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A B S T R A C T   

For most of the period of human occupation of Sahul (the combined Pleistocene landmass of Australia and New 
Guinea), lower sea levels exposed an extensive area of the northwest of the Australian continent, connecting the 
Kimberley and Arnhem Land into one vast area. Our analysis of high-resolution bathymetric data shows this now- 
drowned region existed as an extensive archipelago in Marine Isotope Stage 4, transforming in Marine Isotope 
Stage 2 into a fully exposed shelf containing an inland sea adjacent to a large freshwater lake. These were 
encircled by deep gorges and escarpments that likely acted as important resource zones and refugia for human 
populations at that time. Demographic modelling shows the shelf had a fluctuating potential carrying capacity 
through Marine Isotope Stages 4–2, with the capability to support 50–500 k people at various times. Two periods 
of rapid global sea level rise at 14.5–14.1 ka (Meltwater Pulse 1A), and between 12 ka and 9 ka, resulted in the 
rapid drowning of ~50% of the Northwest Shelf. This likely caused a retreat of human populations, registering as 
peaks in occupational intensity at archaeological sites. We contend that the presence of an extensive archipelago 
on the Northwest Shelf in Marine Isotope Stage 4 facilitated the successful dispersal of the first maritime ex-
plorers from Wallacea, creating a familiar environment for their maritime economies to adapt to the vast 
terrestrial continent of Sahul.   

1. Introduction 

Drowned archaeological sites demonstrating global human use of 
now-submerged continental shelves have been found in the Baltic Sea 
(Grøn and Skaarup, 2004), north-western Europe (Bicket and Tizzard, 
2015; Gaffney et al., 2017; Tizzard et al., 2014), the Mediterranean coast 
(Galili et al., 1993; Sturt et al., 2018), North and South America (Bayón 
and Politis, 2014; López et al., 2016; Sturt et al., 2018), South Africa 
(Werz and Flemming, 2001), and on the Australian shelf (Benjamin 
et al., 2020, 2023). Aside from an early pioneering study (Flemming, 
1982, 1983), Australia has traditionally lagged behind many parts of the 
world with respect to exploration of the archaeology of submerged 
continental shelves, but recently there has been a proliferation of 

predictive site models (Benjamin et al., 2018; Ditchfield et al., 2022; 
O’Leary et al., 2020; Veth et al., 2020; Ward et al., 2015) and archae-
ological surveys of submerged landscapes (Benjamin et al., 2020; Leach 
et al., 2021; McCarthy et al., 2022; Wiseman et al., 2021). 

The submerged Northwest Shelf of Sahul (the combined landmass of 
Australia and New Guinea at times of lower sea level) was a vast area of 
land in the Late Pleistocene that connected the Australian regions of the 
Kimberley and western Arnhem Land during times of lower sea level 
than today. The shelf extends >500 km northwest from the modern-day 
shoreline (Fig. 1) with a now-submerged landmass of ~400,000 km2, an 
area more than 1.6 times larger than the United Kingdom. The region 
might have been an area of initial entry for the peopling of Sahul (Bird 
et al., 2018; Bradshaw et al., 2021, 2023; Kuijjer et al., 2022; Norman 
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et al., 2018; Sturt et al., 2018). Irrespective of the precise locations 
people used to disperse into Sahul, the Northwest Shelf is adjacent to the 
oldest known archaeological sites in Australia (Clarkson et al., 2017; 
Maloney et al., 2018; Norman et al., 2022; Roberts et al., 1994), and 
might have been one of the first inhabited landscapes on the continent 
(Bradshaw et al., 2021; Norman et al., 2018). Archaeological evidence 
for Late Pleistocene use of the continental shelves of Sahul by the First 
Australians is demonstrated on multiple large islands that are remnant 
portions of the continental margin, including Barrow Island (Veth et al., 
2017), Kangaroo Island (Hope et al., 1977), Hunter Island (Bowdler, 
1975), and Minjiwarra (Stradbroke Island) (Neal and Stock, 1986). 
Together, evidence is emerging for human use of the Australian conti-
nental shelves, but the potential of the vast submerged region stretching 
between the Kimberley and Arnhem Land as a Late Pleistocene cultural 
landscape has not been investigated. 

The Northwest Shelf is dominated by the Bonaparte Basin, a large 
depression containing a smaller sub-basin at its centre that remained 
permanently connected to the open ocean by the Malita Valley (Bourget 
et al., 2012; Courgeon et al., 2016) (Supplementary Information, Sup-
plementary Fig. S1-S2). Partially surrounding the Malita sub-basin are 
three extensive landforms consisting of flat-topped, carbonate terrace 
platforms that are deeply incised (Londonderry, Sahul, and Van Diemen 
Rises) (Supplementary Fig. S1), comparable to the plateau regions of the 
Kimberley and Arnhem Land (Anderson et al., 2011; Clarke and Ringis, 
2000; Heap et al., 2010; Ishiwa et al., 2016a). Previous studies of the 
Northwest Shelf of Sahul have focused on the tectonic, geomorphic, and 
palaeo-environmental development of the region, commonly over 
geological timescales. We contend that the emergent Northwest Shelf 
connecting the Kimberley and Arnhem Land (Fig. 1) formed one vast 
cultural and biogeographic region during the Late Pleistocene. Evidence 
for an early shared cultural tradition across northern Sahul takes three 
forms: (1) Late Pleistocene axe technology found only in tropical north 
Australia and New Guinea from first occupation until the mid-Holocene 
(Clarkson et al., 2022; Golson et al., 2001; Groube, 1986; O’Connor, 
1999) (Supplementary Table S1), (2) similarity in the ‘early naturalistic’ 
rock-art traditions represented by the ‘irregular infill animal’ style in the 
Kimberley and the ‘early large naturalistic fauna’ style in Arnhem Land 
(Chaloupka, 1993; Chippindale and Tacon, 1998; Finch et al., 2021; 
Jones et al., 2020; Lewis, 1988, 1997; Veth et al., 2018; Walsh, 1994), 
and (3) distinctive and highly diverse non-Pama-Nyungan language 
families spoken in both the Kimberley and Arnhem Land today, with the 
rest of Australia dominated by the relatively homogenous 
Pama-Nyungan language family (Clendon, 2006; Dixon, 1997; Koch, 
1997) (Fig. 1). 

