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system morc rapidly than other sediment components.
Sites of the most prolific coral growth in Kailua Bay
generally occur along fore-reef slopes and channel
margins at 15-20 III water depths. The presence of talus
deposits along the seaward base of these features sug­
gests that rubble and sediment resulting from their de­
struction may be transported downslope and offshore
rather than distributed landward over the reef platform.
Similarly, encrusting corals that arc abundant over
the shallow, landward portion of the fringing reef have
little potential to be transferred from framework to
sediments.

Alternatively, the paucity of coral in sediments may
suggest that the relative contribution of corals to the
Holocene reef framework has been low. Ir reef accretion
in this windward, energetic environment has been
dominated by coralline algae for the last 5000 years, the
sediments resulting from reef erosion would also reflect
the dominance of algae, as we observe. Knowledge of
the nature and rate of Holocene reef accretion in Kailua
is needed to answer these basic questions.

Whole and fragmented Halimeda segments are pre­
sent in varied abundance in all beach and sublittoral
sands of Kailua Bay, contributing nearly a third of the
sediments in high energy waters < 2 m deep. We had not
anticipated that the skeletal remains of this aragonitic
green alga would predominate in wave-dominated en­
vironments, as its perforated segments have generally
been thought to quickly disintegrate into fine sediments
characteristic of lagoonal environments (e.g. Neumann
and Land 1975). This view is changing in light of de­
tailed studies of extensive Halimeda banks and associ­
ated sediments of the Great Barrier Reef (e.g. Davies
and Marshall 1985; Phipps et aJ. 1985) and of biomin­
eralization in this and other calcareous algae (Macintyre
and Reid 1992, 1995; Reid and Macintyre 1998). Hali­
mella exhibits a wide range of growth forms and is no
longer considered to be a predominantly lagoonal alga
(Hillis 1997). When living, the plant bodies ('thalli'
composed of consecutive, branching, calcified segments
connected by longitudinal coenocytic filaments) may
grow attached to hard substrates by a meshwork of fil­
aments or anchored in unconsolidated sediments by a
single, buried hold fast (Hillis 1991). In nearshore Kailua
Bay, we have found dense, sandy meadows and exten­
sive epilithic mats of Halimeda flourishing at 2-10 m
water depths. Clumps of the alga are abundant in well-lit
areas landward of the reef platform but are generally
rare to absent within the reef tracts offshore. Death and
the natural process of senescence shed aragonitic seg­
ments to the surrounding seafloor, where they are then
subjected to sedimentary and taphonomic processes.
Estimates of Halimeda production in subtropical popu­
lations around the world are on the order of 2 kg
CaCOJ m-2 year-I (Hillis 1997), attesting to the signif­
icance of this green alga as a sediment producer.

Mollusc shells are common constituents of most
sediments in Kailua Bay. Shell hash, intact helices, and
fragmented valves are most concentrated in beach sands

and nearshore areas and rellect the great diversity in size
and number of molluscs in Hawaiian waters. Past
studies suggest that benthic foraminifera would occur in
similar abundance. having been observed to dominate in
beach sands (Moberly et aJ. 1965) and having a high
density of living individuals on reefal substrates in
Kailua Bay. The genera Amphisregilla, Hererosregina,
Peneroplis, and A1argil1opora are present in sediments
but in generally low numbers, despite their annual pro­
ductivity of 0.1-0.4 kg m-2 at reefal depths «10 m) in
Kailua Bay (Harney et aJ. 1999). Minor sediment pro­
ducers include echinoderms, bryozoans, and the tube­
building worms; their combined contribution is small.

Skeletal carbonate sediments in Kailua Bay are thus
produced by one of two primary processes: progressive
destruction (mechanical, chemical, and biological) of
reef framework limestone (primarily coralline algae and
coral) into rubble and sand ("'framework origin'"); and
"direct sedimentation" upon the death or senescence of
calcareous organisms such as Halimeda. molluscs. and
foraminifera (which seems to primarily occur in near­
shore regions and along the landward portion of the reef
platform). Skeletal grains are generally well-preserved
and common to abundant in all submarine and subaerial
environments in Kailua Bay, particularly when sedi­
ments are medium- to coarse-grained.

