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The continental shelf along northeastern Australia is the world’s largest mixed carbonate-siliciclastic 
passive margin and the location of the Great Barrier Reef (GBR). Following sea-level transgression during 
the last deglaciation, extensive sediment was deposited along the GBR due to neritic carbonate deposition 
(including shelf edge reefs, Holocene reefs and Halimeda bioherms) and fluvial discharge of terrigenous 
siliciclastic sediments. Such sediment loading can alter local relative sea level (RSL) by several metres 
through the sediment isostatic adjustment (SIA) process, a signal that is poorly constrained at the 
GBR. In this study, we used a glacial isostatic adjustment (GIA) model to develop an ensemble-based 
sediment loading history for the GBR since Marine Isotope Stage 2 (MIS 2). A Bayesian style framework is 
adopted to calibrate the sediment history ensemble and GIA model parameters using a sea-level database. 
According to our results, 1853.7 Gt (1613.1-2078.7 Gt, 95% confidence interval) of sediment have been 
deposited across the GBR since MIS 2 (28 ka BP), causing spatially variable relative sea-level change with 
the highest magnitude (0.9-1.1 m) found in the outer shelf of the southern central GBR (18.4-21.6◦ S). 
Because the SIA-induced RSL rise is unrelated to ice mass loss, failing to correct for this signal will lead 
to systematic overestimation of grounded ice volume by up to ∼4.3 × 105 km3 during the Last Glacial 
Maximum. Additionally, we found that spatial variation in sediment loading and coastal environment may 
explain the different RSL history documented by published fossil coral reef records from Noggin Pass and 
Hydrographer’s Passage. These results highlight the importance of considering SIA for any postglacial 
sea-level studies adjacent to large sediment systems. Lastly, by quantifying both the GIA and SIA signals, 
we provide a spatially and temporally complete RSL reconstruction that is well-suited to be used as a 
boundary condition to study the evolution of the GBR shelf and slope sedimentary system.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

Located on the world’s largest mixed carbonate-siliciclastic pas-
sive margin in northeastern Australia, the Great Barrier Reef (GBR) 
is an ideal place to study coral reef framework development and 
terrigenous sediment transportation in response to sea-level vari-
ation during glacial cycles (Webster et al., 2018). To accurately 
understand and model the physical and ecological mechanisms 
behind the spatio-temporal evolution of this complex sediment 
system, a key boundary condition is the relative sea-level (RSL) 
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change history, which is by far the most important driver on 
millennial timescales (Hopley et al., 2007; Woodroffe and Web-
ster, 2014). Previous work suggests strong spatial variability in 
past RSL along this >2000 km coastline (Lambeck et al., 2002), 
prompting the need for a comprehensive understanding of the pro-
cesses controlling sea-level change in this region. Currently, the 
most commonly-used physical model to explain this variability is 
a glacial isostatic adjustment (GIA) model, which describes the 
solid Earth and ocean surface response to changes in surface load-
ing due to ice-ocean mass redistribution. Based on GIA theory, 
RSL recorded at the far-field location (i.e., far from previous ice 
sheet margins) of the GBR is primarily a function of solid Earth 
rheology, the change in global ice volume through time and lo-
cal shelf morphology (Lambeck et al., 2014), with these factors 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).
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Fig. 1. Schematic overview of the inversion procedure adopted in this study. The black and blue boxes represent the physical processes and statistical modelling processes 
and results, respectively. Each arrow indicates that a previous model output acts as the input for the next model. *Initial sediment model parameter sets denote six sediment 
parameter combinations used to generate sediment models to train a SIA statistical emulator (details in Supplementary section 2). %Prior sediment model parameter distri-
butions are given in Table 1, which can be used to create a large ensemble of random sediment models. Note the sediment deposition model appears in multiple places. The 
annotated italic number beside each box indicates the section that provides detailed descriptions of each modelling procedure, S2 indicates Supplementary section 2.
having previously been invoked to explain different magnitudes 
of postglacial RSL rise (Yokoyama et al., 2006) and mid-Holocene 
highstand (Lambeck et al., 2002) along the GBR coastline.

However, recent coral reef records from Noggin Pass (NOG) and 
Hydrographer’s Passage (HYD), two shelf edge sites with similar 
shelf morphology located 500 km apart from each other, show a 
consistent RSL offset (reconstructed RSL at NOG is several metres 
higher at HYD) during the last deglaciation (Yokoyama et al., 2018; 
Webster et al., 2018) which cannot be explained by a GIA model. 
To understand this discrepancy, an additional physical process that 
is able to generate metre scale regional RSL variation within a 
103-105 year timescale is required. For coral reef records from a 
passive margin, minimally impacted by sediment compaction, the 
most obvious possibility is RSL change caused by sediment load-
ing (Horton et al., 2018). Similar to ice loading, sediment loading 
can lead to isostatic adjustment that changes the local geoid and 
deforms the land surface depending on the regional load magni-
tude and Earth rheology (i.e., sediment isostatic adjustment, SIA; 
Dalca et al., 2013). Previous studies suggest there have been more 
than 1000 gigaton (Gt) of neritic carbonate sediment (Hinestrosa 
et al., 2022; Rees, 2005) accumulated across the GBR since the 
Last Glacial Maximum (LGM) along with a considerable amount 
of fluvial discharge of terrigenous siliciclastic sediment (Salles et 
al., 2018). Such sediment loading could be large enough to drive 
localised RSL variations.
2

In this study, we aim to simultaneously quantify the ice, ocean 
and sediment loading impact on RSL variation across the GBR from 
Marine Isotope Stage (MIS) 2 to present. To quantify the SIA signal, 
we develop a GIA-model-enabled ensemble-based sediment accre-
tion model, which allows us to reconstruct the spatio-temporal 
evolution of sediment deposition across the GBR. We then use a 
Bayesian formalism to calibrate the net RSL history predicted by 
the GIA and SIA models using a sea-level database. The outputs of 
our study are a set of high-quality predictions of RSL change and 
sediment deposition history, with quantified uncertainty (Fig. 1).

2. Methodology

The methodology for reconstructing RSL change across the GBR 
is comprised of three major components: GIA/SIA modelling, sedi-
ment deposition history reconstruction and statistical calibration of 
the first two components using a GBR sea-level database (Fig. 1).

2.1. Glacial/sediment isostatic adjustment modelling

In this study, we describe RSL variation as a combined signal 
caused by GIA and SIA (Wolstencroft et al., 2014). We compute 
GIA-induced RSL change using a gravitationally self-consistent the-
ory that accounts for migrating shorelines and Earth rotational 
feedback (Kendall et al., 2005; Mitrovica et al., 2005). For SIA, 
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Fig. 2. Ice history modifications. (a) Pre-LGM ice history modifications for three ice sheets. (b) Modified global ice histories. The dashed and solid lines indicate the scenarios 
I and II we tested in this study. Note we use the same Antarctic model for both ice loading scenarios. NAIS = North American Ice Sheet; AIS = Antarctic Ice Sheet; EIS = 
Eurasian Ice Sheet.
we use the methodology of Wolstencroft et al. (2014) which con-
siders the RSL change caused by sediment-driven Earth deforma-
tion without considering the sediment impact on geoid variation, 
shoreline migration and Earth rotation as they are minor signals 
(generally accounting for less than 5% of the total SIA caused RSL 
signal; Ferrier et al., 2018). Although a self-consistent GIA and SIA 
model has recently been developed (Ferrier et al., 2017), we do not 
adopt this model here because we wish to rigorously sample the 
GBR deposition sediment history uncertainty range independently, 
and solving for the gravitationally self-consistent response to both 
ice and sediment loading would significantly increase the required 
computational power.

