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Abstract :   
 
We analyse changes in terrigenous sedimentation along the northwestern Australian margin to monitor 
the latitudinal migration of the Intertropical Convergence Zone (ITCZ) and the shifting boundaries of 
climatic belts during the last four glacial cycles. We integrate high-resolution X-ray fluorescence (XRF) 
scanning elemental records from Core SO257–18548 and International Ocean Discovery Program Site 
U1482, situated southwest of the Scott Plateau at the southern edge of the present-day monsoonal belt, 
and from Core SO257–18571, located within the dust-cyclone belt offshore Northwest Cape south of the 
Exmouth Plateau. The chronology of these sediment successions is based on 14C dating over the last 
glacial termination and on correlation of the benthic oxygen isotope record to the LR04 stack (Lisiecki and 
Raymo, 200) and Antarctic ice core chronology. Our XRF derived records of riverine terrigenous run-off 
and aeolian dust input reveal rapid intensification of monsoonal precipitation and reduction of atmospheric 
dust during the Younger Dryas and early Holocene as well as during the terminal phase of other major 
deglaciations. Short-lived monsoonal maxima in the early Holocene (~10 ka), MIS 5e (~130 ka), MIS 7 
(~200, ~220 and ~ 240 ka), and MIS 9 (~280, ~305 and ~ 330 ka) coincide with maxima in atmospheric 
carbon dioxide and methane concentrations. Monsoon intensification occurs during maxima in Southern 
Hemisphere spring (September) insolation, when intense heat low pressure cells over the Pilbara region 
trigger the southward shift of the ITCZ. Within the dust-cyclone belt, riverine sediment discharge was 
restricted to intervals of high atmospheric CO2 concentrations, when sea surface temperature thresholds 
promoted cyclone formation in the tropical Indian Ocean. Northwestern Australia remained dry and arid 
during MIS 5a-d, when the ITCZ was locked in a more northerly position and temperature thresholds were 
not attained. 
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Highlights 

► Rapid intensification of Australian monsoon at end of glacial terminations I to IV ► Monsoon 
intensification coincided with atmospheric CO2 increase ► Austral spring insolation drove southward shift 
of ITCZ and monsoon intensification ► Formation of regional heat lows instrumental for monsoonal 
hydroclimate ► Aeolian dust dominant during glacials and MIS 5a-d south of 20°S. 

 

Keywords : ITCZ, Glacial terminations, Dust, Terrigenous discharge, Oxygen isotopes, X-Ray 
fluorescence 
 
 

 

 



 

 

 

1. Introduction 

The climate and hydrography of the eastern Indian Ocean (Timor Sea) and northwestern Australia 

are strongly influenced by seasonal changes in wind direction associated with the southward migration of 

the Intertropical Convergence Zone (ITCZ) during austral summer. During December-February, NW 

winds predominate and rainfall increases over Indonesia and northern Australia (Australian summer 

monsoon), whereas dry SE Trade Winds prevail during austral winter (June-November). Today, a striking 

feature of northwestern Australian climate is the formation of low pressure cells between September and 

November, which precede the monsoon season by up to three months. The development of these heat lows 

is a critical factor in the formation of the Australian summer monsoon circulation, as they trigger strong 

westerly winds (Suppiah, 1992). These heat lows form over the desert regions under clear skies at high 

insolation in areas were surface albedo is high. The intensity and geographic extent of these heat lows are 

highly sensitive to changes in insolation, thus responding to both external insolation and internal 

greenhouse forcing. 

 On longer timescales, variations in monsoonal rainfall are related to changes in precessional 

summer insolation, sea level fluctuations and atmospheric CO2 concentrations (e.g., Wyrwoll et al., 2007; 

Griffiths et al., 2009; DiNezio and Tierney, 2013; Kuhnt et al., 2015). There is also a broad consensus that 

the meridional position of the ITCZ, which controls the latitudinal extent of monsoonal rainfall, is strongly 

dependent on the interhemispheric temperature gradient (e.g., Schneider et al., 2014; Mohtadi et al., 2016). 

Climate models predict drier subtropics in the Southern Hemisphere during interstadials due to a 

northward shift of the ITCZ during Dansgaard-Oeschger (D/O) warming events in the Northern 

Hemisphere and a southward displacement of the ITCZ during Northern Hemisphere cooling (Claussen et 

al., 2003; Broccoli et al., 2006; Chiang et al., 2008). These changes likely result from shifts in the 

atmospheric heat exchange between the tropics and mid latitudes and attendant variations in Trade Winds 

(e.g., Broccoli et al., 2006). However, the response of the Australian Monsoon to high-latitude temperature 

fluctuations on orbital, suborbital and millennial timescales is still poorly understood due to the scarcity of 

continuous high-resolution precipitation and runoff records from the Australian continent. 

 The sedimentary archives along the northwestern Australian margin, south of the fulcrum of the 

ITCZ’s seesaw, are ideally situated to test the validity of these model predictions. The seasonal southward 

and northward migrations of the ITCZ and associated austral monsoonal rain belt directly influence 

sedimentation patterns in the Timor Sea. Austral summer monsoon rainfall during southward shifts of the 

ITCZ increases river discharge, leading to enhanced deposition of terrigenous sediment along the 

continental margin. In contrast, when the ITCZ is locked into a more northerly position, the austral 

summer monsoon weakens, vast areas of northern Australia dry out and intensified Trade Winds in austral 

winter carry increased amounts of dust from the arid zones of central and northwestern Australia into the 

SE Timor Sea. Sedimentation patterns along the northwestern Australian margin are, thus, directly related 
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to the latitudinal migration of the monsoon rain belt, making this area ideally suited to test model 

predictions of Southern (Northern) Hemisphere temperature forcing of the Australian Monsoon. 

Today, the delivery of dust from the Australian continent towards the eastern Indian Ocean is 

controlled by the seasonal change in wind direction associated with the southward migration of the ITCZ 

during austral summer. During December-February, NW winds predominate and rainfall increases over 

Indonesia and northern Australia (Australian summer monsoon), whereas dry SE Trade Winds, which 

transport dust particles originating from the central Australian deserts, prevail during austral winter-spring 

in June-October. Pioneering sedimentologic studies of sediment cores offshore northwestern Australia 

suggested that changes in grain size offer a valuable proxy to estimate the amount of wind-blown desert 

dust in the terrigenous fraction of hemipelagic sediments in this area (Heirtzler 1974; Mc Tainsh, 1989; 

Hesse and McTainsh, 2003). Furthermore, these studies provided evidence that provenance and transport 

mechanisms (wind direction and intensity) were highly variable over orbital timescales. For example, grain 

size analysis in Core SO14-08-05 (16° 21’ S, 118° 23’ E) on the Rowley terrace between the Scott Plateau 

and Exmouth Plateau indicated that the dust flux consisted of coarser grains during the Last Glacial 

Maximum (LGM) in comparison to the early Holocene (Turney et al., 2006). This record also exhibits 

maxima in dust flux at ~8, 14, 30 and 150 ka (MIS 6), associated with Southern Hemisphere cooler climate 

phases (Hesse and McTainsh, 2003, Hesse et al., 2004; Turney et al, 2006). Spikes of aeolian quartz grains 

in Lake Carpentaria also coincide with Northern Hemisphere warm phases/Southern Hemisphere cool 

phases (De Deckker, 2001), in particular dust peaks centered at 24.0, 25.4 and 29.5 ka and two peaks 

within broader maxima at ~34.6 and ~38.6 ka are associated with D/O-Events 3, 4, 7 and 8. 

