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Abstract 
We present four new high-resolution multibeam bathymetry datasets from the shelf 
edge of the northern Great Barrier Reef (GBR). Analysis of these data, combined with 
Chirp sub-bottom profiles and existing submersible observation data provides a fresh 
insight into the detailed morphology and spatial distribution of submerged reefs and 
terraces at the shelf edge. An extensive and persistent line of drowned shelf edge reefs 
exist on the GBR margin in about 40 to 70 m. They appear as barrier reefs up to 200 
m wide and comprising twin parallel ridges of rounded pinnacles. Subtle yet 
consistent terrace and step features lie between 78 to 114 m seaward of the shelf edge 
reefs in the southern study area. Submersible observations confirm that the drowned 
reefs now provide a favorable hard substrate for live soft corals and algae. They form 
a consistent and extensive seabed habitat that extends for possibly 900 km along the 
GBR shelf edge. The submerged reef and terraces features may reflect a complex 
history of growth and erosion during lower sea-levels, and are now capped by last 
deglaciation reef material. 
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1. Introduction 
 
Drowned or submerged coral reefs are tropical reefs that were established at pre-
existing lower sea-levels, and they now lie in depths greater than those typically 
associated with the vigorous growth of modern tropical coral reefs (MacIntyre, 1972). 
Drowned reefs on the edge of continental shelves or drop off zones of oceanic islands 
have been recognised from many different areas of the world. Investigations off 
Barbados (Fairbanks, 1989), Hawaii (Webster et al., 2004a), Papua New Guinea 
(Webster et al., 2004c), and Tahiti (Camoin et al., 2006; Camoin et al., 2007) have 
confirmed the significance of these reefs as unique archives of abrupt global sea-level 
rise and climate change. In addition, recent work in Hawaii (Webster et al., 2006) and 
PNG (Webster et al., 2004c) shows that drowned reefs record not only the timing of 
abrupt sea-level rise and associated climate changes but also the biological and 
geological responses to these events. Therefore, drowned coral reefs are: (1) an 
important archive of past climate and sea-level changes and reef response; and (2) 
provide predictive tools for coral reef community response to future climate changes. 
 
Worldwide, numerous examples of submerged reefs are found at the shelf edge and 
upper slope on continental margins and oceanic islands, e.g. Caribbean (Hine and 
Steinmetz, 1984; MacIntyre, 1972); Florida (Lightly et al., 1978); Mayotte (Dullo et 
al., 1998); India (Vora and Almeida, 1990); Hawaii (Grigg et al., 2002; Webster et al., 
2004a); Tahiti (Camoin et al., 2006); Papua New Guinea (Webster et al., 2004b); and 
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Australia (Carter and Johnson, 1986; Harris et al., 2004). Interpretations of submerged 
reefs are: (1) they may have formed during the last sea-level rise between 20 and 10 
ka, i.e. last deglaciation; (2) they may represent growth during several earlier 
oscillations of sea-level pre- and post-120 ka; and/or (3) they may represent stacked 
composite growth and erosional phases during these lower sea-levels, and now capped 
by last deglaciation reef material. Their demise during the last deglaciation has been 
explained by declining water quality, increased nutrients, burial by sediments, sea 
surface temperature fluctuations, and drowning due to sea-level rise (i.e. meltwater 
pulse events) faster than the capacity of the reef to calcify and keep pace (Hopley, 
2006; Hopley et al., 1997; Montaggioni, 2005). 
 
In the Great Barrier Reef (GBR), extensive and persistent submerged reefs have been 
recorded along the shelf edge (e.g. Harris and Davies, 1989; Hopley, 2006; Hopley et 
al., 1997). Seaward of the GBR submerged reefs are terrace features which have 
potential significance with regard to eustatic sea-level fluctuations and the origin of 
the GBR itself (Harris and Davies, 1989). In the region of Hydrographers Passage 
(19° 50’S, 150° 25’E), a series of drowned barrier reefs were identified between 
depths of 35 and 80 m, while seaward of Ribbon Reef 5 (15° 20’S, 145° 50’E), two 
drowned structures were identified at 50 and 70 m (Harris and Davies, 1989; Hopley, 
2006; Hopley et al., 1997). Most significant are Davies and Peerdeman (1998) 
observations and video imagery from submersible dives, confirming that the features 
east of Ribbon Reef 5 and at Bowl Reef (18° 30’S, 147° 50’E) are indeed drowned 
reefs, as are features in the central GBR observed by bottom camera (Hopley et al., 
1997). 
 
It is therefore clear that a succession of submerged or drowned shelf edge reefs 
occupies the GBR outer shelf between about 40 and 70 m, with terrace features at 
about 80 to 110 m. None of these structures have been adequately investigated; yet 
they have the potential to provide unique and critical information on the course of sea-
level and climatic history off eastern Australia and the GBR reef responses to this 
variability. Data collected previously includes intermittent bathymetric profiling, 
sidescan imaging, single channel seismic profiling, and reconnaissance sampling 
(Carter and Johnson, 1986; Harris and Davies, 1989; Hopley et al., 1997). As such, 
these findings are limited in their understanding of the detailed spatial distribution of 
drowned shelf edge reefs and the seaward terraces. Further, the depth profiles 
recorded by singlebeam echosounders can easily miss significant morphological 
features due to their limited footprint at the seabed and the typically wide spacing of 
survey lines. Towed sidescan data (Harris and Davies, 1989) has been useful to detect 
shelf edge reefs but is also limited in scope due to the wide spacing of survey lines, 
and issues with the positional accuracy of the sidescan towfish and therefore the 
mapped positions of seabed features.  
 
In this study, we present four new datasets from the shelf edge of the northern GBR 
using a variety of high-resolution shallow-water multibeam swath echosounders. 
Analysis of these datasets provides a fresh insight into the detailed morphology and 
spatial distribution of submerged reefs and terraces at the shelf edge. Moreover, the 
full seabed bathymetric coverage of the sites by multibeam provides a density of data 
points sufficient to establish accurate depth constraints, and their spatial distribution, 
for the various features. The objectives of this study are to: (1) describe the 
morphology of the terraces and submerged reefs; (2) determine the depth trends of the 
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shelf edge features; and (3) present sub-bottom profiles and underwater images to 
help understand the substrate and biological habitat characteristics of the reefs. On the 
basis of these new and existing datasets, we present a hypothesis that the submerged 
reef and terraces features may reflect a complex history of growth and erosion during 
lower sea-levels, and are now capped by last deglaciation reef material. 
 