The Earth model used in this study is represented by a spheri-
cally symmetric Maxwell body consisting of an elastic lithosphere, 
and an upper and lower mantle extending to 670 km and from 
670 km to the core-mantle boundary, respectively. The elastic and 
density structure of the Earth model is derived from the prelimi-
nary reference Earth model (Dziewonski and Anderson, 1981). To 
sample the uncertainty range associated with the rheological prop-
erties of the Earth we test lithospheric thickness values of 46, 71 
and 96 km and upper and lower mantle viscosity values ranging 
between 0.05-1 and 1-90 × 1021 Pa s, respectively. The relatively 
thin lithosphere and weak upper mantle viscosity values that we 
explore reflect the values constrained by previous GIA studies of 
the GBR region (Ishiwa et al., 2019; Lambeck et al., 2002) and are 
supported by a recent global 3D mantle viscosity reconstruction 
(Austermann et al., 2021). In total, we test 228 Earth model com-
binations. We use the same Earth model for calculating GIA and 
SIA in order to produce internally consistent RSL predictions. We 
perform all calculations using a spherical harmonic truncation of 
degree and order 512 (∼40 km), which is suitable for calculating 
long-wavelength SIA and GIA signals in regions where lithospheric 
thickness is ∼50 km or greater, such as the GBR.

2.2. Ice model

We use a version of the ANU ice model (denoted as ANU_LGM; 
Lin, 2019) that has been updated to reflect the early rapid global 
mean sea-level (GMSL) fall to the LGM lowstand, as revealed by 
sea-level index points (SLIPs) from NOG and HYD (Yokoyama et al., 
2018; Webster et al., 2018). We assume that the majority (90%) 
of this GMSL fall was caused by rapid growth of the North Amer-
ican and Eurasian Ice Sheets (Fig. 2), possibly due to the saddle 
merger mechanism (Ji et al., 2021). Because GMSL prior to the 
LGM is poorly-constrained, we test two possible ice loading sce-
narios, corresponding to a 134 m (scenario I; Lambeck et al., 2014) 
3

and a 125 m (scenario II; Yokoyama et al., 2018) GMSL lowstand, 
which can considered as two end-member scenarios of the LGM 
GMSL lowstand.

2.3. Sediment model

To reconstruct a complete sediment history for the GBR, we 
divide its sediment system into four domains: shelf edge reef, 
Holocene reef, Halimeda bioherms (the first three are carbonate 
sediment) and siliciclastic sediment (Fig. 3). We then use 456 GIA-
induced RSL histories (produced by combining 2 ice models with 
228 Earth models) to force simple linear accretion models and re-
construct the sediment history for each domain as an ensemble 
(Fig. 1). Sediment accretion is first reconstructed at high spatial 
resolution by combining the RSL predictions with a 100 m reso-
lution modern GBR digital elevation model (DEM, Beaman, 2010) 
to create a series of palaeo-DEMs, and hence determine the de-
tailed spatial evolution of inundation and sediment accretion. For 
the purposes of calculating the SIA response, net sediment load 
in each ∼40 km grid cell of our study region is then summed to 
produce a loading time series. We do not consider the influence 
of hydrodynamic effects on sediment distribution because short-
wavelength variations in surface load will have a relatively minor 
effect on the SIA signal, which is long-wavelength and is spatially 
and temporally smooth.

2.3.1. Shelf edge reef
The shelf edge is defined as the region between the modern 

outer barrier reef front and the 130 m isobath (Fig. 3, Beaman, 
2010; Abbey et al., 2011). Based on the evidence derived from drill 
cores at NOG and HYD, the shelf edge reef growth structure can be 
described by four reef formation-demise sequences: reef 2 (27-22 
ka BP; initiation and demise time), reef 3a (22-17 ka BP), reef 3b 
(17-14 ka BP) and reef 4 (14-10 ka BP; modified from Webster et 
al., 2018).

To reconstruct the spatio-temporal reef development, we adopt 
a linear accretion model from Hinestrosa et al. (2022). For this 
model, the averaged vertical accretion rate (νse) and maximum ac-
cretion thickness (τse) are defined for each reef sequence based on 
the dating of drill core material from HYD and NOG (Supplemen-
tary Figure 1). We assume each reef sequence initiates after local 
inundation, with a time lag (ιse) of between 0 and 1 ka, and that 
it accumulates uniformly following the rate of νse until reaching 
thickness τse . The 0-1 ka lag between local inundation and reef ini-
tiation is defined based on observational evidence from Sanborn et 
al. (2020). Each reef within the shelf edge polygon (i.e., each DEM 
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Fig. 3. Overview of four sediment domains. The orange polygons indicate the locations where Holocene reefs accumulate. The purple polygons outline the domains where 
shelf edge reefs are likely to have accumulated (shelf edge reefs have not yet been fully mapped along the GBR margin). In the northern GBR, pink polygons show the 
locations of Halimeda bioherms. Coloured dots along the modern coastline indicate the rate of present-day fluvial sediment discharge (Milliman and Farnsworth, 2013). The 
black triangles are the RSL site locations used to calibrate the sediment loading history. The zebra boxes on the left indicate the four latitudinal GBR regions defined in 2.3.5. 
The sediment loading grid is indicated by the black squares.
grid cell) is classified to one of the four reef sequences (Webster et 
al., 2018) based on its initiation time, which in turn determines its 
νse and τse . Because constraints on νse and τse are currently only 
available for HYD and NOG, we assume the information derived 
from them is representative of the southern and northern GBR, re-
spectively.

2.3.2. Holocene reef
The spatial distribution of the Holocene reef has been mapped 

by modern bathymetric and remote sensing surveys (http://www.
gbrmpa .gov.au/). The only variable to estimate is the spatially-
variable Holocene reef accretion thickness, which will vary ac-
cording to local environmental conditions (Hinestrosa et al., 2022; 
Hopley et al., 2007). To account for this heterogeneity, we use 
a kriging method (details in supplementary section 1) to inter-
polate the spatial pattern of reef accretion thickness based on a 
Holocene reef accretion thickness database (Hinestrosa et al., 2022, 
Supplementary Figure 2). One advantage of this method is that the 
uncertainty estimation is included in its conceptualisation, hence 
the interpolation uncertainty can be easily propagated.