Here, we consider the potential of the landscape features and envi-
ronments of the Northwest Shelf to support a human population during 
the Late Pleistocene. We used high-resolution bathymetric data to reveal 
the environmental characteristics of the now-submerged landscapes of 
the Northwest Shelf in the Late Pleistocene (Marine Isotope Stages 4–2). 
We estimated human carrying capacity for the submerged shelf using a 
hindcasted Earth system model, approximating plausible human popu-
lation size for Marine Isotope Stages 4–2. Finally, we show two rapid 
pulses in sea level rise during Meltwater Pulse 1A (14.5–14.1 ka, with ka 
= 1000 years) and the onset of the Holocene correspond to peaks in 
stone artefact discard rates at key sites in the Kimberley and Arnhem 

Land, for the first time demonstrating an archaeological signature for 
human populations retreating off the Northwest Shelf. 

2. Methods 

2.1. Sea-level projections and environmental proxy data 

The Australia northwest continental shelf margin represents an 
excellent region for the study of sea level change, remaining tectonically 
stable since the Marine Isotope Stage 5e sea level highstand (Yokoyama 
et al., 2001a). To visualise the inundation and exhumation history of the 
Northwest Shelf, we projected past sea levels (Ishiwa et al., 2019; 
Lambeck and Chappell, 2001; Williams et al., 2018) onto the 
high-resolution depth model for Northern Australia − 30 m (Beaman, 
2018) in ArcGIS Pro 3.0. Many factors can introduce error when pro-
jecting past sea levels onto bathymetric data, including the sea-level 
curve, with eustatic (global) and regional sea-level curves often con-
flicting, and even regional sea-level curves within similar geographic 
areas demonstrating dissimilarity (Lambeck and Chappell, 2001; Lewis 
et al., 2013). We used the most appropriate sea-level curve available for 
each Marine Isotope Stage. Because regional sea-level curves prior to 
Marine Isotope Stage 2 are lacking in our study area (Lewis et al., 2013), 
we projected the New Guinea Huon Terrace eustatic sea level curve 
(Lambeck and Chappell, 2001) for the Marine Isotope Stage 4 lowstand 
and Stage 3 highstand. Seismic survey data indicate local sea levels in 
the Bonaparte Basin were − 80 m in Marine Isotope Stage 4, agreeing 
with the lower range of the Huon Terrace curve for that time (Fogg et al., 
2022; Kuijjer et al., 2022; Lambeck and Chappell, 2001). Marine Isotope 
Stage 2 is well-constrained by the Bonaparte Basin regional sea-level 
curve, which covers the period 28–12 ka (Ishiwa et al., 2019). We 
projected Holocene sea-level rise and stabilisation using a published 
aggregated Australian sea-level curve (Williams et al., 2018), which 
represents a line of best fit from an Australia-wide dataset (Lewis et al., 
2013). 

Projections can also be affected by vertical error within the bathy-
metric dataset (Beaman, 2018), the mantle rheology (glacio-hydro-iso-
static ice and water loading depressing the mantle), vertical tectonic 
movement, and post-sea-level rise sedimentation of the ocean floor. 
Sea-level projections on the Northwest Shelf can be affected to some 
degree by hydro-isostasy, with the amplitude of this effect estimated to 
<20 m in the Bonaparte Basin (Ishiwa et al., 2016a, 2019; Yokoyama 
et al., 2001a, 2001b). Australia is one of the most tectonically stable 
continents, with limited isostatic influence from hydro-isostasy and no 
glacio-isostatic effects. This has made the northern Australia region a 
core area in Quaternary sea-level studies (Lambeck and Chappell, 2001; 
Woodroffe et al., 1986). Vertical tectonic movement due to subsidence 
of the north-western Australian Shelf might have affected the modern 
bathymetry of the region relative to past landscape values. While there 
are no data available for the Bonaparte Basin, there are studies to the 
south of the region adjacent to the Browse and Roebuck Basins, which 
show long-term average subsidence rates of 0.064 m/ka–0.125 m/ka, 
with an acceleration in the late Miocene (Belde et al., 2017). Late 
Pleistocene rates are in the range of 0.2 m/ka for Adele Reef and be-
tween 0.29 m/ka–0.45 m/ka for Scott Reef, suggesting stronger subsi-
dence towards the outer shelf (Collins et al., 2011; Solihuddin et al., 

Fig. 1. Map of Sahul showing the extent of the now-submerged continental shelf (dark grey), with the area of the Northwest Shelf demarcated by a dashed black box, 
and the present-day distribution of the Köppen climate groups (seasonal precipitation and temperature) showing the extent of modern-day Australia and New Guinea. 
The tropical distribution of Late Pleistocene sites containing early axe technology are shown as black circles, sites without early axe technology as grey circles, and 
sites demonstrating Late Pleistocene occupation of the now submerged continental shelves as white circles. Site numbers indicate 1. Bobongara, 2. Kosipe, 3. Sandy 
Creek, 4. Madjedbebe, 5. Nauwalabila I, 6. Nawarla Gabarnmang, 7. Minjiwarra, 8. Widgingarri 1, 9. Carpenter’s Gap 1, 10. Riwi, 11. Parnkupirti, 12. Boodie Cave, 
13. Karnatukul, 14. Devil’s Lair, 15. Warratyi, 16. Seton Rockshelter, 17. Lake Menindee, 18. Lake Mungo, 19. Cave Bay Cave, 20. Pitt Town, 21. Wallen Wallen 
Creek. Dashed white boxes show the approximate location of A the Kimberley irregular infill animal style (image courtesy of Damien Finch) and, B the Arnhem Land 
‘early large naturalistic fauna’ style (image courtesy of Tristen Jones). The approximate position of the non-Pama-Nguyen language boundary is shown by a white 
line. Axe images: 2. Image courtesy of Glen Summerhayes, 4. Image courtesy of Chris Clarkson, 6. Image courtesy of Bruno David, 8. Image courtesy of Ceri Shipton, 
9. Image courtesy of Peter Hiscock. 
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2016). Sedimentation rates are low across the Bonaparte Basin. Cores 
show a ~15-m thick wedge of Holocene sediment along the modern 
coastal margin (Clarke and Ringis, 2000; Collins et al., 2011), with 
post-glacial marine transgression sedimentation of the ocean floor 
thinning to 2–5 m across most of the shelf (De Deckker and Yokoyama, 
2009; Ishiwa et al., 2016a,b; Yokoyama et al., 2001a). 

