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bmerged coral reefs are preserved in theHuonGulf (PapuaNewGuinea) and around
Hawaii. Despite different tectonics settings, both regions have experienced rapid subsidence (2–6 m/ka) over
the last 500 ka. Rapid subsidence, combinedwith eustatic sea-level changes, is responsible for repeateddrowning
and backstepping of coral reefs over this period. Because we can place quantitative constraints on these systems
(i.e., reef drowning age, eustatic sea-level changes, subsidence rates, accretion rates, basement substrates, and
paleobathymetry), these areas represent unique natural laboratories for exploring the roles of tectonics, reef
accretion, and eustatic sea-level changes in controlling the evolution of individual reefs, aswell as backsteppingof
the entire system. A review of new and existing bathymetric, radiometric, sedimentary facies and numerical
modelingdata indicate that these reefshavehad long, complex growthhistories and that theyarehighly sensitive,
recording drowning not only during major deglaciations, but also during high-frequency, small-amplitude
interstadial and deglacial meltwater pulse events. Analysis of five generalized sedimentary facies shows that reef
drowning is characterized by a distinct biological and sedimentary sequence. Observational and numerical
modeling data indicate that on precessional (20 ka) and sub-orbital timescales, the rate and amplitude of eustatic
sea-level changes are critical in controlling initiation, growth, drowning or sub-aerial exposure, subsequent re-
initiation, andfinal drowning.However, over longer timescales (N100–500 ka) continued tectonic subsidence and
basement substratemorphology influence broad scale reef morphology and backstepping geometries. Drilling of
these reefs will yield greatly expanded stratigraphic sections compared with similar reefs on slowly subsiding,
stable and upliftingmargins, and thus they represent a unique archive of sea-level and climate changes, aswell as
a record of the response of coral reefs to these changes over the last six glacial cycles.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Recent investigations of drowned Quaternary coral reefs in rapidly
subsiding margin settings such as the “Big Island” Hawaii and the
Huon Gulf of Papua New Guinea, indicate that these systems contain
a unique, and largely unexploited, archive of reef drowning and
iversity of Sydney, NSW, 2006,
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backstepping, sea-level variations, and climate changes (Webster et al.,
2004a; Webster et al., 2007). Despite representing different tectonics
settings, a foreland basin (Huon Gulf) and a hotspot (Hawaii) (Fig. 1),
these regions have experienced rapid subsidence (2–6 m/ka) over
the last 500 ka, and thus constitute a unique natural laboratory for
exploring the relationship between tectonics, reef accretion, and
eustatic sea-level changes in controlling the reef evolution.

Unlike their transgressive and highstand fossil counterparts, that
developed in stable (e.g., Great Barrier Reef, Florida Margin, Bahama
Bank) and uplifted settings (e.g., the Huon Peninsula, Barbados,
Ryukyu Islands, and Red Sea), the submerged reefs of the Huon Gulf
and Hawaii aremainly glacial reefs that developed in response to rapid
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Fig. 1. Regional location map showing the study areas. (A) Huon Gulf (PNG) showing the drowned coral reefs (grey shaded area); modern fringing reef (dashed line); Trobriand
platform (long dashed line); and uplifted raised reef terraces (thick dashed line) along the Huon Peninsula. Rectangle outlines the study area detailed in Fig. 2 (after Webster et al.,
2004c). (B) The “Big Island” of Hawaii showing the drowned coral reefs. The known (solid line) and probable (dashed line) extent of the −150 m (H1, in red) and (H2, in blue) −400 m
drowned reefs are also shown. Rectangles outline the main study areas detailed in Figs. 3 and 14 (after Clague et al., 1998; MBARI Mapping Team, 2000; Webster et al., 2004a). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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subsidence (∼2–6 m/ka) (Moore and Fornari, 1984; Ludwig et al., 1991;
Galewsky et al., 1996; Wallace, 2002). Depending on the relationship
between eustatic sea-level changes and reef growth, rapid subsidence
ensures accommodation space is continually created, thus generating
greatly expanded stratigraphic sections compared to reefs from stable
and uplifting tectonic settings. Recent drilling investigations around the
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island of Tahiti (Montaggioni et al., 1997; Cabioch et al., 1999; Camoin
et al., 2007) have also revealed expanded stratigraphic reef sections that
grew in response to subsidence – albeit at a much lower rate (0.15 to
0.4 m/ka) (Montaggioni, 1988; Pirazzoli and Montaggioni, 1988) than
Hawaii and the Huon Gulf.

Drowned reefs in rapidly subsiding settings also develop during
other periods of Earth's sea-level and climate history (i.e., glacial
periods, early deglaciations) that are inadequately sampled by reefs in
stable and uplifting tectonic settings. Previous workers on Hawaii
(Moore and Fornari, 1984) and Papua New Guinea (Galewsky et al.,
1996) speculated that reef initiation occurred during periods of stable
sea-level in the highstands and continued throughout the regressions
before finally drowning during the early part of the deglaciations. The
tops of the coral reefs are, therefore, particularly sensitive to eustatic
sea-level rise and should encapsulate a clear sedimentary signature of
reef drowning that can be observed, characterized, and compared
with extant bio-sedimentary facies and, more crucially, interpreted
within a precise 14C and U/Th chronologic framework. Unlike most
other ancient carbonate platforms and reefs it is possible to place
realistic quantitative constraints (i.e., of eustatic sea-level changes,
subsidence rates, drowning times, carbonate accretion rates, and
paleobathymetry) on these depositional systems allowing direct links
to be established between fundamental processes and their morpho-
logical, stratigraphical and sedimentary response.

We review and synthesize new and existing bathymetry, dive
observations, sedimentary facies, radiometric and numerical modeling
data from two of the best-studied drowned reef systems on rapidly
subsiding margins – the Huon Gulf and Hawaii. We discuss the
implications of thesedata for understanding themain factors controlling
their: (1) structure andmorphology, (2) sedimentary facies composition
and transitions, (3) drowning and backstepping, and (4) internal
stratigraphical successions. Finally, we discuss the potential of these
reefs, particularly in Hawaii, as a new IODP drilling target.

2. Regional setting and rapid subsidence

2.1. Huon Gulf, Papua New Guinea

The Australian plate converges obliquely with the Pacific plate,
producing a complex and active system of micro-plates and associated
vertical and lateral movements. In the Huon Gulf, the South Bismarck
plate collides with and overrides the northern Australian continental
margin (Davies et al., 1987a,b; Pigram and Davies, 1987; Abbott et al.,
1994a,b) (Fig. 1A). A classic fore-deep has developed on the lower
plate of the convergence zone in the Huon Gulf (Galewsky et al., 1996)
with a complex series of 14 reefs, pinnacles, and banks now preserved
100 to 2500 m below sea-level (Webster et al., 2004b). U/Th dating of
corals (details in Section 5) from the drowned reef at −2000 m
(348 ka) and −250m (60 k) constrain the rate of subsidence between 2
and 6 m/ka (Galewsky et al., 1996; Webster et al., 2004b) (Fig. 2).

Based on observational and numerical modeling data, Galewsky
(1998) and Wallace (2002) argued that subsidence within the Huon
Gulf is driven by plate flexure caused by the foreland-migration of the
subduction load at a rate of∼60mm/yr (Wallace et al., 2004). As a result
of plate flexure, the rate of subsidence varied through time and space as
the subsidence rates are highest closest to the subduction load.
Superimposed on this general northeast downward flexing towards
the trench,Webster et al. (2004b) found that the deep (N−1000m) reefs
have also been systematically tilted ∼15 m/km towards the north-
west, and the shallow reefs (b−300 m) tilted ∼2 m/km towards the
southwest. They concluded that post-depositional reef tilting is related
to the location of the centroid of the encroaching thrust mass (the
Finisterre Range) to the NW (Fig. 2A), and to possible spatial variations
in the flexural rigidity of the underlying lithosphere.

