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Abstract Morphology, internal structure, and in situ
facies distribution of mesophotic Halimeda bioherms from
the Queensland Plateau (NE Australia) are presented based
on hydroacoustic and oceanographic data, seafloor observa-
tions, and discrete sediment sampling carried out during RV
SONNE cruise SO292 in 2022. Halimeda buildups consist
of cone-like mounds up to 500 m in diameter and 3—10 m
high, with gentle slopes (2°-5° on the top of Tregrosse
Bank). Bioherms occur in water depths of 10-70 m, with
most bioherm between 50 and 65 m. Their internal structure
consists of aggrading low-amplitude reflections at the core
of the bioherm interfingering with high-amplitude reflec-
tions to the flanks. Surface facies distribution displays one
to four facies belts, from distal to proximal: Halimeda rud-
stone, Halimeda rudstone with living plants, Halimeda rud-
stone with coralgal debris, and coralgal boundstone (when
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present, occupied the top of the bioherms). It is proposed
that the alternation of two key processes contributes to the
formation of these bioherms: (1) in situ accumulation of
Halimeda debris and (2) episodic dismantling of the meso-
photic coralgal boundstone at the centre of the bioherm by
severe storms. These storms may dismantle the mesophotic
reef and export coralgal rubble to the flanks. Flanks may be
recolonized by Halimeda during fair-weather periods. Due
to their different geomorphic expressions, complex inter-
nal structure, and surficial facies distribution, we suggest
that the buildups of the Queensland Plateau represent a new
Halimeda bioherm morphotype, distinct from previously
described bioherms on the adjacent Great Barrier Reef and
elsewhere globally.

Keywords Bioherm - Mesophotic reef - Green algae -
Carbonate platform - Coral Sea, Australia

Introduction

Bioherms are in situ accumulations of invertebrate organ-
isms with bedded, eventually massive, lens-like or mound-
like geometries embedded in sediments of different compo-
sitions (Cumings 1932). In the modern, Halimeda bioherms
are probably the most representative example of these bio-
constructions (Davies 2011).

Halimeda bioherms are described from Holocene marine
deposits all over the world, including the Nicaraguan Car-
ibbean Sea (Hine et al. 1988), the Java Sea (Phipps and
Roberts 1988), and most notably in the Great Barrier Reef
(Orme et al. 1978; Orme and Salama 1988). In the Great
Barrier Reef (GBR), Halimeda bioherms are larger in size
than anywhere else and often associated with an extensive
sheet-like form, described as biostromes (Orme and Salama
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1988), and surfaces covered by Halimeda meadows (Drew
and Abel 1988; Wienberg et al. 2010). Halimeda meadows
are significantly more ubiquitous than mounds, and they
have also been described from other carbonate tropical fac-
tories such as, for example, for the Great Bahamas Bank
(Freile-Pelegrin et al. 1995) and Hawaii (Harney et al. 2000;
Harney and Fletcher 2003; Spalding 2012). The majority
of these Halimeda-rich bioconstructions or meadows are
attributed to nutrient-rich waters that provide the nutrients
required to enhance the Halimeda growth (Wolanski et al.
1988).

The GBR Halimeda bioherms were intensely studied
(Orme et al. 1978; Orme and Salama 1988; Drew and Abel
1988; Wolanski et al. 1988; Rees et al. 2007; McNeil et al.
2016, 2021a, b). McNeil et al. (2021a, b) proposed three
different bioherm morphotypes defined by the surface area,
the thickness, and the volume. These parameters provided
rough information on the biological and sedimentological
mechanisms controlling bioherm morphology. The GBR
bioherm morphotypes are annulate, reticulate, and undulate
structures (see Table 3 of McNeil et al. 20214, b).

Hydroacoustic data, seafloor observation, oceanographic
data, and discrete sediment sampling during RV SONNE
cruise 292 were used to characterize mound-shaped Halim-
eda buildups on the Queensland Plateau in the Coral Sea.
This work for the first time presents the morphology, internal
structure, and in situ facies distribution of these mesophotic
Halimeda bioherms and proposes the definition of a new
bioherm morphotype. With the growing understanding of
Halimeda as a determinative carbonate factory (Rees et al.
2007; Castro-Sanguino et al. 2020; McNeil et al. 2022)
and its possible disruption with ocean acidification (Rob-
bins et al. 2009; Sinutok et al. 2012), such understanding
becomes crucial.

Geological setting

This research focuses on the carbonates of Tregrosse Bank
on the Queensland Plateau, offshore NE Australia (Fig. 1).
The basement of the Queensland Plateau consists of meta-
sedimentary rocks (Feary et al. 1993) covered by Paleogene
syn-rift sediments (Mutter 1977). The subsidence rate for the
Queensland Plateau has been calculated to 9-11 ¢cm/1000
yrs (past 5 Ma), with lower rates before ~5 Ma (Miiller et al
2000). Carbonate platforms on the Queensland Plateau were
established during the middle Eocene (Mutter 1977; Betzler
et al. 1993).

The carbonate platforms of the Queensland Plateau
appear to follow the classical windward-leeward, E-W,
inner platform facies asymmetry: shallow water coral reefs
grow along the windward edge of the platforms, which pro-
tect an open shallow water area. These areas are depressed
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and have water depths of 50—75 mbsl. Pinnacles and knolls
described as living coral heads are scattered around the sea-
floor of the open lagoons (Orme et al. 1978). These reefs and
banks sit on relicts of a larger Miocene carbonate platform
which covered ~64.000 km? (Mutter 1977; Betzler et al.
1993).

The Queensland Plateau lies in the flow of the North Cal-
edonia Jet, which is a branch of the South Equatorial Cur-
rent (Ganachaud et al. 2014; Kessler and Cravatte 2013).
These waters are nutrient poor and exhibit very low primary
productivity (Ceccarelli et al. 2013). The wind regime in
the Queensland Plateau is dominated by the trade winds,
which, as elsewhere, have intensified at 12 Ma (Groeneveld
et al. 2017; Betzler et al. 2016). In the Queensland Plateau,
trade winds mainly proceed in SE-NW direction, while sur-
face currents flow from the east, mainly related to the North
Caledonian Jet (Kessler and Cravatte 2013). The region is
affected by tropical cyclones westward passing over the
Queensland Plateau (Bloemendaal et al. 2020). Statistical
evaluation of cyclone tracks between 1980 and the present
shows that cyclone tracks cluster around the Queensland
Plateau (Fig. 1B).