Previous studies of Australian sedimentary archives also suggested that the northern Australian 

monsoonal rainbelt expanded and intensified during suborbital cooling and drying phases in the Northern 

Hemisphere. The Lynch’s Crater sediment records provided evidence for intensified monsoonal rainfall 

over northern Australia during Heinrich 1-3 stadials (HS 1-3) and the Holocene 8.2 ka cold event (Muller 

et al., 2008). By contrast, Northern Hemisphere tropical and equatorial rainfall was weakest during these 

cold phases. In records from the SE Asian Maritime Continent, such as northern Borneo (Partin et al., 

2007), the Sulu Sea (Rosenthal et al, 2003) and Sulawesi (Schröder et al., 2016, 2018), the weakest 

tropical convection and driest conditions characterize the early deglaciation HS 1 (18-15 ka). While there 

is evidence of a suborbital seesaw in monsoonal rainfall intensity for the LGM, deglaciation and early 

Holocene, the long-term orbital and suborbital evolution of the Australian Monsoon remains enigmatic, 

mainly due to the scarcity of continuous high-resolution records extending beyond the last glacial cycle. 

The only high-resolution monsoonal records that cover this extended time interval are located further to 

the northeast and are strongly influenced by upwelling-related productivity changes of the Indonesian 

Throughflow, driven by monsoonal winds during glacial low stands (Holbourn et al., 2005; Kawamura et 

al., 2006; Sarnthein et al., 2011). IMAGES Core MD00-2361, located at the margin of the Exmouth 

Plateau near the North West Cape, tracked glacial-interglacial changes in riverine and dust supply over the 

last 550 kyr, but the relatively low mean sedimentation rates of 2.5 cm/kyr with substantially lower rates 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

during glacials did not allow full reconstruction of millennial scale monsoonal variability at this location 

(Stuut et al., 2014). 

 Here, we compare X-ray fluorescence (XRF) core scanner-derived elemental records in two extended 

sediment successions retrieved at the southern edge of the present-day monsoonal belt southwest of the 

Scott Plateau and within the dust-cyclone belt offshore Northwest Cape to monitor monsoonal runoff and 

dust fluxes on millennial timescales over the last four glacial cycles. Our main objectives are to reconstruct 

the variability of the tropical convection along the southernmost displacement of the ITCZ during austral 

summer in relation to changes in high-latitude climate, sea level and atmospheric greenhouse gas 

concentration in order to monitor changes in the latitudinal temperature gradient and the intensity of the 

Walker circulation. 

 

2. Regional setting 

 

2.1 Climate archives along the northwestern Australian margin 

Deep-water sediments along the northwestern Australian margin consist of autochthonous 

biogenic carbonate with a small biosiliceous component and fine-grained terrigenous input from the 

Australian continent, which bypasses the broad shelf in suspension. One of the most prominent features is 

a distinct NE-SW decrease in late Pleistocene-Holocene sedimentation rates (Keep et al., 2018; Kuhnt et 

al., 2018). This trend has been explained by a combination of southward decreasing subsidence and 

accommodation space with increasing distance from the northern margin of the Australian plate (Keep et 

al., 2018) and decreasing discharge of riverine sediment southward of the Australian monsoonal rain belt 

(Gingele and De Deckker 2004; De Deckker et al., 2014; Kuhnt et al., 2015). R/V Sonne Cruise 257 

(WACHEIO) retrieved a suite of sediment cores along transects seaward of the northwestern Australian 

shelf to better understand the sediment transport offshore and the dynamics of depositional systems and to 

reconstruct long-term climate evolution from these high-resolution sediment archives. Preliminary 

evaluation indicates that sedimentation rates exceeded 5 cm/kyr during the late Pleistocene to Holocene in 

the northeastern part of the margin, whereas the Rowley Terrace between the Scott Plateau and Exmouth 

Plateau displays intermediate sedimentation rates ranging between 2.8 and 5.0 cm/kyr (Figure 1). South of 

the Exmouth Peninsula, sedimentation rates are generally below 2 cm/kyr and increase basinwards, which 

highlights the important role of slope-parallel sediment advection in this area (Figure 1). 

 

2.2 Factors influencing fluvial sediment discharge 

The amount and chemical composition of sediment discharge by rivers from the Australian 

continent are influenced by multiple factors including the catchment-basin size, the relief and associated 

stream gradient, the bedrock lithology, the tectonic setting, and ultimately the amount and seasonality of 

rainfall. The succession of climate belts in northwestern Australia from (1) monsoonal tropical humid in 

the north through (2) tropical semi-arid with sporadic rainfall from cyclones during the summer monsoon 
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season, (3) arid and (4) temperate with dominant rain in austral winter in the south (Figure 1) is reflected in 

the composition of the river sediment loads and marine surface sediments along the adjacent margin. 

However, clay mineral distribution offshore northwestern Australia does not exhibit a simple latitudinal 

distribution pattern, with kaolinite (Al-Fe rich) dominating in warm and humid latitudes and illite/chlorite 

(K-rich) in cold and arid regions (Gingele et al., 2001). High illite and chlorite concentrations also occur 

near the equator and high kaolinite concentrations were observed south of 35°, which has been attributed 

to specific local sources (Gingele et al. 2001; Gingele and DeDeckker, 2004). These authors found illite 

concentrations of 25-36 % in rivers discharging from the monsoonal climate zone in northern Australia 

with particularly high illite concentrations (50 and 54 % of the clay mineral content) in sediments from the 

Ashburton River and adjacent Mangrove Creek, which discharge from the semi-arid Pilbara mountain 

range. These results are consistent with potassium (K) concentrations in chemical analyses of sediments 

from these rivers and adjacent offshore regions (Figure 2). A possible explanation for the high illite 

content in clay mineral assemblages and the associated high K concentrations in the elemental composition 

of the fine grained sediment from the semi-arid zone is the intense erosion in elevated parts of the 

catchment during catastrophic rainfall events and the rapid and direct sediment transport in sporadic flash 

floods. 

 

3. Material and methods 

 

3.1. Core locations and sediment recovery 

 Piston Core SO257-18548 (15°3.591’S, 120°18.846’ E, 1608.2 m water depth, 11.2 m core length) 

and International Ocean Discovery Program (IODP) Site U1482 (15°3.32′S, 120°26.10′E, 1466 m water 

depth), located close to the modern southern limit of the seasonal (austral summer) displacement of the 

ITCZ, are influenced by the monsoonal discharge from the nearby Fitzroy River (Figure 2). Core SO257-

18548 is located ~7 nm west of IODP Site U1482 at the western edge of an elevated plateau that forms the 

northeastern part of the Rowley Terrace between the Scott Plateau and Exmouth Plateau. Core SO257-

18548 was retrieved during a site survey in the vicinity of IODP Site U1482. The main objective of coring 

at this location was to recover the late Pleistocene to Recent sedimentary record, which is missing at Site 

U1482, as a local sediment gravity flow eroded sediments younger than MIS 9. Recovered sediments 

consist of homogenous mottled olive greenish gray to dark gray clay-rich calcareous ooze (Kuhnt et al., 

2018; Rosenthal et al., 2018; Supplementary Figure S1). 

 Gravity Core SO257-18571 (22° 6,666'S, 113° 29,688'N, 1052 m water depth, 20.1 m core length) 

was retrieved offshore the North West Cape Peninsula south of the Exmouth Plateau (Figure 2). The core 

is located within the “dust-cyclone” climate belt at the northern end of the arid climatic zone in Western 

Australia and is only marginally affected by the austral summer monsoon rain belt. This area receives 

mainly water and sediment from the Ashburton, Fortescue, Gascoyne and De Grey Rivers, which 

sporadically have high discharges following torrential rainfall after the landfall of tropical cyclones (Figure 
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2C). Core SO257-18571 is located at the western edge of an E-W orientated ridge at a position, where 8 

khz seismic reflectors indicated locally higher sedimentation rates. Recovered sediments consist of clay-

rich nannoplankton ooze with distinct intercalations of dark reddish brown, clay-rich intervals and light 

olive gray calcareous ooze (Kuhnt et al., 2018; Supplementary Figures S2 and S3). 