Along the adjacent Huon Peninsula, on the overriding South
Bismarck plate, the Finisterre collision has caused uplift (1–3 m/ka)
and preservation of a complementary sequence of raised coral reef
terraces (Chappell, 1974) (Fig. 1A). The Finisterre collision was initiated
between 3.7 and 3.0 Ma (Abbott et al., 1994b), and rates of uplift since
this time have been high. The Oligocene and Early Miocene volcanic
rocks of the Finisterre Range are overlain by Neogene and Quaternary
marine carbonates that have been folded into a broad anticline. Dating
and paleobathymetric studies of the carbonate rocks show that
tectonically-driven surface uplift rates of these carbonates were
approximately 1–2 m/ka (Abbott et al., 1997), similar to rates measured
for the raised Huon Peninsula reef terraces. The co-existence of the
uplifted Huon Peninsula reefs and the subsided Huon Gulf reefs at the
same plate boundary provides a rare, complementary record of reef
evolution on uplifting and subsiding margins.

2.2. Hawaii – the big island

The Hawaiian Archipelago, in the central Pacific Ocean, formed
from a relatively stationary hotspot that built volcanic islands on the
northwest moving Pacific plate (Wilson, 1963). The subsidence of
Hawaii is caused by lithospheric loading associated with continued
volcanism over this hotspot during the last 500 ka (Moore, 1987).
Previous investigations of the drowned reefs off northwest Hawaii
(Moore and Fornari, 1984; Moore and Campbell, 1987; Ludwig et al.,
1991; Webster et al., 2004a) indicate a mean, long-term subsidence
rate of 2.5–2.6 m/ka over that period. Based on the depth below sea-
level and age of the subaerial-submarine basalt transition (at 1079 m
and 402±50 ka) observed in core HSDP-2 (Fig. 1B), Sharp and Renne
(2006) calculated a similar subsidence rate of 2.7±0.7 m/ka for the
eastern side of Hawaii (Hilo). Caccamise et al. (2005) observed that the
short-term rates (measured byGPS over six years) are significantly less
than the longer-term rates (estimated geologically), but this difference
may be related to processes that could vary on short timescales.

In contrast to the foreland basin setting of the Huon Gulf, the long
term subsidence rates experienced by the reefs in Hawaii have probably
been uniform over the last 250 ka, at least in the primaryNWstudy area
(Figs. 1B and 3A). For example, the subsidence rate in Hawaii is a direct
result of the size of the load (the volcanoes) and the rheology of the
lithosphere. Since neither the load nor the rheology change rapidly, the
rate of sinking is fairly constant over thousands of years (Moore, 1987;
Moore and Clague, 1992). The location of the center of the load shifts to
the southeast slowly over time as new volcanoes are added to the
southeast end of the chain and the older volcanoes to the northwest
cease their activity. This complexity means that most of the reefs across
Hawaii are tipped down towards the southeast after they have drowned.
This situation is minimized in the main study area (Figs. 1B and 3A)
because the orientations of the drowned reefs are close to perpendicular
to the trend of the chain.

3. Reef structure and morphology

High-resolution bathymetric and sidescan data, combined with ROV
and submersible observations, show significant differences in the gross
structure and morphology of reefs between the Huon Gulf and Hawaii
that include reef number, shape and sinuosity. However, both locations
record clear evidence of similar primary growth features, localizedmass
wasting and composite or multigenerational reef structures.

3.1. Reef number and morphology

Webster et al. (2004b) mapped and characterized 14 distinct reefs
and numerous pinnacles and banks in the Huon Gulf. The reefs vary in
sinuosity, but all trend NW–SE, parallel to the Ramu–Markham Trench
and the present Morobe coastline (Fig. 2A), and preserve morpholo-
gical features indicating primary reef growth (e.g., raised reef crests,
lagoons, spur and grooves, patch reefs and mounds) (Fig. 2B–E). The
reef margins form a complex system of promontories and re-entrants
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(up to 5 km), with abundant pinnacles and banks at similar depths
lying seaward of the main reefs (Fig. 2D). This configuration closely
mimics the complex morphology of the present Huon Gulf coastline,
seaward islands and shoals, and demonstrates the roles of original
geology and basement topography in influencing reef development
(Fig. 2A).

Twelve reefs have beenmapped around Hawaii and eleven of those
off the northwest coast (Figs. 1B and 3A) (after Moore and Fornari,
1984; Ludwig et al., 1991; Clague et al., 1998; MBARI Mapping Team,
2000; Webster et al., 2004a). Compared with the Huon Gulf these
reefs are significantly less sinuous, with H2 and H1 appearing to wrap
smoothly around part of the Kohala peninsula. Currently incomplete
shallow bathymetric data makes it difficult to confidently trace any of
the reefs around the island. However, the available bathymetry and
DEM data east of Kohala volcano (Figs. 1 and 3A) shows the reefs
becoming more compressed or narrower, perhaps in response to
steeper basement substrates as implied by the steep slope of the
onshore topography (Fig. 3A). Similar to the Huon Gulf, outcrop-scale
ROV/sub observations and bathymetry data reveal structures resem-
bling original spurs and grooves, elevated reef rims and flats, as well as
patch reefs or mounds within landward lagoons (Fig. 3B,C).

3.2. Evidence of mass wasting

Sidescan data and ROV observations show that localized mass
wasting is common along the margins of the Huon Gulf reefs. Larger
debris fields up to 0.6×0.3 km are observed along the flanks of steep
reef margins and high-relief banks and pinnacles (Fig. 2B,F). The
debris consists of fragments of reef limestone, derived from the upper
reef and pinnacle margins. Linear fractures or joints up to 2 m apart
trend both parallel and perpendicular to the reef rim. The intersec-
tions of these fracture sets “dissects” the reef margin forming angular
blocks up to ∼80 m wide that are transported down slope. Fig. 2D,F
and G illustrates this mass wasting process. The Hawaiian reefs show
similar evidence of localized mass wasting, with eroded scarps and
substantial debris and talus at the base of some forereef slopes.

Without direct age control, we cannot determine whether mass
wasting occurred coevally with deposition of the reefs, or after they
drowned. Apart from a few local exceptions (pinnacle flanks and
canyonheads in theHuonGulf), the data suggest thatmasswasting has
generally removed b100 m of material laterally from the seaward
margin of themain reefs since their deposition (Webster et al., 2004b).
Moore and Clague (1987) estimated a similar amount of mass wasting
and landward retreat of the shallowest and youngest reef (H1) offshore
in Hawaii. However, larger volumes of material may be buried beneath
hemipelagic sediments at the base of the reef slopes. Additional high
resolution seismic and radiometric data are required to quantify the
debris volume, better constrain the rates and timing of erosional
processes and identify possible causes of reef margin collapse (e.g.,
seismic shocks, sediment loading and oversteepening, and tsunamis).

3.3. Composite or multigenerational reef structures

The bathymetry data reveal that the Huon Gulf and Hawaiian reefs
are composite features, consisting of multiple terrace levels and
associated benches (Figs. 2B,D,E and 3C,D), separated vertically by 10
to 50 m. At least three processes could explain the formation of these
terraces and benches. First, they could be erosional features, formed at
Fig. 2.Main study in the Huon Gulf (PNG). (A) High resolution multibeam bathymetry data sh
high-resolution (DSL-120) sidescan sonar surveys. (B) Bathymetric profiles crossing raised re
bank, steep pinnacles, associated benches and limestone debris on the pinnacle flanks. The lo
two distinct reefs (PVIIa, 1050 m and PVIIb, 1000 m) ∼400 m apart, with numerous shal
multigenerational reef structure of PVII. (F) Enlarged side scan image of PVIIa showing evide
(G) Interpretive sketch of Fig. 2F, rotated 180o and viewed from the northeast to show mas
lower sea-levels and preserved following sea-level rise. Given the high
subsidence rates (2–6 m/ka), this is unlikely, as relative sea-levels
were not stable long enough to erode extensive terraces. Second, they
could have formed by localized post-depositional normal faulting.
However, the seismic data from the Huon Gulf do not support this
hypothesis (Galewsky et al., 1996; Webster et al., 2004b). Third, they
could be depositional features formed during multiple phases of reef
growth and drowning, and small-scale backstepping during as many
sea-level oscillations.