Material and methods
Bathymetric mapping

Multibeam data were acquired by means of the hull-
mounted Kongsberg EM122 and EM710 of RV SONNE
at cruise speeds of 5.5-8 kn over ground with a grid cell
size of 1.5 m in the studied areas. Angular sector coverage
was 130°-140°, and data were stabilized for roll, pitch, and
yaw. Water column sound velocity profiles were obtained
by using XSV-02 probes (Lockheed Martin, Sippican Inc.)
and CTD measurements (see Betzler et al. 2022 for details).
Sound velocity profiles imply that water mass stratification
is very homogeneous throughout the Queensland Plateau.
The software QIMERA (v2.4.8, QPS software) was used
for processing of multibeam data. Bathymetric data were
corrected for astronomic tides using tidal predictions of the
Australian Hydrographic Office derived via the software
AusTides (Australian Hydrographic Office).

Sub-bottom profiles were recorded using the paramet-
ric sediment echosounder Atlas Parasound PS70 (mk2,
Teledyne Reson) of RV SONNE, with a desired primary
high frequency of 18 kHz and a secondary low frequency
of 4 kHz. The system was operated in single-pulse mode.
Time—depth conversion of Parasound data was done with
a sound velocity of 1500 ms~!. Data processing was per-
formed using the software ReflexW (Sandmeier Software)
and comprises data editing, compensation for trace header
delay, gain adjustment (using automatic gain control), and
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Fig. 1 A Large emergent reefs

and banks of the Queensland

Plateau, northeastern Australia.

B Cyclone intensity around »
Australia and the Queensland ©
Plateau (warm colours: strong;

blue colours: weak). C Slope

map derived from bathymetry

data of the Tregrosse Bank area.

Inset shows Fig. 2 study area
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along-profile amplitude normalization. The multibeam
bathymetry collected by RV SONNE cruise SO292 was
supplemented by Kongsberg EM302 multibeam data col-
lected RV Falkor cruises FK200429 and FK200802 (Bea-
man 2020).

Sea-floor imaging

During expedition SO292, video observation of the sea-
floor was performed to image sample locations, to map
habitats, and to ground-truth hydroacoustic observations.
The Ocean Floor Observation System (OFOS) is a low-
erable and passively towed frame that includes light, a

1000 km
e —

152 °E

Slope [°]

150.50 °E

150.75 °E 151.00 °E

photo-camera (Canon EOS RS5), and a high-definition
video camera (Marshal CV350-5X). The system is towed
using an 18-mm deep sea fibre-coaxial cable. Compass
and an altimeter (Tritech PA500-6) are used to meas-
ure the distance between the OFOS and the ocean floor;
commonly kept between 3 and 5 m during survey. To
scale, equidistant laser dots (40 cm) were projected into
the imaged area. The observations of the seafloor based
on OFOS data focused on three stations related to three
mounds: 09—-1 (western bioherm) and 10-1 (eastern bio-
herm) of the northern transect; and 11-1 for the small
bioherms of the southern transect (Fig. 2).
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Fig. 2 Parasound profiles of the study area. A Bathymetry map with the locations of the Parasound lines at southwestern Tregrosse Bank. B-D
Parasound profiles with the positions of the studied Halimeda mounds. LGM, last glacial maximum

Oceanography

A Sea-Bird 37-SM MicroCAT attached to the frame of the
OFOS was used to measure bottom water properties. The
MicroCAT features a data logger equipped with a high-accu-
racy conductivity, pressure, and temperature sensor measur-
ing bottom water conditions. Calibration of the MicroCAT
was done at the first CTD station in accordance with the
CTD. Logging was set to one sample every 10 s. The pump-
less sensor array has been placed approximately 0.5 m above
the OFOS altimeter to allow for undisturbed water flow. The
RV SONNE is fitted with a self-cleaning monitoring box
(SMB) that continuously measures surface water properties
using various sensors. The water inlet is located in the bow
close to the water line. The SMB is equipped with tempera-
ture and salinity sensors (Seabird SBE 45), as well as sen-
sors to measure chlorophyll-a concentration and turbidity
(WatLabs FLTNU).

Sedimentology

The top of the Tregrosse Bank was sampled along two
east—west transects: one to the north comprising the
mounds observed in OFOS stations 09—1 and 10-1; and
one to the south corresponding to OFOS station 11-1
(Fig. 2), at water depths between 55 and 71 m. Sea-floor
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sediment samples were taken by means of box corer (BC).
A Box core Imaging System (BOXIS) developed at the
Universitdt Hamburg was mounted on the BC allowing for
illuminated high-resolution video recording of the sampled
area prior to sampling (GoPro HERO 10, 19 megapixels
5120 % 3840).

All box corer samples were photographed after retrieval
(surface and side section) and described. Part of the mate-
rial was washed over 2 mm, 0.250 mm, 0.125 mm, and
0.063 mm sieves, and dried for later microscopic analysis.
The sediment was described following the Dunham (1962)
textural classification in conjunction with the depositional
textures described by Embry and Klovan (1971). Colour was
determined qualitatively using Munsell Soil Colour Charts
(Munsell Colour Company, Inc., 2021). Relative abundances
of identified components such as mineral grains, microfos-
sils, and biogenic fragments were assigned on a semi-quan-
titative basis using the following classification: abundant
(>20% of field of view), common (> 5-20% of field of
view), few (1-5% of field of view), rare (< 1% of field of
view), present (1 per 1-10 fields of view), and barren (none
in field of view). The average fields of view were deter-
mined under the binocular with magnifications of X 10 for
bulk samples and grain sizes larger than 0.250 mm, of X 20
for grain sizes between 250 and 125 mm, and of x40 for
sediment sizes under 0.063 mm. The field of view for smear
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slides was determined by the X200 magnification of the
microscope.