2. Methods 
 
2.1. Survey methods 
 
The Ribbon Reef 5 swath mapping survey was conducted with a Reson™ Seabat 
8101 mounted aboard the RV James Kirby (James Cook University) during December 
2005 (Fig. 1). The Reson 8101 operates at 240 kHz and provided both backscatter and 
multibeam bathymetry with a swath width up to 75° either side of nadir. Within the 
acoustic sector, 101 receiver beams were formed using 1.5° across beamwidth x 1.5° 
along beamwidth. Vertical resolution throughout was better than 0.5 m. As shelf edge 
features lay between depths of about 40 to 70 m, a horizontal grid pixel dimension of 
5 m2 was used for all bathymetric datasets to closely match the beam footprint 
resolution. Where backscatter data were available (only processed for Ribbon Reef 5 
and Escape Reef), images were gridded at 2 m2 pixel dimension. 
 
The Reson-proprietary data were converted into XTF format, then processing 
conducted within Caris™ HIPS/SIPS software to remove spurious sounding artifacts, 
reduce the bathymetry data for tides, and corrected for refraction errors due to 
variations in sound velocity through the water column. The cleaned bathymetry data 
were gridded into a BASE (Bathymetry Associated with Statistical Error) surface 
within HIPS/SIPS and the backscatter data mosaiced into an image. The BASE 
surface pixel values were exported to ASCII lat/long/depth files for import to 
IVS3D™ Fledermaus, in order to conduct visualization of the 3D bathymetry model 
and corresponding backscatter image. Fledermaus was used to export geotiff images 
of sun-shaded bathymetry and digital elevation models (DEMs) for import to ESRI™ 
ArcGIS, where they could be integrated with other marine datasets. 
 
In addition to the multibeam survey of Ribbon Reef 5, a number of lines of 
Datasonics™ CAP-6600 Chirp 3.5 kHz sub-bottom profiles were run normal to the 
shelf break using a TTV170 tow vehicle. The sub-bottom SEGY data were opened in 
the application DMNG™ SeiSee for viewing and exporting of profile imagery. 
Fledermaus was used to view the profiles as vertical images within the 3D bathymetry 
model, and ArcGIS used to map the precise positions of the Chirp tracks. For 
groundtruthing of the seabed in the vicinity of the submerged reefs, underwater 
photographs were obtained from the Ribbon Reef 5 area by the manned submersible 
Platypus 1 during October/November 1984 (Davies and Peerdeman, 1998; Hopley, 
2006). 
 
The Escape Reef survey was conducted using an Atlas™ Fansweep20 multibeam 
onboard HMAS Leeuwin (Royal Australian Navy) in 2000 during a trial of the newly-
installed system by University of New Brunswick/Ocean Mapping Group 
(UNB/OMG) personnel. The Fansweep20 operates at 100 kHz with a swath width of 
typically 6 x water depth or about 72° either side of nadir. Within the acoustic sector, 
600 depth points were received across the swath to result in a narrow beam footprint. 
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The bathymetry and backscatter data were supplied as R4 and MOS files (UNB/OMG 
native array formats), which could then be opened directly in Fledermaus for 3D 
visualisation. The resulting DEM and geotiff images of the sun-shaded bathymetry 
model and backscatter were exported from Fledermaus into ArcGIS for data analysis. 
 
The Grafton Passage survey was conducted using a Simrad™ EM3000 multibeam 
system onboard the RV Melville (Scripps Institute of Oceanography) in April 2004. 
This system operates at 300 kHz with a swath width of up to 65° either side of nadir. 
Within the acoustic sector, 128 beams were formed with resolutions of 1.5° across 
beamwidth x 1.5° along beamwidth. The Simrad-proprietary bathymetry data were 
converted directly into Caris HIPS/SIPS software for the removal of data artifacts, and 
correction for tides and sound velocity errors. A BASE surface was created from the 
processed bathymetry data and then pixel values exported as an ASCII file of 
lat/long/depth for import to Fledermaus. The resulting 3D bathymetry model was 
exported as a sun-shaded geotiff image and DEM for integration into ArcGIS. 
 
The Flora Pass survey was also conducted onboard HMAS Leeuwin (Royal Australian 
Navy) using an Atlas Fansweep20 in 2003. The raw bathymetry data were processed 
onboard using the Atlas Hydromap Offline software to correct for data artifacts and 
reduce for tides. The raw data was decimated to one depth measurement per 5 m2 
prior to processing. The processed data were then exported as ASCII HTF format 
before supply to us. The lat/long/depth values were stripped from the HTF files and 
imported for 3D visualization within Fledermaus. The resulting sun-shaded 
bathymetry geotiff and DEM were exported from Fledermaus for integration with 
other marine datasets in ArcGIS. 
 
All depths quoted in this study refer to a sounding datum of Lowest Astronomical 
Tide (LAT) and all positions refer to the WGS84 geodetic datum. Note the variation 
between LAT and mean sea-level is no greater than +1.70m due to the mesotidal 
variation along the north-east Queensland margin. 
 
2.2. Definitions 
 
In this study, we have generally used the names used by IHO (2001) and in common 
scientific usage to define the following terms:  
Reef - a ridge or mound comprised primarily of hard coral that is consolidated into 
limestone. 
Coral reef community - a benthic community with a hard coral component that has the 
potential for reef building or reef accretion 
Ridge - a feature of positive relief with long narrow elevation and steep sides. A ridge 
may comprise a line of isolated or joined pinnacles. 
Pinnacle - a high tower-shaped rock or coral outcrop that may be alone or close 
together to form a ridge-like feature 
Terrace - a relatively flat horizontal or gently inclined surface, which is bounded by a 
steeper ascending slope on one side and by a steeper descending slope on the opposite 
side. 
Step - a narrow area on the continental shelf that has a distinctive steep gradient. 
Shelf break - the line where the continental shelf and slope meet that marks the point 
of increasing seafloor gradient. 
Slope - the area seawards of the shelf break to the upper edge of the continental rise. 
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3. Results 
 