 

3.2. Sampling and processing 

The working halves of Cores SO257-18548 and -18571 were initially sampled at 10 cm intervals 

(1 cm-thick half slices of 11 cm diameter cores). Additional samples were taken over Termination I (6 

samples from Core SO257-18548 between 94.5 and 204.5 cm depth) and Termination II (10 samples from 

Core SO257-18548 between 456.5 and 576.5 cm depth) to refine the age model. Four holes were cored at 

Site U1482 during IODP Expedition 363 (Rosenthal et al., 2017, 2018). The working halves from the 

composite sediment succession (shipboard splice) between 24.76 and 30.22 meters composite depth (mcd) 

were sampled at 20 cm intervals (2 cm-thick half slices of ~7 cm diameter cores). The sediment succession 

from Core SO257-18548 and nearby Site U1482 were combined, based on correlation of the high-

resolution XRF scanner elemental records (Supplementary Figures S4 and S5). The tie point, 

corresponding to an age of ~324 ka, is located at 10.84 m in Core SO257-18548 and at 24.97 mcd in Site 

U1482. All samples were oven dried at 40°C and weighed prior to washing over a 63 μm sieve. Residues 

were oven dried at 40°C on filter paper, then weighed and sieved into the fractions >315, 315-250, 250-150 

and 150-63 μm. 

 

3.3. Stable isotope analysis 

 Stable oxygen isotopes of the epibenthic foraminifer Cibicidoides wuellerstofi were measured in 

132 samples from Core SO257-18548, 28 samples from Site U1482 and 150 samples from Core SO257-

18571. In each sample, 3-6 well-preserved specimens of C. wuellerstofi were picked from the 

fraction >315 μm and/or 315-250 μm. Selected well-preserved specimens were crushed into large 

fragments, agitated with ethanol for 2-3 s in an ultrasonic bath, decanted and dried at 40 °C prior to 

analysis with a Thermo Finnigan MAT 253 mass spectrometer at the Leibniz Laboratory for Radiometric 

Dating and Isotope Research, Kiel University, Kiel. The mass spectrometer is coupled to a Kiel-Carbo IV 

device for automated CO2 preparation from carbonate samples. Sample reaction was induced by individual 

acid addition (99 % H3PO4 at 75 °C) under vacuum. The evolved carbon dioxide was analysed eight times 

for each individual sample. As documented by the performance of international [NBS19: +1.95 ‰ VPDB 

(
13

C), -2.20 ‰ VPDB (
18

O); IAEA-603: +2.46 ‰ VPDB (
13

C), -2.37 ‰ VPDB (
18

O)] and laboratory-

internal carbonate standards [Hela1: +0.91 ‰ VPDB (
13

C), +2.48 ‰ VPDB (
18

O); HB1: -12.10 ‰ VPDB 

(
13

C), -18.10 ‰ VPDB (
18

O); SHK: +1.74 ‰ VPDB (
13

C), -4.85 ‰ VPDB (
18

O)] , analytical precision of 

stable isotope analysis is better than ±0.08 ‰ for δ
18

O and better than ±0.05 ‰ for δ
13

C. Values are 

calibrated relative to Vienna Pee Dee Belemnite. 
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3.4. Age models 

 Between 0 and ~21 ka, the age models of Cores SO257-18548 and -18571 are based on 
14

C dates obtained 

from the surface-dwelling planktonic foraminifer Globigerinoides ruber (white). Between 600 and 800 

specimens of the planktic foraminifer G. ruber >250 μm were picked for AMS dating in order to reach a 

sample weight of 12 mg. In both cores, we selected samples at depths close to the transition between the 

Bølling-Allerød and the Younger Dryas and close to the center of the LGM. Samples were measured at the 

Leibniz Laboratory for Radiometric Dating and Isotope Research, Kiel University, Kiel. Conventional 

radiocarbon ages were converted into calendar ages using Calib 7.1 (Stuiver et al. 2019). We applied a 

marine reservoir age of 510 years for the sample at a depth of 70 cm in Core 18548 (>13 ka), 200 years for 

the sample at a depth of 140 cm in Core 18571 (>10 ka) and 1600 years for the samples at a depth of 100 

cm in Core 18548 and at a depth of 190 cm in Core 18571 (<20 ka), following corrections determined at 

the nearby Core MD01-2378 (Sarnthein et al., 2011). 

For the interval older than 21 ka, we derived age models for Cores SO257-18548 and -18571 and 

for Site U1482 (between 24.76 and 30.22 mcd) by correlating the benthic foraminiferal δ
18

O records to the 

reference benthic isotope stack LR04 (Lisiecki and Raymo, 2005), using linear interpolation between tie 

points (Linage) in AnalySeries 2.08 (Paillard et al., 1996). 

 

3.5. XRF scanner derived elemental composition 

 Bulk-chemical composition of the sediment cores was determined using a 2
nd

 generation Avaatech 

XRF core scanner at the Institute of Geosciences, Kiel University. Before measurement, the sediment 

surface was smoothed and covered with a 4.0 μm thick Prolene® Thin-Film foil to minimize surface 

irregularities and to avoid direct contact between the sediment and the detector. Measurements were 

carried out on the archive halves at 1 cm intervals over a 1.2 cm
2
 area with a down core slit size of 10 mm, 

using generator settings of 10, 30 and 50 kV tube voltages. We performed measurements for 15 seconds 

with 200 μA without filter for the 10 kV runs and for 10 seconds with 1000 μA using a Pb and Cu-filter for 

the 30 and 50 kV runs, respectively. The spectra were transferred into elemental area counts using the 

software bAxil Batch by Brightspec NV and are reported as area counts per second. Results are reported in 

logarithms of elemental ratios, which provide the most easily interpretable signals of relative changes in 

chemical composition downcore and minimize the risk of measurement artefacts from variable signal 

intensities and matrix effects (Weltje and Tjallingii, 2008). 

We used the sum of the spectral area counts of the elements aluminium (Al), silicon (Si), 

potassium (K), iron (Fe), titanium (Ti) as proxies for the terrigenous derived sediment component 

(abbreviated as “Terr”) mainly originating from riverine transport from the Australian continent. We 

normalized these elements against calcium (Ca), derived from the biogenic carbonate of marine plankton. 

An alternative normalization was performed against barium (Ba), which is related to particulate organic 

matter and/or the precipitation of barite by marine bacteria and is, thus, independent of carbonate 

production and dissolution. The Log(Terr/Ba) curve exhibit similar trends in all cores as Log(Terr/Ca), 
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suggesting that the variability of these records is mainly driven by increasing or decreasing terrigenous 

flux (Supplementary Figure S6). Core scanner measurements of the split core sediment surface commonly 

underestimate concentrations of the light elements Al and Si, due to the influence of pore water in 

unconsolidated sediment (Tjallingii et al., 2007). However, replicate XRF scanner measurements of 

compressed dry powder from the same core interval show that pore water bias affects only the uppermost 

~100 cm of our cores. The Log(Al/Ca) and Log(Si/Ca) curves in this interval become noisier in both cores, 

but do not substantially differ from curves of the heavier elements (Log(K/Ca), Log(Ti/Ca), and 

Log(Fe/Ca)) over the last glacial termination and Holocene (Supplementary Figure S7A and B). 

