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(~125 m) sea-level reductions and major ice caps adorning large parts of the Northern Hemisphere. Here,
we present evidence for another major glacial period spanning 71—59 ka (Marine Isotope Stage 4: MIS4)
from a well-dated marine sequence offshore South Australia. The astronomically-tuned chronology of
this deep-sea core is confirmed using single-grain optically stimulated luminescence dating (OSL),
providing confidence in our high-resolution age model. Our approach to the study of our MD03-2607

gg Y‘s/ﬁ?fi:ce temperature core has been to employ many different proxies. These are: 3'%0 of both planktic and benthic forami-
Sea level nifera for stratigraphic purposes, faunal counts of planktonic foraminifera to reconstruct the position of
LGM oceanic fronts and currents, alkenone palaeothermometry, XRF core scanning to determine the presence
MIS4 of aeolian dust, and Nd isotope to identify fluvial discharge over the core site. We compare our new
Glaciation proxy findings with other archives for mainland Australia and Tasmania.

Human migration Our multi-proxy palaeoclimate reconstructions are consistent with other marine, terrestrial and
Airborne dust cryosphere archives across the Southern Hemisphere and suggest, for the first time, that MIS 4 was

pEUterium excess almost as dramatic as the LGM. During MIS4, global sea-level was reduced by ~100 m, glaciers across
Single-grain OSL dating

. o Australasia were more significant compared to the LGM, and sea-surface temperatures were much
Penultimate glaciation . e . . . .
STCZ reduced. These glacial conditions uniformly peaked around 65 ka. Global comparisons show major glacial

conditions and vegetation shifts elsewhere during MIS4, but many are poorly dated. The significant
environmental changes taking place during this glacial period were paralleled by waves of human
dispersal across Eurasia and the earliest evidence of human occupation in northern Australia at 65 ka.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction his comparison of deep marine isotope records and continental
stratigraphies. At the time, Stage 2 — which was to later be called

The terminology of the various glacial and interglacial stages of later the Last Glacial Maximum (LGM) — Marine Isotope Stage 2
the Late Pleistocene were first coined by Emiliani (1955) based on (MIS), was considered to relate to the maximum glacial extent in
Europe (Wiirm III/Il) and North America (Wisconsinian). Stage 4

(Emiliani (1955: Fig. 15) was thought to relate to the Wiirm I phase,
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dated. Since this seminal work (Emiliani, 1955), MIS4 has been
considered to represent a period of substantial cooling in the global
ocean related to a significant sea-level drop, but it has never been
considered to be a true glacial period, in particular in the northern
hemisphere.

Significant emphasis has been placed on reconstructing the LGM
conditions for the entire globe over recent decades by the CLIMAP
group (1976) and MARGO (Kucera et al., 2005)). In contrast, the
MIS4 marine sedimentary record has remained poorly investigated
because this period lies beyond the conventional limits of radio-
carbon dating. Recently, marine core dating has improved in reli-
ability owing to better correlations with the astronomically-tuned
benthic foraminifera 3'80 stack curves (Liesicki and Raymo, 2005;
Liesicki and Stern, 2016). Advances in other geochronology appli-
cations have also fuelled improved MIS4 reconstructions, such as U/
Th dating of corals on exposed [tectonically uplifted] or drowned
[obtained through coring] marine terraces. In addition, long se-
quences recovered from cave speleothems have been studied using
a variety of dating and palaeoclimate proxy techniques, and have
produced high-precision temperature, evaporation and precipita-
tion reconstructions for MIS4.

Recent cosmogenic exposure dating studies of MIS4 glacial
stratigraphies in the Australasian region have highlighted an
important observation: the extent of glacial advances between the
LGM and MIS4 are such that MIS4 moraines were more extensive
than LGM moraines (6—8). The implications of these findings are
significant for our interpretation of MIS4 climates, and a reassess-
ment of this climatic stage appears timely in light of new and
emerging palaeoenvironmental evidence.

To this end, we present detailed reconstructions of the timing
and climate of MIS4 recorded in a deep-sea core MD03-2607 taken
from offshore southern Australia. We compare results obtained
using various proxies for this period, and compare our findings
with other related MIS4 reconstructions from the Australasian re-
gion and Antarctica. We focus, in particular, on sea-surface tem-
perature reconstructions using alkenone palaeothermometry,
foraminiferal faunal analyses to determine regional sea conditions
(the position of various oceanic fronts and currents, as well as depth
of the thermocline), proxies of aeolian dust and fluvial sediment
discharge at sea, and pollen-based reconstructions of terrestrial
vegetation and regional rainfall.