Absolute age determination

Absolute ages are based on radiocarbon dating of Halimeda
flakes. Samples were selected from box core bulk samples.
Measurements were done by the MICADAS radiocarbon
dating laboratory at the Alfred Wegener Institute in Bremer-
haven, Germany (Mollenhauer et al. 2021). Calibration of
conventional radiocarbon ages was carried out using the
online tool CALIBomb (Reimer et al. 2004; Reimer and
Reimer 2004) and the “Great Barrier Reef” post-Bomb cali-
bration dataset (Wu et al. 2021). Calibrated ages are reported
as cumulative probability distributions (sigma 2 range) and
rounded to the next yr (Table 1).

Results
Platform morphology

Tregrosse carbonate bank is roughly triangular in shape,
with its acute angle pointing east. The bank has a surface
of 3716 km?, measured at the 80 m isobath. The bank top is
bowl shaped with water depths reaching up to 70 m in the
central part. The bank rim is at or above sea level in the east-
ern and southeastern part; towards the west, it is at a depth of
50-60 mbsl (Figs. 1 and 2). Across the bank interior, there
are mound-shaped conical elevations, 3—10 m high above
the local baseline and up to 500 m in diameter (Figs. 3, 4
and Table 2). The flanks of the mounds have an inclina-
tion from 2° to 5°, with the slopes not being symmetrical
(Fig. 1B). These mounded structures also occur at the bank
margins, especially along the western platform edge at water
depths of 10-70 mbsl, but clustering around 50-65 mbsl.
Here, they are smaller compared to the buildups in the bank
interior and are often amalgamated (Fig. 2B). At their top,
mounds display a small depression, around 100 m wide and
less than 1 m deep (Fig. 2C). The central part of this depres-
sion may be occupied in some mounds by a smaller pinnacle,
which constitutes the highest part of the mounded structures
(Figs. 2C, D and 3).

Parasound imagery shows that the sedimentary succes-
sion at the top of the Tregrosse Bank has a faint stratifica-
tion characterized by the alternation of higher and lower
amplitude reflections in the interval, overlaying a prominent
high-amplitude reflection around 90-ms TWT that hides
deeper strata (Fig. 2C and D). c. Five—10 m below the pre-
sent seafloor (Figs. 3 and 4). The mounds unconformably
overlay this strong reflection (LGM in Figs. 2, 3, and 4).
Above this reflector, the mounds are characterized by low-
amplitude reflections that gradually change, with increasing

Table 1 Calibrated ages for selected samples of the studied Halimeda bioherms

Calibration

Results

Sample

Range Prob. distr.

Conv. age
(yrs. BP)

pldc

Weight 4C counts  *C/"2C (%)
(ngl

Material

Depth
(mbsf)

Water
depth

Lat (°) Lon (°)
(m)

Sample ID

Laboratory

ID

(sigma 2

cum.) (yrs.
cal. BP)

-9 1.000

-11

1.0986+1.2 0.9714+0.0026 233+22

492.068

990

Halimeda
flakes

58 0.10

150°

- 17° 45.503°

S0292_21-

11781.1.1

17.207

1_10A

1.000

-10 3

484.979 1.0981+1.1

1018

Halimeda

S0292_21-

11782.1.1

31022

0.9621+£0.0026

1_10B

flakes
Halimeda

S0292_20-

-57 —17 1.000

—648+21

1.0840+0.0029

1.0976+1.2

538.532

1021

flakes
Halimeda

55 0.15

18.360°

150°

17° 45.437

1_15A

11783.1.1

S0292_20-

—-49 —-20 1.000

—889+21

1.1170+0.0030

1.0970+1.2

544.730

990

11784.1.1

1_15B

flakes

Calibration by CaliBomb (Reimer et al. 2004; Reimer Reimer, 2023) using “Great Barrier Reef” post-bomb calibration dataset (Wu et al. 2021).
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Fig. 3 Profile Bioherm West 150.28°E
(OFOS station 10-1). A
Multibeam bathymetry map. B
Parasound profile with surface
facies distribution. LGM, last

glacial maximum

17.76°S —f -

Facies

Depth (mbsl)

70

150.285° E

150.29° E

LGM lowstand surface

distance from the mound core, into the background high-
amplitude reflections of the platform (Figs. 3 and 4). The
platform bedding is imaged by high-amplitude reflections
that are persistent along the platform transects and only dis-
play an interdigitation with weaker reflections in the flanks
of the mounds. This alternation and interfingering of low-
and high-amplitude reflections within the mounds resemble
a “Christmas tree”-like structure (Figs. 3 and 4) and present
a west—east asymmetry, with slightly steeper flanks towards
the east (Fig. 4).

Water mass properties

Data on water mass properties were gathered for OFOS sta-
tions 09-1, 10-1, and 11-1 (Table 3). Less than 12 h passed
between all measurements. The surface water temperature
at all locations remained similar over the observation period
(27.1£0.05 °C). Surface water salinity was 34.86 +0.005
PSU. Surface turbidity was 0.181 +£0.005 NTU, i.e. the sur-
face water was very clear. The near-seafloor temperature
adjacent to the mounds was 26.5+0.12 °C, and salinity was
35.13 +£0.033 PSU. Water temperature of the platform at

@ Springer

comparable depths (50-70 mbsl) was 25.1 £0.25 °C and
salinity 35.35+0.032 PSU.

Light data collected around the platform exhibit uniform
trends. Fitting the data yields an extinction coefficient of
4.76 +0.04 x 1072 with photosynthetic available radiation
(PAR) declining to 4% at a depth of 50 m and to 1% at 80 m.