3.1. Multibeam data 
 
The survey at Ribbon Reef 5 mapped 4.7 km2 of the narrow (<500 m width) shelf 
seaward of the modern reef front and the steep wall directly below the shelf break 
(Fig. 2A). Depths ranged from 15 m at the steep modern reef front, between 40 to 80 
m for the narrow shelf seaward of the modern reef, and to the limit of the multibeam 
survey in 275 m along the steep upper slope. A submerged reef was detected on the 
shelf lying parallel to the shelf break at about 50 m. The reef continued to the northern 
extent of the survey area but disappeared toward the broad inter-reef passage 
separating Ribbon Reef 5 from Ribbon Reef 4, the modern reef directly to the south. 
Analysis of the submerged reef morphology reveals twin parallel ridges with a 
horizontal width of 60 to 80 m. The ridges comprise lines of isolated or fused 
pinnacles, with a deeper and less obvious ridge of pinnacles on the seaward side, and 
a shallower, more prominent ridge of pinnacles which is clearly observed in the 
bathymetry model. The depth at the base of the deeper seaward ridge is about 56 m, 
rising to about 42 m along the shallower landward ridge (Fig. 3). Seaward of the reef 
and directly above the shelf break is a subtle raised lip of 1 to 2 m, which lies at about 
70 m and becomes discontinuous towards the south. 
 
The survey of the Escape Reef area mapped 7.5 km2 of a relatively flat and broad 
platform, which today functions as a passage for water flowing on and off the GBR 
shelf (Fig. 2B). The platform shoals gradually to seaward in depths of about 45 to 50 
m. The platform is covered in small coral outcrops that appear aligned with the 
direction of the tidal currents which daily ebb and flow through this passage. The 
shelf break is crescent-shaped and lies at about 80 m before the steep drop of the 
upper slope to the limits of the survey at 132 m. Lying parallel to the shelf break is a 
submerged reef consisting of twin ridges of fused or isolated pinnacles. The pinnacles 
of the twin ridges have a more rounded morphology compared to the coral outcrops 
on the top of the platform to landward. The distance between the two lines of 
pinnacles ranges from 60 to 100 m. The base depth of the deepest ridge to seaward is 
about 57 m, and the depths of the tops of the shallower ridge pinnacles are an average 
of about 48 m (Fig. 4). 
 
The multibeam survey of Grafton Passage mapped 5.0 km2 (Fig. 2C). The relatively 
flat outer shelf lies in about 60 m depth and is dotted with isolated coral outcrops, 
which today functions as a passage for tidal currents. The shelf break lies at about 120 
m before the steep drop to the limits of the survey in 167 m on the upper slope. A 
submerged reef forms a distinct barrier parallel to the shelf edge. The detailed 
morphology of the submerged reef shows two parallel ridges that vary in horizontal 
width between 100 to 200 m. Each ridge comprises isolated rounded pinnacles, or in 
some places the pinnacles merge forming one distinct barrier. The base depth of the 
seaward and deeper ridge is about 63 m, and the tops of the shallower landward ridge 
are an average of 54 m. Seawards of the submerged reef and above the shelf break, 
are two gently sloping terraces with a subtle bumpy morphology, separated by a 
narrow and steeper gradient step (Fig. 5). 
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The survey of Flora Pass mapped 3.2 km2 (Fig. 2D). The relatively flat outer shelf lies 
in about 70 m depth, which also functions as a passage for water flowing on and off 
the GBR shelf. The shelf break lies at about 110 m, then drops steeply to the limit of 
the multibeam survey in 154 m along the upper slope. Forming a distinct barrier on 
the outer shelf is a submerged reef comprising twin ridges of merged pinnacles lying 
parallel to the shelf break. The reef deepens gradually to the north and eventually 
disappears with closer proximity to the central axis of Flora Pass. The width between 
the two ridges is about 120 to 160 m. The base depth of the deeper and seaward ridge 
averages 68 m, and the tops of the shallower landward ridge average about 62 m. 
Between the submerged reef and above the shelf break are two gently sloping 
terraces, separated by a narrow and steeper gradient step (Fig. 6). 
 
3.2. Reef depth trends 
 
A comparison between the submerged reefs of all four sites reveals a strong similarity 
in morphology. The reefs comprise twin, parallel ridges of rounded pinnacles that are 
in places isolated or fused together. The area between the ridges may have a seafloor 
almost level with the tops of the pinnacles so that the reef appears more as a solid 
barrier, e.g. Grafton Passage and Flora Pass (Figs. 5, 6). The twin parallel ridge 
morphology is more noticeable from the survey sites in the north, which have steeper 
gradients at the shelf edge, e.g. Ribbon Reef 5 and Escape Reef (Figs. 3, 4). For 
example, the drowned reef in Fig. 4 clearly appears as parallel ridges of isolated or 
fused rounded pinnacles, with a deeper and seaward ridge horizontally offset from the 
shallower landward ridge. 
 
To make a graphical comparison of depth trends between the four sites, a line transect 
was drawn in ArcGIS from south to north along the base of each seaward ridge and 
then 100 equally-spaced (about 15 m apart) points sampled to derive a plot of the reef 
initiation depths for each site (Fig. 7A). For the northern sites of Ribbon Reef 5 and 
Escape Reef, the transect depths are similar and range between an average of 56 and 
57 m respectively. For Grafton Passage and Flora Pass in the south, the base depths 
are deeper, ranging between an average of 63 and 68 m respectively. Significantly, the 
transects show that the range of average base depths from all four seaward ridges do 
not vary by more than 10m, despite the approximate 190 km distance between sites 
and the variations in outer shelf gradient angle. 
 