Differences in the abundance of zirconium (Zr) and light elements (Al, K or rubidium (Rb)) reflect 

the grain size and transport pathway of terrigenous particles, since K, Al and Rb are preferentially 

incorporated in river-transported fine-grained clay, whereas larger and/or heavier wind-blown grains from 

the Australian desert have relatively high Zr values. Zirconium is the main component of the heavy 

mineral zircon, which is subject to sorting and preferential settling close to river mouths and on the 

continental shelf, and thus mainly characterizes wind transported dust at distal locations. In particular, 

Zr/Rb in sediment has been shown to reflect the initial grain size distribution (coarser sediment Zr-

enriched, finer sediments clay mineral bound Rb-enriched) of wind-blown sediments, due to the 

immobility of the two elements during post depositional processes (Liu, 2002). 

 

3.6. Calibration of XRF scanner data by melt XRF analysis of discrete samples 

 To calibrate the XRF scanner data, 11 homogenized and discrete samples of the terrigenous sediment 

component from Core SO257-18571 and 9 samples from Core SO257-18548 were analysed using 

quantitative XRF analysis of fused beats. For discrete sample measurements, all samples were 

decarbonatized by adding 10 % HCl until the reaction stopped. The suspension was neutralized after 

centrifugation for 10 min at 3000 revolutions/min, decanted and refilled with deionized water. This 

neutralization was repeated six times. The neutralized suspension was wet sieved over a 63 μm sieve and 

the fine fraction (<63 μm) collected and filled into beakers. After 5 weeks, the supernatant was carefully 

pumped out. After drying at 50°C, aliquots of each sample were used to produce fused beads and pressed 

pellets (Garbe-Schönberg and Müller, 2014). Fused beats were produced by mixing the sample material 

with lithium-tetraborate and heated to ~1050 °C. Major and trace elements were determined on the fused 

lithium-tetraborate glass disks with a X-ray fluorescence spectrometer (XRF - Panalytical MagixPro) at 

Hamburg University using the software of Vogel and Kuipers (1987). Accuracy was controlled by 

analyses of several international standards. The precision of the instrument is 1-2 % for major elements 

and 5–20 % for trace elements depending on the concentration. Loss on ignition (LOI) was determined 

gravimetrically after heating the samples to 1050 °C for 3 hours (Lechler and Desilets, 1987). Pressed 

pellets were produced by grinding down the dried material first with a mortar and afterwards with a 

Pulverisette 7 premium line from Fritsch, pressed into pellets and measured with the second generation 

Avaatech XRF core scanner at the Institute of Geosciences, Kiel University. Analytical results of 
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quantitative fused beats XRF and corresponding XRF scanner area counts for Core SO257-18548 are 

provided in Supplementary Table S1A and B and for Core SO257-18571 in Supplementary Table S2A and 

B. Linear regression plots are shown in Supplementary Figure S8. 

 

3.7. Elemental signatures of Western Australian river sediments 

 To determine the provenance of the terrigenous component of marine sediments, samples from Core 

SO257-18548 (core-top samples) and Core SO257-18571 (core depth 113.5 cm) were compared with fine-

grained (<63 μm) sediments from the main rivers in northwestern Australia. The chemical composition of 

marine and river sediments was analyzed by melt XRF analysis of discrete samples. Aliquots of the same 

samples were additionally analyzed in discrete pellets with the XRF scanner at Kiel University. After 

decarbonatization, the samples were pulverized in an agate mortar and pressed into pellets with a 

Pulverisette 7 premium line from Fritsch, then analyzed with the XRF core scanner at Kiel University. 

 

4. Results 

 

4.1. Chronology and sedimentation rates 

 Between 0 and ~21 ka, the age models of Cores SO257-18548 and -18571 are based on 
14

C AMS 

dates (Table 1). To derive age models prior to 21 ka in Cores SO257-18548 and -18571 and at Site U1482, 

we selected consistent tie points between the benthic foraminiferal δ
18

O curves and the reference benthic 

isotope stack LR04 (Lisiecki and Raymo, 2005) (Table 2, Figures 3-4). For the interval from 24.76 to 

30.22 mcd at Site U1482, shipboard biostratigraphic datums provided additional age constraints between 

0.29 to 0.44 Ma (Rosenthal et al., 2018) (Figure 3). 

Sedimentation rates (SR) in Core SO257-18571 exhibit a distinct glacial-interglacial variability 

(Figure 4). Mean SR range between 8.6 cm/kyr during MIS 5e and 11.5 cm/kyr during the Holocene, 

whereas mean SR are substantially lower during glacial periods, varying between 3.7 cm/kyr during MIS 6 

and 4.5 cm/kyr during the LGM. Sedimentation rates during MIS 3, 4 and 5a-d also remain low, as during 

the LGM and MIS 6. By contrast, sedimentation rates for Core SO257-18548 and at Site U1482 show 

more consistent trends of 2.5 to 5.5 cm/kyr without major glacial and interglacial differences (Figure 3). 

We additionally tested the robustness of the age models by correlating our oxygen isotope records 

to the Antarctic δD derived temperature record (Bazin et al., 2013). Within the range of error in our 

intermediate resolution (~2-4 kyr) isotope records, the onset of glacial terminations occurs simultaneously, 

whereas the end of glacial terminations (temperature maximum) is 2 to 5 kyr later in the marine record 

(Supplementary Figure S9). 

 

4.2. Composition and provenance of terrigenous sediment discharge 

Comparison of the terrigenous elemental composition of Core SO257-18548 with that of the 

riverine sediment discharge from the Kimberley coast, which is the closest sediment source on the 
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Australian continent shows a high degree of affinity (Figure 2, Table 3). In particular, the terrigenous 

component of Core SO257-18548 is very close to that of the fine-grained clay-fraction dominating the 

King Sound sediment near Derby, where the Fitzroy River enters into the shelf sea. The coarser grained, 

silt-dominated sediment, sampled upstream of the Fitzroy River exhibits higher Si percentages, which is 

mainly due to the higher quartz content of the silt fraction. The elevated K content is typical for this area, 

which agrees with clay mineral analyses showing higher percentages of the K-rich clay mineral illite 

(Gingele and DeDeckker, 2004). In the vicinity of the Northwest Cape Peninsula, the sediment loads of the 

Ashburton, Fortescue and Gascoyne Rivers exhibit similar elemental compositions with higher Fe 

concentrations, which are closely reflected in the composition of the Holocene terrigenous sediment 

fraction in Core SO257-18571, located offshore from these rivers (Figure 2, Table 3). 

 

4.3. Variations in riverine terrigenous sediment input 

 Log (Terr/Ca) is used to estimate the contribution of terrigenous sediment discharge normalized against 

the marine biogenic carbonate flux, which is considered to be relatively constant offshore northwestern 

Australia (Kuhnt et al., 2015). In Cores SO257-18571 and -18548 and at Site U1482, Log (Terr/Ca) shows 

glacial-interglacial variability that is generally coherent with the δ
18

O records (Supplementary Figure 

S10A). In Core SO257-18548, glacial-interglacial (~100 kyr) coherence is >0.8 with an out-of-phase 

relationship (highest Log(Terr/Ca) coincide with lowest δ
18

O), while coherence at the precessional band 

(23 kyr) is highest (0.83). However, there is a distinct mismatch between δ
18

O and terrigenous runoff 

during MIS 5a and 5c, when terrigenous runoff remains comparable to glacial levels in Cores SO257-

18548 and -18571. In Core SO257-18571, coherence is highest (~0.85) at the glacial-interglacial scale, 

whereas it is lower (~0.76) at the precessional band (Supplementary Figure S10B). 