Themultigenerational reef structures are spatially continuous across
considerable distances on some reefs (e.g., Huon Gulf reefs PXII, PVI and
PIV; Hawaiian reefs H1, H8), but across other reefs (e.g., PVII) the
continuity is less clear. Seismic data from theHuonGulf support the idea
that reef histories are complex, with multiple phases of growth
preserved. The data also confirm that these features can be buried by
sedimentary cover, explaining why, in some places, they are difficult to
correlate spatially frombathymetric and sidescan data alone. Additional
bathymetric, seismic, and radiometric data are necessary before we can
confirm the origin of these composite features. However, we suggest
that they represent multiple phases of construction and drowning
during high-frequency, low-amplitude interstadial/stadial sea-level
cycles (details below).

4. Sedimentary facies and signatures of reef drowning

4.1. Sedimentary facies and paleoenvironmental settings

Analysis of over 700 samples recovered from the Huon Gulf and
Hawaiian reefs has revealed a diverse suite of sedimentary facies (after
Galewsky et al., 1996; Webster et al., 2003; Webster et al., 2004a;
Webster et al., 2004c; Webster, 2006; Webster et al., 2007). In this
review, we recognize five generalized sedimentary facies that are
common to both systems. The main components of these facies, their
stratigraphic relationships and paleoenvironmental significance are
summarized below.

4.1.1. Facies 1: Shallow coral reef (0–20 m)
The shallow coral reef facies is dominated by in-situ coralgal

frameworks (i.e., bindstones, framestones, bafflestones) and repre-
sents the main reef-building facies within both systems. In the Huon
Gulf, two distinct coral assemblages constitute this facies: (1) a shallow
(0–5m), high energy reef community of robust branching Acropora sp.
(i.e., A. palifera, A. humilis group, Fig. 4A,B) characteristic of windward
margins and, (2) another shallow community composed of encrusting
Montipora sp. that indicates less exposed, lower energy reef conditions.
A quantitative re-analysis (Tager et al., in press) of the taxonomic
composition of the coral communities that form this facies found that
they were significantly different from their uplifted, highstand
counterparts previously reported from the nearby Huon Peninsula
(Pandolfi, 1996). In Hawaii, the shallow coralgal frameworks are
characterized by massive Porites lobata (Fig. 4C), and robust branching
P. compressa (Fig. 4D), with associated encrusting Montipora and Lep-
tastrea colonies.

Nongeniculate coralline algal crusts are an abundant part of the
framework of this facies at both sites. They are dominated by
mastophoroid algae such as Neogoniolithon fosliei (Fig. 4E,F) and Hy-
drolithon onkodes (Fig. 4F) that commonly occur as 2–40 mm layers
sandwiched between encrusting corals and overgrowing massive and
owing the drowned reefs (P1-PXIV). Rectangles outline locations of two representative
ef rim and lagoon of PIV (625–670m). (C) Sidescan image of the PIV reef rim, flat-topped
cation of bathymetric profiles in (B) are also shown. (D) Sidescan image of PVII showing
lower landward pinnacles and banks. (E) Bathymetric profile (from Fig. 2D) showing
nce of mass wasting (i.e., fractures, slumped blocks, and debris) along the reef margin.
s wasting (after Webster et al., 2004b).
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Fig. 4. Sedimentary facies deposited in shallow coral reef settings (Facies 1: 0–20 m). (A–B) Shallow, high energy coral assemblage from the Huon Gulf reefs with robust branches of
Acropora palifera (A) (PX11, −1980 m, PNG) and Acropora cf. humilis? (B) (PXIII, −2124 m, PNG). (C) Outcrop photo showing an in-situ massive Porites lobata exposed at the base of
Hawaiian reef H7 in the Kohala plunge pool (H7, −967 m, Hawaii, see also Fig. 14). (D) Outcrop photo showing in-situ robust branching Porites compressawith truncated flat tops on
the reef crest of Hawaiian reef H8a (−1197 m, Hawaii). (E) Photomicrograph showing well-developed crusts of nongeniculate mastophoroid coralline algae Neogoniolithon sp. (PIV,
−733 m, PNG). (F) Photomicrograph showing well-developed crusts of nongeniculate mastophoroid coralline algae Neogoniolithon fosliei (1) and Hydrolithon onkodes (2) (PVIIb,
1113 m, PNG) (after Webster et al., 2004c; Webster, 2006).
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branching corals. Large shallow-water benthic foraminifera Amphisorus
and Peneroplis are also common within this facies. Comparisons with
modern Indo-Pacific reefs suggest this facies is characteristic of shallow
coral reef settings, usually b10–15 m of water, and certainly b20 m.

4.1.2. Facies 2: Intermediate coralgal crust/nodule (20–60 m)
The intermediate coralgal facies is characterized by floatstones

and bindstones comprised of coralline algae and minor corals that
commonly overlie the shallow-water coral reef facies. This facies
forms irregular nodules (2–5 cm diameter) or crusts on hard sub-
strates composed of thick fruticose (warty) layers of coralline algae
Fig. 3.Main study area off the northwest coast of Hawaii. (A) High resolution multibeam bath
Fig. 2B, C. (B) Close up showing themorphologic details of H2. (C) Close up showing themorph
(H1a at −105 m; H1b at −125 m; H1c at −150 m) (after Clague et al., 1998; MBARI Mapping
(e.g., Lithothamnion prolifer, Mesophyllum erubescens, Lithophyllum
acrocamptum, andHydrolithonmunitum) growing either around nuclei
of shallow-water origin (e.g., bored corals) (Fig. 5A) or associated with
thin in-situ encrusting/foliaceous corals (Leptoseris, Pavona, Monti-
pora) (Fig. 5B). Other components include coralline algal branches,
large Halimeda segments, bryozoans, large benthic foraminifera
(Heterostegina depressa, Amphistegina. radiata, A. lessonii, and Opercu-
lina) and bivalve fragments (Fig. 5C,D). Taken together this assem-
blage of corals, coralline algae and benthic foraminifera is characteristic
of intermediate fore-reef slope environments in −20 to −60 m of
water.
ymetry data showing the drowned reefs (H1–H12). Rectangles outline areas detailed in
ologic details of H1. (D) Bathymetric profile (A–B) across H1 showing three distinct reefs
Team, 2000; Webster et al., 2004a).



Fig. 5. Sedimentary facies deposited in intermediate fore-reef slope settings (Facies 2: −20 to −60 m). (A) Photomicrograph of a coralline algal nodule with a coral (Pocilloporiid)
nucleus (1), and a deepening algal sequence from an inner crust dominated by Hydrolithon munitum and acervulinid foraminifera (shallow assemblage) (2) to an outer crust of
Lithophyllum pustulatum and fruticose Mesophyllum (3) (intermediate assemblage) (H7, −997 m, Hawaii). (B) Photomicrograph of a coralgal bindstone with thin encrusting
Agariciid corals (Pavona sp. (1) and Leptoseris sp.), encrusted by Lithophyllum pustulatum gp, fruticose Mesophyllum erubescens (2), Lithoporella and L. pustulatumwhich is bored and
infilled with hemipelagic sediments (H7, −936 m, Hawaii). (C) Halimeda floatstone with numerous segments or plates “floating” within a micrite matrix (PXI, −1650 m, PNG).
(D) Photomicrograph of a Halimeda (1) floatstone with abundant large benthic foraminifera, Amphistegina lessonii (2) and A. radiata (3) (PVIII, −1281 m, PNG) (after Webster et al.,
2004c; Webster, 2006).
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4.1.3. Facies 3: Coralline algal-foraminiferal crust/nodule (60–120 m)
The coralline algal-foraminiferal crust/nodule facies is character-

ized by coralline algal and foraminiferal crust-dominated bindstones,
nodular floatstones and rudstones. This facies is common in Hawaii
on horizontal surfaces (e.g., the original reef crest) where it forms
a distinct crust or pavement (Fig. 6A,B). In the Huon Gulf, it can
form substantial low-lying, meter-scale, hummocky structures. At
both locations, the facies consists of either sub-spherical nodules or
crusts on hard substrates (Fig. 6C,D), composed of complex, multi-
generational crusts that form an open framework of melobesioid
coralline algae (Lithothamnion, Mesophyllum) (Fig. 6E) with Sporoli-
thon, Lithoporella, and Peyssonnelia sp., interspersed with micrite, and
abundant encrusting acervulinid foraminifera (Fig. 6F,G). In the Huon
Gulf, this facies is also characterized by the occurrence of the large
benthic foraminiferan Cycloclypeus carpenteri that is commonly found
at depths of −60 to −120 m in modern settings (Iryu et al., 1995;
Hohenegger et al., 2000). At thin section, hand specimen, and outcrop-
scales, this facies overlies the intermediate fore-reef slope facies.
Comparison with modern algal-foraminiferal frameworks in the Indo
Pacific (see Davies et al., 2004 for a review) suggests deposition in a
deep fore-reef slope setting between −60 m to −120 m.