Nonskeletal carbonate sediments result from the
diagenetic alteration of existing particles of various or­
igin by such processes as micritization and recrystalli­
zation (cf. Macintyre and Reid 1992). Most intraclasts
are of algal origin and are generally more common in
offshore sediments (> 10m water depth) where grain size
is medium to coarse. Crystalline particles reach their
greatest abundance in nearshore and beach sediments
where finer grain-size distributions are observed. These
particles are probably the result of abrasion, but their
exact origin remains uncertain.

Mineralogy of skeletal constituents

Departure from the normal aragonitic mineralogy of
coral in sediments (C2, C9) compared with those still
within the fossil reef framework (R3) could be due to the
diagenesis and alteration that occurs with age and dur­
ing transport within the littoral system or simply due to
the inclusion of recrystallized material in lhe coral
fragments analyzed. Coral grains in sediments from site
C2 contain less total calcite (12%) than those from site
C9 (20%). Peak-area analysis of the calcite present in
these samples, however, indicates that a greater pro­
portion of the C2 coral grains is low-Mg in character
(18%) when compared with the low-Mg content of the
C9 sample (2%). Site C2 is located in the nearshore re­
gion where wave energy is greater, sand grains are more
abraded, and framework-derived components such as
coral and coralline algae are older. The mineralogical
differences between C2 and C9 coral grains may thus
reflect differences in storage time.



Although living coralline (red) algae is composed of
high-magnesian calcite, its skeletal remains in sediments
contain up to 270/0 aragonite. This is probably due to
extracellular or cavity-filling cements that form after
deposition (cf. Bosence 1991). A low-Mg calcite com­
ponent is found in grains of coralline algae from the fine
size fraction (0.25-0.5 mm) of sediments from both the
beach (BI) and far offshore (CIO). These are also the
oldest samples found in this study (4522 years 0.1'. at BI,
3236 years B.P. at CIO), and their age may reflect the
time scale over which resident particles arc stored and
altered in this carbonate system. After several millennia,
coralline algae sediments are abraded, mineralogically­
altered, and may occur relatively far from their original
source atop the reef platform.

Living Halimeda segments arc wholly aragonite,
while modern and aged samples show some degree of
mineralogical alteration to magnesian calcite (2-12%).
In thin section. we observe the progressive micritization
and textural alteration of Halimeda grains that appar­
ently results in the observed magnesian calcite mineral­
ogy (cf. Reid and Macintyre 1998). Halimeda grains of
the fine fraction from offshore (C I0) contained 12%
calcite and were twice as old as the fine fraction from the
beach (B I), which contained only 2% calcite. The degree
of mineralogical alteration in Halimeda appears to be
related to age, with those farther offshore being older
and more altered than those proximal to their shallow­
waleI' source.

Radiocarbon ages and sources of error

Mineralogical alteration in sand grains of various skel­
etal origin can result in a radiocarbon age that appears
to be younger than the true age. The extent to which our
radiocarbon ages are affected by these post-depositional
mineralogical changes is unknown, although the degree
of diagenetic alteration is generally lim.ited in the mate­
rials we selected for dating.

Substrate age has been reported as a source of ra­
diocarbon variation in marine shells. Molluscs grazing
on Pleistocene limestone substrates can have shells with
apparent ages up to 1000 years older than those on
adjacent volcanic coasts, owing to the incorporation
of 'old carbon' in their skeletal materials (Dye 1994).
Our dates on molluscan material both nearshore and
offshore (259 and 737 calendar years B.P., respectively)
are younger than most other sediment components at
the same sites and thus may not reflect this condition.