Where possible, we validated sea-level curve projections on the 
Northwest Shelf bathymetric data against published environmental 
proxy data. Projected sea-level curves correspond well to published 
palaeo-environmental records (Ishiwa et al., 2019; Yokoyama et al., 
2000, 2001a) from cores in the Bonaparte Basin (Supplementary 
Figs. S2–S3). Re-calibration (Heaton et al., 2020) of the radiocarbon age 
estimates (Supplementary Table S2) (using Calib Rev 8.1.0 (Stuiver and 
Reimer, 1993) and the Marine20 curve for shell (Heaton et al., 2020)) 
dating the five Malita Basin environments of open marine, shallow 
marine, marginal marine, intertidal, and brackish lagoonal/estuarine 
allowed comparison to our projections. 

2.2. Drowned landscape feature identification 

We projected the high-resolution depth model for Northern Australia 
− 30 m (Beaman, 2018) in ArcGIS Pro 3.0 and visually interrogated it for 
palaeochannels and gorge systems. We identified four regions with 
incised palaeochannels, and measured their lengths, width ranges, and 
depth ranges (Supplementary Information, Supplementary Figs. S4–S7). 

We located four large gorge and valley systems in the bathymetric data 
in addition to the Lambeck and Malita Valleys. We measured the depths, 
widths, and lengths of all features, and took elevation profiles at three 
intervals along their lengths to visualise morphology (Supplementary 
Information, Supplementary Figs. S8–S13). We found regional, 
undrowned comparative examples of the Northwest Shelf gorge systems 
by projecting the 1 s SRTM Level 2 Derived Digital Elevation Model v1.0 
(Gallant et al., 2009) in ArcGIS Pro. We visually examined the topog-
raphy of the escarpment regions of the Kimberley and Western Arnhem 
Land for similar gorge features to those found in the bathymetry of the 
Northwest Shelf. Once we identified examples, we compared their 
length, width, depth, and elevation profiles (Supplementary 
Figs. S8–S13, Supplementary Fig. S14). We identified the Kimberly 
Depression from elevation profiles across the Bonaparte Basin, which 
showed a distinct intra-shelf depression to the southwest of the Malita 
intra-shelf basin. We identified the depression sill at the − 80 m contour 
line, and measured maximum depth, width, and length, from which we 
calculated surface area. 

2.3. Carrying capacity 

We estimated the theoretical (potential) carrying capacity of the 
region based on net primary production derived from climate hindcasts 
at a resolution of 0.5◦ × 0.5◦ for Northwest Sahul (9◦–133◦ S latitude, 
and 122◦–133◦ E longitude). We derived net primary production (kg C 

Fig. 2. (a) Relationships between net primary production and per-cell carrying capacity (K), assuming either a positive linear, rotated parabolic, or rotated quadratic 
yield-density relationship. The latter relationship is scaled such that Kmax for the rotated parabolic and quadratic yield-density relationships is 0.5Kmax of the linear 
relationship, and where the latter’s ΣKmax across all cells and temporal layers = ΣKmax of the linear relationship. This is because under the linear assumption, there 
are fewer cells with high carrying capacity (density plot; panel b) compared to the rotated parabolic assumption (panel c), and there are more high-K cells under the 
quadratic yield-density assumption (panel d) compared to the linear (panel b). 
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m− 2 year− 1) from the LOVECLIM Earth system model (Goosse et al., 
2010) of intermediate complexity (Claussen et al., 2002) (i.e., its spatial 
resolution is coarser than that of state-of-the-art general circulation 
models, and its representation of physical processes is simpler). LOVE-
CLIM includes representations of the atmosphere, ocean and sea ice, the 
terrestrial biosphere and oceanic carbon cycle, and produces climates 
over the past 800 ka in 1000-year snapshots that we downscaled (using a 
bilinear interpolation) (Lorenz et al., 2016; Wilby and Wigley, 1997) to a 
spatial resolution of 0.5◦ × 0.5◦. Of course, the land area of Sahul 
changes with fluctuating sea levels, so we estimated exposed land in 
1000-year time slices based on a digital elevation model and estimated 
sea level change over the period of interest for Marine Isotope Stages 4 
(71 ka–59 ka) and 3 (58 ka–30 ka). 

To translate the hindcasted net primary production (Timmermann 
and Friedrich, 2016) into a carrying capacity expressed in units of 
humans the landscape could support (Bradshaw et al., 2019), we used 
the predicted relationship between net primary production and human 
density for hunter-gatherer societies (Tallavaara et al., 2018). Here, we 
rescaled the net primary production values over all grid cells to concur 
with the minimum (0.018 km− 2) and maximum (1.152 km− 2) human 
densities over all of Sahul from 60 ka to the present, multiplied by cell 
area (3080.25 km2) to give a per-cell K. This approach assumes a linear 
relationship between K and net primary production; however, a 
non-linear relationship where maximum K occurs at mid-range net 
primary production might be more realistic because ancient humans 
possibly struck a compromise between high productivity and ease of 
passage and/or visibility to hunt prey by tending toward ecotones of 
mid-range productivity (Finlayson et al., 2011). Therefore, we applied a 
180◦-rotated parabola model of the form: 

K= − 3(NPP − NPPmed)
2
+ Kmax  

where NPP = net primary production, and Kmax = 0.5Kmax for the linear 
relationship, as well as a rotated quadratic yield-density model of the 
form: 

K =
NPP

(
200 + 0.6NPP+0.2NPP2)

between K and net primary production (Fig. 2). For each relationship, 
we scaled the ΣKmax across all cells in Sahul and temporal layers to equal 
ΣKmax of the linear relationship (because of a higher frequency of cells 
with mid-range compared to high net primary production). 

