1994) calculate long-term average uplift rates of 0.05 to 

0.06 mfky on the basis of a Th-U age of 532 ka of a coral clast from the Kaena Formation 

exposed at +24.4 m. The uncertainty in this age is -70 ky and +100 ky. The uncertainty in 

the age of the deposit alone introduces a >0.01 m/ky margin of error in calculated uplift 

rates. In addition, they assume a value for Ea·· in that they assume that paleosea level at the 

time of deposition was near the present sea level and that the dated deposit formed near sea 

level. There is little information regarding the position of sea level at - 532 ka and limited 

paleoenvironmental/paleodepth information on the deposit. Given these uncertainties, Ea 

could easily have an uncertainty range of - ±5 m. The uncertainty in Ea could introduce a 
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Figure 17. Plot of elevation versus age of Pleistocene marine deposits on Oahu. Lines 
sloping upward from 0 m elevation show where data would plot for constant uplift rates 
of 0.06 m/ky and 0.02 m/ky, paleosea levels equal to present, and formation of the 
deposits near paleosea level. For a given uplift rate, data that plot above this line suggest 
paleosea levels higher than present. Data that plot below this line suggest paleosea levels 
below present. Rectangle shows the age and position of the Waianae Reef. Associated 
data points indicate the 230Th age of in situ corals. Width of rectangle is equivalent to the 
duration of isotope stage 7 (186-242 ka). Height of open portion of rectangle indicates 
the elevation range of dated in situ corals. Shaded portion of rectangle indicates the 
elevation range plus 1 m of correlative back-reef limestones. When corrected for uplift, 
the position of the Waianae Reef suggests that it was formed when sea levels were - 9 to 
20 m below the present datum. 
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- 0.02 mlky margin of error in calculated uplift rates. Together, uncertainties in age and 

original elevation of deposits could introduce >0.03 m/ky margin of error in calculated uplift 

rates. Emergent deposits in Bermuda and the Bahamas suggest that sea level may have 

reached +20 m between - 390 and 550 ka (Land et al 1967; Hearty et al. 1999). If correct, 

this data would greatly alter uplift models for Oahu. In summary, the published uplift rates 

for Oahu are best estimates, but should be viewed as models that require additional testing 

and modification as more data become available. 

Given the current models of uplift, a stage 7 reef that formed near present sea level 

would be expected to currently be found at - 4-14 m above sea level and between the 

current position of the last interglacial W aimanalo Reef and the much older Kaena Reef. 

However, no emergent in situ reef framework correlating to stage 7 has been identified on 

Oahu. The Waianae Reef is situated some 10 to 20 m below the position of the last 

interglacial (substage Se) Waimanalo Reef. Limited emergent deposits at West Beach ( + 14 

m) and Kahe Point (+15 m) may correlate to Stage 7, however radiometric data from these 

deposits remains equivocal. In addition, both of these deposits are composed of 

allochthonous carbonate gravels and do not include in situ reef framework. 

The Waianae Reef, which constitutes most of the nearshore terrace, provides a 

record of reef accretion and paleosea levels during isotope stage 7. It is the first in situ 

fossil reef framework on Oahu correlated to stage 7. Its current position suggests that it 

formed during a period when sea level was below present (see Fig. 17). Within the 

Waianae Reef, the position of the in situ coralline algal framework (encrusting-algae facies) 

in the KAN 1 core at the windward margin of the terrace serves as the most reliable indicator 

of paleosea levels. The ecological specificity of coralline alga makes them excellent 

paleoecologic indicators for the Quaternary (Adey 1986). The algal framework is found 

from - -25 to -19 m tracking the position, plus or minus 1 to 2 m, of slowly rising sea level 

over a - 2000 to 3000 year span within isotope stage 7. This framework may have been 
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uplifted by - 4 to 5 m, using an uplift rate of 0.02 m/ky, or as much as 11to14 m, using an 

uplift rate of 0.06 m/ky. The upward change in facies from encrusting algae to massive 

corals in the KAN 1 core may represent a relative increase in the rate of sea level rise. Thus, 

the position of the algal framework in core KANl may indicate the position of sea level 

during a stadia! within stage 7. The shallowest dated coral from the W aianae reef is from -