Similarly, in order to graphically compare the minimum reef depths between sites, a 
line transect was drawn along the tops of the landward pinnacles from south to north 
and then 100 equally-spaced (about 15 m apart) points sampled to derive a plot of the 
depths for each site (Fig. 7B). The depths of the landward pinnacles are more varied 
compared to the base depths of the seaward ridges, because each transect follows the 
numerous peaks and also the troughs between the pinnacles. The submerged reef at 
Ribbon Reef 5 is the shallowest of the four sites with the tops of pinnacles rising to 37 
m. The Escape Reef pinnacle tops are generally deeper than those of Ribbon Reef 5 
with depths rising up to 43 m. Grafton Passage is slightly deeper with pinnacle tops to 
46 m. The Flora Pass reef has the deepest pinnacle tops of all the sites, rising up to 55 
m in places. Therefore, the submerged reef heights are generally higher in the north 
and lie in shallower depths, whereas the reefs to the south are not as high and lie in 
deeper waters. 
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3.3. Terrace depth trends 
 
The southern sites of Grafton Passage and Flora Pass have shelf break depths of about 
120 and 110 m respectively, which are significantly deeper than the shelf break depths 
of about 80 m in the north. Between the submerged reefs and the shelf break at 
Grafton Passage and Flora Pass are found two terraces with gentle slopes, separated 
by a steeper step, which is more easily observed at Flora Pass (Fig. 6). A statistical 
method to quantify the depth ranges of the terrace and step features is to generate a 
frequency histogram for the two southern sites. Each survey generated over a half 
million depth points, which can then plotted as histograms to reveal the trend of the 
seabed from 130 to 40 m (Fig. 8). Areas of the seabed with gentle gradients, such as 
terraces or the relatively flat shelf in the vicinity of the reefs, show up as peaks in the 
histogram. Areas with steep gradients, such as steps or steep reef edges, will appear as 
dips in the histogram as there are fewer similar depth points within the bathymetry 
model. 
 
The Grafton Passage histogram reveals a lower terrace from 114 to 98 m, then an 
upper terrace from 92 to 78 m, which is separated by a step from 98 to 92 m (Fig. 
8A). The Flora Pass histogram shows a lower terrace from 106 to 95 m, then an upper 
terrace from 91 to 82 m, also separated by a step between 95 to 91 m (Fig. 8B). 
Landward of the upper terraces at both sites, the histograms record the frequency of 
the seabed depths for both the outer shelf and drowned reefs, which appear as tall 
spikes representing a greater frequency of similar depths. Of significance in the 
histograms is the high concordance of the terrace and step depth ranges between the 
two sites which are over 40 km apart. 
 
3.4. Chirp sub-bottom data 
 
Three Chirp sub-bottom profiles were collected across the Ribbon Reef 5 site (see 
Fig. 2A for locations). Chirp1 is the northern profile and crosses the shelf break at 
trace 370 (Fig. 9A). Directly above the shelf break at about 70 m, the seabed has a 
rounded and subtle raised lip, before merging with the gently-rising outer shelf that is 
characterised by a seabed with a sharp continuous echo. The prominent ridge of the 
submerged reef appears at about 60 m as a steep and rounded pinnacle with indistinct 
hyperbolic echoes. The internal hyperbolae could signify a hard substrate and/or finer-
scale roughness of the seafloor in the vicinity of the reef (Damuth, 1980). On the 
seaward face of the submerged reef is a small wedge, which is possibly talus sediment 
accumulating on the steep face of the reef. Landward of the submerged reef, the shelf 
angles gently upward with a sharp and continuous echo. Then the seabed angles up 
steeply due to a large talus slope accumulating on the modern reef front between 40 to 
15 m. 
 
Chirp2 is the middle sub-bottom profile and crosses the shelf break at trace 493 with a 
subtle raised lip of 1 to 2 m at about 70 m depth (Fig. 9B). The outer shelf rises gently 
upward with a sharp continuous echo before recording a small rounded pinnacle at 
about 55 m, which corresponds to the seaward and deeper ridge of the submerged 
reef. To landward of the deeper ridge is a rising seafloor with a sharp continuous 
reflector, then a similar small pinnacle at about 45 m, corresponding to the shallower 
and more obvious ridge of the submerged reef. Landward of the reef, the outer shelf 
angles gently upward towards the modern reef front. 
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Chirp3 is the southern-most profile across the shelf where it opens into the broad 
inter-reef passage separating Ribbon Reef 5 from Ribbon Reef 4 (Fig. 9C). The 
profile crosses the shelf break at trace 247 then angles gently up with a sharp 
continuous echo. At about 50 m, the seabed angle flattens and the sub-bottom profile 
records faint overlapping hyperbolae. The change in shelf gradient angle and the 
position of the hyperbolae correspond with an imaginary line drawn parallel along the 
shelf edge from the existing submerged reef, and could possibly indicate an extension 
of the reef beneath the seabed. Landward of the faint hyperbolae, the profile records a 
seafloor with a distinct continuous echo until interrupted by multiple overlapping 
hyperbolae and many rounded pinnacles at about 40 m. These pinnacles are the 
numerous isolated coral outcrops that are scattered in the broad passage and are not 
extensions of the submerged reef. 
 
3.5. Underwater photographs and observations 
 
Photographs were obtained through the view ports of the homemade submersible 
Platypus 1 during an examination of the fore-reef slope in front of Ribbon Reef 5 
during October/November 1984 (see Fig. 3 for the approximate locations; D. Hopley, 
pers. comm. 2007). The submersible initially tracked down the modern reef front talus 
zone, which extends from the base of the spurs and grooves at between 15 to 20 m 
and down to about 40 m. The talus zone comprises of reef-derived boulders 
decreasing in size from 1 m diameter to about 10 cm and constructing a 10° gradient 
(Davies and Peerdeman, 1998). The boulders are encrusted with red algae and 
sponges with little living coral observed. The submersible then tracked onto the upper 
sand slope which merges with the talus zone at a depth of about 40 m and extends 
down at 3-4° to a depth of about 50 m. The zone is about 50 m wide and comprises of 
a thin veneer of Halimeda sand and scattered reef derived cobbles over a hard 
pavement. No living coral is observed in this zone, however, occasional isolated dead 
coral colonies (Porites?) occur on the hard pavement (Fig. 10A). The sandy seafloor 
is bioturbated with mounds and inhabited by garden eels and holothurians. 
 