 During glacial stages, mean Log(Terr/Ca) is distinctly lower in Core SO257-18571 than in Core 

SO257-18548, with a minimum value of -1.5 during MIS 5d to MIS 2 and higher values of -1.2 to -1.3 

during MIS 8 and MIS 6, respectively. In Core SO257-18548, mean Log(Terr/Ca) is -1.1 for MIS 5d and 

MIS 2 and -0.9 for MIS 8 and MIS 6. Maximum values are reached in both cores as distinct sharp peaks at 

the end of glacial terminations or at the beginning of interglacials: at ~10 ka (end of Termination I/early 

Holocene), ~130 ka (end of Termination II/early MIS 5e), ~200, ~220 and ~240 ka (end of Termination 

III/ early MIS7 and precessional insolation maxima within MIS 7) and at ~280, ~305 and ~330 ka (end of 

Termination IV/early MIS 9 and precessional insolation maxima within MIS 9 and MIS 8). Maxima are 

comparable (between -0.2 and -0.5) in both cores, although minima are distinctly lower in Core SO257-

18571, suggesting a higher amplitude change of sediment discharge from the semi-arid zone in 

northwestern Australia than from catchments within the monsoonal rainbelt. In addition, the deglacial 

onset of enhanced discharge from the semi-arid zone was more rapid, in particular during Termination II, 

when Log(Terr/Ca) in Core SO257-18548 already exhibits an increasing trend in the late MIS 6, whereas 

Core SO257-18571 Log(Terr/Ca) shows an abrupt change point at the onset of the glacial termination. The 
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runoff pattern across MIS 11 differs markedly from the later interglacial trends: the Log(Terr/Ca) curve is 

almost symmetrical without a distinct peak in the early part of the interglacial. 

Accumulation rates of the terrigenous component in Core SO257-18571 are lower than ~1 

g/(cm
2
kyr

1
) during glacial MIS 2-4, 6 and 8 and reach maxima of >4 g/(cm

2
kyr

1
) during interglacial MIS 9, 

7, 5e and 1 (Supplementary Figure S11). The increases in accumulation rates occur abruptly close to the 

end of glacial terminations in parallel to increases in carbonate accumulation associated with increasing 

biogenic carbonate production (Supplementary Figures S11 and S13). The deglacial increase in terrigenous 

accumulation rates in Core SO257-18548 is less dramatic and restricted to MIS 7 and MIS 1, while the 

accumulation rates of both the carbonate and terrigenous components remain low during MIS 5e 

(Supplementary Figures S11 and S12). Carbonate accumulation rates are below ~1 g/(cm
2
kyr

1
) during MIS 

5e, which is lower than during the preceding glacial stage. During MIS 5d to MIS 5a, carbonate 

accumulation rates increase continuously, then fluctuate at ~2 g/(cm
2
kyr

1
) during MIS 4 to 2, which is ~0.5 

g/(cm
2
kyr

1
) lower than average Holocene values. In contrast, changes in sedimentation rates between 

glacial and interglacial stages at Site SO257-18548 are relatively low or even absent in the case of MIS 5, 

although the sediment composition changes significantly from carbonate dominated during glacials to 

terrigenous clay dominated during interglacials. 

 

4.4. Variations in dust input 

 Log (Zr/Rb) in Core SO257-18571 exhibits a distinct glacial/interglacial cyclicity, in contrast to 

the record from Core SO257-18548 and Site U1482, which shows relatively low values with only subtle 

shifts between glacial and interglacial periods. This distinct cyclicity in Core SO257-18571 parallels the 

oxygen isotope trend and is in antiphase to that of Log (Terr/Ca). The abrupt decreases in dust input and 

increases in riverine terrigenous input of clay minerals occur almost simultaneously during Terminations I, 

II and III. During interglacial periods, Log (Zr/Rb) remains low, ranging between 0.28 and 0.5 (20 point 

smoothed data), whereas mean values are high (0.6 to 1.0) during glacial stages. Parallel to the marked 

decrease in Log (Terr/Ca) at the end of MIS 5e, Log (Zr/Rb) displays the largest increase within the record 

and exhibits a distinct maximum during MIS 5d. Between this maximum and the next pronounced peak 

during the LGM, three smaller maxima with an amplitude ≤0.2 occur. These peaks approximately coincide 

with the cold MIS 5b and MIS 4 intervals and the central part of MIS 3 (Figure 5). Between the LGM and 

the Holocene, Log (Zr/Rb) decreases markedly once again. This decline is not continuous, but is 

interrupted by small plateaus at ~ 25 to 23 ka, ~ 21 to 17.5 ka, and ~ 14 to 10 ka. During the Holocene, 

Log (Zr/Rb) ranges between 0.27 and 0.43 with a standard deviation of 0.03. 

 

5. Discussion 

 

5.1 Reconstruction of monsoonal discharge 
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Terrigenous flux reconstructions are based on XRF scanner derived concentrations of Al, Si, K, Fe 

and Ti. These elements are commonly used to estimate the proportion of terrigenous (lithogenic) content in 

marine sediments, however, there are various caveats associated with each element. The concentration of 

Al is preferentially used to estimate the total lithogenic content of sediments because its concentration is 

very consistent in the continental lithosphere (Turekian and Wedepohl, 1961; Wedepohl, 1971; Taylor and 

McLennan, 1985). Silicon is present in all aluminosilicates and also occurs as quartz (SiO2), which is the 

main component in the silt fraction of sediments and sedimentary rocks (Calvert and Pedersen, 2007). 

Core scanner measurements of the split-core sediment surface commonly underestimate concentrations of 

the light elements Al and Si, due to the influence of pore water in unconsolidated sediment (Tjallingii et al., 

2007). However, replicate XRF scanner measurements of compressed dry powder from the same core 

interval show that pore water bias affects only the uppermost ~100 cm of our cores and does not 

substantially affect the shape of the Log(Terr/Ca) curve over the last glacial Termination and Holocene 

(Supplementary Figure S6). 

Potassium predominantly occurs as a component of the clay mineral illite in fine-grained riverine 

runoff. Its concentration is reliably estimated by the XRF scanning technique (Tjallingii et al., 2007) and it 

has been previously used to monitor monsoonal riverine runoff across the last glacial termination (Kuhnt et 

al., 2015). Iron and Ti were used to evaluate the changing input of fine-grained terrigenous siliciclastic 

sediment from adjacent continental margin offshore Venezuela and Java (Jansen et al., 1998; Mohtadi et 

al., 2011; Haug et al., 2001), which was driven by variations in rainfall and runoff from the watersheds of 

local rivers. However, Ti usually exhibits fairly low counts, when analysed with the XRF scanner, and the 

Fe content may be partly biased by the formation of authigenic iron/manganese crusts or pyrite (Calvert 

and Pederson 2007; Poulton and Raiswell, 2002). 

  Using the sum of terrigenous elements instead of individual elements reduces the noise in XRF 

scanner data, since this produces higher counts and reduces the effects of possible biases in single element 

counts. Here, we used the logarithmic ratio of the sum of the terrigenous elements Al, Si, K, Fe, and Ti to 

Ca (Log(Terr/Ca)). This approach is commonly used in carbonate-rich pelagic environments, where 

carbonate dissolution plays no major role (Kuhnt et al., 2015). The carbonate concentrations vary between 

54 and 80.5 % in Core SO257-18548 and between 50 and 86 % in Core SO257-18571. We assume that the 

variability in Log(Terr/Ca) in these two cores is mainly driven by changes in terrigenous input. Calcium is 

relatively rare in terrigenous sediments and in marine deep-water environments mainly derived from 

biogenic carbonate. To further test this hypothesis, we normalized against Ba (Supplementary Figure S6), 

which is related to particulate organic matter flux and/or the precipitation of barite by marine bacteria 

(Gonzalez-Munoz et al, 2012; Griffith et al, 2012) and, thus, has no direct relation to carbonate flux. In 

previous records from the northwestern Australian margin, CaCO3 and organic productivity indicators such 

as total organic carbon (TOC) and chlorins did not show any positive correlation (Holbourn et al., 2005). 