4.1.4. Facies 4: Microbial (N120–150 m?)
Below 120 m, all reef-building corals andmost coralline algae have

ceased active growth. In Hawaii, living coralline algae may live below
this depth, but only as millimetre-scale crusts lacking reproductive
structures (Braga et al., 2005). In these deep open-platform settings,
the drowned Huon Gulf and Hawaiian reefs are characterized by a
complex succession of: (1) a microbial carbonate facies followed by,
(2) a hemipelagic/pelagic facies and finally (3) a zone of intense
boring, infilling and Fe–Mn precipitation (Fig. 7). Similar successions
have been reported from reef rocks dredged from −80 m and −130 m
off Tahiti and the Marquesas Islands, and interpreted as reflecting
deepening and changing water quality associated with a rapid
deglacial sea-level rise (Camoin et al., 2006).

We identify two main microbial fabrics forming the microbial
facies in the Huon Gulf and Hawaiian drowned reefs. The first forms
peloidal sediment infilling cavities (Fig. 7A,C) and the second forms
laminated peloidal and clottedmicrite crusts up to 5 cm thick, in some
places, forming complex, digitate stromatolitic overgrowths (Fig. 7E).
A recent review by Camoin et al. (2006) found that microbial carbon-
ate sediments can occur in shallow and deep-water reef settings,
but in the Huon Gulf and Hawaiian reefs there is clear stratigraphic
evidence that the microbialites postdate the deep-water (60–120 m)
coralline-algal facies (e.g., Fig. 7A,E) and must have been deposited at
greater depths.

4.1.5. Facies 5: Hemipelagic/pelagic (N20–150 m?)
The pelagic/hemipelagic facies is dominated by planktonic for-

aminifera (e.g., Globigerinoides), delicate molluscs, small benthic
foraminifera (Textularia sp.), abundant micrite and minor terrigenous
grains (e.g., quartz and rock fragments) that commonly fill cavities
created by multigenerational bioerosion (Fig. 7E,B) or occur as
centimetre-scale caps on the top surfaces of other, shallower facies
(Fig. 7A,D). Finally, Fe–Mn precipitates, ranging from millimetre- to
centimetre-scale bulbous crusts (in the case of the Huon Gulf) are
common on the outer surfaces of samples.

While it is difficult to define precisely the paleobathymetry of the
microbial and hemipelagic/pelagic facies, stratigraphic relationships
suggest they were deposited after the deep fore-reef slope coralline



Fig. 6. Sedimentary facies deposited in deep fore-reef slope settings (Facies 3: −60 to −120 m). (A–B) Outcrop photos showing the coralline algal-dominated crust or pavement on the
reef crest of H1 (−150 m, Hawaii). (C) Shallow-water reef-building Porites lobata? with thick crusts of coralline algae (H1, −175 m, Hawaii). (D) Photomicrograph of deepening
sequence from a coral, Porites, (1) to an open framework of thick algal crusts (2) (H1, −150 m, Hawaii) (E) Close up photomicrograph of thin layers ofMesophyllum, Lithothamnion, and
Peyssonnelia, with encrusting foraminifera, bryozoans, and interlayeredmicrite (H1, −156m, Hawaii). (F) Limestone composed of coralline algal and foraminiferal crusts (PIV, −642m,
PNG). (G) Photomicrograph of alternating thin crusts of nongeniculate algae dominated by a melobesioid assemblage (1), encrusting foraminifera (2) and micrite (3) (PII, −239 m,
PNG) (after Webster et al., 2004a,c).
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algal-foraminiferal facies. These relationships, combined with their
textures and compositions, suggest deposition within mainly non-
reefal, deep open platform settings (∼N−120 to −150 m). This
deposition added little to the stratigraphic thicknesses of the reefs,
but these facies form important lithostratigraphic and chronostrati-
graphic horizons marking complete platform turn off and represent
‘drowning unconformities' in the context of carbonate platform
literature (e.g., Erlich et al., 1990).



Fig. 7. Sedimentary facies deposited in deep fore-reef slope (Facies 3: −60 to −120 m) and deep-open platform settings (Facies 4, 5: N−120 to −150 m). (A) H and specimen showing an
upward transition from coralline algal-foraminiferal nodules (B), to microbial micrite (C) and planktonic foraminifera (D) (PXIII, −2121 m, PNG). Rectangles outline the location of
photomicrographs B–D from this sample. (B) Photomicrograph of the internal structure of a nodulewith a bored andmicritized coral nucleus (1), encrusted by concentric layers of coralline
algae (e.g., Lithothamnion,Mesophyllum sp.) (2) and acervulinid foraminifera (3). (C) Photomicrograph showing the overlying clotted andpeloidalmicrobial carbonate (1)with large benthic
foraminifera (Heterostegina depressa) (2). (D) Photomicrograph showing the sharp contact (1) between the microbial carbonate and the overlying planktonic foraminifera limestone
composed of planktonic foraminifera (2) and terrigenous grains (3). (E) Photomicrograph showing crusts ofMesophyllum, Lithothamnion (1), and acervulinid foraminifera (2) overlain by
microbial carbonate with stromatolitic structure (3) later bored and filled by hemipelagic sediments (4) (H2, −444 m, Hawaii) (after Webster et al., 2004a,c).

138 J.M. Webster et al. / Global and Planetary Change 66 (2009) 129–148
4.2. Sedimentary signature of reef drowning

The five main facies and four paleoenvironmental settings are
summarized in Fig. 8A. This figure represents an idealized, yet real-
istic, spatial and temporal paleoenvironmental scheme that fits both
the Huon Gulf and Hawaiian drowned reefs (after Webster et al.,
2004c). We use this framework to describe and interpret the distinct
facies transitions recorded in the samples as evidence of reef and
platform drowning associated with relative sea-level rise, reduced
light, and changing water quality.

A major finding of our review of sedimentary data from the Huon
Gulf and Hawaii is that coral reef drowning in rapidly subsiding
settings is characterized by a distinct sequence of biological and sedi-
mentary changes. Fig. 8B shows the generalized drowning sequence
recorded on the tops of the drowned reefs. The sequence begins
with the transition from: (1) shallow coral reef facies (shallow corals
and mastophoroid algal crusts), to (2) intermediate coralgal facies
(deeper-water corals, intermediate algal crusts or nodules), (3) deep
fore-reef coralline algal facies (deep-water algal crusts or nodules),
(4) microbial sediments and crusts, and finally (5) hemipelagic/
pelagic sedimentation, multigenerational bioerosion and Fe–Mn
crust development.

Although not involving identical biological changes, similar
sedimentary sequences (i.e., deep-water facies overlying shallow-
water facies) have been observed in ancient carbonate platforms (e.g.,
Schlager, 1981; Erlich et al., 1990) and used as evidence for platform
drowning. However, our understanding of the mechanics of platform
drowning is problematic, as it may reflect a real drowning brought
about by a dramatic increase in the rate of relative sea-level rise and/or
a decrease in the ability of the platform to produce carbonate.

Precise 14C and U/Th dating of successive Huon and Hawaii
drowned reefs allows us to better constrain the primary factors
controlling reef and platform drowning. We argue that the observed
biological changes and sedimentary sequences encapsulate a distinct
signature of abrupt eustatic sea-level rise and coral reef drowning
duringmajor deglaciations and interstadial events, followed by amore
gradual deepening and ultimately complete platform turn-off asso-
ciated with continued relative sea-level rise (subsidence and eustatic
rise), decreased light, and changes in water quality.