-10 m. Corrected for uplift, this coral framework likely formed from - 14 to 24 m below 

the present datum. Correlative back-reef limestones extend up to - -6 m [Sherman, 1999 

#10] suggesting that sea level on Oahu during stage 7 reached - -5 m (not corrected for 

uplift). When corrected for uplift, the position of the Waianae Reef suggests that it formed 

when sea level was - 9 to 20 m below present (Fig. 17). Because of the considerable depth 

range of extant examples of the corals recovered in cores, all paleosea level estimates 

presented here should be regarded as minima. A lower than present sea level is consistent 

with the global oxygen isotope record. (Shackleton 1987) includes stage 7 among those 

interglacial stages that did not attain Holocene oxygen isotope values, and, thus, the sea may 

not have reached its present level. Continental records also suggest that the stage 7 

interglacial was the coolest of the last four interglacials (Winograd et al. 1997). 

Stage 7 sea-level estimates based on emergent shallow-marine carbonate records at 

other locales vary from -20 m to +9 m (Table 4). Records from the tectonically stable 

islands of Bermuda and the Bahamas suggest that sea level rose to near the present datum 

during stage 7 (Harmon et al. 1983; (Hearty and Kindler 1995; Hearty and Kindler 1997; 

Hearty 1998). On the basis of 23°Th ages of tectonically uplifted coral terraces of Barbados, 

Gallup et al. (1994) estimate that sea level during substage 7.1 (193 to 201 ka) was from 6 

m below to 9 m above present sea level. Correlation between the Huon Peninsula reef 

terrace data and the marine oxygen isotope record suggests stage 7 sea levels of - -20 m to 

near the present level. The position of the Waianae Reef on Oahu supports lower than 

present sea levels during stage 7. Limited emergent "beach deposits" on Oahu at West 
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TABLE 4.-Paleosea-level estimates for marine oxygen isotope 
stage 7. 

Timing Paleosea 
Localitl'. (substage)1 Level Reference 
Bermuda -220 ka -20 to 0 m Harmon et al. 1983 

-200 ka -+2m 
<200 -20 to 0 m 

180 to 210 ka (7a) +2.5m Hearty and Kindler I 995 
230 to 240 ka (7c) Om 

Bahamas 180 to 210 ka (7a) +2.5 m Hearty and Kindler I 995 
230 to 240 ka (7c) Om 

One highstand near present Hearty and Kindler 1997 
within stage 7 

Two highstands near present Hearty 1998 
within stage 7 

Barbados 193 to 201 ka (7.1) -6 to +9 m Gallup et al. 1994 
215 ±15 (7.2) -28 ±9 m 

Papua New Guinea - 198 ka -20 to 0 m Chappell and Shackleton 1986 
- 212 ka -20 to 0 m 
- 238 ka -20 to 0 m 

1 Correlation to substage made in reference cited. Where substage is not indicated, 
deposits were simply correlated to stage 7. 
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Beach and Kahe Point may suggest stage 7 sea levels near to or slightly higher than present. 

However, equivocal radiometric data from these deposits preclude confident reconstruction 

of paleosea levels. The lack of an emergent stage 7 reef framework and the extensiveness 

and geomorphic prominence of the submerged W aianae Reef make it clear that the principal 

locus of reef accretion on Oahu during stage 7 was some 10 to 20+ m below present sea 

level. This may provide an indication of the relative duration of sea stands during stage 7. 

Perhaps maximum sea levels, near the present datum, were short lived such that only 

scattered beach deposits were left behind. Sea levels below present may have been of much 

longer duration allowing for formation of the prominent and extensive Waianae Reef. 