Next, to accurately determine the time when the local pre-
Holocene substrate was flooded, we create a pre-Holocene GBR 
DEM by subtracting the interpolated accretion thickness from 
the modern DEM. We carry out calculations based on this pre-
Holocene DEM. We then combine our 456 GIA-induced RSL pre-
dictions with this pre-Holocene DEM to create a series of palaeo-
DEMs that can be used to determine the timing of local inundation 
and hence the temporal development of the Holocene reefs. Us-
ing interpolated reef accretion thickness estimates as a boundary 
condition, each Holocene reef is assumed to begin accumulating 
4

following local sea-level transgression, with a time lag (ιho) of be-
tween 0 and 1 ka (same as shelf edge reef), and stop accumulating 
when local RSL is 30 m higher than the modern reef surface (i.e., 
when the coral reef surface becomes too deep for significant shal-
low water reef growth). Where the modern water depth is less 
than 30 m, we assume the reef stops accumulating when local 
RSL first reaches its maximum value (mid-Holocene highstand or 
present). Between the defined starting and terminating time, reefs 
are assumed to grow at a linear rate depending on the interpolated 
accretion thickness.

2.3.3. Halimeda bioherms
Halimeda bioherms are a dominant source of inter-reef car-

bonate deposits for the northern GBR and have been extensively 
mapped (Fig. 3, McNeil et al., 2016). McNeil et al. (2020) provide 
an overall estimate of 55.12 Gt of accumulation, corresponding to a 
7.63 m sediment layer across all mapped regions of Halimeda bio-
herms (assumes aragonite density of 2.94 g/m2 with 0.58 porosity 
(McNeil et al., 2020)). As for the Holocene reef sediment model, 
we build a pre-Holocene DEM for the Halimeda bioherms domain 
by subtracting 7.63 m from the original GBR DEM within the ac-
cumulation region (i.e., pink polygons in Fig. 3). The temporal evo-
lution of the Halimida bioherms is then calculated using the same 
method as for the Holocene reef model, using a lag parameter ιha . 
Although previous studies suggest that other sources of carbon-
ate sediment accumulate across inter-reef regions, such as benthic 
foraminifera and coralline algae (Hopley et al., 2007), at present 
there is no comprehensive database which documents the inter-
reef carbonate thickness or mass accumulation since MIS 2. We 

http://www.gbrmpa.gov.au/
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therefore do not consider this possible source of carbonate sedi-
ment in our reconstruction.

2.3.4. Siliciclastic sediment
To quantify siliciclastic load, we use a modern global database 

of fluvial sediment flux measurements (Fig. 3, Milliman and 
Farnsworth, 2013) and assume the averaged discharge rate for 
the whole of the deglacial period is proportional to the modern 
measurement, with absolute values controlled by a scaling pa-
rameter (β) that increases/decreases the modern sediment flux by 
up to 40%. For each model run, the sediment discharge rate is 
assumed to be temporally constant. The spatial distribution of sili-
ciclastic sediment deposition will have varied through time due to 
shoreline migration during postglacial sea-level change. This palaeo 
shoreline migration is reconstructed by combining a modern DEM 
with GIA-induced RSL predictions. For each model time step, sed-
iment load is discharged to the nearest palaeo shoreline location 
relative to the modern river mouth position (Fig. 3). To conserve 
mass, we uniformly remove a layer of sediment from the North 
East Coast drainage basin with a mass equivalent to the siliciclas-
tic sediment deposition in the ocean.

2.3.5. Sediment model parameters
We use two types of parameter (pattern and magnitude) to rep-

resent uncertainties in the sediment history reconstructions. For 
all sediment domains, Earth and ice model parameters are the 
primary pattern parameters because they determine the spatio-
temporal pattern of RSL variation, and in turn the sediment ac-
cumulation pattern. Additionally, the lag parameters mentioned 
above (ιse , ιho , ιha) allow a delay to the initiation of carbonate sedi-
ment accumulation of between 0 and 1 ka after local transgression, 
which provides additional control on the temporal evolution of the 
three carbonate sediment domains.

The magnitude parameters control the magnitude of sediment 
accumulation for each domain. When determining the sediment 
accretion thickness of the shelf edge reef, we limit the maximum 
reef accretion thickness for the four reef sequences using the pa-
rameters τ2,3a,3b,4 (Table 1, values are empirically derived from 
Hinestrosa et al., 2022). For the Holocene reef, the accretion thick-
ness is subject to spatially variable uncertainty produced by the 
kriging interpolation, which is described by αho(ϕ), and varies 
from -3σ to 3σ . Lastly, the magnitude of the siliciclastic sediment 
load is controlled by a scaling parameter β (section 2.3.4).

The reconstructed sediment accumulation thickness H(ϕ, t) at 
location ϕ and time t is converted to a sediment load, M(ϕ, t), by:

Mse(ϕ, t) = Hse(ϕ, t)A(ϕ)ρa(1 − φse)εse (1)

Mho(ϕ, t) = Hho(ϕ, t)A(ϕ)ρa(1 − φho)αho(ϕ) (2)

Mhb(ϕ, t) = Hhb(ϕ, t)A(ϕ)ρa(1 − φhb) (3)

where fixed parameters A(ϕ) and ρa indicate bathymetric grid cell 
area and the density of aragonite (2.94 g/cm3). φ is the averaged 
sediment porosity for the shelf edge (se), Holocene (ho) and Hal-
imeda bioherms (hb) domains; it is allowed to vary from 25% to 
45% to represent uncertainty of the overall accumulation magni-
tude. For the shelf edge reef, one important uncertainty is that 
only a minor part of our defined shelf edge area (Fig. 3) is cov-
ered by reefal deposit, i.e., significantly thicker sediment than the 
surrounding area. Therefore, we assign a reefal area percentage 
parameter (εse), varying between 10-30% (derived from seismic 
mapping of shelf edge reef structure, Hinestrosa et al., 2016), to 
describe this uncertainty. Although the non-reefal area shows sub-
stantially lower sediment thickness (generally <10 m, Hinestrosa 
et al., 2016), it covers a much larger proportion of the shelf edge 
area, meaning it can potentially contribute as much sediment load-
ing as the reefal area. Therefore, the upper limit of εse is doubled 
5

(to 60%) to account for this condition. To reduce computation time, 
we combine 1 − φse and εse in the shelf edge reef model (as γse ), 
and 1 − φho and αho(ϕ) in the Holocene reef model (as γho) to-
gether, as they are all scaling parameters.

Due to different climate, local antecedent substrate and shelf 
physiography, previous studies suggest a contrasting sediment de-
position system between the northern and southern GBR (Hine-
strosa et al., 2016). Considering this difference, we separate the 
whole GBR region into northern (10-14.2◦ S, Fig. 3), northern-
central (14.2-18.4◦ S), southern-central (18.4-21.6◦ S) and south-
ern GBR (21.6-26.2◦ S) sectors based on the definition from Hine-
strosa et al. (2019). All sediment parameters are allowed to vary 
between sectors (Table 1), which is indicated by the superscripts 1 
(northern), 2 (northern central), 3 (southern central) and 4 (south-
ern). We use the same prior distributions for sediment model pa-
rameters across all four regions, except the thickness parameters 
τ2,3a,3b,4; our compiled database generally shows thicker sediment 
in the southern GBR (HYD) compared to the north (NOG, Supple-
mentary Figure 1) so we use different prior distributions for these 
parameters in each region. The prior distributions for all sediment 
domain parameters are given in Table 1 and the resulting sediment 
loading history prior distributions are given in Supplementary Fig-
ure 4.