The upper sand slope terminates abruptly at the submerged reef lying parallel to the 
shelf break between about 45 to 50 m. The reef pinnacles observed by the submersible 
are about 10 m wide across shelf and 50 m long along shelf (Fig. 10B). The seaward 
face of one of the pinnacles forms a near-vertical cliff about 15 m high, while another 
face comprises a talus slope of about 50° gradient. The vertical seaward face of the 
pinnacles comprises a horizontal platy reef framework and cavernous, massively-
bedded and encrusted rounded reef rock. No living coral is observed at this depth but 
the pinnacles are densely covered in Halimeda, gorgonians, sea whips, ascidians, 
encrusting sponges and in places, luxuriant yellow soft corals. The base of the 
submerged reef at about 60 m, where not covered in talus, abuts sand that forms an 
apron to seaward of the submerged reef. 
 
The submersible tracked south along the shelf in 60 m and records further close-up 
images of the submerged reef in the background and the rubble and sand slope to 
seaward of the reef (Fig. 10C). The seafloor gradient is about 5° and comprises rubble 
and boulders from the talus slopes at the foot of the reef pinnacles or sand fans that 
spill between the pinnacles onto a hard pavement. Within this zone, another less 
prominent line of pinnacles about 1 m high is observed to seaward of the more 
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prominent landward line of pinnacles (Fig. 10D). Seaward of this low line of 
pinnacles are shallow megaripples of coarse sand striking diagonally across the shelf 
and laterally discontinuous shallow ledges of hard pavement sometimes covered in a 
thin veneer of Halimeda sand. The rubble and sand slope gives way to a brow about 
20 m wide directly above the shelf break at about 70 m depth. The brow comprises of 
20 cm high ledges separated by 1 m wide terraces and rubble. The area is densely 
covered in profuse gorgonian fan corals, sea whips and living Halimeda algae, before 
giving way to the near-vertical wall of the upper continental slope. 
 
4. Discussion 
 
4.1 Shelf edge reefs - morphology and extent 
 
The high-resolution multibeam surveys reveal the submerged reef to actually 
comprise twin parallel ridges of rounded pinnacles horizontally offset from each 
other, whereas previous work (Carter and Johnson, 1986; Hopley et al., 1997) 
assumed it to be a solid barrier reef, albeit comprising numerous rugged pinnacles. 
Despite the 190 km between the four sites, there is an obvious consistency between 
the deepest depths where reef accretion is first observed and also for the shallowest 
depths of the tops of the reef. The average depths at the base of the deeper and 
seaward line of pinnacles range between 63 and 68 m at Grafton Passage and Flora 
Pass, and between 56 to 57 m for Ribbon Reef 5 and Escape Reef. Lying parallel and 
to landward is a shallower second ridge of rounded pinnacles. The average depths for 
the landward pinnacle tops at Grafton Passage and Flora Pass range from 46 to 55 m, 
whereas the Ribbon Reef 5 and Escape Reef average depths range from 37 to 43 m. 
Further, if the submerged reef is viewed as a whole from the sea, the relative height 
ranges for each site is similar but reduces from north to south, e.g. Ribbon Reef 5 is 
13 m, Escape Reef and Grafton Passage are 9 m, and Flora Pass is 6 m. 
 
The horizontal distance between the twin ridges also varies from north to south with 
the Ribbon Reef 5 ridges being 60 to 80 m apart, Escape Reef is 60 to 100 m, and 
Grafton Passage and Flora Pass ranges between 100 to 200 m. The variation from 
north to south for the relative heights of the reef, and the horizontal distances between 
the two ridges, suggests that the general seafloor gradient plays a large part in the 
overall cross-shelf morphology of the submerged reefs. So for the northern sites on a 
relatively steeper seafloor gradient, the twin ridges are more obviously offset from 
each other and the overall relative height is greater, whereas the gentler seafloor 
gradient in the southern study area results in twin ridges that may be horizontally 
offset further from each other but are closer in relative height. These results confirm 
previous conclusions as to the important role that shelf edge gradients play in the 
morphological development of the submerged reefs (Hopley, 2006). 
  
Regarding the regional extent of the submerged reefs, our results show these features 
are found in very similar positions on the shelf edge, i.e. the outer shelf platform 
shoulder that lies to landward and just above the shelf break. This is despite the shelf 
break being shallower in the northern sites compared to the southern sites, e.g. with 
depths of 80 m versus 110-120 m respectively. The submerged reefs lie along the 
seaward edges of broad outer shelf relict limestone platforms (Harris and Davies, 
1989) that presently serve as inter-reef passages for the transport of water on and off 
the shelf. The modern Holocene patch reefs of the GBR generally occur many 
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kilometers further inland from the position of the submerged reefs. An exception to 
this pattern is in the northern-most study site where the well developed submerged 
reef is located just seaward of the modern Ribbon Reefs. Other studies from further 
south along the GBR margin also show the outer submerged reefs forming on the 
shoulder of the relict outer shelf platform before dropping to the shelf break (Carter 
and Johnson, 1986; Harris and Davies, 1989; Hopley et al., 1997). 
 
The only localised breaks in the extent of these submerged  reef structures appear to 
be wherever the outer shelf relict platforms or northern Ribbon Reefs are interrupted 
by deeper inter-reef passages or the palaeochannels which occasionally incise the 
shelf edge. Our results show that as the submerged reefs extend towards the axis of 
the deeper inter-reef passages, the positive relief of the reefs gradually decreases 
before merging into the surrounding flat seabed of the passage. This is more obvious 
at Flora Pass (Fig. 6) where the relief becomes more subdued as the reef extends north 
towards the axis of the inter-reef passage. At Ribbon Reef 5 (Fig. 3), the submerged 
reef also gradually disappears as it extends southward towards the inter-reef passage 
separating Ribbon Reef 5 from the adjacent Ribbon Reef 4. Significantly, a sub-
bottom profile across the outer shelf at Ribbon Reef 5 (Fig. 9C) shows the possible 
extension of the submerged reef under the relatively flat inter-reef passage which may 
indicate burial at the passage. These results are important for understanding the origin 
and possible explanations for the demise of the reefs. 
 
Taken together, these data suggest that the outer shelf edge submerged reefs have a 
consistent extent for over 800 km along the north-east Australian margin. We note 
that the actual northern and southern limits of the submerged reef have not yet been 
ascertained, however, Hopley (2006) observes the presence of submerged reefs in the 
Pompey Complex from the southern GBR using sub-bottom profiles, which may 
extend the possible spatial extent of the outer submerged reef to over 900 km – a truly 
great fossil barrier reef system. 
 