Alternatively, the position of the Waianae Reef may indicate the position of mean low sea 

level during stage 7, such that the reef was submerged, and therefore accreting, throughout 

all of stage 7. 

7.1.2 Isotope Stage 5 

Corals dating to late stage 5 (post-Se) were recovered from the seaward margin of 

the terrace on the leeward side of Oahu (cores W AllO, WAl8-3, and W AI6-1, Figure 5). 

At the close of the substage 5e highstand at - 110-114 ka, sea level dropped below present 

and the Waimanalo reef was abandoned, indicated by the lack of W aimanalo coral ages 

<110 ka (Szabo et al. 1994). Accretion continued offshore at the seaward margin of the 

terrace, as indicated by the ages of samples W AI10-S2, W AI8-3S lA, and W AI6-1S 1. The 

antecedent topography of the stage 7 W aianae Reef provided a suitable substrate for 

continued reef accretion. There is no evidence of subaerial exposure between samples 

W AI10-S3 and W All0-S2, which suggests that sea level stayed above - 25 m (- -27 to -31 

m corrected for uplift) between - 110 and 104 ka. This is supported by TIMS Th-U ages 

of corals from submerged fossil reef tracts in the Florida Keys (Toscano and Lundberg 
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1999). At higher stratigraphic levels in the W All 0 core there is a facies change from 

massive coral to encrusting corals suggesting that sea level continued to fall. The 

encrusting-coral facies is indicative of a relatively shallow moderate to high energy 

environment. Sample WAI10-S2 has an age of 104.5 ka, which is closest to isotopic event 

5.4 (5d) at 106 ka ofBassinot et al. (1994). On the basis of the uplifted reef terraces of 

New Guinea, Chappell and Shackleton (1986) and Bloom and Yonekura (1990) assigned 

ages of 106 ka and 105 ka, respectively for isotope substage 5c. Thus, sample W AI10-S2 

may instead correlate to isotope substage 5c. Samples W AI8-3S IA, and W AI6-1S1 

correlate to substages 5c and 5a respectively (Sherman et al. 1999). Toscano and Lundberg 

(1999) estimate that substage 5a sea level was - 9 m below the present datum and that 

substage 5c sea level may have been slightly higher ( - - 7 m). The position of the late stage 

5 corals on Oahu and the lack of emergent 5a-5c corals is consistent with sea levels being 

below present during this interval. The general trend of decreasing age with distance 

offshore suggests that accretion was occurring over a period of general sea-level fall during 

the latter part of isotope stage 5. 

7.2 Holocene Reef Accretion? 

One interesting outcome of this research lies in what was not found. In 30 separate 

cores from both windward and leeward settings and ranging between water depths of - 5.5 

and 35 m, no evidence of Holocene reef accretion was found. Rather, the seafloor is 

undergoing extensive biological and physical erosion. Signatures of subaerial exposure and 

meteoric diagenesis are recognized in the upper several centimeters of all cores. Thus, the 

present seafloor in the study areas represents a flooded Pleistocene subaerial exposure 

surface. Holocene accretion is limited to sparse patches of coral and coralline algal growth. 

Holocene reef accretion in Hawaii appears to be largely limited by wave forces (Dollar 
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1982; Grigg 1983, 1998; Dollar and Tribble 1993). Episodic destruction of coral 

communities by storms and open-ocean swell and the removal of carbonate material from 

nearshore reef zones prevents cementation, lithification, and reef accretion (Dollar and 

Tribble 1993). Why extensive and thick reef sequences were able to develop during the 

Pleistocene but not during the Holocene at these sites remains an important question. 