Thus, we conclude that the consistent behaviour of terrigenous elements normalized against Ca or Ba 
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indicates that fluctuations in the Ca-normalized terrigenous elemental curves are caused by fluctuations in 

terrigenous input rather than changing marine carbonate production/dissolution. 

 

5.2 Monsoonal response to changes in atmospheric greenhouse gas concentrations and high-latitude 

temperature fluctuations 

 Model predictions of changes in the latitudinal extent of the ITCZ’s seasonal swing and the 

development of an interhemispheric seesaw during the last glacial cycle are contradictory and not fully 

supported by climate proxy data, which are still scarce for the Southern Hemisphere (Denton et al., 2010; 

Shakun et al., 2012; De Deckker et al., 2012; Kuhnt et al., 2015). In particular, increasing greenhouse gas 

concentrations during HS 1 (Lüthi et al., 2008; Shakun et al., 2012) should have resulted in tropical 

expansion (Seidel et al., 2008) at the end of the LGM. Expansion and contraction of the monsoonal rain 

belt triggered by greenhouse gas concentrations is supported by a comparison of high-resolution Northern 

and Southern Hemisphere speleothem records over the last three millennia, which indicates coeval 

intensification/poleward shift and weakening/equatorward shift of monsoonal rain belts on suborbital 

timescales in both hemispheres (Denniston et al., 2016). However, substantial regional cooling associated 

with widespread drying in the subtropics and tropics in the Northern Hemisphere during HS 1 and 

preceding Heinrich stadials was attributed to a southward shift of the ITCZ and associated monsoonal rain 

belt (Claussen et al., 2003; Chiang and Bitz, 2005; Chiang et al., 2003, 2008; Broccoli et al., 2006; Muller 

et al., 2008, 2012; Bayon et al., 2017; Strikis et al., 2018; Lauterbach et al., 2020). By contrast, a recent 

compilation of model ensembles for different forcings demonstrated the importance of additional forcings 

on the variability of the ITCZ, including disturbance of the global ocean circulation by North Atlantic 

hosing and LGM boundary conditions (Atwood et al., 2020). While insolation differences between 

hemispheres and atmospheric pCO2 are important, they may not alone force a mean shift of the tropical 

rainbelt. Moreover, precipitation proxy data compilations demonstrated that the height of HS 1 coincided 

with a latitudinally widespread drought, which also affected the Southern Hemisphere (Stager et al., 2011). 

According to these authors, the widespread geographic range of aridification during HS 1 suggests a severe 

weakening of the tropical rainfall systems probably as a response to global sea surface cooling. 

 Our high-resolution runoff records from Core SO257-18548 and Site U1482, and from Core 

SO257-18571 also exhibit no distinct increase in riverine discharge in the early part of Termination I, 

suggesting that northwestern Australia remained largely arid during HS 1. A massive and rapid increase in 

riverine discharge started only at ~13 ka at these sites following the Antarctic Cold Reversal (~15-13 ka). 

This is consistent with records within the core area of the Australian monsoonal rain belt further to the 

northeast, where terrigenous runoff also did not significantly increase prior to 13 ka (Kuhnt et al., 2015). 

These generally dry conditions were only locally interspersed by transient rainfall episodes during HS 1, 

HS 2, and HS 4, as indicated by composite stalagmite δ
13

C records from caves in the Kimberleys in 

northwestern Australia (Denniston et al., 2017). On orbital timescales, it is remarkable that the ITCZ 

appears to have consistently remained in a more northerly position during MIS 5b and 5d and associated 
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stadials and that northwestern Australia remained consistently dry and dusty. By contrast, eastern Australia 

experienced increased precipitation linked to southward expansion of the ITCZ (Bayon et al., 2017). 

Recent modelling studies underline the role of longitudinally variable responses of the ITCZ to different 

climate forcings (Atwood et al., 2020) which could explain different responses to Northern Hemisphere 

cooling in eastern (Bayon et al., 2017; Muller et al., 2008) and western Australia. 

 Although our records do not resolve short-term local precipitation changes, they may provide a 

better estimate of time- and regional-averaged long-term precipitation and runoff trends on millennial 

timescales. The dampened response to changes in the interhemispheric temperature gradient in these 

“smooth” records supports the hypothesis of global subtropical megadroughts during intervals of globally 

cool climate and low atmospheric pCO2. Major wet periods in northwestern Australia are restricted to 

warmer-than-present climate intervals in the early Holocene (~10 ka), early MIS 5e (~130 ka), MIS 7 

(~200, ~220 and ~240 ka), and MIS 9 (~280, ~305 and ~330 ka), when monsoonal rainfall also increased 

in many Northern Hemisphere monsoonal regions (Liu et al., 2014; Cheng et al., 2016; Kathayat et al., 

2016). In particular, the intense monsoonal peaks centered at ~10, ~130, ~240 and ~330 ka, which follow 

Southern Hemisphere high-latitude temperature maxima at the end of glacial terminations (Figure 6), 

suggest an enhanced regional response of the Australian Monsoon, driven through internal feedbacks. The 

general coherence between the intensity of the Australian Monsoon and global pCO2 and climate trends is 

also reflected in the high coherence and consistent antiphase behavior of benthic δ18
O and monsoonal 

discharge in our records (Supplementary Figure S10). Model experiments with warm Pliocene boundary 

conditions indicated that an intensification of subtropical precipitation in both hemispheres may have been 

driven by reduced meridional sea-surface temperature gradients in a warmer world (Burls and Fedorov, 

2017) and was decoupled from shifts of the ITCZ on millennial timescales (Sniderman et al., 2019). 

 

5.3 Temporal changes in the extent of the northwestern Australian arid zone 

 Today, estimates of terrigenous dust accumulation off northwestern Australia range between 1 and 

5 g/(m
2
yr

1
) (Jickells et al., 2005), which represents ~2-5 % of the total sediment mass accumulation 

or >10 % of the terrigenous component at marine sites within the dust belt with typical deglacial 

sedimentation rates of ~5 cm/kyr
1 
(Figure 1A)(Kuhnt et al., 2018). The proportion of dust-blown sediment 

considerably decreases towards the northeast, where sedimentation rates increase and dust accumulation 

decreases, implying that a substantial proportion of the Zr, Ti and Fe content is of aeolian origin only at the 

southerly location of Core SO257-18571. The aeolian terrigenous material that reaches distal marine 

locations is usually deposited during extreme dust outbreaks (Rea, 1994). The occurrence of discrete Zr-, 

Ti- and Fe-enriched layers in the glacial intervals of Core SO257-18571 may, thus, represent a record of 

major dust storms (Rea, 1994; Hanebuth and Henrich, 2009). 

 Riverine transported fine-grained terrigenous discharge and aeolian dust input in Core SO257-

18571 exhibit a clear antiphase relationship with no recognizable phase lags, suggesting coeval and abrupt 

changes towards wetter climate and increased fluvial discharge during glacial terminations and rapid re-
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aridification at the end of the unusually warm isotope stages MIS 9, 7 and 5e. Increased dust transport to 

the eastern Indian Ocean implies a reduced vegetation cover during periods of increased seasonal aridity in 

the source area, following changes in preferential wind direction and/or strengthening of winds. The rapid 

intensification of monsoonal rainfall and re-aridification at the onset and end of the warmest intervals with 

highest atmospheric greenhouse gas levels suggest that these rapid transitions were defined by 

transgressing boundary condition thresholds. However, there are striking differences in the sedimentation 

processes and the climate of the catchment area at the locations of Core SO257-18548 and Site U1482 

within the monsoonal belt and of the more southwestern Core SO257-18571 within the dust-cyclone belt. 