4.2 Shelf edge terraces - morphology and extent 
 
For the first time on the GBR, we can show that at least in the southern study area 
there is a depth and spatial continuity between the subtle terrace and step features 
found to seaward of the outer submerged reefs. In the southern study area, the shelf 
break lies between about 110 to 120 m, and the terrace and step features lie between 
the actual shelf break and the submerged reef. Note that no terraces were observed in 
the northern study area where the shelf break depth was shallower at about 80 m. The 
Grafton Passage and Flora Pass sites are over 40 km apart and yet show consistent 
depths (Fig. 8) for a lower terrace with a gentle gradient between 98 to 114 m, then a 
steeper gradient short step ranging from 91 to 98 m, and a second gentle gradient 
upper terrace from about 78 to 91 m. The horizontal width of the lower terraces do 
vary between the two sites, e.g. at Flora Pass the lower terrace is about 200 m wide 
whereas at Grafton Passage it is about 400 m wide. However, the upper terrace 
horizontal widths are similar between the sites at about 200 m for Flora Pass and 250 
m for Grafton Passage. In all cases, there is a smooth yet subtle bumpy morphology 
superimposed on the gently sloping terraces. 
 
The GBR has a long history of exploration for shelf break terrace and notch features 
for evidence of lowstand or stillstand sea-levels. On the upper slope seaward of the 
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Capricorn Group in the southern GBR, a broad terrace was located at 165 m and 
interpreted as near the Last Glacial Maximum (LGM) lowstand sea-level (Veeh and 
Veevers, 1970). In the central GBR, a number of bathymetric steps were identified to 
seaward of the shelf edge submerged reefs, and interpreted as wave-cut terraces 
correlated with postglacial shorelines and named S6 (75 m), S7 (88 m) and S8 (114 
m). Harris and Davies (1989) also identified terrace and notch features on every 
transect in a series of echosounder profiles 2 km apart and normal to the shelf off 
Hydrographers Passage but found no statistical correlation between each profile and 
the shoreline depths proposed by Carter and Johnson (1986). 
 
In our study the measurement of gently sloping features, such as these terraces, would 
not have been possible without the density of soundings produced by multibeam 
swath sonar. Therefore, it is not surprising Harris and Davies (1989) cautioned against 
the use of measured depths from singlebeam echosounders to interpret the evolution 
of terraces in relation to sea-level change. Our results show no reef-like features, 
spikes or slumped coral blocks observed seaward of the terraces and therefore these 
terrace features are unlikely to be the result of ‘lagoonal’ infilling. However, we also 
remain cautious about inferring the spatial extent of the shelf edge terraces along the 
remaining GBR margin without further multibeam, sub-bottom and sample data. 
 
4.3 Implications for the origin of the shelf edge reefs and terraces 
 
The significance of the GBR submerged shelf edge features is enormous, particularly 
as potential records of sea-level change and climate fluctuation on a tectonically 
stable continental margin, and also for understanding the origins of the GBR and 
faunal succession responses to this variability (Harris and Davies, 1989). Of critical 
importance is to understand the age, composition and origin of the drowned coral 
reefs in the GBR. The age of the reefs holds the key to their sea-level and climatic 
significance. However, without the benefit of ages from which to constrain the growth 
and demise phases of the shelf edge reefs and the terrace features, comparisons can 
only be made between their detailed morphology, their depth ranges and existing sea-
level curves for clues as to their origin. We present a possible scenario for the mode of 
formation of these GBR shelf edge features, relating their evolution in response to 
known eustatic sea-level changes over the past 500 ka (pre-LGM), and their most 
recent growth and demise during the last deglaciation (post-LGM). Specifically, a 
hypothesis for the origin of the submerged reef and terraces features is that they likely 
represent stacked composite growth and erosional phases during lower sea-levels, and 
are now capped by last deglaciation reef material. 
 
4.3.1 Pre-Last Glacial Maximum 
 
This period ranges from 500 ka to LGM (20 ka) and is characterised by 5 major 
glacial/interglacial cycles and associated eustatic sea-level and climate variations 
(Imbrie et al., 1984; Lambeck and Chappell, 2001; Lea et al., 2002). Fig. 11A shows a 
plot of the terrace and step depths of between 78 to 114 m against the 500 ka sea-level 
curve. We note that the sea-level has cycled through the 78 to 114 m depth range for 
about 90 ka or about 19% of the pre-LGM period. Within this period, the terraces may 
represent stepped constructional or erosional surfaces that were formed within this 
depth range over any of the lower sea-level periods and are now preserved at the shelf 
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edge. However, lithologic and age data from these surfaces will be required to 
confirm the origin and evolution of the terrace and step features. 
 
Like the terrace features, the pre-LGM formation of the submerged reefs possibly 
represents the culmination of a long and complex period of composite and episodic 
growth and subaerial exposure. If we take the observed depth range of the reefs as 37 
to 68 m, then whenever the sea-level rose higher than 68 m, reef growth may be 
initiated. Whenever the sea-level fell below 68 m, the reefs would be exposed and 
subject to subaerial erosion. Fig. 11A shows the sea-level cycling through the full 37 
to 68 m depth range of the reefs for about 274 ka or about 57% of the pre-LGM 
period. In this manner, the submerged shelf edge reefs may reflect numerous stacked 
composite growth and erosional phases, rather than one discrete growth and demise 
phase. We agree with Harris and Davies (1989) and Hopley (2006) that reef growth 
on the shelf shoulder was likely during similar interstadial levels over the past 500 ka, 
therefore, it is reasonable to expect composite reef features formed within this depth 
range over the 5 glacial/interglacial cycles within this long period. Preliminary 
investigations of IODP cores from drowned reef and terrace features off Tahiti (40 to 
120 m) also show a stacked sequence of distinct reef units (Camoin et al., 2007). 
 
Also during this period, the major reef building turn-on occurred for the GBR 
between 452 to 365 ka, based upon results from a deep core at Ribbon Reef 5 
(Alexander et al., 2001; Braithwaite et al., 2004; Hopley et al., 2007; Webster and 
Davies, 2003). Hopley et al. (2007) notes a possible correlation between the 
submerged reef seaward of Ribbon Reef 5 and Unit 6 from the Ribbon Reef 5 core 
based upon coeval depths of about 40 to 70 m. However, ages from core material of 
the submerged reef are needed for direct correlations between the Ribbon Reef 5 age 
structure and the shelf edge features themselves. 
 