Our palaeoclimatic data, when compared with terrestrial ar-
chives from central Africa and Europe, show that MIS4 was a period
of broad vegetation changes, ranging from arid conditions in Africa
to steppe conditions in parts of Europe. These global habitat
changes are likely to have placed significant ecological pressures on
modern human populations in Africa and, coupled with an exten-
sive sea-level drop, would have favoured human dispersal out of
Africa and across the frontier continents of Eurasia and Australasia
(Timmermann and Friedrich, 2016; Tierney et al., 2017; Norman
et al.,, 2018; Bird et al., 2018).

2. Materials and methods
2.1. Deep-sea core MD03-2607

Deep-sea core MD03-2607 was taken on a gentle slope south of
the upper Sprigg Canyon at 865 m water depth (Fig. 1). It consists of
32.95m of foraminiferal silty sand, intercalated with silty clay
sections. The core is located at 36°57°64"S, 137°24’39"E, almost due
south of Kangaroo Island (Hill et al., 2005) (Fig. 1). Airborne quartz
grains are found in most samples of the core as the site is below the
flow path as can be dust plumes, witnessed today (De Deckker et al.,
2010). The chronology of the core has already been presented by
Lopes dos Santos et al. (2012, 2013a,b) but, with additional samples,
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Fig. 1. Satellite image taken from Google Earth® showing the locations of all the sites
mentioned in the text, as well as the position of ocean boundaries and currents.
LC = Leeuwin Current, ITCZ= Intertropical Convergence Zone.

it has been updated in the present study using the new benthic
stack record (Liesicki and Stern, 2016).

Core 2607 has previously been the subject of several studies
(Gingele and De Deckker, 2004, 2005; Gingele et al., 2007; De
Deckker et al., 2010, 2012; Lopes dos Santos et al., 2012, 2013a;
2013b; Bayon et al., 2017). These studies all indicate that the core
does not contain any hiatuses, and that it benefits from a satisfac-
tory sedimentation rate [considering the Australian region, which
lacks tectonic activity and glacial erosion] as it is located opposite
the mouth of the River Murray (the end point of the Murray Darling
Basin that covers just over 1 x 108 km?). Ancestral meanders of the
Murray are known to have spread onto the Lacepede Shelf during
periods of low sea levels, meaning that, at some stages in the past,
the core site was only 40 km from the coastline compared to being
almost 200 km from the mainland today (Hill et al., 2005).

All of the samples analysed from the core were taken from 1 cm
thick intervals, except for the main OSL samples, which required
more material (see details below). On average, a single 1 cm-thick
sample taken from the 75 to 55 ka section of the core studied in this
paper represents ~80 years of sedimentation.

2.2. Core chronology

2.2.1. 6'80 analyses on foraminifera

Building on Lopes dos Santos et al. (2012) results, we have
performed a series of additional analyses of planktic and benthic
foraminifera from MDO03-2607. Samples were analysed following
the methods detailed in Spooner et al. (2011) and Lopes dos Santos
et al. (2012). Due to the scarcity of benthic foraminifera taxa in the
sampled intervals, we relied on analyses of two distinct groups
(Planulina wuellerstorfi and Uvigerina sp.) and applied a correction
factor of —0.3%0 to all analyses of the latter species following
Hooghakker et al. (2010).

2.2.2. 6'0 stratigraphy
The chronology for core MD03-2607 (hereafter called ‘core
2607’) (Lopes dos Santos et al., 2012, 2013a) relied on a large
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number of radiocarbon ages for the upper portion of the core, and
was confirmed by a series of optically stimulated luminescence
(OSL) ages. To constrain the chronology of the MIS4 to MIS 6 section
of the core, Lopes et al. (2013a) used numerous tie points linked to
the benthic foraminifera stack curve (Liesicki and Raymo, 2005).
We have now updated this age model by using the benthic fora-
minifera stack record for Pacific intermediate waters (Liesicki and
Stern, 2016) on the assumption that, even if our core is located in
the far eastern side of the Indian Ocean, the intermediate waters
bathing our core site would originate from the southern part of the
Tasman Sea (Middleton and Bye, 2007). This approach was fav-
oured over using the benthic stack record for Indian Ocean inter-
mediate waters (Liesicki and Stern, 2016) as these authors only
used 3 records from the eastern Indian Ocean and these are located
to the NW of Australia. We have used tie points linking key step
changes in our core with the Pacific intermediate waters (Liesicki
and Stern, 2016) curve, and have calculated an age for every
depth of the core down to 12 m. The resultant age-depth data are
plotted in Fig. 2. The veracity of the age model is tested below using
OSL age dating of individual horizons in the core.