2.4. Statistical calibration

During the calibration process, to consider uncertainty associ-
ated with the poorly-constrained pre-LGM ice history, we allow 
the ice model to vary between scenarios I and II using a weight-
ing parameter ω. The final RSL predictions are calculated using a 
weighted combination of the two ice history scenarios. ω therefore 
indicates the data preference for the assumed pre-LGM ice history. 
The data used for calibration are sea-level index points (SLIPs). 
Each SLIP provides information about the age and height of past 
RSL at a single location, which is assumed to represent the com-
bined signal of GIA and SIA processes. Based on SLIP databases, we 
use a Bayesian framework to sample the posterior probability den-
sity distribution for each model parameter (Table 1) conditioned 
on sea-level data (Fig. 1).

2.4.1. Calibration data
We compile a GBR RSL database following the methodology of 

Hibbert et al. (2018, 2016). For radiocarbon dated SLIPs we recali-
brate the conventional radiocarbon age using the SHCal20 calibra-
tion curve (Hogg et al., 2020) for terrestrial samples, and Marine20 
(Heaton et al., 2020) with appropriate and up-to-date local marine 
reservoir corrections (�R; http://calib .org /marine) for marine sam-
ples. For Uranium-Thorium dated coral samples we recalculate the 
U-series ages where necessary, assuming a closed system with the 
latest decay constant (Cheng et al., 2013). We only include the U-
series ages that pass the age reliability screening criteria of [232Th] 
≤ 2 ppb and δ234Uinitial = 147 ± 5‰. We exclude any SLIPs that 
are explicitly stated as not being in situ by the original paper.

For SLIP depth uncertainty we use local palaeo-water depth 
determination for each record taken from original publications, as-
suming that the indicator may occur equally anywhere within the 
given upper and lower limit (i.e., the uniform distribution sce-
nario, Hibbert et al., 2016, 2018; Lin et al., 2021). Additionally, we 
consider the elevation measurement uncertainty caused by coring, 
levelling and tectonic correction when necessary. Overall, our study 
uses 375 SLIPs (supplementary database). To systematically quan-
tify the RSL difference between NOG and HYD, we use a Monte 
Carlo binning analysis approach to reconstruct the underlying RSL 
signal at these two sites. The details of this approach are given in 
Supplementary section 3.

http://calib.org/marine
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Table 1
Table of prior sediment model parameters. We assume a uniform prior distribution for all parameters within the defined parameter space. The uniform distributions with 
parentheses indicate a continuous uniform distribution, those with square brackets indicate a discrete uniform distribution comprising the listed parameters. Superscripts 1 
to 4 represent spatially different parameters for the northern, northern central, southern central and southern GBR.

Model Component Parameters and Prior Distribution(s) Parameter Description

Earth model LT ∼U[46,71,96] Effective lithospheric thickness with unit kilometre

μup ∼U[0.05,0.08,0.1,0.2,0.3,0.5,0.8,1] Upper mantle viscosity with unit 1021 Pa s
μlo ∼U[1,2,3,5,8,10,20,30,50,70,90] Lower mantle viscosity with unit 1021 Pa s

Ice model ω ∼U(0,1) Relative weighting associated with ice loading scenario II

Shelf edge reef γ 1−4
se ∼U(0.055,0.45) A combined parameter that describes the uncertainty 

associated with shelf edge reef formation porosity and reefal 
area percentage

τ 1−4
2 ∼U(5,10), U(5,10),U(5,15),U(5,15) Maximum accretion thickness for shelf edge reef stage 2 with 

unit metre (same for all maximum accretion thickness 
parameters below)

τ 1−4
3a ∼U(10,20),U(10, 20),U(15,30),U(15,30) Maximum accretion thickness for shelf edge reef stage 3a

τ 1−4
3b ∼U(5, 15),U(5,15),U(10,20),U(10,20) Maximum accretion thickness for shelf edge reef stage 3b

τ 1−4
4 ∼U(5, 15),U(5,15),U(10,20),U(10,20) Maximum accretion thickness for shelf edge reef stage 4

ι1−4
se ∼U[0,0.2,0.4,0.6,0.8,1] Lag between local inundation and shelf edge reef initiation 

with unit ka (same for all lag parameters below)

Holocene reef γ 1−4
ho ∼U(-3σ ,3σ ) A combined parameter that describes the uncertainty 

associated with reef formation porosity and kriging determined 
reef depth uncertainty (defined by σ ).

ι1−4
ho ∼U[0,0.2,0.4,0.6,0.8,1] Lag between local inundation and Holocene reef initiation

Halimeda bioherms φ1−4
ha ∼U(0.25,0.45) Halimeda bioherms formation porosity

ι1−4
ha ∼U[0,0.2,0.4,0.6,0.8,1] Lag between local inundation and Halimeda bioherms initiation

Siliciclastic sediment β1−4 ∼U(0.6,1.4) Averaged siliciclastic discharge rate relative to present day
2.4.2. Calibration procedure
The posterior probability distributions are calculated using 

a simulated annealing algorithm (Kirkpatrick et al., 1983), a 
probability-based technique which shows good capacity to con-
verge to the global minimum solution. Within a Bayesian frame-
work, a likelihood function describes the joint probability of the 
observed data as a function of the model parameters. We assume 
a uniform prior distribution for all model parameters (Table 1), 
meaning the posterior probability is equivalent to the likelihood. 
In this study we express the likelihood as:

p(y|x) = exp(− 1

N

N∑
n=1

wn Jn) (4)

Jn =
√√√√ (R S L y

n − R S Lm
n )2

σ 2
R S L,n

+ (t y
n − tm

n )2

σ 2
t,n

(5)

where x is the vector of all model parameters, y is the SLIP data 
set consisting of n samples, each containing information about 
palaeo RSL height (R S L y

n ) and age (t y
n ) with 1 sigma uncertainties 

of σR S L,n and σt,n , respectively. wn is a weighting parameter to off-
set calibration bias due to variable temporal data density using the 
definition from Tarasov et al. (2012). For each set of model param-
eters, and for each SLIP location, a RSL curve is produced and we 
calculate the minimum distance ( Jn) between the SLIP and the RSL 
curve, where R S Lm

n and tm
n represent the RSL and age of the clos-

est point on the modelled curve (adapted from Love et al., 2016). 
The minimum distance data-model comparison metric J provides 
a unitless measurement of model misfit for both chronological and 
vertical uncertainties. Because we assume past sea level may occur 
equally anywhere between the upper and lower limit of each SLIP, 
we assume no vertical misfit if the model predictions are within 
6

the 2 sigma uncertainty range of the observations. Therefore, we 
express R S L y

n as:

R S L y
n =

⎧⎪⎨
⎪⎩

R S L y
n + 2σR S L,n, R S Lm

n ≥ R S L y
n + 2σR S L,n

R S Lm
n , R S L y

n − 2σR S L,n < R S Lm
n < R S L y

n + 2σR S L,n

R S L y
n − 2σR S L,n, R S Lm

n ≤ R S L y
n − 2σR S L,n

(6)

Based on this likelihood formulization, we calculate the posterior 
probability distributions for each model parameter, and to speed 
up the calibration process, we use a statistical emulator to emulate 
the SIA process. Details on the implementation of this approach are 
provided in Supplementary section 2.