5. Timing of reef drowning and abrupt sea-level rise

5.1. Drowning during major deglaciations and interstadials

All available chronological (U-series, 14C, Fe–Mn crust) ages for the
Huon Gulf and Hawaiian reefs are plotted versus depth relative to
present sea-level in Fig. 9. The Fe–Mn chronometer (Manheim and
Lane-Bostwick, 1988) used in this study is the most accurate non-
radiometric technique for determining growth rates of ferromanga-
nese samples that have relatively low cobalt concentrations (Frank



Fig. 8. (A) Generalized sedimentary facies model for the drowned Huon Gulf and Hawaiian reefs. (B) Generalized model showing the sequence of biological and sedimentary changes
that result from reefs drowning on rapidly subsiding margins. Numbers indicate the sequence of distinctive sedimentary facies comprising the complete drowning signature. (C) Key
to facies in drowning sequence.
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et al., 1999). However, this technique is not without limitations
(Table 1 for details) and thus the Huon Gulf Fe–Mn crust data must be
considered as semi-quantitative, minimum ages. Taken together, the
chronologic data support the concept of reef drowning in response to
rapid eustatic sea-level rise, but also reflect differences between the
Huon Gulf and Hawaiian tectonic settings (i.e., constant vs. flexural
subsidence). For example, the age versus depth relationship in Hawaii
is linear, due to steady rates of subsidence through time, whereas the
Huon Gulf age versus depth distribution is nonlinear reflecting the
steady increase in subsidence rates experienced by the reefs as they
migrated towards the subduction load with time (Fig. 9 – dashed
lines).

A single U/Th age from PXII (−2000 m) in the Huon Gulf of 348±
10 ka suggests drowning due to rapid sea-level rise associated with
major deglaciation during the transition from MIS10 to MIS9 (or
termination IV) (Galewsky et al., 1996) (Fig. 9). While the Fe–Mn crust
data lack the precision needed to confirm this age they do suggest
(with one exception) that reef PXII is at least older than 386 ka.
Similarly, the Fe–Mn crust data cannot constrain the drowning ages of
reefs PX, PVIII and PIV to specific eustatic events, but are broadly
consistent with the age versus depth relationships expected from the
variable flexural subsidence reported by Wallace (2002) and Webster
et al. (2004b). Galewsky et al. (1996; 1998) identified four major reefs
in the Huon Gulf that they interpreted as having drowned during as
manymajor deglaciations. However, themore recent observations and
numerical modeling data (Webster et al., 2004b) for the Huon Gulf
indicate a more complex drowning history, with at least 14 distinct
reefs and pinnacles, along with numerous smaller terraces within
individual, multigenerational reefs (Fig. 2).
Five reliable U/Th coral ages and two 14C-AMS ages (Riker-Coleman
et al., 2004) indicate the PII (241 m) reef drowned at 57–67.4 ka, with
later deep-water algal crust deposition at 35–43 ka. The timing of reef
drowning coincides with a known period of rapid climate change
(MIS4 to MIS3 transition) recorded in ice cores (Dansgaard–Oeschger
event 17, Grootes et al., 1993; Sachs and Lehman, 1999), marine
sediments (Heinrich event 6, Heinrich, 1988; Hemming et al., 2000)
and an associated sea-level rise recorded directly in raised coral
terraces in the nearby Huon Peninsula (Yokoyama et al., 2001;
Chappell, 2002). These ages, when combined with bathymetry,
sedimentary and numerical modeling data (Riker-Coleman et al.,
2004; Webster et al., 2004b) are consistent with drowning during
periods of rapid eustatic sea-level rise associated with higher
frequency, smaller amplitude, interstadials events, in addition to
major deglaciations. Further, the multigenerational features (i.e.,
multiple terrace levels) observed in some of the Huon Gulf and
Hawaiian reefs (Figs. 2 and 3) may also owe their origin to repeated
growth and demise during these interstadial/stadial events. However,
currently there are no age data to confirm this.

Significantly more 14C and U-series data are available for Hawaii
than for the Huon Gulf (Fig. 9). These data and subsequent numerical
modeling are consistent with the general pattern of reef drowning
during major deglaciations, but this can only be firmly established for
H2 and H1. The larger and more precise chronologic data set indicates
that these reefs likely drowned during the penultimate (termination
II) and last deglaciation (termination I) respectively. Further, data from
H1 indicates that distinct, suborbital “jumps” in eustatic sea-level
called meltwater pulse events (MWP) may be the primary cause of
reef drowning during the deglaciations (Fig. 10).



Fig. 9. Chronological age vs. depth data for PNG and Hawaii. Eustatic sea-level (after Imbrie et al., 1984; Lea et al., 2002) is shown as well as periods of abrupt sea-level rise and reef
drowning during major glacial terminations (black arrows) and interstadials (purple arrow). All ages represent calendar years (ages data after Szabo and Moore, 1986; Ludwig et al.,
1991; Jones, 1995; Moore and Chadwick, 1995; Galewsky et al., 1996; Riker-Coleman et al., 2004; Webster et al., 2004a; Riker-Coleman et al., 2005). Filled symbols represent samples
collected in-situ from the tops of the reefs by ROV or submarine. Open symbols represent samples of uncertain spatial context (i.e., dredged or collected as loose talus on the slope).
The horizontal line through the symbols represents age uncertainties for 14C and U-series data. Symbols with no horizontal line represent age errors less than the width of the
symbol: for Fe–Mn crust the cumulative precision is 3% based on the precision of the analytical data for Mn, Fe and Co used in the growth-rate calculations (see footnote to Table 1).
For scaling purposes two Fe–Mn crust ages (1095 ka, 1384 ka) are not shown. Dashed lines represent the general subsidence trends for Hawaii (constant rate, 2.6 m/ka – Ludwig et al.,
1991) and PNG (variable, flexurally driven –Webster et al., 2004b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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5.2. Drowning during the last two deglaciations – Hawaiian H2 and H1
case study

Nine U-series coral and two coralline algal ages have been reported
for H2 and range between 170 and 99 ka. The youngest ages, 122±5 ka
and 99±4 ka, come from coralline algal samples recovered from
−360 m by Szabo and Moore (1986). However, it is difficult to assess
the reliability of these ages given that coralline algae are susceptible to
open-system behavior. Ludwig et al. (1991) published a single coral
age of 133±10 ka for H2 but this was from loose material from the
base of the fore-reef slope. Similarly, a coral age of 170 ka for H2
was reported from a dredge sample on the eastern side of Hawaii
but its precise depth and stratigraphic position are unknown (Moore
and Chadwick, 1995). More recently, Riker-Coleman et al. (2005)
generated six reliable U/Th coral ages for H2 that range from 156–
136 ka. These ages (and sedimentary facies) suggest that H2 is at least
156±2 ka but more importantly the youngest coral sample collected
in-situ from the top of the reef (−412 m) implies that reef drowning
and abrupt sea-level rise occurred at ∼136±0.85 ka, consistent with
rapid sea-level rise during the penultimate deglaciation (Esat et al.,
1999; Gallup et al., 2002). Further, Riker-Coleman et al. (2005) argue
that these data are consistent with Milankovitch theory which
predicts that rapid sea-level rise during the glacial terminations is
preceded by rising insolation (Fig. 10A).

Significantly more age data constrain the drowning of HI (Fig. 10C).
Webster et al. (2004a) reported twenty-four 14C and U/Th coral and
algal ages from H1. Six reliable U/Th in-situ coral ages (15.2–14.7 ka)
come from the shallow coral reef facies at the top of HI, while seven
14C ages (14.6–8.3 ka) come from the overlying deep-water coralline
algal crust facies. These data are consistent with shallow coral reef
drowning at ∼14.7 ka, synchronous with MWP-1A, followed by more
deepening with continued eustatic sea-level rise and subsidence
(Fig. 10A,C). There is considerable controversy concerning the precise
timing and amplitude of MWP-1A (Weaver et al., 2003; Liu and
Milliman, 2004). This uncertainty has important implications because
MWP-1A, based on its timing at ∼14 ka (Fairbanks, 1989; Bard et al.,
1996), has been directly linked to catastrophic ice sheet collapse,
subsequent disruption of ocean circulation, and global cooling (Bard
et al., 1996). Others place the event earlier at ∼14.7 ka, and argue that
rather than driving a slow down of ocean circulation, MWP1A is
synchronous with a major abrupt global warming (Bolling/Allerod)
(Kienast et al., 2003; Webster et al., 2004a). Future work will focus on
dating the shallower reef features around Hawaii (i.e., Fig. 3D) that
probably grew and drowned during subsequent abrupt, but poorly
constrained events (i.e., MWP 1B?, Fig. 10C) as well as precise dating of
each stage of the sedimentary signature of reef drowning depicted in
Figs. 8A and 11.