2.4. Artefact discard rates 

We calculated and plotted artefact discard rates using primary data 
or graphical depictions of artefact counts and associated published ages. 
We provide artefact counts for Widgingarri 1 by technological phase, 
obtaining counts from Table 4 in Norman et al. (2022) and sourcing 
optical ages from Table 2. We obtained artefact concentrations by 
litre/excavation unit for Carpenter’s Gap 1 from Fig. 7B, and represen-
tative calibrated radiocarbon age ranges for Square A2 from Table 3 in 
Maloney et al. (2018). We obtained artefact counts by depth and spit, 
and radiocarbon and luminescence ages for Goorurarmum-1 and 
Karlinga-3, from Figs. 3 and 4a, and from Table 1 of Ward et al. (2006). 
Jones and Johnson (1985) and Bird et al. (2002) provided artefact 
counts per kg sediment excavated for Nauwalabila by depth and ages. 
This enabled us to construct an age-depth curve to 20 ka (cf. Fig. 3 in 
Bird et al. (2002)) and assign a probable age to each spit. We then 
calculated discard rates per thousand years. Artefact counts for Mad-
jedbebe by depth include data from Clarkson et al. (2017) Supplemen-
tary Table 13 and show optical ages (SW3B, SW2B, and SW4B) from 
Supplementary Table 5. 

3. Results 

3.1. Drowned landscapes of the shelf 

The complex, low-lying Northwest Shelf experienced profound 
changes during the Late Pleistocene (Fig. 3). For the duration of Marine 
Isotope Stage 5 (130 ka–71 ka), higher sea levels meant much of the 
shelf was submerged, with a coastal morphology similar to that of today. 
The transition to Marine Isotope Stage 4 (71 ka–57 ka) produced a rapid 
drop in global sea levels of ~40 m (Lambeck and Chappell, 2001) 
(Fig. 3D), causing the carbonate platforms and terraces of the London-
derry, Sahul, and Van Diemen Rises to emerge (Fig. 3A and 3D). At that 
time, the Bonaparte Basin rapidly transformed from a vast embayment 
to a sweeping island archipelago (hereafter referred to as the Sahul 
Archipelago) (Fig. 3Ai). This event was the first time sea levels fell 
sufficiently to allow archipelago formation on the Northwest Shelf since 
Marine Isotope Stage 6 (191 ka–130 ka), some 60,000–70,000 years 
previously. The archipelago persisted for approximately 9000 years (70 
ka–61 ka; Fig. 3Di) before submerging again in the second half of Marine 
Isotope Stage 4 with rising sea levels. Our use of the New Guinea Huon 
Terrace sea level curve (Lambeck and Chappell, 2001) is supported by 
analysis of seismic survey data from the Bonaparte Basin that indicate 
local sea levels were − 80 m in Marine Isotope Stage 4 (Fogg et al., 2022; 
Kuijjer et al., 2022), matching the lower bound of the sea level curve. 
Where possible, we compared sea-level curve projections on the 
bathymetric data of the Northwest Shelf to environmental proxy data 
(Methods, Supplementary Figs. S2–S3). Towards the end of Marine 
Isotope Stage 4, and with the onset of Marine Isotope Stage 3 (57 ka–29 
ka), several rapid reversals in eustatic sea level produced highstand 
events at ~60 ka and 52–49 ka. Almost full inundation of the London-
derry and Sahul Rises occurred, with only the archipelago of the Van 
Diemen Rise persisting in the north-eastern Bonaparte Basin (Fig. 3Aii). 
Gravity cores GC2, GC4, GC5, GC8, and GC9, which contain the earliest 
dated material, extend from the centre of the Malita Basin in a 
south-eastern transect and show shallow and marginal marine envi-
ronments from ~40 to 27 ka (Supplementary Fig. S2, Supplementary 
Table S2). Those environments date to a time in late Marine Isotope 
Stage 3 when the coastal morphology of the Bonaparte Basin closely 
resembled that in the Marine Isotope Stage 4 lowstand, with a second 
extended period of archipelago formation. 

The termination of Marine Isotope Stage 3 and the onset of Stage 2 
(29 ka–14 ka) produced a regional fall to − 120 m relative sea level in the 
Bonaparte Basin at the peak of the Last Glacial Maximum (Ishiwa et al., 
2019). The Last Glacial Maximum is a period of global ice sheet maxima 
and thermal minima spanning 26.5 ka–19 ka (Clark et al., 2009), with 
the peak of the small glaciation occurring in Australia between 20 ka and 
17 ka (Barrows et al., 2002). The descent into full glacial conditions 
produced a rapid transition from an archipelago environment to a broad, 
fully exposed terrestrial shelf (Fig. 3Aiii). At that time, the Malita Sea 
formed in the Malita intra-shelf basin, resulting in a landlocked marine 
environment, with a marine connection only through the Malita Valley. 