In calibrating radiocarbon ages to calendar ages. two
corrections are made for marine carbonates: a global
reservoir correction of 400 years (due to the slow diffu­
sion of atmospheric CO2 into the surface ocean) and
a regional reservoir correction (Ll.R = 117 ± 51). The
regional correction for Oahu (Stuiver and Braziunas
1993) was determined based on the offset of a single
radiocarbon date of a mollusc shell of known historical
age (~1840) collected from Pearl Harbor (Broecker and
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Olson 1961). Further radiocarbon age determinations
should be made on historically-aged marine materials
such as coral or coralline algae collected from other
Hawaiian localities to refine regional reservoir correc­
tions, particularly because of the false-aging potential in
marine mollusc shells.

Since radiocarbon-age data are statements of proba­
bility, statistical uncertainties also exist. Although sta­
tistical analysis of large quantities of material is required
to reduce the range of uncertainty, in the case of un­
consolidated sediments, this approach may complicate
the analysis. The mixing of a large number of carbonate
sediments of various origin, age, and alteration history
provides a date that reflects an 'average' radiocarbon
content of the entire assemblage of grains. In most cases,
we date as few grains as possible to reduce the degree of
age averaging.

Bulk sand ages are particularly subject to age aver­
aging. owing to their highly varied, site-dependent sed­
imentology and mixed mineralogy. While the age of a
bulk sample is not predictable based on the abundance
and age of the individual skeletal components. our off­
shore sample is younger (1001 years B.P. at site C9) than
our nearshore sample (1818 years B.P. at site C2). pos­
sibly reflecting the greater proportion of younger,
coarser, framework-derived coralline algae that exists in
sand collected offshore.

Sediment source and storage time

The age range of various skeletal materials in sediments
supports observations of the partitioning of sediment
production in 'primary source areas' of the Kailua
shoreface (Fig. 5). The primary source of framework­
derived sediments (coral and coralline algae) is the reef
platform offshore; these components are older in near­
shore sand. In contrast, the primary sources of directly
produced sediments (Halimeda, molluscs, and forams)
are nearshore fossil reef hardgrounds and along the
landward portion of the reef platform; these components
are older in offshore sand. These differences in sediment­
component ages probably reflect the time spent 111

storage and transport from the primary source of
production.

Benthic foraminifera provide one example. The age
of foram tests is younger in nearshore sand (649 years
B.p.) than in offshore channel sand (1270 years 0.1'.). In
Kailua Bay, populations of living benthic forams are
most dense in shallow. nearshore waters on relatively
barren substrates such as rubble and coral skeletons;
they are generally absent on substrates colonized by
living coral and coralline algae (Harney et al. 1999). It
is thus unlikely that the foraminiferal remains found at
site C9 (-20 m) were produced on the adjacent reef
platform, which is composed of nearly 100% living
coral. In contrast, site C2 lies in a nearshore sand field
where limestone outcrops and patches of rubble are
the dominant consolidated substrate. Since sediment'
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production by foraminifera is more likely to occur in
such areas shoreward of the living reef platform, their
test ages in nearshore sediments (C2) would probably
be younger than in offshore sediments (C9), as we
observe.

Further support of this hypothesis is derived from
our studies of coralline algae and Halimeda. These cal­
careous algae are abundant in Kailua Bay, have been
characterized in terms of production potential, and
possess different mineralogies (high Mg-calcite vs.
aragonite), thus providing a range of perspectives in
sediment dynamics.

Coralline algae sediments are highly varied in age. Of
the shoreface samples analyzed, the oldest grains are
found on the beach (4522 years 13.P. at BI); grains of
intermediate ages are fOllnd nearshore (1556 years B.P.

and 2354 years B.P. at C2); the youngest grains are found
offshore (540 years B.I'. at C9, 558 years B.P. at CIO;
except for the nne size fraction at CIO, see below).
Coralline algae is the only sediment producer that ex­
ploits every habitat and depth within the bay. Atop the
extensive reef platform and on isolated outcrop surfaces,
it is the most ubiquitous marine taxa and the most
prolific producer of sediment. The age distribution of
coralline algal fragments reflects the probability that
most of the sediment production by these red algae is
accomplished atop the reef platform. In sediments col­
lected offshore from the seaward mouth of the channel
(CIO), fine grains of coralline algae are distinctly older
(3236 years B.P.) than coarse grains (558 years B.P.),

suggesting that coralline-algal grains have long sediment
storage times between initial production and loss by
abrasion or by transport to deep water.