5.3. Sedimentary model of coral reef drowning on rapidly subsiding
margins

Summarizing all available sedimentological and chronological
data, we define five distinct and predictable stages of reef
and platform drowning in response to abrupt eustatic sea-level rise
and rapid subsidence. These stages are shown in Figs. 8 and 11 and
summarized below.



Table 1
Growth rate and age determination for the Huon Gulf Fe–Mn crust samples

Sample # Water depth
(m)

Platform # Fea

(%)
Mna

(%)
Coa

(%)
GRb

(mm/Ma)
Agec

(ka)
Aged

(ka)

Huon-32A −655 PIV 11.7 15.6 0.0452 43.79 183 228
Huon-167A −1275 PVIII 21.5 14.6 0.1664 7.90 253 633
Huon-161A −1283 PVIII 20.3 13.1 0.1370 9.55 209 314
Huon-181A −1287 PVIII 19.7 13.9 0.1118 13.55 221 295
Huon-156A −1305 PVIII 21.2 13.1 0.1324 10.56 284 473
Huon-216A −1653 PXI 19.5 13.3 0.1507 7.90 380 633
Huon-146A −1950 PXII 18.5 17.3 0.1102 15.53 471 564
Huon-146B −1950 PXII 19.8 16.6 0.0675 35.98 – –

Huon-146C −1950 PXII 25.7 13.4 0.1024 20.30 555 705
Huon-146D −1950 PXII 21.4 14.9 0.0640 39.08 – –

Huon-140A −1953 PXII 19.5 15.6 0.1216 12.69 394 473
Huon-143A −1953 PXII 16.7 17.3 0.0781 25.28 673 989
Huon-149A −1960 PXII 20.8 15.8 0.1433 10.35 386 773
Huon-150A −1960 PXII 19.7 20.0 0.0771 33.45 598 737
Huon-150B −1960 PXII 13.9 24.6 0.0602 48.14 – –

Huon-148A −1961 PXII 22.7 14.7 0.1031 18.63 54 81
Huon-152A −1963 PXII 16.4 17.0 0.0997 16.28 1095 1410
Huon-152B −1963 PXII 12.7 21.6 0.0687 31.73 – –

Huon-152C −1963 PXII 13.5 21.1 0.0733 28.90 1384 1384

aManganese and iron contents of ferromanganese crusts were determined by XRF and
cobalt contents by ICP-MS.
bGrowth rate determined from Manheim and Lane-Bostwick (1988) (GR=0.68/(Co⁎)1.67;
Co⁎=Co wt.% • 50/Mnwt.%+Fe wt.%).
cAge determined by dividing the mean crust thickness by the GR (Fig. 9). This provides a
minimum age of the crust because it does not account for possible growth or erosional
hiatuses in the crusts, although these are probably minor in such young crusts. In thin
crusts, such as those analyzed here, the crust ages are very sensitive to the crust
thickness used in the calculations, and average crust thicknesses versus maximum crust
thicknesses can give significantly different results. The crust thicknesses from a single
sample can vary by up to 100%, or more. If there was a depression in the substrate that
was filled in by ferromanganese oxides, that part of the crust can be much thicker than
crust found elsewhere on the substrate. Thus, either the mean crust thickness or the
dmaximum crust thickness can be used to calculate crust ages. The mechanisms of crust
growth are not known well enough to determine whether the thicker part of the crust
(i.e., in the example just given) formed over a longer time period or grew faster in the
depression during early crust growth. Detailed chemical analysis could distinguish
between those two possibilities but was beyond the scope of this work. Also, on a
broader scale, it is not known how representative the crust thickness of samples
recovered by an ROV are with respect to the larger population of crusts over an entire
reef.

141J.M. Webster et al. / Global and Planetary Change 66 (2009) 129–148
5.3.1. Stage 1 – Shallow coral reef growth
Shallow coral reef facies dominate the final stages of the glacial

maxima and the earliest parts of the deglaciations. During these
periods the reef is able to keep pace with eustatic sea-level rise (and
subsidence) but drowns following an abrupt eustatic rise in sea-level,
perhaps caused by ameltwater pulse event. For thewell-dated H1, this
occurred about 5 ka after the start of the deglaciation at ∼19–20 ka. By
∼14–15 ka, all significant vertical reef accretion ceased as paleowater
depths over the reef crest rose above the critical 30 m (Grigg and Epp,
1989) within less than 300–500 yrs (Fairbanks, 1989; Hanebuth et al.,
2000).

5.3.2. Stage 2 – Intermediate coralgal growth
The period following the meltwater pulse and drowning of the

shallow reefs is marked by a shift to an intermediate fore-reef slope
setting in 20–60 m of water, characterized by coralline algae nodules
and/or crusts with associated thin foliaceous corals. Samples of this
facies have not been directly dated but it is probably established
immediately after the meltwater pulse.

5.3.3. Stage 3 – Deep water coralline algal growth
Continued eustatic sea-level rise and subsidence (see grey sub-

sidence path, Fig. 11), caused paleowater depths over the “reef crest” to
exceed 60m. In these deep fore-reef slope settings, coralline algae facies
consistingof either crusts ornodulesdominateduntil paleowaterdepths
reached ∼N120 m and lower light conditions prevailed. In Hawaii, the
data suggest that this facies was deposited 1–4 ka after MWP1A and H1
reef drowning, while in the Huon Gulf deposition occurred ∼14–22 ka
after Heinrich 6 and PII reef drowning.

5.3.4. Stage 4 – Microbial carbonate accretion
Microbial carbonate sedimentation occurred after deepwater coral-

line algal deposition with continued relative sea-level rise. However,
depth and light may not have been the only factors controlling the
timing and occurrence of this facies. Duringmajor deglaciations greater
upwelling of deep, nutrient-rich waters may occur (Brachert and Dullo,
2001; Cabioch et al., 2006). This can cause a significant increase in
nutrient supply, particularly around volcanic islands, and combined
with reduced terrigenous sediment flux, may allow microbialites to
flourish in deep, fore-reef slope and platform settings (Camoin et al.,
2006). The absolute timingof this facies is not constrained inHawaii and
the Huon Gulf but data from similar microbialite deposits off Tahiti and
the Marquesas (Camoin et al., 2006) indicate that they are 1.6–8.4 ka
younger than the underlying shallow coral reef facies.

5.3.5. Stage 5 – Hemipelagic/pelagic sedimentation and Fe–Mn
precipitation

The final stage in this sequence is marked by hemipelagic/pelagic
sedimentation, intense boring and infilling as well as Fe–Mn precipita-
tion. This represents complete platform “turn-off” as the drowned reefs
subsided beneath the photic zone and continued downwards until they
reached their current depths.

6. Internal stratigraphic succession

6.1. Conceptual framework for numerical modeling

Numerical modeling by Galewsky (1998) and Wallace (2002)
focused on growing and drowning the reefs in the Huon Gulf. More
recently, Webster et al. (2004b) extended these efforts by trying to
predict the specific timing of reef turn on and drowning as well as
brief subaerial exposure and drowning events within the evolution of
each reef. More detailed numerical models (constrained by observa-
tional data) were constructed for the Hawaiian reefs (Webster et al.,
2007) allowing a detailed assessment of the internal stratigraphic and
sedimentary facies succession within H2 and H1.

Conceptually, the initiation, growth and demise of coral reefs on
rapidly subsiding margins is represented in Fig. 12. This figure shows
the relationships between subsidence of the basement, eustatic sea-
level changes, reef growth and subsequent changes in accommodation
space available for platform sedimentation. Depending on the rate and
magnitude of these parameters and the reef response, the platform
experiences repeated periods of sustained shallow and deep-water
accretion, brief subaerial exposure, and drowning events. In this
simplistic example, the platformmargin records these different stages,
forming a complex ‘layer cake’ stratigraphic succession composed of
shallow to deep reef and platform packages, separated by repeated
subaerial exposure horizons and drowning unconformities.