Grigg ( 1998) proposed three hypotheses to explain the difference in magnitude of 

reef accretion during the Pleistocene versus the Holocene. These are: a different Pleistocene 

coral fauna including the genus Acropora; subaerial accretion of Pleistocene foundations; 

and more time during the Pleistocene for reefs to develop. Grigg ( 1998) hypothesizes that 

thick Pleistocene foundations on Oahu may owe their existence to the presence of the genus 

Acropora on Oahu during the Pleistocene. He cites Hagstrom ( 1979) as finding the genus 

Acropora in emergent Pleistocene reefs on Oahu. However, Hagstrom did not find any 

Acropora in the reefs that she studied. Rather, she cites Maragos (1972) as finding 

Acropora in emergent Pleistocene reefs on Oahu. Although Acropora may have been 

present during the Pleistocene, it was not abundant and not a major contributor to reef 

accretion. Hagstrom ( 1979) concluded that the most abundant corals, Po rites lobata and 

Po rites compressa, are the same in fossil and living reefs on Oahu. Grigg ( 1998) also 

concluded that these two species, P. lobata and P. compressa, are the dominant reef 

builders in modern Hawaiian reefs. All corals recovered in cores from the nearshore terrace 

are currently extant in Hawaii. The most abundant coral and most important framework 

component the isotope stage 7 and stage 5 reefal limestones examined in this study is 

Porites lobata. Thus, a difference in coral fauna does not appear to be a valid reason for 

differences in Pleistocene and Holocene accretion. 

Grigg ( 1998) also suggests that Pleistocene reef foundations might have accreted 

partially under subaerial conditions. Storm deposits and lithified dunes may constitute 

much of the submerged Pleistocene foundations All limestones recovered in cores from the 
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nearshore terrace are typical of shallow-marine reef environments and display evidence of 

early marine diagenesis. No lithified dunes, i.e., eolianite, or other subaerially deposited 

limestones were recovered. Thus, the submerged Pleistocene foundations do not appear to 

have formed subaerially. It should be noted that many of the cores of this study are short, 

on the order of 1 to 2 m. Perhaps, additional longer cores may recover some subaerial 

limestones deeper within the terrace. 

Lastly, Grigg (1998) suggests that Pleistocene reefs may have had more time to 

develop than Holocene reefs. This appears to be a more likely partial explanation for the 

extensiveness of Pleistocene reefs on Oahu. Grigg ( 1998) also suggests that the 

submerged Pleistocene foundations may have accreted during the last interglacial period, 

isotope substage 5e, when the Waimanalo Formation was deposited. Results of this study 

show that accretion of the nearshore terrace occurred during isotope stage 7 and the latter 

part of isotope stage 5, following the last interglacial period and deposition of the 

Waimanalo Formation. 

The difference in the magnitude of Pleistocene versus Holocene reefs is most likely 

related to differences in time and space during these periods. As Grigg ( 1998) pointed out 

Pleistocene reefs may have had more time to develop. On the basis of TIMS uranium

series dating of the Devils Hole 8180 paleotemperature record, Winograd et al. ( 1997) 

concluded that the last four interglaciations (analogs of marine oxygen isotope substages 

l lc, 9c, 7e, and Se) average - 22 ky in duration. In addition, the warmest portion of each of 

these interglacial periods is marked by a period of apparent climatic stability ranging from 

10 to 15 ky. Of the four interglaciations examined substage 7e is the longest at 26 ky, with 

a period of climatic stability of - 15 ky. The duration of this interglacial may explain the 

extensiveness of the Waianae Reef. 23°Th ages of corals from the Waimanalo Formation 

range from -131 to 114 ka, indicating a duration for the last interglacial sea-level highstand 
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of - 17 ky (Szabo et al. 1994). In comparison, Holocene reefs have only had - 8 ka to 

develop. The broad range of Th-U ages of corals from the nearshore terrace supports a 

long, though perhaps not continuous, period of reef accretion. In addition, the ages reported 

here indicate that the terrace owes its formation to accretion not only during maximum 

interglacial highstands, but also to accretion during other substages within the overall warm, 

odd-numbered, isotope stages. 