3. Results

Based on the posterior probability distributions of the model 
parameters drawn from the simulated annealing (Supplementary 
Table 1), we calculate the spatio-temporal field of sediment accu-
mulation and RSL variation for the GBR. We start by presenting 
the results of the Earth and ice model parameter inversion and de-
scribe the resulting GIA-induced RSL predictions. Using these GIA 
predictions, we illustrate the palaeo GBR shoreline reconstructions 
and quantify how they affect the sediment accumulation history. 
Lastly, we present the sediment loading induced RSL change and 
RSL model-data comparison.

3.1. Earth and ice model parameters

The inversion results are given in Table 2. For a far-field re-
gion like the GBR, post-glacial sea-level change was predominantly 
driven by ice-ocean mass exchange (causing >100 m RSL change 
compared to ∼1 m by SIA). Hence, although the Earth model pa-
rameters impact the prediction of both GIA- and SIA-induced RSL 
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Table 2
Inversion results. Pmax indicates the value with the maximum posterior probability (i.e., best-fit value). The load values represent the total sediment load deposited during 
the last 28 ka BP, subscripts and superscripts are as follows: se = shelf edge reef; ho = Holocene reef, ha = Halimeda bioherms, si = siliciclastic discharge, 1= northern GBR, 
2 = northern central GBR, 3 = southern central GBR, 4 = southern GBR.

Pmax Expected Value Standard Deviation 95% Confidence Interval

LT (km) 96 89.3 11.2 71-96
μup (1021 Pa s) 1 0.93 0.15 0.5-1
μlo (1021 Pa s) 30 38.3 11.3 20-50

ω 1 0.98 0.06 0.9-1

Loadtotal (Gt) 1939.6 1853.7 112.4 1613.1-2078.7

Loadse (Gt) 559.1 478.8 68.9 330.8-566.3
Loadho (Gt) 797.6 794.2 59.3 630.0-943.4
Loadha (Gt) 47.0 46.7 3.8 46.7-54.1
Loadsi (Gt) 536.3 534.0 61.3 410.5-659.1

Load1 (Gt) 138.1 167.8 53.1 137.1-271.9
Load2 (Gt) 183.1 229.8 59.3 169.3-361.0
Load3 (Gt) 1007.2 994.6 45.7 905.0-1042.2
Load4 (Gt) 611.3 461.5 98.9 296.2-617.5
change, the Earth model parameter distributions are primarily cal-
ibrated to replicate the GIA process. The maximum probability fit 
to the SLIPs is achieved using an Earth model combination of 96 
km (71-96 km; 95% confidence interval, CI) lithospheric thickness, 
and 1 (0.5-1) and 30 (20-70) × 1021 Pa s upper and lower mantle 
viscosity. These inverted Earth parameters are generally consistent 
with recent global 3D viscosity field reconstructions (Austermann 
et al., 2021) but reflect a substantially stronger upper mantle com-
pared with previous estimates based on GIA analysis of Holocene 
sea-level data from east Australia (0.15-0.3 × 1021 Pa s Lambeck 
et al., 2002). The main reason for this difference is our inclusion 
of pre-Holocene coral reef records, which prefer a stronger upper 
mantle viscosity (details in Supplementary Figure 6).

The ice model weighting parameter predominantly converges 
to scenario II (Fig. 2), indicating that a smaller pre-LGM grounded 
ice volume is preferred by the SLIPs. The blue dashed lines in Fig. 4
are the expected GIA-induced RSL change for RSL sites with at least 
five SLIPs; results for other RSL sites are shown in Supplementary 
Figure 8. It is clear that SLIPs with ages between 19.5 and 21.5 ka 
BP at NOG represent substantially higher RSL than the prediction 
produced by the preferred ice loading scenario II. Using scenario I, 
which has a larger LGM global ice volume, would result in an even 
lower RSL prediction during this period, therefore further enlarging 
the data-model misfit, leading to the rejection of this scenario in 
the inversion.

3.2. Sediment deposition history

3.2.1. Temporal distribution
Using the posterior Earth and ice model parameters, we show 

detailed palaeo shoreline positions (note that the SIA impact on 
shoreline migration is minor and is not considered here) for eight 
key time frames (Fig. 5). Comparing to the commonly used ap-
proach that assumes sea-level rise uniformly follows the GMSL 
curve (e.g., Hinestrosa et al., 2019), our calculation shows local RSL 
can significantly depart from GMSL by >10 m depending on local 
morphology. During early MIS 2 (28-22 ka BP; Fig. 2), RSL was 90-
105 m below present with only part of the shelf edge submerged 
near the south-eastern Capricorn Channel. The growth of reef stage 
2 here (Supplementary Figure 1; Webster et al., 2018) contributed 
10% to overall sediment accumulation for this period (Fig. 6). Com-
paratively, 19.1 Gt/ka (14.7-23.5 Gt/ka) of siliciclastic sediment was 
deposited at the continental slope and shelf edge during this pe-
riod, which dominated the sediment budget (contributing ∼90% 
of total loading). This siliciclastic proportion became even greater 
when GMSL dropped to LGM conditions between 22-19.9 ka BP.
7

After the LGM, local sea level rose gradually prior to 16.5 ka 
BP and accelerated between 16.5 and 14.65 ka BP, which induced 
the coastline near the Capricorn Channel to migrate slightly on-
shore. As a result of the initiation of reef 3b and the continuous 
growth of reefs 3a and 2 (Supplementary Figure 1), shelf edge reef 
accumulation increased from 1.6 Gt/ka to 11.1 Gt/ka (Fig. 7b). Fol-
lowing the start of Meltwater Pulse 1A at 14.5 ka BP, the rate of 
local sea-level rise exceeded 40 m/ka, which further inundated the 
Capricorn Channel by hundreds of kilometres and caused the shelf 
edge accumulation rate to increase to ∼20 Gt/ka. Although the RSL 
rise rate decreased to ∼15 m/ka after 14.0 ka BP, the coastline 
continued to retreat significantly in the southern central GBR and 
less so in the northern central GBR until 13.2 ka BP. Due to the 
flat morphology of the southern central GBR shelf, a large area of 
middle shelf near Mackay was flooded at this time, initiating the 
growth of the Holocene reef. The rest of the outer-middle shelf 
within the southern central GBR was submerged following ∼6.5 m 
RSL rise leading up to 12.6 ka BP. Meanwhile, north of the south-
ern central GBR, most of the middle shelf and even parts of the 
shelf edge were still sub-aerially exposed, indicating the strong 
temporal variability in transgression time. The accretion rate of 
the shelf edge reef along the whole GBR continued to rise un-
til 10 ka BP, when most of the shelf edge had been inundated 
with its contribution to the sediment budget peaking at 32.3% 
(Fig. 7c). Similarly, as the coastline moved across the middle shelf 
(except in the northern GBR), this accelerated the growth of the 
Holocene reef and initiated Halimeda bioherm growth at 11 ka BP. 
This timing agrees well with a recent radiocarbon analysis of inter-
reef sediment cores, which suggests Halimeda bioherm initiation 
occurred around 11.1 ka BP in the northern GBR (McNeil et al., 
2022).