The well preserved H2 and H1 reefs off NW Hawaii (Figs. 1 and 2)
have been the focus of detailed modeling (Webster et al., 2007) for
several reasons. First, the most extensive database of bathymetric,
submersible, ROV observations, sedimentary facies and radiometric
data is available for these reefs. Second, 14C and U/Th age dating of
these reefs indicate that they probably grew and certainly drowned
during the last two interglacial–glacial cycles (Fig. 10). Third, several
independent high-resolution eustatic sea-level curves (e.g., Lambeck
and Chappell, 2001; Lea et al., 2002) for the Pacific Ocean are available
asmodel inputs that cover this 250 ka period. Fourth, in contrast to the
Huon Gulf, the slope angle and depth of the basement volcanic
substrate forming the original growth surface can be reasonably
estimated. Fifth, and again unlike the Huon Gulf, the subsidence
rate (∼2–3 m/ka) for Hawaii is relatively constant over this time scale
(Moore and Campbell, 1987; Ludwig et al., 1991; Moore et al., 1996)



Fig. 10. Drowning history of the −400 m (H2) and −150 m (H1) reefs around Hawaii. (A) Eustatic sea-level change (light blue line – Lambeck and Chappell, 2001; dark blue line – Lea
et al., 2002) and 60° N hemisphere June solar insolation (thin black line – Berger and Loutre, 1991) over the last 160 ka. Drowning ages and depths of H2 and H1 as defined by
radiometric coral (red squares, U/Th) and coralline algal ages (red triangles, 14C) that have been corrected for island subsidence (after Ludwig et al., 1991;Webster et al., 2004a; Riker-
Coleman et al., 2005; Webster et al., 2007). Solid red symbols are in-situ samples from the reef crest while open squares were loose on the reef slope. Horizontal red bars give age
ranges for the duration H2 and H1 reef growth based on observational and numerical modeling data (Webster et al., 2007). Rectangle C outlines H1 drowning expanded in Fig. 10C.
(B) Sea surface temperature from thewestern tropical Pacific (black line – Lea et al., 2003) and the Greenland ice record (grey line –NGRIP) for the last 160 ka. (C) Drowning of −150m
reef (H1) during last deglaciation (after Webster et al., 2004a). Calibrated 14C and U/Th ages from H1 are superimposed on relative sea-level records from Barbados, Tahiti, Huon
Peninsula, and the Sunda Shelf. Original positions (adjusted for subsidence at 2.6 m/ka) of the H1 reef crest (and samples) before drowning. Filled red symbols represent in-situ coral
and coralline algal samples collected from the reef crest. Space between the reef crest, subsidence pathway (grey line), and sea-level records approximates paleowater depth above
reef crest during last deglaciation. Abrupt sea-level associated with MWP-1Amay have drowned H1 and forced subsequent abrupt global scale cooling events (i.e., O–D=Older Dryas,
Y=Younger Dryas) shown here in ice core data (grey line – GISP II). LGM=Last Glacial Maximum, B/A=Bølling–Allerod transition and PB=Preboeral. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Sedimentary model summarizing the five stages of reef drowning in response to abrupt eustatic sea-level rise and rapid subsidence The eustatic sea-level rise is based on the
last deglaciation and incorporates an episodic “jump” or meltwater pulse of sea-level about 5 ka following the end of the glacial maximum.We use 2.6 m/ka (subsidence of Hawaii) to
define the subsidence pathway of the reef crest through time and chronologic data from Webster et al. (2004a) for the x-axis. Sedimentary facies symbols are the same as those
shown in Fig. 8 and see text for detailed explanation of each stage.
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(i.e., Fig. 9). Finally, a plunge pool system east of Kohala (Fig. 14) has
exposed a stratigraphic section through H7 (−968 to −926 m).
Although not of the same age, samples and observations from this
section can be used to support the complex growth history demon-
strated by modeling H2 and H1 reef evolution.

6.2. H1, H2 modeling and H7 observational data

The “best case” modeling scenario indicates that growth of both H2
andH1 initiatedgrowthduring the relatively stable sea-levels associated
with highstands in the early stages of MIS7 (222 ka) and MIS5 (126 ka)
(see Fig.13 formodel inputs and outputs). Thisfinding is consistentwith
the qualitative predictions of previous studies on the drowned reefs
around Hawaii (e.g., Moore and Fornari, 1984; Ludwig et al., 1991). No
observational data constrain the timing of initiation of H2 and H1, but
data fromH7 east of Kohala provides tentative support for the initiation
of drowned reefs during highstands. ROV observations show a well
exposed 40m thick stratigraphic section through H7. Two reliable U/Th
coral ages (Leptastrea, Porites) (Fig. 9) from the in-situ shallow coral reef
facies growing directly on the basalt substrate at the base of this section
(Fig. 14D,H) confirm that reef growth was initiated between 392 (±20/
17.9) ka and 377 (±13/12) ka during the MIS11 highstand.
Modeling suggests that the reefs are likely to have long, complex
growth histories and internal stratigraphies. For H2, a 143 m thick
stratigraphic sequence developed over 90 kawith eight distinct shallow,
coral reef dominated units (Fig. 13A). These units are separated by four
subaerial horizonsand threedistinct drowningevents (not including the
final drowning), characterized by b5 m thick sequences of intermediate
coralgal facies that formed during major MIS7 interstadials. H1
developed over a period of 90 ka, producing a 186 m thick stratigraphic
sequence (Fig. 13B). Because of high frequency, suborbital sea-level
fluctuations (Lea et al., 2002) during the last glacial cycle, eleven distinct
shallow coral reef dominated units are separated by eight subaerial
horizons and three brief (b10 ka) reef drowning events (not including
the final drowning). Recent studies of raised Pleistocene coral reefs in
Papua New Guinea (Chappell, 2002) and Barbados (Blanchon and
Eisenhauer, 2001) also record short-term, polycyclic reef deposition in
response to suborbital sea-level fluctuations.

Currently, there are no seismic or drilling data confirming the com-
plex internal stratigraphies of H2 and H1. However, ROV observations
of the H2 reef face show several alternating sections of coral-
dominated and algal-dominated limestones. Further support for
complex internal stratigraphy comes from H7 (Fig. 14). ROV sam-
pling at the base and top of this section, combined with detailed



Fig. 12. Conceptual model of coral reef initiation, growth and demise over a hypothetical ∼100 ka eustatic sea-level cycle on a rapidly subsiding margin. The basement substrate
experiences constant subsidence of the order of 2–3 m/ka, roughly similar to the mean rate of sea-level fall from the highstand to the lowstand. Depending on the rate and amplitude
of eustatic sea-level rise and reef response, the reef develops in a complex ‘layer cake’ or aggradational fashion, with several different reef packages preserved that are separated by
brief subaerial exposure and/or drowning horizons. Fig. 13 shows our quantitative demonstration of the conceptual model with respect to our best case scenarios for H2 and H1 in
Hawaii (after Webster et al., 2007).
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observations, reveals at least six distinct reef units (Fig.14B–H). These
are characterized by different in-situ coral volumes and framework
types that are separated in places by enigmatic planar, surfaces
(Fig. 14G), perhaps representing either thick coralline algal crusts
and/or subaerial exposures surfaces. These observations provide tan-
talizing evidence of alternating shallow reef growth, subaerial exposure
and possible reef-drowning horizons, similar to the complex strati-
graphic successions predicted by the numerical models of H2 and H1
(Fig. 12) (Webster et al., 2007).

Final reef drowning in themodel is defined by the timingof thefinal
shift from shallow coral reef to intermediate fore-reef facies (N30 m).
This transition is observed directly at the hand specimen scale but
also at the outcrop scale in the exposed section through H7. Unit 5
to Unit 6 (Fig. 14F) shows a marked transition from robust branching
and submassive coral frameworks to thin encrusting-foliaceous coral
frameworks consisting of Leptoseris hawaiiensis? intergrownwith and
encrusted by intermediate coralline algae (e.g., Mesophyllum erubes-
cens) (Fig. 5B). For H2 and H1, our ‘best case’ scenario indicates that
final reef drowning occurred between 133–134 ka and 12–14 ka
respectively, consistent with chronologic data (Figs. 9 and 10A,C). The
close match between model results and observational data for H2 and
H1 is compelling given that the model (Webster et al., 2007) is not
‘forced’ by actual drowning ages, but rather generates these results
independently from the model parameters.