Thick Pleistocene reefs may also owe their existence to having more accommodation 

space than Holocene reefs. Reef accretion in Hawaii occurs with a narrow growth window. 

The lower limit of positive net accretion is - -30 m, critical depth (Grigg and Epp 1989). 

The upper limit is controlled by wave energy. The Pleistocene nearshore terrace fills much 

of this growth window around Oahu. Holocene reefs do not have as much accommodation 

space as their Pleistocene counterparts and are, therefore, restricted to thin veneers on the 

Pleistocene foundations (Grigg 1998). Only in protected settings with a shallower wave 

base, i.e., increased accommodation space, has significant Holocene reef accretion occurred. 

7 .3 Conclusions 

All limestones found in cores from a nearshore terrace on Oahu are typical of 

shallow-marine, reef environments and constitute a branching-coral, massive-coral, 

encrusting-coral, or encrusting-algae facies. The shoreward zonation of facies suggests that 

the nearshore terrace represents an in situ, fossil mature reef complex. The windward 

margin of the terrace consists of coralline algal bindstones, whereas coral bindstones and 

framestones dominate the leeward margin. TIMS Th-U ages of in situ corals indicate that 

much of the terrace on both the windward and leeward sides of Oahu is composed of reefal 

limestones correlating to marine oxygen isotope stage 7 (186-242 ka). The in situ stage 7 

reef is herein referred to as the Waianae Reef. The position of the Waianae Reef indicates 
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that the principal locus of reef accretion on Oahu during stage 7 was - 10 to 20+ m below 

present sea level, suggesting that much of stage 7 was characterized by sea levels below the 

present datum. Later accretion along the seaward front of the terrace/W aianae Reef 

occurred during the latter part of isotope stage 5 (post-Se). The general trend of decreasing 

age of the stage 5 corals with distance offshore suggests that accretion along the seaward 

front of the terrace occurred over a period of general sea-level fall during the latter part of 

isotope stage 5. No Holocene limestones were recovered. The present seafloor in the study 

area represents a Pleistocene subaerial exposure surface. 

There is a general trend of increasing mineralogic stabilization of limestones, as 

determined by XRD, with increasing absolute age as determined by Th-U techniques. The 

present rnineralogic composition of the limestones is a reflection of their original skeletal 

composition and early marine cementation, meteoric alteration and cementation, and post

meteoric marine cementation that followed their submergence during the last deglaciation. 

Early marine diagenesis is most prevalent in the marginal high-energy massive-coral, 

encrusting-coral, and encrusting-algae facies. The low-energy branching-coral facies 

displays little evidence of early marine cementation. Post-meteoric marine cementation is 

evident in all lithofacies and reflects recent processes operating since the last deglaciation in 

an active marine phreatic environment. 
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APPENDIXB 

MICROPROBE RESULTS - COMPOSITION OF CEMENTS 

CEMENT TYPE 

Acicular 
Aragonite 

Blocky Aragonite 

Microcrystal line 

Mg calcite 

SAMPLE ID 

MAI2-1Sl 
MAI2-1Sl 
MAI2-1Sl 

MAI2-1Sl 

MAI2-1Sl 
MAI2-1Sl 
MAI2-1Sl 
WAI7-2Sl 
WAI7-2SI 
MAl3-1S8 
MAl3-1S8 
MAI3-1S8 
MAl3-1S8 
WAI7-2Sl 
WAl7-2Sl 

WAl7-2Sl 
WAl7-2Sl 
WAI7-2Sl 

WAI7-2Sl 

WAl5S2 

WAI5S2 

WAl5S2 

WAI5S2 

WAI5S2 

WAI5S2 

WAI5S2 
WAl5S2 
WAI5S2 

WAI5S2 
WAI5S2 

WAI5S2 

WAI5S2 
WAI5S2 
WAI5S2 
WAI5S2 

MOLE% MgC03 

Det. Lim.=0.11 

0.6 
0.2 
1.1 

4.9 

0.6 
2.3 
0.7 
0.3 
x 

0.1 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 

x 
x 

x 
x 
x 

12.8 
14.7 

16.6 

20.7 
15.5 
16.8 
12.2 
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Sr (µgig) 
Det. Lim.=4001 