4.3.2 Post-Last Glacial Maximum (deglaciation) 
 
This period ranges from the Last Glacial Maximum (20 ka) to the present and is 
characterised by episodic sea-level rise during the last deglaciation  (Fig. 11B; for 
references see Webster et al., 2004a). This period includes the modern Holocene reef 
growth which commenced on the GBR at 8 to 9 ka (Davies and Hopley, 1983). 
Whether the observed terrace and step features near the shelf break are constructional 
reefs or wholly erosional features formed during the post-LGM period remains to be 
established. Fig. 11B shows a plot of the depth ranges for these features against the 
available sea-level data and reveal the step and upper terrace depths correspond to 
MWP1A (about 14 ka), a global meltwater pulse event that caused 15-20 m of sea-
level rise in less than 300 to 500 years, i.e. 4-5 cm/year (Bard et al., 1996; Fairbanks, 
1989; Webster et al., 2004a). A hypothesis is that that MWP1A may have influenced 
the formation of these terrace and step features on the GBR margin, however, core 
material samples from these surfaces will be required to test this idea. 
 
In summary, the submerged reef likely represent stacked composite growth and 
erosional phases during the past 500 ka, and are now veneered by the most recent 
phase of episodic growth and demise during the last deglaciation, i.e. with an outer 
surface of post-LGM coral reef material not directly modified by subaerial erosion. 
The Platypus 1 submersible images show dead branching and massive corals 
(Fig.10A) which exhibit minimal destruction and therefore imply a young age. We 
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also note that drilling and submersible studies on the fore-reef slope at Barbados, 
Tahiti and Hawaii confirm that the upper-most sections of the submerged reefs and 
terraces are composed of coral reef material deposited during the last deglaciation 
(Camoin et al., 2006; Camoin et al., 2007; Fairbanks, 1989; Webster et al., 2004a). It 
is therefore possible that the GBR reefs experienced similar periods of deglacial 
growth during the rapid warming and periods of reduced sea-level rate rise after 
MWP1A (see review in Montaggioni, 2005). Fig. 11B shows a plot of the depth range 
of reefs against the post-LGM sea-level curve, inferring reef growth initiated when the 
sea-level rose above 68 m (13 ka) and terminated as it rose above 37 m (10 ka). This 
hypothesis may only be tested by lithologic and age data from the interior and tops of 
the submerged reefs, however, possible scenarios explaining their demise are 
discussed below. 
 
4.4 Shelf inundation and reef demise during the last deglaciation 
 
The demise of submerged reefs on the GBR has been explained by declining water 
quality, burial by sediments, or drowning as a consequence of sea-level rise faster 
than the capacity of the reef to calcify and keep pace (Carter and Johnson, 1986; 
Harris and Davies, 1989; Hopley, 2006; Hopley et al., 1997). The reason for their 
demise is probably complex and is a combination of the above. The range of observed 
depths for the tops of the submerged reefs (37 to 56 m) infers the depths of reef 
demise when the positive forces of ‘reef accretionary ledger’, i.e. coral and algal 
carbonate growth, were outweighed by the negative forces of erosion, i.e. bioerosion, 
current removal and wave damage (Hopley et al., 1997). At this point, the reefs were 
not able to ‘keep-up’ with the rate of sea-level rise and became ‘give-up’ reefs and 
drowned (Neumann and MacIntyre, 1985). 
 
Fig. 11B shows a plot of the depth ranges for the tops of the landward reef ridges 
against the post-LGM sea-level curve, and reveals the deeper part of the depth range 
corresponds to the timing of MWP1B (about 11.3 ka), a smaller meltwater pulse that 
is still under debate (Bard et al., 1996). However, given the data that is available for 
MWP1B (Bard et al., 1996; Edwards et al., 1993; Fairbanks, 1989) it is unlikely that 
the magnitude and rate of sea-level rise alone was enough to kill a vigorous, shallow 
coral reef system within the hypothesised scenario of the GBR submerged reefs 
veneered by last deglacial growth. Sea-level rise in combination with other factors is 
more likely. Globally, the rapid warming and slowing down of sea-level rise (about 10 
m ka-1) after MWP1A coincided with the settlement of Indo-Pacific reefs at similar 
depths of between 50 to 90 m (RGII reefs in the review by Montaggioni, 2005). The 
later MWP1B event at about 11.3 ka also coincided with an approximate 1° cooling of 
SST which may have been responsible for the demise of many RGII reefs 
(Montaggioni, 2005). Upwelling and nutrient overload have also been highlighted as 
another important factor which may have influenced the growth of Halimeda 
bioherms on the GBR at the expense of reef building corals at depths coinciding with 
the submerged reefs (Marshall and Davies, 1988; Montaggioni, 2005). 
 
The demise of other Indo-Pacific submerged reefs have also been associated with the 
episodic enhancement of suspended sediment and nutrient loads from terrestrial 
runoff (Montaggioni, 2005). There is now direct evidence of changing water quality 
and sediment input to the GBR shelf margin during the post-LGM transgression from 
recent work on sediment cores (Dunbar and Dickens, 2003; Dunbar et al., 2000). A 
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plot of the upper depth ranges of the reefs in Fig. 11B highlights a relationship to the 
timing of increased sediment to the shelf margin. A distinct increase in the mass-
accumulation rate (MAR) is recorded from the siliciclastics within cores obtained 
from the Queensland Trough which borders the GBR margin (see Fig. 4 in Page et al., 
2003). The peak in siliciclastics at about 10 to 12 ka is attributed to a physiographic 
model, whereby low GBR shelf gradients and a barrier of karst hills resulted in a 
sediment reservoir that stored siliciclastics during lowstand, then is released as the 
sea-level rise floods the majority of the shelf during the last deglaciation (Dunbar and 
Dickens, 2003; Dunbar et al., 2000). 
 