We found several major differences projecting the regional sea level 
curve for the Bonaparte Basin (Ishiwa et al., 2019) onto high-resolution 
bathymetric data (Beaman, 2018), compared to earlier studies for the 
glacial peak of Marine Isotope Stage 2 based on non-regional sea-level 
curves on lower-resolution bathymetry (Williams et al., 2018; 
Yokoyama et al., 2001b). Analysis reveals two phases for the Malita Sea 
during the Marine Isotope Stage 2 lowstand. First, a larger waterbody 
(surface area ~18,500 km2) existed for ~10,000 years from ~27 ka–17 
ka. Second, a smaller sea with a reduced surface area (~12,000 km2) 
existed for a brief interval at 19 ka at the peak of the Last Glacial 
Maximum when sea levels were at their lowest. A transition from a 
shallow marine to marginal marine environment occurred at the edge of 
the deeper Malita Basin epicentre in cores GC4 and GC5 at ~29 ka–27 
ka, corresponding to falling sea levels with the onset of Marine Isotope 
Stage 2 (Supplementary Fig. S2). Core GC4 shows marginal marine 
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environments continued in the deepest part of the Malita Depression 
from ~27 ka to 19 ka. This was adjacent to a shallow, brackish estuar-
ine/lagoonal environment detected in cores GC5 to GC8 (Yokoyama 
et al., 2001a) and dates to the brief period at the height of the Last 
Glacial Maximum when the Malita Sea shrank to its smallest extent, 
matching our projection (Supplementary Fig. S2). An elevation profile 
along the marine core transect shows brackish conditions initiated at an 
area of higher elevation at the edge of the Malita Basin’s epicentre, with 
the estuarine/lagoonal environment from this point to the − 100 m 
contour. This environment was likely shallow, with the GC5 core (the 
deepest location to show brackish facies) indicating water depths of <5 
m (De Deckker and Yokoyama, 2009) (Fig. 3Aiii, and 3C, Supplementary 
Information). Results indicate that during most of the 10,000-year 
window (~27 ka–17 ka), the Malita Sea was a similar size to, but with 
a more restricted marine connection than, the modern-day Sea of Mar-
mara in Turkey. Marginal marine conditions re-initiated at ~19 ka–17 
ka across cores GC5–7, with GC19 registering an intertidal environment 
by 13 ka (Supplementary Figs. S2–S3, Table S2), also matching our 
projections. 

Sediment cores show continental rivers and streams drained into the 
Malita Sea, with rivers remaining active throughout Marine Isotope 
Stage 2 (De Deckker and Yokoyama, 2009; Ishiwa et al., 2016b, 2019; 
van Andel et al., 1967; Yokoyama et al., 2000, 2001a). We reveal mul-
tiple palaeochannels clearly visible in the high-resolution bathymetric 
data across the broad, sloping plain that comprises much of the 
south-western to south-eastern half of the Bonaparte Basin (Fig. 4A and 
4C, Supplementary Figs. S4–S7). These palaeochannels range in size 
from large (e.g., the 100-km long, 2-km wide palaeochannel to the north 
of the Victoria River mouth; Fig. S5), to small (e.g., the ~30-km long, 
~100-m wide network of channels visible in the southeast of the 
Bonaparte Basin; Fig. 4Ci). The channels drained towards the Malita 
intra-shelf basin and into the extensive gorge and valley systems of the 
Van Diemen Rise (Fig. 4). Those channels likely incised during the 
Marine Isotope Stage 2 sea level lowstand when an erosional surface 
formed, capping Marine Isotope Stage 3 sea level highstand sediment 
sequences (Clarke and Ringis, 2000; Collins et al., 2011; James et al., 
2004). Extensive palaeochannel development in the southwest of the 
Bonaparte has been dated to the Last Glacial Maximum (Clarke and 
Ringis, 2000; Clarke et al., 2001). 

The complex topography of the northwest to northeast Bonaparte 
Basin is dominated by the deeply incised flat-topped plateaus of the 
Londonderry, Sahul, and Van Diemen Rises. These contain many gorge 
and valley systems, which in some cases connect to palaeochannels 
draining the continental shelf (Fig. 4A, 4Cii). During the Marine Isotope 
Stage 4 sea level lowstand, a marine connection was established with the 
gorges and valleys of the Londonderry and Van Diemen Rises, likely 
creating topographically and ecologically complex regions potentially 
containing vast estuarine environments reaching over 100 km inland 
(Fig. 3Ai). Regional modern analogues for the submerged gorges of the 
Northwest Shelf are Deaf Adder Gorge and East Alligator River Gorge in 
the Arnhem Land Plateau in western Arnhem Land (Fig. 4E, Supple-
mentary Fig. S14). While both gorges are several tens of metres deeper 
and on average shorter in length than many on the drowned shelf, their 
elevation profile transects are similar to the gorge features on the 
Northwest Shelf (Fig. 4B and 4E, Supplementary Figs. S8–S13). 

Five deep valley and gorge systems found across the Northwest Shelf 
had the greatest potential to act as permanent rivers and reservoirs for 
freshwater during times of lower sea level. They range in length from 30 
km to >120 km, with steep-sided walls extending vertically 100–175 m 
from their base (Supplementary Figs. S8–S13). All five gorge and valley 
systems contain deep areas where fresh water could have pooled, as seen 
in many of the modern gorges in Arnhem Land today. A large palae-
ochannel is clearly visible in the bathymetry draining into a gorge sys-
tem in the Van Diemen Rise (Fig. 4Cii; Supplementary Fig. S7). With 
freshwater runoff and fluvial input, these catchments had the potential 
to form freshwater reservoirs like those in Arnhem Land and the Kim-
berley today. If this occurred, the largest gorges of the Van Diemen Rise 
would have created a series of freshwater refugia across the landscape 
located ~100 km from one another (Fig. 4A). The Sahul Rise contains 
fewer and smaller features of this kind and functioned as an isolated 
catchment area due to its position to the north of the Malita Basin, with 
the Lambeck Valley creating a >100 km-long marine barrier on its 
western margin during Marine Isotope Stage 2. While the Londonderry 
Rise contained only one substantial valley system (Fig. 4A, Supple-
mentary Fig. S13), an isolated sub-basin/depression to the southwest of 
the Malita intra-shelf basin (Fig. 5A) might have increased the regional 
freshwater availability. 