Between 10-8 ka BP, the shoreline migrated to a geometry 
similar to present day and the growth rate of the Holocene reef 
and Halimeda bioherms domains reached their maximum values of 
130.5 and 11.2 Gt/ka at 8.2 and 8.8 ka BP, respectively (Fig. 7b). 
Concurrently, much of the shelf edge reef had attained its max-
imum thickness and stopped accreting, therefore, its contribution 
to the sediment budget was gradually surpassed by the Holocene 
reef (Fig. 7c). RSL continued to rise until 4.8 ka BP with the max-
imum magnitude of the Mid-Holocene highstand (3.2 m) being 
predicted near Rockhampton and Mackay (Fig. 5) where the shore-
line is estimated to have been up to tens of kilometres inland of 
its modern position, with the subsequent re-advance being due 
to the impact of water loading on the adjacent wide continen-
tal shelf. The growth rate of carbonate sediment decreased in the 
late Holocene, with the largest reduction seen in the Holocene 
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Fig. 4. Relative sea level data-model comparison. Each error bar shows 2σ vertical and age uncertainties with the coloured dots indicating the unitless data-model misfit (i.e., 
J in equation (5)). Note we plot the 2σ vertical uncertainty range of the reconstructed RSL instead of showing the original recorded elevation. The RSL sites are listed from 
north to south with the site’s number, name and coordinates given as the subtitle. The expected SIA-induced RSL change and its associated 95% CI are shown in the subplot 
within each frame. The last frame shows the RSL site locations and corresponding site numbers. Note the different axes used in each plot.
reef domain due to the reef surface leaving the photic zone or 
the cessation of growth following the highstand (section 2.3.2). 
Overall, reconstructed Holocene growth rates for carbonate sedi-
ment domains agree well with the theoretical bell-shaped curve 
(Davies and Hopley, 1983), which suggests a slow growth during 
reef initiation followed by accelerated growth when the reef is 
“keeping-up” or “catching-up” to sea level. The final maturation 
phase exhibits a slow accretion rate mostly due to lack of accom-
modation space.
8

Our inversion results indicate the GBR experienced 1853.7 Gt 
(1613.1-2078.7 Gt) of sediment loading from MIS 2 to present 
(Fig. 7a). Three carbonate domains produced 1319.7 Gt (1007.5-
1563.8 Gt) of sediment, comparable with previous estimates of 
939 Gt (622-1398 Gt Hinestrosa et al., 2022) and 1709.4 Gt (Rees, 
2005). The timing of increased carbonate deposition identified in 
our study correlates with a period of minor decrease in atmo-
spheric CO2 (14.3-12.7 ka BP), which is consistent with the idea 
that coral reef growth played a significant role in the postglacial 
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Fig. 5. Expected GBR postglacial flooding pattern. The eight coloured shoreline re-
constructions correspond to the eight time intervals shown on the right. Time 
series of posterior flooding area for each sediment domain and eustatic sea-level 
are shown in the subplot in the top-right corner. The subplot in the bottom-left 
corner shows an enlarged version of the shoreline reconstruction results near Rock-
hampton. The orange triangles indicate site locations for the sea-level data shown 
in Fig. 4. Some key locations are labelled, CC = Capricorn Channel.

carbon cycle (Lemieux-Dudon et al., 2010; Kinsey and Hopley, 
1991).

3.2.2. Spatial distribution
Fig. 7 shows the sediment spatial distribution conditioned on 

the SLIP database. There is a distinct north-south gradient with 
more sediment accumulated in the southern (central) GBR. This 
gradient reflects the different physiography of the northern and 
southern GBR, with the southern GBR having a wider and flatter 
shelf morphology. This provides ample accommodation space for 
carbonate material to grow (Fig. 3). The SLIPs support this gradient 
and mostly show higher-than-predicted RSL in the northern (cen-
tral) GBR and, conversely, lower-than-predicted RSL in the south-
ern central GBR. During sea-level transgression, the GBR sediment 
system is mostly in a depositional phase, therefore the effect of SIA 
is to increase the magnitude of post-depositional RSL rise, which 
results in lower-than-predicted RSL (Fig. 4). To minimise the mis-
Fig. 6. GBR posterior sediment mass accumulation history. (a) Total sediment mass accu
in (a), but showing the rate of sediment accumulation. The solid lines indicate the expe
(c) The proportional contribution of each sediment domain to total mass accumulation t
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fit to SLIPs, model parameters associated with sediment domains 
in the northern (central) GBR gradually converged to the lower 
end of the prior distribution, producing 167.8 Gt and 229.8 Gt of 
sediment. In contrast, the southern central GBR sediment mass dis-
tributions strongly skew to the higher end, producing 994.6 Gt of 
sediment. Although there are no SLIPs in the southern GBR sec-
tor, the larger-than-prior sediment loading results (461.5 Gt) reflect 
the fact that sediment loading in the southern sector has a long-
wavelength impact on RSL change in the southern central GBR.

This north-south distinction is supported by recent seismic 
mapping of shelf edge reef structures (Hinestrosa et al., 2016, 
2014) and a modelling study of the GBR carbonate-siliciclastic sys-
tems (Salles et al., 2018), both of which show substantially thicker 
shelf edge sediment in the southern (central) GBR. The good agree-
ment between RSL observations and these independent studies 
suggests it is possible to use SLIPs to constrain sediment depo-
sition history. It is noticeable that, compared with other regions, 
the posterior uncertainties are very low in the southern central 
GBR (Fig. 7b). The reason for this is because greater southern cen-
tral sediment loading consistently improves the data-model misfit, 
by up to ∼15%, and thus the southern central sediment load-
ing converges to the higher end of the prior distribution. For the 
other three regions, because the overall misfits are sensitive to the 
southern-central load, they show a similar level of uncertainty.