Sedimentology
Platform facies

The dominant facies on the plain of the inner platform of
the Tregrosse Bank, which we regard as the background
facies, consists of an unconsolidated bioclastic rudstone
with abundant Halimeda plates. There is variability on
the surface distribution of some components within this
Halimeda rudstone likely due to the patchy distribution
of bryozoan—sponge nodules over the background gravel
of Halimeda plates (Fig. 5A—C). The patches of nodules
are darker in colour with respect to the background white
sediment and are irregular in size, ranging between 1 and
7 cm. The patches are arranged in larger clusters between
20 and 100 cm in size (Fig. 5B), with a greater elongation
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Fig. 4 Profile Bioherm East
(OFOS station 09-1). A
Multibeam bathymetry map. B
Parasound profile with surface
facies distribution. LGM, last
glacial maximum

17.755° S
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Table 2 Main features of
the new Halimeda bioherm

morphotype from the Diameter (m)
Queensland Plateau (Coral Sea, Elevation (m)
Australia)

Flank inclination (°)
Surficial structure
Internal structure

Depth range (top of mound) (mbsl)

10-70 (average 50-65)
<500

3-10

2-5

1-4 facies belts

Aggrading low-amplitude reflections (mound core material)
interfingering with high-amplitude reflections (platform
material)

in NE-SW direction. The stained nodule clusters display
a reticulate pattern because of the abundant bioturbation.
The bioturbation mostly consists of deep depressions, up to
30 cm wide and surficial elongated structures. Locally, the
accumulations of nodules occur in the surrounding of scat-
tered living Halimeda plants.

Main components of the rudstone are Halimeda plates
(more than 85% on average), followed by coralline red
algae, common to few large benthic foraminifera (Sorites,
Heterostegina, Alveolinella, and Amphistegina) as well
as encrusting Homotrema, coral fragments (commonly

encrusted by coralline red algae), bryozoans, and rare to
present echinoid remains and mollusk fragments. Liv-
ing echinoids, sea-urchins, starfishes, and sea cucumbers
are locally abundant at the seafloor. However, very few
fish were observed here or in any other location through
the survey. The Halimeda plates range in size between
2 and 15 mm. They usually occur as individual pristine
flakes (Fig. 5D and E), but they can also present bryo-
zoan—sponge coatings that may agglutinate few plates in
living position or in nodules of up to 3 cm (Fig. 5F).

@ Springer
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Table 3 Water properties around the studied Halimeda bioherms of
the Tregrosse Bank

OFO0S-09-1 OFO0S-10-1 OFO0S-11-1

Surface water

Temperature (°C) 27.1 27.1 27.1
Salinity (PSU) 34.8 34.8 349
Turbidity (NTU) 0.18 0.18 0.18
Chlorophyll (ug chl-a/1)  0.08 0.08 0.06
Bottom water

Depth (mbsl) 55.0 55.6 54.2
Temperature (°C) 26.6 26.4 26.5
Salinity (PSU) 35.1 35.1 35.1

Towards the western edge of the Tregrosse Bank, the
prevalence of living plants increases. In this area, the liv-
ing Halimeda algae, in situ growing plants, at the seafloor
for a reticulate pattern enclosing 40—75 cm wide depressed
areas with Halimeda gravel (Fig. 6A). The preservations
of the in situ growing Halimeda changes from completely
green individuals to others with lighter-coloured plates with
eventual crusts of sponges, bryozoan, and red algae (Fig. 5),
and other brown-coloured coatings likely formed by algal
mats (Fig. 6B). Larger benthic foraminifera are common,
especially of the genus Sorites, in this area reaching diam-
eters of up to 4 cm. Bryozoan and sponges can be locally
abundant. Bioturbation is intense in the pockets with Hal-
imeda rudstone.

Fig. 5 Halimeda rudstone
(OFOS station 09-1). A-C Sur-
face variability in the amount
of stained coated grains (mostly
sponges and bryozoan) on

the seafloor surface. Scale

bar 1 m. D Close-up of the
surface retrieved by a box corer
on the Halimeda rudstone
(50292_20-1BC). Darker mate-
rial is encrustations of sponges
and bryozoans. E Sediment
retrieved by box corer on the
Halimeda rudstone. F Colo-
nial foraminifera Homotrema
encrustations on Halimeda
segments
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Fig. 6 Occurrence of Halimeda
at depth of 60 mbsl (OFOS
station 101, Fig. 3). A Patchy
distribution of brown—green-
coloured living Halimeda
plants amongst white-coloured
dead Halimeda rudstone. Scale
bar 1 m. B Algal mats (black
arrowheads) amongst Halim-
eda plants. Scale bar 1 m. C
Example of articulated dead
Halimeda plant. Note the colour
loss as pigments leach from the
segments towards the base

The Halimeda rudstone facies, with its local variabil-
ity, occupies the majority of the observed Tregrosse Bank,
except for the mounded structures observed in the multibeam
bathymetry (Figs. 3 and 4). The mounded structures are
also dominated by Halimeda facies but display a significant
facies variability in contrast with the Halimeda rudstone of
the background platform facies.

Halimeda mounds

Based on the direct sea-floor observations with the OFOS
and the discrete samples retrieved by the BC, the mounds
can be subdivided into four surface facies belts including
from deepest to shallowest: (1) Halimeda rudstone, (2) Hal-
imeda rudstone with living plants, (3) Halimeda rudstone
with coral and coralline red-algae debris, and (4) coralgal
boundstone. The diverse facies in the Halimeda mounds
are documented in Table 4. Facies distribution is shown in
Figs. 3 and 4.

The Halimeda rudstone reaches the lowermost part of
the mounds where it gradually changes into a facies marked
by the presence of living Halimeda plants. The amount of
living Halimeda increases from the base of the mound to
the top of this facies belt. The plants are commonly around
30 c¢m in size and commonly occur in clusters up to 2 m wide
(Fig. 7A). This facies also shows other living green algae
such as Dictyospheria (Fig. 7B). Together with Halimeda,

there are LBF represented by Cycloclypeus and Sorites
(Fig. 7C), which were also observed living on the Halimeda
plants as epiphytes. Sorites individuals range in size between
0.5 and 2 cm and are also a major component of the sedi-
ment below the plants (Fig. 7C and Table 4), together with
pristine Halimeda flakes, and plates with bryozoan—sponge
coatings that may agglutinate few plates in living position
or in nodules of up to 3 cm. Encrusting foraminifera Homo-
trema, bryozoan, and minor serpulids also colonize the Hal-
imeda plates (Fig. 7D). Towards the upper part of this facies
belt, there may be a progressive increase in the amount and
size of coral debris encrusted by red algae, which consti-
tutes the transition zone to the next facies belt, the Halimeda
rudstone with coral/red algae debris (Figs. 4, 5, 6, and 7E).