Precipitation in the arid zone almost exclusively occurs during the landfall of major tropical cyclones, 

which form in the tropical Indian Ocean during the monsoonal season, when SST thresholds of 26-27°C 

are reached (Tory and Dare, 2015). Increased cyclone activity during monsoon intensification is also 

reflected by massive increases in sedimentation rates during the warm stages MIS 1, MIS 5e and the warm 

parts of MIS 7 and MIS 9 in Core SO257-18571 (Figure 4), whereas sedimentation rates in Core SO257-

18548, which is dominated by seasonal monsoonal discharge, remain more consistent (Figure 3). Southern 

Hemisphere subtropical sea surface temperatures may have played a major role in setting these boundary 

conditions. However, boundary conditions remained below the threshold necessary for the formation of 

tropical cyclones during the slightly cooler interglacial MIS 5a and MIS 5c, which remained dry and dusty 

within the dust-cyclone belt (Figure 5). 

 

5.4 Monsoon forcing mechanisms 

 The intensity, seasonality and latitudinal extent of monsoonal rainfall during the summer season 

depend on the seasonal displacement of the ITCZ, which is influenced by insolation differences between 

the Northern and Southern Hemispheres (Broccoli et al., 2006) and is also highly sensitive to greenhouse 

gas forcing (Cai et al., 2012). However, the response of the ITCZ to interhemispheric insolation and 

temperature differences appears regionally variable and dependent on additional local forcings (Atwood at 

al., 2020). Sedimentary successions at the more northeasterly situated Site U1483 and Core MD01-2378 in 

the Timor Sea display a similar monsoonal runoff pattern as Core SO257-18548 and Site U1482 (Zhang et 

al., 2020). The runoff record at these locations exhibits in-phase variability with Northern Hemisphere 

monsoonal precipitation records on the precession band, which was interpreted as an expansion 

(contraction) of the latitudinal extent of the ITCZ during Northern Hemisphere insolation maxima 

(minima) (Zhang et al. 2020). 

Our comparison of two sedimentary succession providing a transect across the southernmost limit 

of the Australian Monsoon shows that regional factors additionally play a crucial role in controlling the 

seasonal position of the ITCZ and intensity of monsoonal rainfall over northwestern Australia. In 

particular, the seasonal and interannual heat and air pressure variability over the more elevated Pilbara area 

acts as a main driver of monsoonal hydroclimate. In austral winter and spring, subtropical high-pressure 

systems are positioned over the central part of the Australian continent forcing dry easterly or 
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southeasterly Trade Winds over the Pilbara region, thus maintaining intensely arid conditions (Charles et 

al., 2015; Sudmeyer, 2016). The seasonal southward movement of subtropical high-pressure systems in 

September results in the dominance of tropical heat lows over the Pilbara region during the extremely hot 

and dry spring and the summer wet season. The position of this heat low is related to the location of the 

Pilbara region between the relatively cooler marine area to the north and latitudinally decreasing solar 

insolation to the south. In recent decades, an expansion of the Southern Hemisphere Hadley Cell in 

association with global warming caused a northward shift of frontal systems at the northern end of the 

Hadley Cell during austral winter and intensification of winter aridity in the Pilbara region (Lu et al., 2007; 

Risbey et al., 2009; Frederiksen et al., 2013). 

The most intense phase of the heat low, which occurs in spring and early summer (September-

November), precedes the monsoon season and is not associated with local rainfall (Charles et al., 2009). 

However, the intensity and position of the heat low have significant repercussions in “pulling” the 

monsoonal rain belt southwards, resulting in a coupled relationship between the strength of the monsoonal 

circulation and associated heavy rainfall with the intensity of the heat low (Suppiah, 1992). Important 

controlling factors on the variability in the intensity and position of the heat low on multidecadal, 

millennial and orbital timescales include (1) the precessional variability of spring (September-October) 

Southern Hemisphere orbital insolation, (2) the insolation gradient between tropical (~10°S) and 

subtropical (~30°S) insolation, which prevents the heat low from moving southwards into areas of lower 

insolation when the gradient is steep and, (3) the concentration of atmospheric greenhouse gases, which 

contributes to the intensity of the heat low. During the last 450 kyr, maxima in these three factors occurred 

at ~10, ~130, ~200, ~220, ~240, ~280, ~305 and ~330 ka, when terrigenous flux from monsoonal runoff 

strongly increased or was at a maximum, mostly close to the end of glacial terminations (Figures 6-7, 

Supplementary Figure S14). 

During MIS 12 to 10, insolation forcing over the Pilbara region was minimal and the insolation 

gradient between 10 and 30°S remained elevated, which resulted in a more gradual monsoonal onset with 

muted response to precessional forcing. This weaker and more gradual monsoon intensification at the end 

of glacial Termination V (MIS 11) may have been additionally affected by pronounced vegetation changes 

leading to lower austral spring albedo of the Pilbara mountains. Palynological data indicate a major change 

in northwestern Australian subtropical vegetation patterns and hydroclimate associated with the onset of 

intense aridification at ~350 ka during MIS 10 (Kershaw et al., 2003; Kawamura et al., 2006). This major, 

long-term change in Australian subtropical hydroclimate was associated with the Mid-Brunhes Climate 

Transition (Jansen et al., 1986; Barth et al., 2018), which occurred during an interval of low precessional 

insolation forcing between 430 and 350 ka and was followed by an increase in the amplitude of the Earth’s 

100 kyr glacial-interglacial climate cycles. 

Atmospheric methane concentration records in ice cores exhibit extreme spikes associated with 

glacial terminations, which closely match the main atmospheric CO2 peaks (Figure 6) (Loulergue et al., 

2008). The origin of these short-lived millennial scale methane maxima in the atmosphere has been 
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intensely discussed with high-latitude permafrost and peatlands and low-latitude monsoonal wetlands 

being the prime candidates as the main sources for the rapid atmospheric methane increase (Chappellaz et 

al., 1990; Guo et al., 2011; Thirumalai et al., 2020) that may have contributed to the interhemispheric 

synchronization of glacial terminations. Low-latitude hydroclimate and vegetation changes, thus, may have 

contributed to intensified greenhouse gas release in subtropical regions and development of global 

methane and pCO2 maxima during glacial terminations (Rhodes et al., 2015; Bock et al., 2017). 

 

6. Conclusions 

 XRF scanner derived increases in terrigenous discharge indicate rapid intensification of the 

Australian Monsoon at the end of glacial terminations with short-lived peaks in the early Holocene (~10 

ka), MIS 5e (~130 ka), MIS 7 (~200, ~220 and ~240 ka), and MIS 9 (~280, ~305 and ~330 ka). The 

correlation of monsoonal precipitation and runoff proxies and Antarctic temperature, CO2 and CH4 

concentrations during the last five glacial terminations suggests that the intensification of heat low pressure 

cells over northwestern Australia at the end of glacial terminations was mainly driven by rapidly 

increasing atmospheric greenhouse gas concentrations in conjunction with a low insolation gradient 

between Southern Hemisphere tropics and subtropics and rising and/or high Southern Hemisphere spring-

early summer insolation. The formation of intense heat low pressure cells in the Pilbara region of 

northwestern Australia in late September may have played a crucial role in driving the ITCZ southwards 

and triggering intensified monsoonal rainfall on orbital timescales, when Southern Hemisphere insolation 

was at a maximum. Changes in riverine terrigenous sediment supply at the onset of MIS 11 were more 

gradual and do not indicate an abrupt change from arid to monsoonal wet conditions, suggesting that an 

extended period of low variability in precessional spring insolation and expanded vegetation cover over 

northwestern Australia weakened the heat low pressure cell over the Pilbara mountains. Southward swings 

of the ITCZ amplified and deglacial monsoonal onsets intensified with aridification of northwestern 

Australia ~350 kyr ago. 
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Figure 1. A. Main rivers discharging sediment to the northwestern Australian margin and average Holocene-MIS-6 

sedimentation rates (cm/kyr) along the margin. Water depth scale in m. B. Summer monsoonal (February) vegetation 

and precipitation patterns. Average sedimentation rates (cm/kyr) are from Sonne 257 cores offshore Australia (from 

Keep et al., 2018; Kuhnt et al., 2018). February precipitation is based on 30 yr standard climatology (1961-1990) in 

mm/month from Australian Bureau of Meteorology (2010). Satellite Image is from February 2004 from NASA Blue 

Marble. 