3.2.3. SIA-induced RSL change
Using the posterior model parameter distributions, we quantify 

the impact of SIA on the total GBR RSL calculation (Fig. 4). Overall, 
including the SIA signal reduces the data-model misfit (J in equa-
tion (4)) by ∼10% and broadens the acceptable region of the Earth 
model parameter space (Supplementary Figure 7). The largest SIA 
signal is on the outer shelf of the southern-central GBR where sed-
iment loading contributes >1.1 m to RSL rise since MIS 2 (Fig. 7c). 
For HYD, incorporating the SIA-induced RSL rise (0.97 m; 0.83-1.17 
m) improves the model fit to the SLIPs from 0.48 to 0.41, especially 
for SLIPs with ages 12.5-10 and 21-18 ka BP where observations 
show remarkably lower RSL than predicted by the GIA-only model. 
For the inner shelf region of the southern-central GBR, the SIA sig-
nal is lower, with an expected value of only 0.42 m (0.31-0.64 m; 
similar magnitude for sites 4-6), due to the lack of carbonate sed-
iment. Similar to HYD, the inclusion of the SIA signal significantly 
improves the average model misfit by 0.04 for Fantome Island. But 
for Magnetic Island and Cleveland Bay, there is no noticeable im-
provement. For these four RSL sites, since the majority of sediment 
loading takes place at the shelf edge and in the Holocene reef do-
mains, i.e., during the early-mid Holocene, the SIA signal remains 
almost unchanged before 14 ka BP (Fig. 4).
mulation and sediment accumulation associated with each sediment domain. (b) As 
cted sediment models and uncertainty ranges denote the 95% confidence intervals. 

hrough time.
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Fig. 7. Reconstructed spatial distribution of sediment mass accumulated from MIS 2 to present. (a) Expected sediment accumulation mass distribution. (b) One sigma standard 
deviation of sediment accumulation mass. (c) Expected RSL change due to SIA. The black and white bands on the left define the four GBR latitudinal sectors as in Fig. 5. The 
red triangles indicate the locations of NOG and HYD.
To the north, SIA effects in Missionary Bay and Noggin Pass 
are predicted to have a similar magnitude of ∼0.3 m, but with 
different temporal patterns (Fig. 4). For Missionary Bay, the local 
load is minor (<10 Gt; Fig. 7a) and the SIA signal is primar-
ily impacted by the long wavelength sediment signal from the 
southern-central GBR, where 910.7 Gt of sediment was deposited 
during the Holocene. In contrast, the SIA signal for NOG shows a 
much more linear rate of prior to before the Holocene, which is 
caused by continuous siliciclastic sediment discharge to the shelf 
edge during early deglaciation. Lastly, for Yule Point the SIA signal 
is predicted to be small (0.24 m) due to the low local sediment 
loading and the fact that it is located >500 km from the sediment 
deposition centre in the southern central GBR. Since the SLIPs gen-
erally show higher-than-predicted RSL at sites 1-3, the inclusion 
of the SIA signal slightly increases the model misfit to observa-
tions. But since the SIA signals for these sites are relatively small, 
the overall increase in model misfit is negligible compared with 
the misfit reduction associated with including SIA in the southern 
central GBR.

4. Discussion

4.1. GBR RSL spatial variability

We first investigate the degree to which the SIA signal can 
explain the RSL difference between NOG and HYD. The Monte 
Carlo binning analysis (section 2.4.1) yields a temporally-increasing 
RSL difference between these two locations, with a temporally-
averaged value of 4.0 m (3.4-4.5 m, Fig. 8). The increasing RSL 
difference at NOG and HYD prior to the Holocene can be explained 
by different sediment deposition histories. Between MIS 2 and the 
Holocene a considerable amount of siliciclastic sediment was dis-
charged to the shelf edge near NOG, which gradually increased 
local RSL (Fig. 4). Comparatively, our model predicts much less sili-
ciclastic discharge near HYD (this site is not located close to any 
modern river mouths, Fig. 3), hence the SIA signal remains low 
prior to the Holocene. These results are consistent with conceptual 
sediment depositional models which suggest that, during MIS 2 
and MIS 1, the regions surrounding NOG and HYD were dominated 
by large estuaries and extensive coastal barriers and lagoons (Hine-
strosa et al., 2016). Near NOG, the estuaries were fed by east-west 
elongated channels crossing the narrow continental shelf (<50 km) 
which provided an efficient way to transport coarse grained sed-
iment to the shelf edge and upper continental slope. This can 
be verified by the presence of thick siliciclastic sediment in var-
ious records from the shelf edge and continental slope (Dunbar 
and Dickens, 2003). In contrast, the northwest-southeast elongated 
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coastal choked lagoons of the southern central GBR were not effi-
cient for transporting sediment towards the continental slope. The 
wider and flatter continental shelf in this region nurtured complex 
drainage networks with long and sinuous channels redirecting the 
sediment to the southeast (see Figure 1 of Hinestrosa et al., 2016). 
In addition, the presence of blocking barriers along the shelf edge 
strongly reduced lagoon flushing. In summary, prior to coral reef 
initiation during the Holocene, NOG was substantially more im-
pacted by siliciclastic sediment loading than HYD (Fig. 4), which 
explains the greater RSL rise observed at NOG during this period.

Subsequent to the initiation of reef development, HYD has ex-
perienced greater RSL rise than NOG, due to the development of 
extensive reefs in the southern central GBR. Specifically, our sed-
iment model predicts the development of widespread, thick reefs 
across the shelf edge of the southern central, resulting in up to 
four times more sediment loading compared with the northern 
central GBR. This is consistent with seismic stratigraphy suggesting 
the extensive availability of low gradient substrate near HYD pro-
moted the development of thick and wide fringing shelf edge reefs 
(Hinestrosa et al., 2016). In comparison, the lateral availability of 
substrate is very limited near NOG due to the narrow and steep 
physiography (Abbey et al., 2011). Additionally, our results show 
shelf edge reefs near HYD are thicker than those near NOG, con-
sistent with the drill core observations shown in Supplementary 
Figure 1. This may be due to the contrasting palaeo-environmental 
and physiographic conditions between NOG and HYD during the 
evolution of these reefs (e.g., different morphology and sediment 
and nutrient circulation; Hinestrosa et al., 2016). Similar to the 
shelf edge reef, a wide and flat physiography provides ample ac-
commodation space for the Holocene reef to thrive in southern 
central GBR. Our interpolation results suggest the Holocene reef 
in this region is on average thicker than in the north (Supple-
mentary section 1) possibly due to the lower elevation prior to 
sea-level transgression (Salles et al., 2018; Hopley et al., 2007). 
Overall, based on our expected sediment and Earth model param-
eters, we predict that sediment loading differences between NOG 
and HYD can explain 0.6 m (0.35-0.75 m) of the observed RSL dif-
ference.

Notably, our SIA model can only account for 15% of the mean 
RSL difference (4.0 m) between NOG and HYD. We propose three 
possible explanations for this. Firstly, as mentioned in section 3.1, 
our preferred Earth models are relatively strong (Table 2). These 
Earth models may be biased towards fitting LGM-age SLIPs from 
NOG and HYD, but it is important to note that these SLIPs have 
large chronological and indicative meaning uncertainties. Previous 
GIA analysis (e.g., Lambeck et al., 2002) and independent 3D man-
tle viscosity estimates suggest a thinner lithosphere and weaker 
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Fig. 8. Monte Carlo binning analysis results. (a) Reconstructed time series of RSL variation at NOG (orange) and HYD (blue). The error bars indicate 2σ age and vertical data 
uncertainties. Each solid line represents one random realisation of the Monte Carlo binning analysis. (b) The time series of RSL difference between NOG and HYD, the dashed 
trendline indicates the temporally increasing RSL difference between these two sites from the LGM to the Holocene.
mantle viscosity across the GBR, which would induce a larger SIA 
signal and explain more of the RSL difference between NOG and 
HYD. Therefore, we recalculate the SIA signal using an alternative 
Earth model with 46 km lithospheric thickness and 0.1 × 1021 Pa 
s upper mantle viscosity, which is supported by previous studies 
(Hoggard et al., 2021; Austermann et al., 2021) and is consistent 
with the Earth model determined by the Holocene SLIPs alone 
(Supplementary Figure 6). The results show a larger SIA signal at 
NOG (0.59 m) and HYD (2.20 m), which accounts for almost half 
the observed RSL difference.