Halimeda sediments are distinctly younger in near­
shore samples « 250 and 353 years BY.) than in all
others, presumably due to their proximity to Halimeda
production sites in shallow meadows. Fragments on the
beach, all very small in size (0.1-0.4 mm), are of inter­
mediate age (943 years 13.P. at 81) but are younger than
those offshore (3217 years B.I'. at C9, 2114 years B.p. and
1870 years B.P. at CIO), perhaps reflecting a time lag
associated with transport of these shallow-water sedi­
ments to deeper waters. We do not f"ind a significant age
difference between coarse and fine Halimeda fragments
collected from the channel's seaward mouth at 30 m
water depth, suggesting that the transport of Halimeda
segments from their shallow-water source occurs with­
out size preference. Halimeda's greatest contribution is
made to seafloor sediments adjacent to its shallow
meadows, but its sedimentary products are found on the
beach, in the channel body, and far offshore, reflecting
storage limes as greal as 3200 years.

The most surprising result of this work is that the
skeletal sediments of this productive, well-circulated
system are very old. Even coralline algae, the most
ubiquitous modern producer, are not represented in the
sediments by a dominant modern-aged signal. Of 20
radiocarbon dates on sediment constituents in this
study, only one is of modern (post-1950) age (Halimeda

grains from nearshore site C2; other modern ages are
from living materials or in situ coral). Similar millen­
nial-aged Halitneda fragments and other skeletal mate­
rials have been found in shelf sediments of the Great
Barrier Reef, apparently deposited during post-glacial
sea-level rise and subsequently buried 2-3 m below the
seafloor (Harris et al. 1990). Could an aragonitic grain
even up to I cm in size survive abrasion and transport
in the windward turbulence of Kailua Bay for several
thousand years? Sediment confinement by shallow
burial in the channel and other sand bodies would re­
tard the processes that surficial particles are subjected
to, thereby reducing the loss of grains by erosion and
abrasion or transport to deep water. The deeply-incised
Kailua channel represents an in situ storage capacity
for carbonate sediments produced atop the reef plat­
form and in shallower back-reef areas. The fact that the
channel is not filling up with sediment along its length
suggests that sand is continually transported in or out
of the channel. Recent work on sediment dynamics in
the Kailua channel has revealed that migrating bed
forms proceed shoreward at a rate of 0.5 m/day during
trade wind conditions and seaward at approximately
the same rate during winter ground swell conditions
(Cacchione 1998). Loss of carbonate particles by
abrasion and/or transfer across the -littoral fence' to
deep water may not' necessarily be a rapid process, as
there remains a strong fossil component in sediments of
lhe shoreface. The relationship between circulation,
wave forcing, and sediment movement in Kailua Bay is
still poorly understood but is an important subject for
future research.

Modern and paleoproductivity

The minor importance of volcanic minerals and the
great areal extent and age of carbonate sand contained
in the beach and channel reservoirs indicate that the
storage time of biogenic carbonate sediment in Kailua
Bay is of millennial scale. While the composition of
surficial sands in Kailua broadly reflects the existing
zonation of benthic habitats and production areas, the
distribution of ages (Fig. 6) may also reflecl changes in
carbonate productivity during the Holocene. Under a
+ 1-2 m mid- to late Holocene sea-level high stand
(Grossman and Fletcher 1998), the flooding of Kailua's
broad, low coastal plain would have resulted in signifi­
cant expansion of shallow, nearshore areas (Kraft 1982;
Athens and Ward 1991). The production of calcareous
algae and their sediments may have proliferated in this
back-reef lagoon zone, and (in part due to long storage
times) their fossil signature may be significant in the
present surficial sediment pool. The long-term storage
and release of fossil sediments and the effects of fluctu­
ating sea level on shallow-marine productivity may have
moderated the contemporary signature of the present
benthic community, but do not completely mask back­
ground patterns of partitioned sediment production. A



numerical carbonate sediment budget is necessary to
further investigate differences in modern and paleopro­
ductivity.
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