8380 
8713 
2451 

2825 

10464 
3502 
2279 
10511 
10214 

1697 
1442 
1988 
2036 
11728 
11206 

11378 
11122 
8915 

10737 

11434 

9553 

9036 

11269 

9932 

14472 

11332 
10586 
11027 

x 
x 

1369 

x 
x 

710 
x 

Fe (µgig) 
Det. Lim.=600 1 

x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 

x 

x 
x 
x 

10304 

6403 

x 

15944 

4660 
651 

5800 



CEMENT TYPE SAMPLE ID MOLE% MgC03 Sr (µgig) Fe (µgig) 
Det. Lim.=0.11 Det. Lim.=400 1 Det. Lim.=600 1 

Microcrystalline WAl5S2 12.8 749 x 
Mg calcite WAI5S2 13.2 x 2136 

WAI5S2 9.7 504 1513 
WAI5S2 12.2 x 2338 

WAI6-1Sl 12.5 x 1497 
WAI6-1Sl 12.2 927 1287 
WAI6-1Sl 12.9 1049 937 
WAI6-1Sl 11.8 659 936 
WAI6-1Sl 9.5 2673 x 
WAI6-1SI 14.7 1294 x 
WAI6-ISI 12.7 1331 826 
WAI6-1Sl 12.5 x 1172 
WAI6-1Sl 9.9 1404 881 
WAI6-1SI 13.0 1157 x 
WAI6-1SI 11.l 807 846 
WAl6-1SI 11.0 1231 857 
WAI6-1Sl 14.9 1306 x 
WAI6-1S l 14.6 1669 x 
WAI6-1Sl 14.4 1577 x 
WAI6-1Sl 14.1 1203 x 
LAH1S3 13.1 833 x 

Peloidal MAI2-1Sl 8.8 819 829 
Mg calcite MAI2-1Sl 13.3 837 2227 

MAI2-1Sl 15.1 1276 x 
MAI2-1Sl 14.0 1905 636 
MAKlSI 15.0 1128 x 
LAHIS3 15.6 1347 x 
LAHIS3 16.3 718 1017 
LAH1S3 17.1 961 x 
LAH1S3 16.2 861 1822 
LAH1S3 16.3 878 2241 
MAK5Sl 12.0 x 5683 
MAK5Sl 13.0 x 1195 

MAK5Sl 12.5 653 1195 

MAK5Sl 13.5 629 x 
WAl7-2Sl 15.2 1056 2087 
WAI7-2Sl 15.6 1128 x 
WAI6-IS1 13.4 576 1126 
WAI6-1Sl 17.1 1498 701 
WAI6-1Sl 12. l x 927 
WAI6-ISI 14.1 1540 x 
WAI6-IS1 13.6 1273 1367 

WAI6-1Sl 15.4 534 2370 
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CEMENT TYPE SAMPLE ID MOLE% MgC03 Sr (µgig) Fe (µgig) 
Det. Lim.=0.11 Det. Lim.=4001 Det. Lim.=6001 

Peloidal WAl6-1Sl 14.9 1209 x 
Mg calcite WAI6-1Sl 14.3 687 1723 

Micritic Crust WAl7-1S2 15.6 447 601 
WAl7-IS2 7.5 1103 944 
WAl7-1S2 16.3 1605 1025 
WAI7-IS2 18.0 1098 x 
WAl7-1S2 18.3 1060 x 
WAI7-1S2 18.6 1240 x 
WAI6-1Sl 14.8 1328 x 
WAI6-1Sl 15.8 1425 x 
WAI6-1SI 14.2 1382 656 
WAI6-1Sl 12.9 2631 x 
WAI6-1Sl 13.9 1180 901 
WAI6-1Sl 14. l 1357 x 