2.3. Single-grain optically stimulated luminescence (OSL) dating
procedures

Six intervals of the core have additionally been radiometrically
dated as part of the study using single-grain OSL, with the aim of
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Fig. 2. Correlation between the benthic foraminifera stuck curve (Liesicki and Stern,
2016) for Intermediate Waters for the Pacific Ocean and the benthic foraminifera
3'80 for core 2607 showing the tie points which were used to provide ages for intervals
spanning the 75 to 55 ka interval. Ages were then calculated between the tie points
assuming a constant sedimentation rate between the tie points.

independently assessing the veracity of the new isotopic age model
obtained from the benthic stack record. OSL samples were collected
from targeted horizons that were considered to encompass MIS4,
using tie points derived from the benthic foraminifera stack curve
of Liesicki and Stern (2016). Full details of the OSL dating proced-
ures are provided in the online Supplementary Information section.
Six OSL dating samples were collected from pre-split core sections
that had been kept in a temperature- and moisture-controlled
storage facility (at 4°C) at the Australian National University
since collection at sea. The OSL dating samples were collected from
the un-illuminated centres of the cores under safe (dim red filtered)
light conditions. Quartz grains of 63—90pum and 90-180 pm
diameter were prepared for burial dose estimation using standard
procedures (e.g. Demuro et al., 2013), including heavy liquid den-
sity separation at 2.72 g/cm? and 2.62 g/cm?, and a 48% hydrofluoric
acid etch (40 min) to remove the alpha-irradiated outer layers of
the quartz extracts. OSL measurements were made using the
experimental apparatus described in Arnold et al. (2013, 2016).
Equivalent dose (De) values were determined using the single-
aliquot regenerative-dose (SAR) procedure (Murray and Wintle,
2000) shown (as well as discussed) in Supplementary Table S1.
Between 600 and 1900 single-grain De measurements were made
for each sample. Individual De values were only included in the
final age calculation if they satisfied a series of standard and widely
tested quality-assurance criteria, as detailed in Arnold et al. (2013,
2016). Sensitivity-corrected dose-response curves were con-
structed using the first 0.17 s of each green laser stimulation after
subtracting a mean background count obtained from the last 0.25 s
of the signal. Between 600 and 1900 single-grain De measurements
were made for each sample.

Owing to well-documented dosimetric complexities in marine
sedimentary environments, we have calculated the final OSL ages of
the MD2607 samples using an iterative dose rate model that takes
into consideration both the time-independent (lithogenic and
authigenic parent) activities of the 238U series, 23°U series, 23°Th
series and 4°K series, and the time-dependent (scavenged and
authigenic daughter) activities of the 23U and 23U series. These
dose rate calculations have been derived using the Marinexs. auth
model described in Armitage (2015), which has been modified to
incorporate the time-dependent scavenged 23°Th correction
detailed in Henderson and Anderson (2003) and an additional
time-dependent correction for the in-growth of 23°Th from authi-
genic 234U during the burial period (see Supplementary Informa-
tion for further details). Radionuclide specific activities have been
converted to beta and gamma dose rates using the published
conversion factors of Guerin et al. (2011), allowing for beta-dose
attenuation (Mejdahl, 1979; Brennan, 2003) and long-term water
content correction (Aitken, 1985). To estimate the long-term
average water content for the single-grain OSL samples, we have
used ‘as measured’ values determined separately for the beta and
gamma dose rate bulk sediment samples (see Supplementary
Table S3). The measured water contents for MD03-2607 are
considered to be sufficiently representative of those at the time of
core extraction, as the cores have remained sealed and refrigerated
at 4 °C since their collection. A relative uncertainty of 10% has been
assigned to these long-term moisture estimates to accommodate
any minor variations in hydrologic conditions during burial or prior
to sampling.