Located ~30 km north of the modern-day Kimberley coastline is a 
~12,500 km2 depression (Fig. 5A and 5D) with lowest elevation at the 
south-eastern end where the topography dips to − 100 m. First identified 
as a potential catchment basin by Yokoyama et al. (2001b), this feature 
remains unnamed, and so we call it the Kimberley Depression to reflect its 
hydrological relationship to that region. We find that when sea levels 
became higher than − 80 m, the depression would have had a marine 
connection, with the entire region drowned through Marine Isotope 
Stages 5–3, with the sub-basin encircled by islands (Fig. 5E). During the 
Marine Isotope Stages 6 and 2 lowstands, sea level in the Bonaparte 
Basin dropped below the − 80-m contour, with the depression becoming 
isolated from the marine environment of the Malita Basin for up to 16, 
000 years (~30 ka to ~14 ka; Fig. 5E). We identified a large palae-
ochannel adjacent to Cape Bougainville on the northern Kimberley 
coastline, which might be the palaeo-Lawley/Mitchell River channel. 
The palaeochannel had a northeast drainage pattern towards the Kim-
berley Depression (Fig. 5B, Supplementary Fig. S4). The King Edward, 
Drysdale, and King George River mouths also discharge into the Bona-
parte Gulf 80–170 km farther east along the modern coastline, bringing 
them to within 20–70 km of the Kimberley Depression, and at 80 m 
elevation to it. Because the topography of the basin means even river 
channels as far west as the palaeo-Lawley/Mitchell River channel 
drained towards the Kimberley Depression, it is plausible that the 
discharge from all four major rivers flowed into the depression and fed a 
freshwater lake (Fig. 5A). 

The potential extent of Lake Kimberley is shown at the − 85 m con-
tour (white contour), and could have covered ~2000 km2. A lake of this 
size would have been half the size of Kati Thandi (Lake Eyre), ten times 
larger than Lake Mungo, and covered an area approximately the size of 
the entire Willandra Lakes system (Fig. 5C). If the putative lake exceeded 
the − 80 m contour (black contour), it would have overspilled along two 
channels to the north and southeast (indicated by white arrows) and 
drained towards the Malita Sea. The existence of such a lake for 

Fig. 3. A Bathymetric data showing the Northwest Sahul continental shelf with eustatic and regional sea level curves projected. Ai Coastline morphology during the 
Marine Isotope Stage 4 sea level lowstand (~70 ka–61 ka), and Aii during the Marine Isotope Stage 3 sea level highstand (~52 ka–49 ka). Aiii Coastline morphology 
during the Marine Isotope Stage 2 sea level lowstand (~27 ka–17 ka), with place names shown. B Sediment cores from the Bonaparte Basin showing the sequence of 
environmental facies (adapted from Yokoyama et al., 2001a; Yokoyama et al., 2001b). Full details of the specific nature of the lithofacies identified in the cores can be 
found in the relevant publications. C Core locations are shown along a surface transect of the Malita Basin, and in the expanded inset of Aiii. D Huon Terrace eustatic 
sea level curve (left panel) adapted from Lambeck and Chappell (2001). Bonaparte Basin regional sea-level curve (right panel, solid grey line) and Australian regional 
sea-level curve (dashed grey line) adapted from Ishiwa et al. (2019) and Williams et al. (2018). The Australian sea-level curve represents a line of best fit from the 
combined dataset of Lewis et al. (2013). Purple highlighted regions i-iii correspond to the marine inundation maps in Ai-iii. Bathymetric data: high-resolution depth 
model for Northern Australia − 30 m (Beaman, 2018). 
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Fig. 4. A Continental shelf of Northwest Sahul with landscape features discussed in text demarcated by dashed white boxes. B Elevation profile transects of the 
Malita Valley mouth, and Van Diemen Gorge East and Van Diemen Gorge West. C Palaeochannels visible in bathymetric data. D Bathymetric data showing Van 
Diemen Gorge East. E Satellite imagery and elevation profile transect of Deaf Adder Gorge in western Arnhem Land. Bathymetric data: high-resolution depth model 
for Northern Australia − 30 m (Beaman, 2018). Satellite imagery: Landsat image courtesy of the U.S. Geological Survey. 
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Fig. 5. Kimberley Depression and Lake Kimberley. A Bathymetric data showing the Kimberley Depression with potential maximum lake extent shown by the − 85 m 
contour (white). Overflow of the lake or a marine incursion at times of rising sea level would occur once the − 80 m contour (black) was breached. The major rivers 
draining the Kimberley are shown (the Mitchell, Lawley, King Edward, Drysdale, and King George Rivers). B Palaeochannel draining northwest toward the Kimberley 
Depression visible in the bathymetric data close to Cape Bougainville. C Satellite imagery of the Willandra Lakes with the putative Lake Kimberley (white line) 
overlain on Lake Mungo (black dashed line). D Elevation profile of the Kimberley Depression and the Malita Basin. E Marine Isotope Stages 6–1 sea levels with the 
window of potential lake formation shown in blue (left panel shows the eustatic sea level curve (Lambeck and Chappell, 2001), right panel the regional sea level 
curve (Ishiwa et al., 2019). Bathymetric data: High-resolution depth model for Northern Australia - 30 m (Beaman, 2018). Satellite imagery: Landsat image courtesy 
of the U.S. Geological Survey. 
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approximately 16,000 years in Marine Isotope Stage 2 could have sus-
tained a large freshwater ecosystem. Such an environment would have 
important implications for past human habitation of the region, poten-
tially focusing human subsistence activities around its margins. 

3.2. Human carrying capacity 

Potential carrying capacity (K) as simulated from the hindcasted 
Earth system model expressed in units of people the Northwest Shelf was 
potentially capable of supporting per 1000-year interval over Marine 
Isotope Stage 4 (71 ka–59 ka), 3 (58 ka–30 ka) and 2 (29 ka–14 ka) 
suggests K fluctuated between 100,000 and almost 600,000 depending 
on the assumption of the underlying K-net primary production model 
and the Marine Isotope Stage (Fig. 6). The rotated parabola model es-
timates higher K than either the linear or rotated quadratic yield-density 
models, because of the high density of mid-range net primary- 
production cells within this region relative to the rest of Sahul 
(Fig. 2). The main feature is the reconstructed K time series — irre-
spective of the underlying model — was the decline in K during the 
descent into the Marine Isotope Stage 4 glacial (Fig. 6). With the onset of 
Marine Isotope Stage 3, the shelf was potentially capable of supporting 
between approximately one-quarter to half a million people between 
~50 and 40 ka, declining towards the end of Marine Isotope Stage 3. 
These trends are evident despite taking into account the fluctuating shelf 
size in the model (albeit at a resolution of 0.5 × 0.5◦ latitude), with K 
increasing substantially even as rising sea levels drowned the Bonaparte 
Basin in Marine Isotope Stage 3. The second half of Marine Isotope Stage 
3 again saw a substantial reduction in K, with a brief peak at the height 
of the Last Glacial Maximum in Marine Isotope Stage 2, potentially a 
result of the greatly increased shelf area. The model presented here 
functions as a useful heuristic for relative landscape potential carrying 
capacity rather than representing real-world population numbers. 