7. Implications for drilling, new records of sea-level, climate
change and reef response of the last six glacial cycles

Numerical modeling and observational data from Hawaii (Webster
et al., 2007) and the Huon Gulf (Galewsky, 1998; Webster et al., 2004b)
indicate that the internal stratigraphy of reefs growing on rapidly
subsidingmargins is highly sensitive to sea-level andclimate changeover
the last 500 ka. We argue that the predicted stratigraphic successions
combined with extensive observational data, provide a firm template
with which to conduct drilling operations in Hawaii so these hypotheses
can be tested as well as generating new sea-level and climate records.

Thenumericalmodel for Hawaii predicts the number of shallowcoral
reef units and their agevs. depth relationships. Theunits are separatedby
subaerial exposure horizons as well as deeper water coralgal units that
mark brief reef drowning as a result of high frequency eustatic sea-level
fluctuations. As a direct result of Hawaii's rapid but constant subsidence,
a thick (100–200m) expanded sequence of shallowcoral reef-dominated



Fig.13.Model outputs showingpredicted internal reef evolution and stratigraphyofH2 (A) andH1 (B) aroundHawaii basedonour ‘best case’model scenario (afterWebsteret al., 2007). Gm
represents the maximum coral growth rate and sub the subsidence rate used in the model.
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facies are preserved in both H2 and H1 that span important periods in
Earth's climate history (Fig. 13A,B). These are either unavailable or in a
highly condensed form on stable (e.g., Great Barrier Reef, Webster and
Davies, 2003) and uplifted margins (e.g., PNG, Lambeck and Chappell,
2001) due to a lack of continual creation of accommodation space and
unfavorable shelf morphology (e.g., Tahiti, Camoin et al., 2007).
Specifically, this model shows that the reefs grew (albeit episodically)
into, during, and out of most (∼90 ka) of the last two glacial cycles.

Drilling through H2 and H1 will generate a new and unique record
of sea-level and associated climate variability during several,
controversial and poorly understood periods: the penultimate glacia-
tion (MIS6) and deglaciation (MIS6-5), MIS5, MIS4, MIS3, MIS2 (i.e.,
LGM) and the last deglaciation (Lambeck and Chappell, 2001;
Lambeck et al., 2002) (Fig. 10). These data will directly constrain the
timing, rate, and amplitude of sea-level variability (assuming known
subsidence) allowing a definitive test of Milankovitch climate theory
as well as an assessment of the controversial abrupt sea-level events
(i.e., meltwater pulses) that occur on suborbital frequencies (Esat et al.,
1999; Chappell, 2002; Thompson and Goldstein, 2005) in concert with
climate events occurring in the extra-tropics (i.e., ice core temperature
cycles – Dansgaard/Oeschger (D/O) Events, and related ice-rafted
debris in North Atlantic sediment cores – Heinrich Events). Finally, a
transect of cores through all ten Hawaiian drowned reefs would
generate an unparalleled record of sea-level, climate variability and
coral reef response over at least the last six glacial cycles (Fig. 15).
8. Conclusions

Based on a review of new and existing data from the drowned reefs
in the Huon Gulf and Hawaii, we draw the following conclusions;

1. Fourteen drowned coral reefs have been identified in the Huon Gulf
and twelve around Hawaii. Morphologically, the Huon Gulf reefs
are more complex, with highly sinuous margins and a diverse suite
of associated pinnacles and banks. This configuration closely
mimics the morphology of the present Huon Gulf coastline,
seaward islands and shoals, and demonstrates the role of original
geology and basement topography in controlling reef development.
This relationship is also illustrated in Hawaii where the onland
slope may have influenced reef morphology (e.g., determining
shape and width).

2. The reefs record evidence of primary growth features (e.g., raised reef
crests, spurs and grooves, patch reefs, and lagoons) as well as of
erosional processes. Evidence of localized mass wasting of the reef
margins includes fracturing, platform incision, slumped decimeter
blocks, and slope-ward debris. The timing and cause of this mass
wasting is unknown.

3. The reefs are commonly multigenerational features, comprised of
multiple terraces andbenches. These features likelyowe their origin
to a complex history of growth, drowning, and minor backstepping
in response to high frequency climate and sea-level events.



Fig. 14. Stratigraphic section through H7 (−950 m) off Kohala, NE Hawaii. (A) Outcrop photo showing the transition between Unit 6–8. Note the sharp contact defined by carbonate?
debris between Units 7 and 8. (B) Outcrop photo showing in-situ platey and submassive coral framework from Unit 5. (C) Outcrop photo showing transition between Unit 2 and 3
characterized by coral rubble and in-situ robust branching coral framework respectively. (D, H) Outcrop photo showing Unit 1 dominated by in-situ massive Porites lobata? forming
the shallow coral reef facies. U/Th age data indicates this unit was deposited during MIS11 (377–397 ka). (E) Outcrop photo showing light brown hemipelagic mudstone forming Unit
8 at the top of the section. (F) Outcrop photo showing the in-situ platey to foliaceous coral framework towards the top of Unit 6. This unit is characterized by thin overlapping agaricid
corals (Leptoseris, Pavona) with inter-growing coralline algae (i.e., Lithothamnion prolifer) representing the intermediate, fore-reef slope facies. (G) Outcrop photo showing a sharp
planar, surface separating Units 4 and 5.
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4. Despite taxonomic and compositional differences, five generalized
sedimentary facies (shallow coral reef, intermediate coralgal crust/
nodule, coralline algal-foraminifera crust, microbial, hemipelagic/
Fig.15. Sea-level, climate and insolation history over the last 600 ka (Imbrie et al., 1984; Berge
that the succession of drowned Hawaiian reefs (H1–H12) grew episodically over this period
pelagic sediment) are common to both reef systems. They
represent a range of paleoenvironments from shallow-reef to
deep, open-platform settings.
r and Loutre,1991; Lea et al., 2002). Observational and numerical modelling data indicate
during different interglacial, interstadial/stadial, glacial maxima and deglacial intervals.
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5. Coral reef drowning in rapidly subsiding settings is characterized
by a distinct biological and sedimentary sequence. The occurrence
and timing of this drowning signature is likely controlled by
increasing paleowater depths, associated first with abrupt eustatic
sea-level rise followed by decreasing light, decreasing sediment
flux and increasing nutrients caused by continued eustatic sea-
level rise and subsidence.

6. Chronological data (U-series, 14C, Fe–Mn crusts) confirm that the
reef systems have evolved over the last 500 ky. These data also
suggest that they not only drown during major deglaciations, but
also during distinct abrupt climate change events such as
interstadials/stadial transitions (i.e., D/O 17, Heinrich 6) during the
last glacial period and meltwater pulses (i.e., MWP-1A) during the
last deglaciation. These findings confirm the sensitivity of reefs on
rapidly subsiding margins to abrupt sea-level and climate change.

7. Observation and numerical stratigraphic modeling indicate that the
reefs have had a longand complex growthhistory. ReefsH2andH1 in
Hawaii grewepisodically for∼90ka. Because of precessional (∼20ka)
and higher frequency, suborbital eustatic sea-level fluctuations, each
reef experienced repeated, but brief (b5–10 ka) drowning and
subaerial exposure throughout its evolution. As a result, their internal
stratigraphic succession is a complex layer-cake stratigraphy ofmany
shallow coral reef units separated by either subaerial exposure
horizons or thin intermediate depth coralgal units during brief
drowning phases. These findings are consistent with ROV observa-
tions of H2 and H7.

8. We find that over precessional (20 ka) and sub-orbital timescales,
the rate and amplitude of eustatic sea-level changes is critical in
controlling initiation, growth, drowning or sub-aerial exposure,
subsequent re-initiation, and final drowning. However, continued
tectonic subsidence and basement substrate morphology influence
broad-scale reef morphology and backstepping over longer time-
scales (N100–500 ka).

9. Drilling of these structures, particularly in Hawaii, will likely yield
greatly expanded stratigraphic sections comparedwith similar reefs
on slowly subsiding, stable, and uplifted margins. Therefore, these
reefs represent a unique archive of sea-level and climate changes, as
well as coral reef response over the last six glacial cycles.
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