The main feature of the Halimeda rudstone with coral/
red algae debris facies belt is the abundance of coral rub-
ble, mainly encrusted by red algae, constituting between 60
and 97% of the sea-floor surface. There is a patchy distribu-
tion of the debris in this facies belt, but as a general trend,
the amount and size of the debris increase towards the top
of the mounds (Fig. 8A). The areas with higher amount of
encrusted coral debris constitute pavements where bioturba-
tion is rare (Fig. 8B). In the areas with minor debris, there
are common living Halimeda plants and medium to intense
bioturbation that allows for the recognition of the underly-
ing white Halimeda rudstone (Fig. 8C and D). Halimeda
plants are smaller and less abundant compared to the other
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Coral Reefs

Fig. 7 Halimeda rudstone with
living plants at depths between
52 and 51 mbsl (OFOS station
09-1, Fig. 4). A Cluster of liv-
ing Halimeda plants. Scale bar
1 m. B Close-up of the seafloor
at SO292_17-1BC showing
the green algae Dictyospheria
(black arrowhead) amongst the
living Halimeda. C Large ben-
thic foraminifera Cycloclypeus
(black arrowhead) amongst
the Halimeda plates from
S$0292_17-1BC. D Sediment
retrieved by box corer on the
Halimeda rudstone with living
Halimeda plants. E Transi-
tion zone from the Halimeda
rudstone with living plants to
the Halimeda rudstone with
coralgal debris. Scale bar 1 m

facies belts. In some mounds, as at OFOS station 10-1, this
facies belt does not occur or is combined with the coralgal
boundstone at the top of the mound (Fig. 3).

The coralgal boundstone occupies the highest and central
part of the mounds (Figs. 3 and 4). It consists of abundant
living encrusting and platy corals surrounded by coralgal
debris (Fig. 9A-C). Amongst the debris, there are sedi-
ment patches that consisted of Halimeda rudstone with an
increased number of sand-sized fragments of corals and
red algae with respect to the other facies belts (Fig. 9D and
Table 4). Most of the corals ranges in diameter between 15
and 40 cm, but some of them may reach more than 1 m
(Fig. 9B). The coral assemblage is dominated primarily by
Pachyseris speciosa and secondarily by Podabacia crusta-
cea (Fig. 9E). Branched bryozoan, sponges, anemones, and
sea feathers can be locally common. Fishes are abundant
in this part of the mound and may be bioturbated the sedi-
ment below the platy corals (Fig. 9B). Some mounds do not

present this central part occupied by a coralgal boundstone,
and they consist of the flanks to the top of Halimeda rud-
stone with living plants facies (Fig. 10).

Depositional ages

Four samples containing clean Halimeda flakes were
selected for absolute age determination from the two box
cores SO292_20-1 and SO292_21-1. Sampled depths were
0.15 m and 0.10 m below the seafloor for cores 20-1 and
21-1, respectively (Table 1). Conventional radiocarbon ages
range between 310 and —889 yr BP (F'*C 0.9621 to 1.1170)
and are, therefore, too young for the standard marine calibra-
tion dataset which requires a minimum conventional radio-
carbon age of about 600 yr (Stuiver and Reimer 1993; Hea-
ton et al. 2020). Post-bomb calibrated ages range between
—57 and 3 yr BP and are, therefore, regarded as recent,
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Fig. 8 Halimeda rudstone
with coralgal debris at depths
between 51 and 50 (OFOS sta-
tion 09-1, Fig. 4). A Transect
across the coralgal debris facies
belt. Scale bar 1 m. Top of the
bioherm is at the top of the
picture. Dashed areas show the
relative abundance of coralgal
debris from B pavement of
coralgal debris to C abundant,
and D common coralgal debris
on white Halimeda rudstone

pointing to a high grade of post-depositional sediment mix-
ing, at least in the upper decimetres of the sediment column.

Discussion

A new type of Halimeda bioherm

Elevating up to 10 m over the surrounding seafloor, with
diameters of hundreds of meters, and constituted mostly by
in situ accumulations of skeletal grains, mostly of Halimeda,

the prominent mound structures on top the Tregrosse Bank
(Table 2) can be referred to as bioherms (sensu Cumings,

@ Springer

1932). Their surficial facies distribution, with an apex
dominated by mesophotic coral reefs in most of the cases
(Table 4), makes the Halimeda mounds of the Queensland
Plateau sensibly different to any other Holocene/modern
Halimeda bioherm in the literature. Some of the differ-
ences with respect to other Halimeda mounds descriptions
in the literature might be attributed to differences in data
resolution between older studies (coarser resolution) and
this study (high resolution, especially with respect to direct
seafloor observations). However, there are features as depth
of occurrence, thickness or internal structure obtained from
geophysical data that are directly comparable to other Holo-
cene/modern Halimeda mounds elsewhere (Table 5). Thus,
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Fig. 9 Coralgal boundstone at
depth of 50 m (OFOS station
09-1, Fig. 4, and SO292_18-
1BC). Scale bars 1 m. A Bound-
stone facies in the central part of
a bioherm. B Close-up of large
platy coral Pachyseris speciosa.
C Corals of different sizes and
morphologies and feather stars
(black arrowhead). D Coralgal
boundstone facies captured by
the box corer camera at station
S0292_18-1BC. E Close-up of
the two main species of corals
recovered by the box corer

accordingly to their depth of occurrence and their internal
structure, with interfingering of low- and high-amplitude
reflections in Parasound profiles, the Halimeda mounds of
the Queensland Plateau are unique with respect to the rest
of Halimeda bioherms (Table 5).