 

Figure 2. Location of Cores SO257-18548 and -18571 and IODP Site U1482 offshore northwestern Australia (A). 

Base map created using www.maps-for-free.com. Detailed maps (B-C) show positions of coring sites in relation to 
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adjacent main rivers and concentrations of main terrigenous elements (Si, Al, Fe, K and Ti)) in fine-grained (<63 μm) 

fractions of terrigenous material in marine sediment cores (B) and river sediments (C). Approximate extension of 

glacial Fitzroy River on shelf is indicated by blue dashed line in B. 

 

Figure 3. Correlation of benthic foraminiferal δ
18

O from Core SO257-18548 and Site U1482 to benthic isotope stack 

LR04 (Lisiecki and Raymo, 2005). Dashed black lines indicate tie points used to derive age model. Dashed red lines 

indicate AMS
14

C ages. Orange dashed lines indicate biostratigraphic datums: B = Base, T = Top (from Rosenthal et 

al., 2018). 

 

Figure 4. Correlation of benthic foraminiferal δ
18

O of Core SO257-18571 to the benthic isotope stack LR04 

(Lisiecki and Raymo, 2005). Dashed black lines indicate tie points used to derive age model. Dashed red lines 

indicate AMS
14

C ages. 

 

Figure 5. Temporal evolution of XRF scanner derived elemental ratios and benthic foraminiferal δ
18

O. MIS = marine 

isotope stages. (A-B) Log(Zr/Rb) from Core SO257-18548 and Site U1482 (orange) and from Core SO257-18571 

(red); (C-D) Log(Terr/Ca) from Core SO257-18548 and Site U1482(black) and from Core SO257-18571 (purple); 

(E-F) benthic δ
18

O from SO257-18548 and Site U1482 (dark blue) and from Core SO257-18571 (light blue). Blue 

shading indicates marine isotope glacial stages (MIS), following Lisiecki and Raymo (2005). 

 

Figure 6. Comparison of monsoonal discharge (Log(Terr/Ca)) in composite record from Core SO157-18548 and Site 

U1482 with evolution of Antarctic temperatures (Epica Dome Concordia (EDC) δD from Bazin et al., 2013) and 

Northern Hemisphere monsoon intensity (Chinese speleothem δ18
O record from Dongge, Hulu and Sanbao Caves. 

Wang et al., 2001,2008; Dykoski et al., 2005; Kelly et al., 2006; Cheng et al., 2009, 2016). Note that monsoonal 

discharge record is tuned to LR04 stack (Lisiecki and Raymo, 2005) and, thus, independent of EDC ice core age 

model. Glacial Terminations I-V in LR04 stack are marked with blue (onset) and red (end) dashed lines; 

corresponding ages are 18-9 ka (Termination I), 135-126 ka (Termination II), 252-240 ka (Termination III), 341-329 

ka (Terminations IV) and 431-410 ka (Termination V). 

 

Figure 7. Comparison of terrigenous discharge records from Cores SO257-18571, SO257-18548 and Site U1482 to 

external and internal forcing mechanisms. (A) Insolation 21
st
 of September at 20°S; (B) Insolation gradient between 

10 and 30°S; (C) Log(Terr/Ca) from Core SO257-18548 and Site U1482 (black); (D) Log(Terr/Ca) from Core 

SO257-18571 (purple); (E) EPICA Dome Concordia (EDC) CH4 record (Loulergue et al., 2008); (F) EDC CO2 

record (Lüthi. et al., 2008.). Green shading marks monsoonal peaks associated with pCO2 maxima occurring at 

austral spring insolation maxima and minimal gradient between 10 and 30° S insolation, which favors southward 

migration of the ITCZ. 

 

Table 1. AMS 
14

C dates from analysis of Globigerinoides ruber (white) 

Kiel AMS 

Laboratory 

Number 

Core 
Depth 

(cm) 

Foraminife

ral species 

Uncorr. 
14

C Age 

(years B.P.) 

Error 

bar 

Reservoir 

Age (years) 

Calibrated Age 

(years B.P.) 
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KIA 53786 
SO257-

18548 
70 G. ruber 11765 45 510 13114 

KIA 53787 
SO257-

18548 
100 G. ruber 18305 70 1600 20154 

KIA 53788 
SO257-

18571 
140 G. ruber 9980 40 250 10738 

KIA 53789 
SO257-

18571 
190 G. ruber 18830 75 1600 20778 

 

Table 2. Age tie points to LR04 benthic isotope stack (Lisiecki and Raymo, 2005) 

SO257-18548 and U1482 SO257-18571 

Age (ka) Descriptions of tie points Core Depth 

(m) 

δ
18

O (‰ 

VPDB) 

Core Depth 

(m) 

δ
18

O (‰ 

VPDB) 

2.7 3.68 3.6 3.3 62 δ18
O maximum in center of MIS 4 

3.7 3.11 5.1 3.05 87 δ18
O maximum in center of MIS 5b 

4.4 3.11 6.9 3.07 109 δ18
O maximum in center of MIS 5d 

5.1 3.76 9.2 3.6 135 Onset of Termination II 

6.5 3.4 11.1 3.12 188 Onset of MIS 6 

7.6 3.49 14.4 3.3 223 Onset of Termination IIIb 

8.4 3.56 16.2 3.17 252 Onset of Termination IIIa 

9 3.49 16.9 3.1 277 Onset of second δ18
O maximum in MIS 8 

9.7 3.38 17.7 2.9 294 First δ18
O maximum in MIS 8 

10.5 2.86 19.3 2.43 318 End of first δ18
O minimum in MIS 9 

11.7 3.73 
  

342 Onset of Termination IV 

13.9 3.3 
  

392 End of first δ18
O minimum in MIS 11 

15.5 3.8 
  

433 Onset of Termination V 

 

Table 3. Concentration of main terrigenous elements in Cores SO257-18548 and -18571 and close by rivers. Fitz = 

Fitzroy River, Ashb = Ashburton River, Fort = Fortescue River, Gasc = Gascoyne River 

Elements  18548 

(%) 

Derby 

(%) 

Fitz1 

(%) 

Fitz2 

(%) 

18571 

(%) 

Ashb1 

(%) 

Fort1 

(%) 

Fort2 

(%) 

Gasc1 

(%) 

Gasc2 

(%) 

Si 65.72 60.28 79.67 77.34 67.37 68.84 66.08 65.63 63.18 66.38 

Al 21.75 24.35 11.81 13.19 19.72 15.69 14.15 14.27 22.10 19.26 

Fe 8.56 10.90 5.25 6.04 9.30 12.03 16.85 17.27 11.08 10.44 

K 3.06 3.44 2.05 2.39 2.37 2.33 1.72 1.71 2.50 2.43 

Ti 0.90 1.03 1.22 1.03 1.24 1.10 1.21 1.12 1.14 1.50 

 

Key findings 

 Rapid intensification of Australian monsoon at end of glacial terminations I to IV 
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 Monsoon intensification coincided with atmospheric CO2 increase 

 Austral spring insolation drove southward shift of ITCZ and monsoon intensification 

 Formation of regional heat lows instrumental for monsoonal hydroclimate 

 Aeolian dust dominant during glacials and MIS 5a-d south of 20°S. 
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Figure 7 

 