In the case of the GBR submerged reefs, we hypothesise that the timing of the peak in 
MAR was another major factor in the demise of the reefs. This would have resulted in 
a significant increase in terrigenous sediment flux and declining water quality in the 
vicinity of the shelf edge reefs as sediment was transported across the shelf margin. 
Support for this idea comes from the sub-bottom profiles across the narrow Ribbon 
Reef 5 shelf showing the possible burial of a submerged reef towards the axis of the 
present inter-reef passage. However, dated coral samples are required to constrain reef 
age and their equivalent sediment burial and to establish the cause of their demise. 
These questions and other hypotheses will be directly tested in a major Australian 
Marine National Facility research cruise scheduled for late 2007, which will target 
submerged reefs along the length of the GBR margin.  
 
5. Conclusions 
 
Based on our analysis of new and existing bathymetric, sub-bottom profiling and 
underwater observational data we draw the following conclusions: 
 

1. An extensive and persistent line of drowned shelf edge reefs exist on the GBR 
margin in about 40 to 70 m. Morphologically, they appear as barrier reefs up 
to 200 m wide and comprising twin parallel ridges of rounded pinnacles. 

2. Subtle yet consistent terrace and step features lie between 78 to 114 m seaward 
of the shelf edge reefs in the southern study area. 

3. The drowned reefs now provide a favorable hard substrate for live soft corals 
and algae. They form a seabed habitat that extends for possibly 900 km along 
the GBR shelf edge. 

4. The submerged reef and terraces features may reflect a complex history of 
growth and erosion during lower sea-levels, and are now capped by last 
deglaciation reef material. 
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Fig. 1. Location map showing bathymetry contours (m) of the northern Great Barrier 
Reef and Queensland coastline. Black boxes show the location of the study sites at 
Ribbon Reef 5, Escape Reef, Grafton Passage and Flora Pass along the shelf margin. 
Dark grey polygons indicate modern coral reef boundaries. 
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Fig. 2. Sun-shaded bathymetric maps of the survey areas gridded at 5 m horizontal 
resolution. (A) Ribbon Reef 5 survey. Note the Chirp sub-bottom profiles shown in 
Fig. 9. The broad area in the southern part of the survey shows the relatively flat 
channel separating Ribbon Reef 5 and 4. (B) Escape Reef survey. Swath lines were 
run normal to the shelf break, revealing coral outcrops aligned with tidal flow and a 
submerged reef parallel to the shelf break. (C) Grafton Passage survey. Multibeam 
lines were run normal to the shelf break, showing a distinct submerged reef across the 
survey area. (D) Flora Pass survey. Multibeam lines were run parallel to the shelf 
break, and reveal a submerged reef that gradually disappears to the northwest. 
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Fig. 3. Oblique view of the Ribbon Reef 5 study area looking to the west, and an inset 
of profile A-B. The shelf break lies at 70 to 80 m then rises gradually up to base of a 
submerged reef at about 60 m. The reef shoals to about 40 m in places then deepens to 
merge into the narrow shelf directly seaward of the modern coral reef front. Coral 
debris spilling from the modern coral reef results in talus slopes at the edge of the 
survey area. Note the locations of Chirp profiles in Fig. 9 and the approximate 
locations of underwater photos in Fig. 10. 
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Fig. 4. Oblique view of the Escape Reef study area looking to the west, and an inset of 
profile A-B. The shelf break lies at about 80 m. Above the shelf break is a submerged 
reef comprising twin ridges of rounded pinnacles. The seaward ridge has pinnacle 
tops averaging about 52 m and the shallower landward ridge has tops averaging 47 m. 
Coral outcrops aligned to the tidal flow lie on the broad outer shelf platform from 45 
to 40 m behind the submerged reef. 
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Fig. 5. Oblique view of the Grafton Passage study area looking to the west, and an 
inset of profile A-B. The shelf break lies at about 118 m. Above the shelf break are 
two gently sloping terraces separated by a steeper step. A distinct submerged reef lies 
on the shoulder of an outer shelf platform and parallel to the shelf break. The reef 
comprises twin ridges of rounded pinnacles, with the tops of the inner ridge at 44 m in 
places. Isolated coral outcrops lie behind the submerged reef at 60 to 55 m on the 
relatively flat outer shelf. 
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Fig. 6. Oblique view of the Flora Pass study area looking to the west, and an inset of 
profile A-B. The shelf break lies at about 110 m, followed by two gently sloping 
terraces separated by a steeper step. Lying on the shoulder of an outer shelf platform 
is a distinct submerged reef parallel to the shelf break. The reef comprises twin ridges 
of rounded pinnacles that shoal to 54 m in places. The relatively flat outer shelf to 
landward of the submerged reef is at about 70 m. 
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Fig. 7. Plots showing the depth of transects along each submerged reef site for: (A) 
the base of the seaward ridge; and (B) the tops of the landward ridge. Note each south 
to north transect comprises 100 equally-spaced (about 15 m apart) depth points 
selected along the entire length of each submerged reef. 
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Fig. 8. Frequency histograms of Grafton Passage and Flora Pass survey areas using all 
bathymetry data points. The peaks represent a higher frequency of depth points, such 
as the gently sloping terraces, or the combined depths of the outer shelf platform and 
submerged reefs. The dips in the histogram represent steeper seabed, such as the step 
between the terraces. The range of depths for the terrace and step features is shown 
above the corresponding histogram columns. 
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Fig. 9. Chirp sub-bottom profiles across the Ribbon Reef 5 site. The X axis shows the 
trace number and the Y axis shows the approximate depth in metres (assumes sound 
velocity at 1500 m sec-1) and two-way time (TWT) in msec. See Figs. 2 and 3 for 
locations. 
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Fig. 10. Underwater photographs from the Ribbon Reef 5 site. See Fig. 3 for the 
approximate locations. Note the submersible dives were conducted a little further 
north but the resulting photographs are representative of the main features mapped 
using the multibeam and Chirp sub-bottom data. 
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Fig. 11. Sea-level curves representing the general depth ranges of GBR shelf edge 
features. (A) 500 ka to present (after Imbrie et al., 1984; Lambeck and Chappell, 
2001; Lea et al., 2002). (B) LGM to present (for references see Webster et al., 2004a). 
MIS is marine isotope stage. MAR is mass-accumulation rate. MAR peaks between 
12 to 10 ka on the northern GBR margin (Page et al., 2003). 
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