There are different modes of growth for Halimeda bio-
herms. Outcrop studies of Halimeda bioherms have unrav-
elled the internal structure of such bodies, with a focus on
Halimeda bioherms of the Miocene of South Spain (Braga
and Martin, 1996; Martin et al. 1997) or recently the Oligo-
cene Halimeda buildups of the South China Sea (Fournier
et al. 2024). These Miocene bioherms are considered com-
parable to modern examples with respect to biota, lateral
extension, and depositional depth (Martin et al. 1997). The
internal architecture of the bioherm includes three main ele-
ments: (1) a coral framework core; (2) a thick Halimeda rud-
stone cover; and (3) a bioclastic—microbial cap facies. These
facies belts wedge out into flank facies consisting of cal-
carenite made up of mound-derived material (Martin et al.
1997). However, the coral framework in these mounds is

Pachyseris
speciosa

Podabacia
' crustacea

exclusively occurring at the base of the mound and covered
by the rest of facies (Martin et al. 1997); in contrast with
the bioherms of the Queensland Plateau in which the coral-
gal boundstone occurs at the top surface of the mound and
laterally interfingers with the Halimeda dominated facies
(Figs. 3 and 4).

In modern-day euphotic/upper mesophotic examples
of the Great Barrier Reef, recurring phases of growth of
Halimeda alternate with intervals of growth interruption.
It was proposed that during these interruptions, algal mats
overgrow the Halimeda gravel and stabilize the surfaces of
the bodies (McNeil et al. 2021a, b). This has been suggested
as the main mechanism for the development of the different
morphotypes of bioherms and the bedded internal structures
observed in high-resolution seismic data at the Great Barrier
Reef (McNeil et al. 2021a, b).

In the herein studied examples, there is no evidence of
significant microbial binding in any sample collected from
the surface of the bioherms. The presence of algal mats is
very limited and restricted to specific areas of the Halimeda

@ Springer
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Fig. 10 Halimeda bioherm
(OFOS station 11-1). A
Photogrammetric model of the
bioherm covered by living Hal-
imeda plants. Scale bar 5 m. B
Panorama of the toe of the bio-
herm with the transition from
living Halimeda plants, green,
to Halimeda rud- stone, white-
coloured platform sediment. C
Panorama view of the top of the
bioherm. Scale bar 1 m

rudstone surrounding the bioherm (Fig. 6B). In the samples
retrieved on the bioherms, some evidence of early lithifica-
tion is present, mainly by encrusting sponges, bryozoan, and
red algal crusts (Fig. 5F). The bioherms of the Queensland
Plateau do not show convex-up parallel bedding as their
counterparts on the Great Barrier Reef, but rather record
convex-up lens-like reflections that wedge out towards the
bioherm flanks alternating with laterally more continuous
sediment packages (Figs. 3 and 4). We propose that this
alternation is the result of two processes: accumulation of
Halimeda debris and the episodic dismantling of the meso-
photic coralgal boundstone at the centre of the bioherm.

@ Springer

The mesophotic corals might be periodically affected
by currents, for example, triggered by severe storms that
partially dismantle living corals at the top of the bioherms
and export coralgal rubble to the flanks. During fair-weather
periods, Halimeda likely recolonize the flanks partially or
completely covering (Fig. 10) the coralgal debris belt. This
alternation of intervals dominated by coral debris with
intervals dominated by Halimeda, gravel, may explain the
interfingering between low-amplitude and high-amplitude
reflections imaged in the Parasound profiles (Figs. 3 and 4).
Low-amplitude reflections would represent large extension
of coralgal debris, while high-amplitude reflections stand for
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Coral Reefs

the flank overgrowth by Halimeda plants. Mounds where the
coralgal boundstone facies are missing also lack the inter-
fingering of low-amplitude and high-amplitude reflections
in the Parasound profiles (Fig. 2). This is probably because
after a first dismantling event (i.e. a storm), corals were not
able to recover, and the mound was fully overgrown by Hal-
imeda, which is consistent with the homogeneous acous-
tic facies imaged in the Parasound profiles (Fig. 2) and the
direct observations with OFOS (Fig. 10).

Origin of the bioherms: exposure, reflooding, and coral
growth

All the bioherms of the Tregrosse Bank have their bases on
minor elevations of a distinct surface that can be traced in
all Parasound data (Fig. 2). It is proposed that this surface
likely traces the surface of emersion which formed by subae-
rial platform top exposure during lower sea-level conditions,
likely during the Last Glacial Maximum (LGM, Yokoyama
et al. 2018). An equivalent surface is reported at the Great
Barrier Reef, where McNeil et al. (2021a, b) interpreted it as
a Pleistocene erosional unconformity that marked the sub-
strate of the Holocene Halimeda bioherms (Reflector A of
McNeil et al. 2021a, b).

The proposed lowstand surface is at deeper position at
Tregrosse Bank, 90 ms in TWT, in contrast with 50 ms
in the GBR (McNeil et al. 2021a, b). Ninety milliseconds
would be equivalent to a depth of ~70 mbsl, around 5-10 m
below the seafloor, assuming a sound velocity of 1500 ms™"
in the sediment. This would imply that the flooding of the
Tregrosse Bank interior was during the rapid sea-level rise
at the beginning of the late glacial interstadial, around 14 kyr
ago (Lewis et al. 2013; Yokoyama et al. 2018).

Corals growing on the formerly exposed basement sub-
strate during this mid-deglacial flooding likely formed patch
reefs, possibly in euphotic conditions (Fig. 11). These ele-
vations could have formed the nucleus for subsequent bio-
herm development. With the progressive sea-level rise, the
euphotic coral assemblage was replaced by a mesophotic
coral assemblage that still persists nowadays. We propose
that aggradation and dismantling of euphotic to mesophotic
reefs was the main growth mechanism during the first stages
of bioherm development.