3.3. Population retreat 

Modelling carrying capacity of the Northwest Shelf indicates the 
region was capable of sustaining a large human population, with im-
plications for the impact of post-glacial sea level rise. Two periods of 
rapid sea level rise follow the termination of the Last Glacial Maximum. 
The first occurred between 14.5 ka and 14.1 ka during Meltwater Pulse 
1A (Ishiwa et al., 2019; Lambeck et al., 2014; Lin et al., 2021), with sea 
level rise increasing from 1 m per hundred years to 4–5 m per hundred 
years (Fig. 7A). This sudden rapid increase in the pace of sea level rise 

drowned >100,000 km2 of land in the space of 400 years, having a 
profound impact within the scale of a human lifespan (Fig. 7B). The 
second more protracted period of rapid sea level rise spanned ~12 ka–9 
ka, with the onset of the Holocene experiencing repeated pulses, 
drowning another >100,000 km2 of land over a 3000-year interval 
(Fig. 7A and B). 

Those two periods of accelerated sea level rise and associated 
drowning of vast areas of the Northwest Shelf register as a pulse in 
occupational intensity in archaeological sites across the Kimberley and 
Arnhem Land. Occupational intensity can be measured in various ways, 
including changes in the discard of stone artefacts at a site through time. 
This is particularly useful where alternative measures are unavailable, 
such as large numbers of ages, rich faunal assemblages or obvious 
transformations in habitation space to accommodate larger groups. If 
numbers of objects at a site are a proxy for population size, as argued 
previously (Bradshaw et al., 2021; Williams et al., 2013, 2018; Williams, 
2013), then at many northern Australian rockshelters where organic 
preservation is poor, stone artefacts are the most appropriate form of 
cultural material with which to quantify changes in the number of 
people and/or frequency of habitation through time (Attenbrow, 2007; 
Clarkson, 2007; Hiscock, 1981). Analysis of artefact discard rates from 
six rockshelters in the Kimberley (Maloney et al., 2018; Norman et al., 
2022; Ward et al., 2005, 2006) (n = 4) and Arnhem Land (Clarkson et al., 
2017; Jones and Johnson, 1985; Roberts et al., 1994) (n = 2) for which 
ages and artefact counts are available (see Methods), indicates 
increasing artefact discard leading up to two peaks in discard at 14 ka 
and 12 ka–9 ka (Fig. 7C). Pulse 1 registered as a peak in occupational 
intensity at 13.9 ± 1 ka at Widgingarri 1 (Norman et al., 2022) and at 
14.3 ± 0.6 ka at Goorurarmum 1 (Ward et al., 2005, 2006) in the 
Kimberley. Pulse 2 (12–9 ka) registered at sites in both the Kimberley 
and Arnhem Land (Fig. 7B and 7C). We interpret increases in discard as 
reflecting an influx of people ahead of a rapidly encroaching coastline. 
In the two cases (Madjedbebe: Clarkson et al. (2017) and Widgingarri 1: 
Norman et al. (2022) where detailed artefact descriptions exist, there is 
evidence for a shift toward bipolar technology. At Nauwalabila I (Jones 
and Johnson, 1985; Roberts et al., 1994), there was also a shift from 
chert to quartz that is possibly associated with greater use of bipolar 
technology (although bipolar artefacts were not counted in Jones and 
Johnson (1985)). The shift to bipolar technology likely indicates higher 
mobility and greater unpredictability of resource acquisition as sea 
levels rose rapidly and people were displaced or migrated into new 
environments (Hiscock, 1994). 

Fig. 6. Putative carrying capacities (K) reconstructed for the Northwest Shelf represented by carrying capacity in units of people is shown for the period spanning 
Marine Isotope Stages 4–2 (71 ka–14 ka). 
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Fig. 7. A Rate of change of sea-level rise (m of sea level rise per 200 year increment) adapted from Ishiwa et al. (2019) and Williams et al. (2018). Accelerated sea 
level rise occurs during Meltwater Pulse 1A, and during a series of rapid pulses with the onset of the Holocene. B Sea level rise for the Northwest Shelf projected onto 
high-resolution bathymetric data in 500-year increments, with periods of rapid sea level rise and land submergence in red. Archaeological sites registering a cor-
responding pulse in occupation are in red (Pulse 1) and brown (Pulse 2), with site letters a–f relating to panel C. C Artefact discard rates at sites in the Kimberley and 
Arnhem Land with pulses in discard rates that correspond to rapid sea-level rise highlighted (Pulse 1: red; Pulse 2: brown). Bathymetric data: High-resolution depth 
model for Northern Australia - 30 m (Beaman, 2018). 
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4. Discussion 

The mounting archaeological evidence from around the continental 
margin of Sahul suggests that the First Australians used the Late Pleis-
tocene and early Holocene landscapes and environments of the now- 
submerged Sahul continental shelves (Benjamin et al., 2020; Bowdler, 
1975; Ditchfield et al., 2022; Hope et al., 1977; Neal and Stock, 1986; 
Veth, 2017). However, several arguments have focused on the poten-
tially unproductive nature of these environments (Beaton, 1985, 1995; 
Bowdler, 2010; Callaghan, 1980). The Northwest Shelf is shown to be a 
geographically complex region, transitioning from a vast archipelago in 
Marine Isotope Stage 4 to an expansive embayment in Marine Isotope 
Stage 3, backed by the broad sloping plains of the continental shelf. 
Drier conditions than today prevailed at the transition of Marine Isotope 
Stage 3 to Stage 2 (Kemp et al., 2019; Marx et al., 2021), with precipi-
tation gradually increasing throughout the latter, and an active 
(although variable) monsoon (Denniston et al., 2013; Florin et al., 2021; 
Maloney et al., 2018; Rowe et al., 2021). During Marine Isotope Stage 2, 
the fully exposed shelf contained a vast inland sea potentially adjacent to 
a large lake, both encircled by escarpments cut by deep gorges, and 
broad sloping plains incised by river systems. Palaeoenvironmental re-
cords show river systems draining the continent continued to discharge 
into the Northwest Shelf and Malita Basin throughout this period (De 
Deckker and Yokoyama, 2009; Ishiwa et al., 2016a, 2019; Yokoyama 
et al., 2000, 2001a). We contend that the exposed Northwest Shelf 
contained diverse and productive environments in both Marine Isotope 
Stage 4 and Stage 2 that were potentially in place for ~9000 and ~10, 
000 years, respectively. Our evidence for rich and varied niches on the 
continental shelf has broad implications for the success of the initial 
peopling of Sahul as well as the speed and direction of settlement, and 
highlights a need to reconstruct the palaeoecology of the shelf in so-
phisticated ways. 