Bladed Mg Calcite LAH1S2 14.8 1341 x 
LAH1S2 14.6 1519 x 
LAH1S2 16.4 1157 x 
LAH1S2 16.4 1074 x 
LAH1S2 15.1 683 x 
LAH1S2 12.8 1347 x 
LAH1S2 15.5 1056 x 
LAH1S2 14.8 647 x 
LAHIS2 15.3 890 x 
LAH1S2 16.9 1134 x 
LAH1S2 17.8 1312 x 
LAHIS2 17.5 997 x 
LAH1S2 16.7 932 x 
LAH1S2 18.9 1169 x 
LAHlSl 16.4 843 x 
LAH1S1 15.5 843 x 
LAHlSl 16.6 908 x 
LAHlSl 17.5 896 x 
LAHlSl 15.6 1122 x 
LAHlSl 17.3 718 x 
LAHlSl 12.8 849 x 
LAH1S3 17.0 783 x 
LAH1S3 16.3 1145 x 
LAH1S3 16.6 1074 x 
LAH1S3 16.0 997 x 
LAHIS3 14.4 1027 x 
LAH1S3 15.4 1027 x 
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CEMENT TYPE 

Bladed Mg Calcite 

Equant/Blocky 
Mg Calcite 

Microcrystalline 
Calcite 

Needle-fiber 
Calcite 

SAMPLE ID 

LAH1S3 
MAK5Sl 
MAK5Sl 
MAK5Sl 
MAK5Sl 
MAK5Sl 
MAK5Sl 
MAK5Sl 
MAK5Sl 
LAHIS3 
LAHIS3 
LAH1S3 
LAH1S3 
LAH1S3 
LAHIS3 
LAH1S3 
LAH1S3 
LAH1S3 
LAH1S3 
LAH1S3 
LAH1S3 
LAH1S3 
LAH1S3 
LAHIS3 

LAHIS3 
LAH1S3 
LAH1S3 
LAHIS3 

MAI5-1S8 
MAI5-1S8 
MAII-2Sl 
MAl1-2Sl 
MAII-2Sl 
MAI1-2Sl 
MAl1-2Sl 

MAI5-IS8 
MAI5-1S8 
MAI5-IS8 
MAI5-1S8 

MOLE% MgC03 

Det. Lim.=0.11 

15.9 
14.5 
13.7 
13.4 
13.9 
12.2 
15.3 
16.4 
15.9 
15.7 
16.6 
16.8 
17.5 
16.2 
17.l 
15.5 
16.5 
16.7 
16.4 
16.2 
17.1 
16.7 
16.4 
16.7 

14.6 
13.1 
15.l 
15.5 

3.0 
3.6 
7.5 
5.5 
4.8 
6.3 
5.7 

2.3 
1.4 
1.1 
1.1 
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Sr (µgig) 
Det. Lim.=4001 

926 
890 
819 
920 
914 
938 
973 
878 
1062 
916 
1068 
1123 
908 
1005 
948 
1002 
762 
1144 
1229 
1052 
1159 
1036 
833 
951 

801 
1092 
1033 
890 

683 
861 
699 
675 
1328 
1348 
1001 

481 
665 
659 
564 

Fe (µgig) 
Det. Lim.=600 1 

x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 

x 
x 
x 
x 

747 
x 
x 
x 
x 
x 
x 

x 
x 

x 

x 



CEMENT TYPE SAMPLE ID MOLE% MgC03 Sr (µgig) Fe (µgig) 
Det. Lim.=0.1 1 Det. Lim.=4001 Det. Lim.=6001 