The mesophotic corals at the centre of the bioherms

With respect to the corals constituting the core of the bio-
herm today, Pachyseris speciosa (Fig. 9E) is the second-
most recorded species in mesophotic reefs of the Indo_
Pacific realm (Turak and DeVantier 2019). This coral
typically forms large beds of foliose to platy morphology
in bottoms with low-light conditions (Chow et al. 2019;
Turak and DeVantier 2019). Pachyseris displays platy
growth forms, as in the studied bioherms, oriented to opti-
mize light capture (Iwase et al. 2008; Turak and DeVantier
2019). This platy morphology may be critical to their suc-
cess in this setting as it makes the coral less susceptible
to algal encroachment (Hughes 1989; Tanner 1995). Their
presence in the Queensland Plateau is consistent with their
biogeographical distribution in the adjacent Great Barrier
Reef and Solomon Islands, where they are the main coral
species in the mesophotic reefs (Chow et al. 2019; Turak
and DeVantier 2019). In these areas, Pachyseris occurs in
the upper mesophotic zone (30-60 m), with a certain prefer-
ence to rubble—sand substrates and small blocks (Turak and
DeVantier 2019) and water temperatures between 24 and

Age (kyr BP) No. of mounds

CPAR (%)
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1 1 ] - 1 ]
0“_ SR 0000 00
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Fig. 11 Light and distribution of bioherms on the Tregrosse Bank.
Left to right: Photosynthetic Available Radiation obtained during
Expedition SO292 versus water depth since the last glacial cycle
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(Spratt and Lisiecki 2016) and infer depth of base of the euphotic
zone (Lesser et al. 2009); depth distress of the top of the Halimeda
bioherms on the bank (Fig. 1)
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29 °C (Veron 2000). Similar conditions to those documented
in the studied bioherms (Table 3). Podabacia crustacea, the
other main species in the bioherms (Fig. 9E), has similar
requirements as is the case for Pachyseris speciosa, and it
is also typical of environments with restricted light condi-
tions in depth between 20 and 40 m and water temperatures
between 30 and 32 °C (Yusuf and Allen 2001) or 22-28
°C (Veron 2000). However, these corals in the present day
at the Tregrosse Bank occur within waters with little light
restriction (Table 3).

There are studies that suggest that the depth distribution
of Pachyseris speciosa is not limited by light availability
(Chow et al. 2019). The presence of Pachyseris speciosa
in a wide range of depths indicates its capability to survive
over a broad range of light regimes (Hernandez-Agreda et al.
2016). Chow et al. (2019) proposed temperature and the
occurrence of downward flows of suspended particulate mat-
ter as the only significant parameters with negative effects on
the development of Pachyseris. White et al. (2013) showed
that platy corals, especially Pachyseris, are especially sus-
ceptible to breakage, even at a water depth exceeding 30 m.
In the Great Barrier Reef, under storm conditions similar as
the Queensland Plateau, Bongaerts (2022) reported exten-
sive areas of plate-like coral rubble of Pachyseris and Poba-
dacia at depths between 50 and 65 m, which are directly
comparable to the situation observed in the coral-debris belt
of the studied bioherms of Tregrosse Bank (Fig. 8).

Development of the bioherms: sediment reworking
and Halimeda growth

The coral-debris belt (Fig. 8) found around the reefs in the
central part of the bioherms is the result of breakage of the
corals and of sediment remobilization. Herbivory may be
an important factor in the distribution of Halimeda (Castro-
Sanguino et al. 2020). The low abundance of fish observed
during the OFOS observations indicate, however, that fish
activity is of limited significance, at least at the time of the
study. Internal waves and bottom currents have been also
suggested as important sediment transport mechanisms
around mesophotic reefs (Pomar et al. 2012; Betzler et al.
2023; Bialik et al. 2023), but no evidence for them can be
identified in the Tregrosse Bank. Finally, gravity-driven
down-flank sediment transport is discarded as potential ori-
gin of the coral-debris belt since the slope of the flanks of
the Halimeda bioherms, around 2°, is not steep enough to
remobilize such coarse material.

By elimination, storm-wave-induced currents are pro-
posed as the main mechanism for reef breakage and sedi-
ment mobilization. At shallow depths (< 100 m), wave-
induced currents are important mechanisms for resuspending
sediments (Butman et al. 1979; Fenton and Wilson 1985).
Butman et al. (1979) found that wave- or tide-induced

oscillatory flows are the most important process for resus-
pending the sediment in shallow platforms. Most recent
studies analysing the effects of typhoons on mesophotic
reefs reported that strong storms may destroy and (re)mobi-
lize the reef framework (White et al. 2013; Bongaerts 2022;
Turner et al. 2017). We propose an equivalent mechanism
for the formation of the coral-debris belt in the studied Hal-
imeda bioherms. The profound sediment reworking by these
currents derived from storms may also be the cause of the
homogenization of radiocarbon ages recorded in the upper
centimetres of the Halimeda rudstone (Table 1).

In the Queensland Plateau, trade winds mainly blow
towards the northwest, while surface currents flow from the
east, mainly related to the North Caledonian Jet (Kessler and
Cravatte 2013). This region is highly susceptible to tropi-
cal cyclones generated in the Pacific and preceding uninter-
rupted through the Queensland Plateau (Bloemendaal et al.
2020). Storms moving from east to west over the bioherms
may damage the platy corals and redistributed the rubble
with the slight windward-leeward asymmetry observed
in some bioherms (Fig. 4). The asymmetry on the storm-
remobilized material occurs on the surficial extension of the
coralgal debris facies belt (Fig. 4A), poorly developed in the
windward side of one of the bioherms, but also in its internal
architecture (Fig. 4B). In any case, the corals debris form the
substrate for subsequent Halimeda colonization.

Halimeda algae have a wide bathymetric range, from 0
to 150 mbsl, and can grow on a variety of substrates from
unconsolidated mud to hard substrates (Jensen et al. 1985;
Littler et al. 1988; Fong and Paul 2011, Williams et al.
2013). With some Halimeda species specifically adapted to
deep-water/low-light habitats (Blair and Norris 1988; Littler
et al. 1988). Given these low requirements and adaptations,
it is difficult to determine the cause for the greater abundance
of living Halimeda plants in topographic highs. The conven-
tional view is that Halimeda mounds develop in nutrient-
rich environments, as was reported in the Great Barrier Reef
(Wolanski et al. 1988; Marshall and Davies 1988; Drew
2001; McNeil et al. 2016), Java Sea (Roberts et al. 1988),
and the Caribbean Sea (Hine et al. 1988; Roberts et al. 1992;
Teichberg et al. 2013). This was also extrapolated into the
geological past (Mankiewicz 1988; Reolid et al. 2014). How-
ever, the relation between Halimeda and nutrients is not as
straight forward. While Halimeda, like most algae, requires
nutrients to flourish, the nutrient requirements of different
species are very significant. H. tuna, for example, flourishes
in the extremely nutrient-poor Eastern Mediterranean (Rilov
et al. 2020; Ezra et al. 2021). High nutrient load may also
hamper mineralization in some Halimeda species (Demes
et al. 2009). As such, there are optimal nutrient domains,
which likely differ between Halimeda species.