2.4. Planktic foraminifer counts

Planktic foraminifers were counted from 27 samples that cover
the MIS4 portion of core MD03-2607. For each sample, c. 10 g of dry
sediment was wet sieved through a 150 um sieve and the residue
was subsequently dried at 45°C. Identification down to species
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level (>150 um), using a stereomicroscope, followed the nomen-
clature established in Parker (1962). A minimum of 350 specimens
were counted from the dry residue per sample. Further details of
the sample preparation and counting methods are provided in the
supplementary sections of De Deckker et al. (2012) and Perner et al.
(2018). The same planktic foraminiferal assemblage described in De
Deckker et al. (2012) for LGM samples in the nearby core MDO03-
2611 were recognized in core MDO03-2607. The assemblage is
characterised by high abundance of Globigerina bulloides (av. 40%),
followed by Globorotalia inflata, Neogloboquadrina incompta, and
Turborotalita quinqueloba (av. 15%), Turborotalita truncatulinoides
(av. 10%) and Globigerinoides ruber (av. 5%). Minor abundances (>av.
5%) of Neogloboquadrina pachyderma, Globorotalia glutinata, G. sci-
tula and G. hirsuta are recorded.

2.5. Alkenone palaeothermometry

Alkenone (UX37) analyses were performed on additional sam-
ples to complement the data already published (Lopes et al., 20133,
2013b), and to obtain a higher-resolution record spanning MIS4.
The additional alkenone samples were analysed at the British
Geological Survey, on a Hewlett Packard 6890 GC equipped with
flame ionization detection (FID) and fitted with an Agilent DB-1ms
Ul column (60 m x 0.25mm id., 0.1 um film thickness), using a
similar method to that described in Lopes et al. (2012). Sea-surface
temperatures (SST) were then reconstructed using the calculation
of UX'3; proxy, which has previously been defined for core 2607
(Lopes et al., 20133, 2013b).

2.6. Palynological analyses

The samples were processed following the same procedures for
marine sediment samples described for another core offshore
northwestern Western Australia by van der Kaars and De Deckker
(2002).

2.7. Geochemical analysis of the sediments [Nd isotopes]

Prior to neodymium isotope analyses, bulk sediments were
treated chemically to remove biogenic, Fe—Mn oxyhydroxide and
organic components (Bayon et al., 2002). Clay-size fractions were
separated from residual detrital material using low-speed centri-
fugation and digested by alkaline fusion (Bayon et al., 2015). Neo-
dymium was isolated using conventional ion chromatography and
isotopic measurements were performed at the Pole Spectrométrie
Océan (Brest), using a Thermo Scientific Neptune multi-collector
ICPMS. Nd isotopic compositions were determined using sample-
standard bracketing, by analysing JNdi-1 standard solutions every
two samples. Mass-bias corrected values for 3Nd/™“Nd were
normalized to a JNdi-1 value of 3Nd/'#*Nd =0.512115 (Tanaka
et al, 2000). Repeated analyses of JNdi-1 solution during the
course of this study gave *>Nd/*4Nd of 0.512106 + 0.000005 (2 SD,
n = 22), corresponding to an external reproducibility of ~ +0.10¢e (2
SD). Epsilon Nd values (eNd) were calculated using
43Nd/14Nd = 0.512630 (Bouvier et al., 2008).

2.8. XRF scanning of the core

A 2cm x 2 cm u-channel was taken from the entire core and
elemental composition was obtained following the procedure
detailed in Stuut et al. (2014) using an Avaatech XRF core scanner at
1-cm resolution at the Royal Netherlands Institute for Sea Research
(NIOZ), following established methods (Stuut et al., 2014). Detailed
bulk-chemical composition records acquired by XRF core scanning
allow accurate determination of stratigraphic changes as well as

assessment of the contribution of the various components in
lithogenic and marine sediments. The core was measured at both
10 kV and 30 kV for 51 elements (Al, Si, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb).
Log-ratios of two elements measured by XRF core scanning can be
interpreted as the relative concentrations of two elements and
minimizes the effects of down-core changes in sample geometry
and physical properties (Weltje and Tjallingii, 2008). It is now well
established that the elements Ca, Fe, and Ti (of interest here) can be
measured reliably with the XRF-scanning method (Tjallingii et al.,
2007).