While our understanding of the timing of the initial human dispersal 
through Wallacea to Sahul is still evolving (Norman et al., 2021), the 
Marine Isotope Stage 4 sea level lowstand (~70 ka–61 ka) represents a 
best-case maritime-crossing window from the Wallacean islands of 
Timor and Roti to the Northwest Shelf (Bird et al., 2018; Kuijjer et al., 
2022; Norman et al., 2018). With the Sahul Archipelago stable for an 
approximate 9000-year window, the region contained a contiguous 
maritime island environment for people to disperse into from the Wal-
lacean archipelago. The ability to cross from one island environment to 
another would have allowed the first maritime explorers to transition 
their Wallacean adapted maritime economies to Sahul, with the first 
interaction with the new continent taking place in an environment type 
with which they were already familiar. Such a scenario postulates a 
phased transition from the maritime adapted economies necessary for a 
successful human dispersal through Wallacea, to those required for 
expansion across the vast terrestrial Sahul continental landmass with its 
unique flora and fauna. 

A human response to the dynamic environments of the Northwest 
Shelf is detectable in the archaeological records of the adjoining Kim-
berley and Western Arnhem Land regions, with a pulse in first occupa-
tion appearing at multiple sites (Balme et al., 2019; Maloney et al., 2018; 
Norman et al., 2022; Veth et al., 2019; Wood et al., 2016) across the 
Kimberley following the Marine Isotope Stage 3 sea-level highstand 
(~52–49 ka). We postulate the onset of occupation across the Kimberley 
following this event potentially represents populations retreating inland 
in response to extensive marine flooding of the shelf at this time. There is 
a subsequent decrease in new site establishment rates in the Kimberley 
in Marine Isotope Stage 2 (Norman et al., 2022), a time when the pu-
tative Lake Kimberley might have created a highly productive fresh-
water environment to the north of the region. Population retreat to 
well-watered refugia areas during Marine Isotope Stage 2 occurred at 
multiple sites across northern Australia (Clarkson et al., 2017; Florin 
et al., 2021; Hiscock, 1984; Maloney et al., 2018). After this long period 
of shelf stability, the two periods of rapid sea-level rise (~14.5 ka–14.1 

ka and 12 ka–9 ka) coincided with pronounced peaks in artefact discard 
rates and the emergence of distinctive new rock art styles in the Kim-
berley and Western Arnhem Land. 

In Western Arnhem Land, a plethora of new art styles dominated by 
anthropomorphic imagery, overlying the early Large Naturalistic 
Fauna/Large Naturalistic Animals emerged during the Middle/Inter-
mediate Period (Finch et al., 2020; Jones, 2017, Jones et al., 2017; 
Taçon et al., 2020; Walsh, 2000) (Fig. 1). In Arnhem Land, this included 
Dynamic Figures and later anthropomorphic stylistic variants such as 
Post Dynamic Figures, Simple Figures with Boomerangs, Maliwawa 
figures, Northern Running Figures, Yam Figures, and Simple Figures. An 
absolute minimum age of 9.4 ka for the Northern Running Figures art 
style provides a minimum age for the introduction of anthropomorphic 
dominated styles, with Dynamic Figures occurring earlier in the relative 
painting sequence, with the timing of the introduction of Dynamic 
Figures argued to coincide with Meltwater Pulse 1A. It is also in the 
Middle/Intermediate Period that scenes of activity appear. Rock art 
panels depicting scenes of between 50 and 70 figures, often in opposing 
groups have been argued to depict conflict/battle scenes (Tacon and 
Chippindale, 1994), or the depictions of ritual behaviours and the 
spiritual lives of ancient populations (Johnston, 2018; May et al., 2018). 
If these scenes of activity do depict conflict, the rock art then could be 
literal depictions arising from demographic concentration, resource 
access and availability as sea levels rose. Similar scenes of activity are 
identified in the terminal Pleistocene Gwion rock art of the Kimberley 
region (Walsh, 2000). 

5. Conclusion 

Our findings that the Northwest Shelf of Sahul likely contained a rich 
and varied sequence of mosaic environments through Marine Isotope 
Stages 4–2 have implications for the successful transition made by the 
first Australians from island Wallacea to Sahul. It is clear that the 
temptation to ignore the continental shelf margins of Late Pleistocene 
Sahul in debates of early peopling and expansion carries the risk of both 
oversimplifying and misunderstanding important elements of this 
period of history. Our analysis indicates the Northwest Shelf was a large 
habitable landscape that connected the now-separated ancient archae-
ological landscapes of the Kimberley and Arnhem Land. Reconstructing 
the palaeoecology of these landscapes in sophisticated ways remains an 
important goal for future research to understand the potential lifeways 
of the First Australians. The appearance of new and distinctive rock art 
styles in the Kimberley and Arnhem Land coincides with major shelf- 
drowning events and a noticeable increase in stone artefact discard 
across both regions. We interpret this as the retreat of human pop-
ulations from the Northwest Shelf as sea levels rose. Now submerged 
continental margins clearly played an important role in early human 
expansions across the world. The rise in undersea archaeology in 
Australia will contribute to a growing worldwide picture of early human 
migration and the impact of climate change on Late Pleistocene human 
populations. 
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