Secondly, differences in turbidity and nutrient level may im-
pact the coral species’ living depth and hence past RSL recon-
structions (Hibbert et al., 2016). One important assumption when 
reconstructing past sea level is that each sea-level indicator of a 
given species should have an identical relationship to palaeo wa-
ter depth, however, this is not robust. Indeed, there is no global 
relationship between coral species and bathymetry (Perrin et al., 
1995), instead, it depends on local irradiance levels (affected by 
turbidity and nutrient levels), nutrient availability, temperature 
and hydrodynamic conditions (Hibbert et al., 2016). As mentioned 
above, NOG and HYD are dominated by estuarine and lagoonal en-
vironments, this difference may induce significantly different coral 
reef accretion environments, which could explain part of the ob-
served RSL difference between NOG and HYD (Hinestrosa et al., 
2016).

Thirdly, the simple sediment model adopted in this study may 
not adequately represent sediment evolution across the GBR, es-
pecially the terrigenous sediment transport and depositional pro-
cesses. Although the impact of shoreline migration is considered, 
we do not account for landscape and fluvial evolution driven by 
extrinsic forcings and sea-level variation or the sediment infill of 
some large palaeo river channels (Ryan et al., 2007), and instead 
we make the simple assumption that fluvial sediment is deposited 
(with an overall uniform rate) at the nearest concurrent shore-
line position. These factors may misrepresent the spatio-temporal 
distribution of siliciclastic sediment. For example, our siliciclastic 
modelling results are similar to a classical reciprocal sedimenta-
tion concept, which may not fit well with the deglacial sediment 
accumulation rate inferred from sediment cores from Queensland 
Trough (Dunbar et al., 2000). Additionally, we do not consider the 
effect of wave processes on siliciclastic sedimentation, which can 
induce erosional and depositional phases near NOG and HYD (see 
Figure 4 of Salles et al., 2018).

Lastly, we note acknowledge that the relatively coarse resolu-
tion of the sediment SIA model used in this study may cannot be 
able to fully resolve coral reef structure (Fig. 7), which is often 
characterised by narrow and isolated strips with <1 km coverage 
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(Hinestrosa et al., 2016). This caveat and this may lead to struc-
tural bias in the resulting SIA signal. Rovere et al. (2022, preprint)
provide a direct comparison of the SIA signals estimated by SIA 
models with 1 km and 40 km resolution (see their Figure 4b and 
4f). Their results indicate although both SIA models produce a long 
wavelength SIA signal, the low-resolution SIA model would sys-
tematically underpredict SIA signal, especially in regions with non-
continuous sediment load. Therefore, this potential for our model 
to underestimate the local SIA signal may further explain some 
of the RSL difference between NOG and HYD. Considering all of 
the factors discussed here, we conclude that it is possible for the 
SIA process to partially explain the observed spatial variability in 
RSL between NOG and HYD. However, to better understand this 
RSL variability, further investigation is required of the missing pro-
cesses mentioned above.

4.2. SIA impact on ice volume estimate

Using far-field sea-level data to constrain past grounded ice vol-
ume and infer past ice sheet dynamics is an important tool in 
palaeoclimate studies (e.g., Lambeck et al., 2014). However, most 
studies do not consider the SIA signal, despite previous studies 
suggesting it can alter local RSL by >100 m since the Last Inter-
glacial (Pico, 2020). Because SIA-induced RSL change is not associ-
ated with ice-water exchange, neglecting its effect will systemati-
cally bias inferences of global grounded ice volume. For the GBR, 
we find that SIA can cause up to 1.1 m RSL rise since MIS 2, which 
is equivalent to overestimating the volume of ice melt by ∼4.3 ×
105 km3 under the common assumption that ice-water exchange is 
the only cause of post-glacial sea-level change. This demonstrates 
that caution is needed when estimating global ice volume from 
SLIPs collected from margins characterised by high sediment input 
across large spatial areas (hundreds of kilometres, e.g., Argentine 
Shelf).

Based on the results of this study, we find that it is neces-
sary to incorporate the SIA signal when determining global ice 
volume during the LGM, which is an outstanding problem in pa-
leoclimate studies (Simms et al., 2019). Currently, there are five 
locations that have yielded RSL records for the LGM, specifically, 
NOG, HYD, Bonaparte Gulf, Sunda Shelf and Barbados. All of these 
locations are potentially impacted by sediment loading during the 
last deglaciation. In particular, cores from NOG, HYD and Barba-
dos were collected from large coral reef frameworks near estuaries 
(Woodroffe and Webster, 2014) which are likely to have been af-
fected by RSL rise due to reef and siliciclastic sediment loading. 
Although distant from large coral reef systems, Bonaparte Gulf and 
Sunda Shelf are located near major river mouths (Pico, 2020), and 
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they may record some SIA signals caused by siliciclastic sediment 
deposition. In all cases, incorporating the SIA process will reduce 
the subsequent global grounded ice volume estimate, which will 
help to mitigate the current disagreement between the magnitude 
of post-LGM GMSL rise recorded by RSL indicators and the esti-
mated amount of ice melt (Simms et al., 2019).

5. Conclusions

In this study, we develop a systematic RSL-driven framework to 
reconstruct a sediment deposition history for the world’s largest 
carbonate-siliciclastic sediment system, the GBR. Using a Bayesian-
style technique, we calibrate the sediment history along with SIA-
and GIA-induced RSL change using SLIPs from the GBR region. 
Based on our results, we highlight these key findings:

1. From MIS 2 to present, 1853.7 Gt (1613.1-2078.7 Gt) of sed-
iment were deposited along the GBR consisting of 1319.7 Gt 
(1007.5-1563.8 Gt) of carbonate sediment, which mostly ac-
creted between the late Pleistocene and mid Holocene, and 
534.0 Gt (410.5-659.1 Gt) of terrigenous siliciclastic sediment.

2. There is a strong north-south gradient in the reconstructed 
sediment loading, with ∼75% of the sediment predicted to 
have been deposited in the southern-central and southern 
GBR. This latitudinal distinction is consistent with indepen-
dent seismic stratigraphy analysis (Hinestrosa et al., 2014), 
continental shelf physiography (Hinestrosa et al., 2016) and 
sea-level observations (Yokoyama et al., 2018; Webster et al., 
2018).

3. For the GBR, SIA can contribute up to 1.1 m of RSL rise dur-
ing the last deglaciation. Neglecting its contribution to RSL will 
lead to an ∼4.3 × 105 km3 overestimate of global grounded 
ice volume during the LGM. To accurately infer global ice vol-
ume from far-field SLIPs, we suggest a systematic assessment 
of the potential SIA signal is required, especially for SLIP loca-
tions near large sediment systems.
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