3. Results
3.1. Core MDO03-2607 and its chronology

The chronology of core MD03-2607 has previously been pre-
sented (Lopes dos Santos et al., 2012, 2013a) but it has been
updated here with additional samples, using the new benthic stack
record (Liesicki and Stern, 2016). Correlation between the latter
benthic foraminifera stuck curve for Intermediate Waters for the
Pacific Ocean and the benthic foraminifera 3'30 for core 2607 using
tie points was used to provide ages for intervals spanning the 75 to
55 ka interval (Fig. 2). Ages were then calculated between the tie
points assuming a constant sedimentation rate between the tie
points.

The single-grain D. OSL dating results are summarised in Ta-
ble 1. Between 6 and 10% of the De values measured per sample
were considered suitable for OSL dating purposes after applying the
single-grain quality assurance criteria of Arnold et al. (2013, 2016)
(Table S2). Fig. S2 shows representative OSL dose-response and
decay curve for grains that passed the SAR quality assurance criteria
and were used for dating purposes. The single-grain De distribu-
tions of each sample is shown as a radial plots in Fig. 3, and dis-
cussed in further detail in the Supplementary Information. Four of
the samples (MD2607-1, MD2607-2, MD2607-3 and MD2607-5)
display low to moderate D, scatter (Fig. 3a, c, d, e) and moderate
overdispersion of 20—25% (Table 1). These De characteristics are
considered to be indicative of adequate signal resetting prior to
deposition and an absence of significant post-depositional mixing
thereafter (Arnold and Roberts, 2009). Sample MD2607-4 displays
moderate scatter and a higher overdispersion of 34 + 5% (Fig. 3b);
though the latter is consistent at 2¢ with the overdispersion values
obtained for the four well-bleached and unmixed surrounding
samples from core MDO03-2607. The final De values of samples
MD2607-1, MD2607-2, MD2607-3 and MD2607-5 have been
derived using weighted mean D, estimates, calculated using the
central age model (CAM) of Galbraith et al. (1999) (Table 1). The
lowermost sample (MD2607-6) exhibits a positively skewed D,
distribution and a high overdispersion value of 45 + 5% (Fig. 3f),
which does not overlap at 2 with the overdispersion values ob-
tained for the four well-bleached and unmixed samples from core
MDO03-2607 (Table 1). These D, distribution characteristics are
consistent with those commonly reported for heterogeneously
bleached single-grain OSL samples (e.g., Olley et al., 1999, 2004;
Bailey and Arnold, 2006; Arnold et al., 2007; 2008, 2009). Com-
parisons of De estimates obtained from the fast-dominated and
slow-dominated components of the OSL signal (Fig. S3) confirm the
presence of heterogeneously bleached grains in the lowermost
sample (see discussions in the Supplementary Information). We
have therefore calculated the final D, value for sample MD2607-6
using the minimum age model (MAM) of Galbraith et al. (1999)
(Table 1).

The final OSL ages calculated using the iterative dose rate model
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Fig. 3. Single-grain OSL D, distributions for the six OSL samples taken from core MD03-2607, shown as radial plots (in order from highest core position to lowest core position). The
measured D, (in Gy) for an individual grain can be read by tracing a line from the y-axis origin through the point until the line intersects the radial axis (log scale) on the right-hand
side. The corresponding standard error for this estimate can be read by extending a line vertically to intersect the x-axis. The x-axis has two scales: one plots the relative standard
error of the D, estimate (in %) and the other (‘Precision’) plots the reciprocal standard error. Therefore, values with the highest precisions and the smallest relative errors plot closest
to the radial axis on the right of the diagram, and the least precise estimates plot furthest to the left. The grey shaded band on each plot is centred on the D, value used for the final
age calculation. For samples MD2607-1 to MD2607-5, this D. value was calculated using the central age model (CAM) of Galbraith et al. (1999). For sample MD2607-6, the final D
value was calculated using the four parameter minimum age model (MAM-4) of Galbraith et al. (1999).