Needle-fiber MAI5-1S8 2.1 x x 
Calcite MAI5-IS8 2.6 884 x 

MAI5-1S8 4.4 1240 x 
MAI5-1S8 4.1 1537 x 
MAI5-1S8 3.8 1988 x 

Equant Calcite LAHlS2 1.8 2000 x 
LAH1S2 1.6 1567 x 

MAl2-1Sl 1.1 1353 x 
MAl2-1Sl 1.4 2712 x 
MAI2-1SI 2.5 540 x 
MAI2-1SI 2.5 932 x 
MAI2-1Sl 2.7 647 x 
MAI2-1SI 2.3 469 x 
MAI2-1Sl 1.9 1258 x 
MAKISl 4.0 920 781 
MAKlSl 3.9 890 x 
MAKlSl 5.3 896 x 
MAKISl 3.2 1466 824 
MAKlSl 4.5 766 x 
MAKlSl 4.8 985 x 
MAKlSl 3.7 1893 x 
MAKlSl 4.2 760 x 
LAHlSl 2.1 1549 x 

MAI2-2S5 0.7 x x 
MAI2-2S5 0.8 x x 
MAI2-2S5 1.0 1334 x 
MAI2-2S5 0.8 x x 
MAl2-2S5 1.1 2138 x 
MAI2-2S5 0.7 1539 x 
MAI2-2S5 1.3 2213 x 
MAI2-2S5 1.5 3021 x 
MAI2-2S5 1.1 2046 x 
MAI2-2S5 1.4 2265 x 
WAI7-1S2 4.1 703 x 
WAl7-1S2 1.7 529 x 
WAl7-1S2 1.4 x x 
WAI7-1S2 1.5 x x 
WAl7-1S2 2.6 539 x 
WAI7-IS2 1.7 x x 
WAl7-IS2 1.8 506 x 
WAl7-IS2 1.8 450 x 
WAl7-1S2 2.7 550 x 
WAl7-1S2 2.1 521 x 
WA17-IS2 1.7 772 x 
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CEMENT TYPE SAMPLE ID MOLE% MgC03 Sr (µgig) Fe (µgig) 
Det. Lim.=0.1 1 Det. Lim.=4001 Det. Lim.=600 1 

Syntaxial MAKlSl 6.0 404 x 
Overgrowth Calcite MAKlSl 3.8 855 x 

MAKISl 2.6 700 1036 
MAKlSl 3.3 1531 x 
MAKlSl 5.1 493 1003 
MAKlSl 3.0 736 x 
MAKlSl 2.9 564 x 
MAKlSI 4.0 1003 x 
MAKlSl 3.8 516 x 
MAKlSl 4.8 1092 x 
MAKI SI 4.0 783 x 
MAKI SI 4.0 1235 x 
MAKlSl 4.3 718 x 
MAI2-2S5 1.3 734 x 

Neomorphic Calcite MAI2-1Sl 7.7 884 x 
Spar MAI2-1Sl 8.8 1240 x 

MAI2-ISI 0.9 1632 x 
MAI2-1Sl 8.3 831 x 
MAI2-1Sl 1.0 3092 x 
MAI2-1Sl 0.8 2404 x 
MAI2-1Sl 0.7 1252 x 
MAI2-1Sl 0.7 2362 x 
MAI2-IS1 0.7 3122 x 
MAI2-IS1 0.7 2083 x 
MAI2-IS1 4.3 1401 x 
MAI2-1Sl 0.9 3988 x 
MAI2-1Sl 0.9 6374 x 
MAI2-ISI 1.0 4356 x 
MAl2-1Sl 0.5 3680 x 
MAI2-1Sl 1.1 3994 x 
MAI2-1Sl 7.3 742 x 
MAI2-ISI 11.2 1128 x 
MAI2-1Sl 3.6 4255 x 
MAI2-ISI 0.7 4208 x 
MAl2-1Sl 6.6 605 x 
MAI2-1Sl 8.0 1015 x 
MAI2-1Sl 3.2 1027 x 
LAHISl 1.3 4273 x 
LAHISl 1.4 2439 x 
LAHISI 0.7 5003 x 

1x=below detection limit 
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