The western Coral Sea is relatively nutrient poor, even
relative to the eastern Coral Sea (Dupouy et al. 2012),
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with nutrients being depleted along their flow westwards.
The low productivity also limits nutrient recycling due
to remineralization of sinking organic matter. However,
enough organic matter is being remineralization at depth
to initiate a shallow nutricline, situated between 70 and 80
mbsl (Rissik et al. 1997; Ceccarelli et al. 2013) for both
PO, and NO,, although it is deeper for silica. Overall, the
Coral Sea is considered N-limited at the surface (Brown-
ing and Moore 2023).

The bulk of the Halimeda mounds identified on the Tre-
grosse Bank appear to be situated just above the shallow
nutricline, at depths of 40—70 mbspl (Fig. 2 and Table 2).
The low chlorophyll values around the studied bioherms
(Table 3) are consistent with low productivity of the surfi-
cial water above the nutricline at the time of the expedi-
tion. Thus, it appears that the studied bioherms represent
a case of nutrient-poor Halimeda mounds. It does not
necessarily mean that conditions are habitually nutrient
poor in the study area. While upwelling is not reported
around the Queensland Plateau, the main nutrient supply
to the surface would be through a seasonal remixing fol-
lowing intense storms. Internal tides, identified at depths
of 50-100 mbsl in the Coral Sea (Bendinger et al. 2023),
may also result in pulsed input of nutrients. Halimeda may
utilize opportunistic strategy, growing and multiplying
rapidly in short pulses when nutrients are optimal (Smith
et al. 2004). The development of Halimeda bioherms in
the nutrient-poor waters of the Queensland Plateau (Cec-
carelli et al. 2013), therefore, is unique amongst the rest
of Halimeda buildups elsewhere.

With respect to the preferential occurrence of Halimeda
plants on the mounds, in contrast with their scarcity in the
flat areas of the Tregrosse Bank, McNeil et al. (2021a, b)
proposed topographic elevation on the ring crests and the
subsequent enhanced access to nutrients as the origin of the
annulated Halimeda bioherms of the Great Barrier Reef.
However, as already stated, the nutrients availability should
be similar in the mounds and the flat areas of the Tregrosse
Bank, both above the nutricline. Thus, nutrients are not the
factor controlling the occurrence of the living Halimeda
plant facies belt in the mounds.

Riding et al. (1991) proposed coral debris as the ideal
substrate for Halimeda growth in fossil examples of the
Miocene of South East Spain (Mankiewicz 1988; Braga
and Martin 1996; Reolid et al. 2014; 2017). Perhaps, the
availability of hard substrates, such as the coralgal debris
facies belt (Table 4), is a key factor controlling the distribu-
tion and development of Halimeda bioherms, in addition to
nutrient availability. However, a simpler and most possible
advantage leading to living Halimeda on the bioherms, or to
form them, but not living on the platform flat is for avoiding
routinely be smothered by sediments being moved around
(Figs. 3, 4, and 10).
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Conclusions

This work presents morphology, internal structure, and
in situ facies distribution of mesophotic Halimeda bio-
herms from the Queensland Plateau (NE Australia) and
proposes the definition of a new bioherm morphotype. The
characterization of this new type of Halimeda bioherms
relies on hydroacoustic data, seafloor observations, ocean-
ographic data, and discrete sediment sampling.

The studied Halimeda bioherms consist of cone-like
buildups up to 500 m in diameter and between 3 and 10 m
high with respect to the local baseline. They have gentle
slopes between 2° and 5° and occur at water depths com-
prised between 10 and 70 mbsl, being especially abundant
between 50 and 65 mbsl. Their internal structure consists
of aggrading low-amplitude reflections at the core of the
bioherm interfingering with high-amplitude reflections to
the flanks. With respect to their surface facies distribution,
the bioherms may be exclusively colonized by living Hal-
imeda plants or present up to four facies belts, from distal
to proximal: Halimeda rudstone, Halimeda rudstone with
living plants, Halimeda rudstone with coralgal debris, and
coralgal boundstone (when present, occupies the top of the
bioherms). The Halimeda rudstone dominating the facies
is recent but strongly reworked in its upper decimetres and
has an average age of few decades.

We propose the alternation of two processes to explain
the formation of the Halimeda bioherms on the Queens-
land Plateau: (1) accumulation of Halimeda debris and (2)
episodic dismantling of the mesophotic coralgal bound-
stone at the centre of the bioherm. The mesophotic corals
might be periodically affected by strong bottom currents
caused by severe storms and cyclones that partially dis-
mantle the reef and export coralgal rubble to the flanks.
During fair-weather periods, Halimeda recolonize the
flanks partially or completely covering the coralgal debris
belt. This alternation of intervals dominated by coral
debris with intervals dominated by Halimeda rudstone,
may explain the interfingering between low-amplitude
(coral rubble) and high-amplitude (Halimeda gravel)
reflections imaged in the sub-bottom profiles. This pro-
cesses likely started during the mid-last deglacial, around
14 kyr ago, since all the bioherms of the Tregrosse Bank
have their bases on minor elevations of a distinct and con-
tinuous seismic reflector, likely produced during the suba-
erial exposure of the platform top following the sea-level
fall to the LGM.

The development of Halimeda bioherms in the nutrient-
poor waters of the Queensland Plateau, therefore, is unique
amongst other Halimeda bioherms elsewhere. Due to their
different depth of occurrence, geomorphology, complex
internal structure, and surficial facies distribution, as well
as their oligotrophic origin, we propose the buildups of the
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Queensland Plateau represent a new Halimeda bioherm
morphotype.
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