(see Supplementary Information) are presented in Table 1 and
shown in Fig. 4A. Although the six OSL ages have relatively large
associated uncertainty ranges, it is evident that, at 2o, these
radiometric dating results are consistent with the isotopic age

assignments of individual layers based on the benthic stack record.
Three of the independently dated horizons, OSL MD2607-1 (core
depth 912—917 cm), OSL MD2607-2 (core depth 904—909 cm) and
OSL MD2607-3 (core depth 872—878 cm), returned mean OSL ages
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Table 1
Single-grain D, summary statistics, age model results, modelled dose rate data, and final ages for the six OSL dating samples taken from core MD03-2607.
OSL Sample ID  Core Grain Modelled dose rate data Equivalent dose (D) data OSLl)ellgg
. 0,1
depth (cm)  size (um) Time-independent  Total dose (xs + xa  n/N¢ Overdis- Age Model” L D (Gy)° (la)
dose rate (Gy/ka)™”  in-growth) (Gy)>* persion (%)° score®
MD2607-5 782787 90—-180 0.37 +0.03 204+1.9 125/1300 21+2 CAM 411+11 555+35
MD2607-4 844—-849 63—-180 0.66 + 0.04 226+2.2 51/700 34+5 CAM -27.76 655+39 65.5+5.1
0.66 + 0.04 19.2+28 MAM-3 —26.70 554+68 552+73
0.66 + 0.04 20.1+1.9 MAM-4 —-2594 579+32 57.8+43
MD2607-3 872—-878 90-180 0.54 +0.04 29.6+28 60/600 25+4 CAM 654+3.1 66.6+4.7
MD2607-2 904—-909 90—-180 0.31+0.03 256+2.2 127/1900 24+2 CAM 474+13 69.7+45
MD2607-1 912-917 63—180 0.31+0.03 30.0+2.9 42[700 204 CAM 521+24 70.6+5.2
MD2607-6 1014-1019 90-180 0.22 +0.02 26.1+£2.7 84/1300 45+5 CAM —65.10 484+2.7 994+84
0.22 +0.02 205+2.2 MAM-3 —-56.13 373+2.0 753+6.3
0.22 +0.02 21.5+2.0 MAM-4 —-5256 393+14 794+5.7

2 The time-independent dose rate component of the Marineys au:, model was determined from the measured lithogenic “°K,>>?Th and 23°U activities, the calculated
lithogenic 238U activities (measured 233U activities minus authigenic 28Uy, activities), and the calculated authigenic uranium (Uy,) activities for the pre-2>Th part of the decay
series (see Supplementary Information for full details).

b Mean =+ total uncertainty (68% confidence interval), calculated as the quadratic sum of the random and systematic uncertainties.

¢ The total modelled dose derived from scavenged 2>°Th,s and 23!Pay; since burial, and progressive in-growth of 23°Th,, from authigenic 2>*U,, decay during the burial
period (see Supplementary Information for full details).

4 Number of D. measurements that passed the SAR rejection criteria (n)/total number of grains analysed (N).

€ The relative spread in the D, dataset beyond that associated with the measurement uncertainties for individual D, values, calculated using the central age model (CAM) of
Galbraith et al. (1999).

f Age model used to calculate the sample-averaged D value for each sample. CAM = central age model; MAM-3 = 3-parameter minimum age model; MAM-4 = 4-
parameter minimum age model (Galbraith et al., 1999). MAM-3 and MAM-4 D, estimates were calculated after adding, in quadrature, a relative error of 20% to each indi-
vidual D. measurement error to approximate the underlying dose overdispersion observed in ‘ideal’ (well-bleached and unmixed) sedimentary samples from this core (i.e.,
samples MD2607-1, MD2607-2, MD2607-3 and MD2607-5) and from global overdispersion datasets (Arnold and Roberts, 2009).

% Lmax represents the maximum log likelihood score of the CAM, MAM-3 or MAM-4 fit. For a given sample, the L.« Score of the MAM-3 is expected to be substantially higher
(i.e. at least 1.92 greater) than that of the CAM when the addition of the extra model parameter improves the fit to the data. Likewise, the Lyax score of the MAM-4 is expected
to be significantly greater than that of the MAM-3 (by at least 1.92 when compared with the 95% C.I. of a X? distribution) when the addition of the extra model parameter
improves the fit to the data. If the extra parameter of the MAM-3 (or MAM-4) is not supported by the data, then its L;,,x score will be similar to (i.e. within 1.92 of) the CAM (or
MAM-3) Liax score, indicating that the simpler age model explains the data equally well (Arnold et al., 2009). The MAM-3, MAM-4 and LLIK ratios were not applied to samples
MD2607-1, MD2607-2, MD2607-3 and MD2607-5, as the overdispersion value of these three samples are all within +2c of 20% (the global average for fully bleached and

undisturbed samples; Arnold and Roberts, 2009) and are considered to be well-bleached.

h Total uncertainty includes a systematic component of +2% associated with laboratory beta-source calibration.

! The preferred age is shown in bold. For samples MD2607-4 and MD2607-6, the preferred age has been derived using the statistical age model that yielded the optimum
Lmax score, following the criterion outlined in footnote g and Arnold et al. (2009) (see Supplementary Information text for further details).

that plot almost exactly on the age curve obtained by correlation
with the data of Liesicki and Stern (2016) (Fig. 3A and B). Although
the mean OSL ages for the other three samples (see Table 1) plot
away from the isotopic age-depth curve (Fig. 4A and B) they are still
consistent with the isotopic data at their 26 confidence intervals.
Overall, the additional single-grain OSL chronology obtained in this
study supports the isotopic age assignments obtained via correla-
tion with benthic stack record (Fig. 2A and B), and provides added
confidence in our age model. Owing to the superior precision of the
age assignments obtained from the benthic foraminifera stack, we
have used this data here to assign final ages to individual horizons
in core MD03-2607.

For the purpose of data presentation, we include all proxy re-
sults obtained for the 75 to 55 ka section of core MD03-2607, to
ensure that we encompass all of the previously considered age
ranges for MIS4 (Fig. 4B).

3.2. The 6'80 composition of the benthic foraminifera

The 5'80 composition of the benthic foraminifera in core MDO3-
2607 shows a surprising two-step change (at 72 ka and a second
one at 70 ka) from lighter to heavier composition (Fig. 5A). Heavy
values were maintained until 62.8 ka with a shift to lighter values
completed by 62.5 ka. While our record is restricted due to the
paucity of material available for analysis, the consistency of the OSL
ages provides added.

The 3'80 composition of the planktic foraminifer Globigerina
bulloides from the 75-55 ka time interval is displayed in Fig. 5B. A
clear signal change is recognized at 70.8 ka, which is marked by a
rapid drop on the order of ~0.75%o. Thereafter, heavier 3'20 values

fluctuated until a shift towards lower values occurred after 60.5 ka
and was maintained until 58.7 ka.

3.3. Sea-surface temperature reconstructions

Sea-surface temperatures (SST) based on alkenone thermom-
etry appear stable at ~17 °C prior to 70.9 ka, and were followed by a
rapid drop of ~1 °C within ~600 years and the trend continued until
68 ka (Fig. 5E). By this time, SSTs had dropped more than 4°C.
Eventually, by 63 ka, SST had risen again by some 2 °C, reaching its
lowest value of 12.6 °C at 66.8 ka. Subsequently, SST fluctuated and
eventually rose to pre-MIS4 values (17.2 °C) by 58.6 ka.

3.4. The Leeuwin Current

The most significant planktic foraminifera observed in samples
spanning the 75 to 55 ka interval is Globigerinoides ruber. This small
taxon is a clear indicator of the presence of the Leeuwin Current
above the core site (De Deckker et al., 2012). Fig. 5D shows that
G. ruber percentages lay above 15% just before 72 ka and then
dropped to almost zero by 68.25 ka. The almost total absence of this
species in the core is maintained until 64 ka, with percentages still
remaining low still until 60 ka. After this time, G. ruber percentages
increased rapidly to reach values similar to those observed before
MIS4 commenced. A strong correlation between G. ruber percent-
ages and SST is therefore evident over the 75-55 ka record
(Figs. 5D—E, 6).
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Fig. 4. Comparison between OSL and modelled ages. A: Plot of the depth in cm of core
MDO03-2607 versus age in ka showing the extrapolated ages for every cm in the core
down to 1500 cm based on the correlation with the global benthic-stack record. Blue
circles indicate the 14 tie points used to reconstruct the age model. The red circles and
respective error bars represent the ages for the 6 OSL dates calculated in this study.
More information is available in Table 1. Note also that the section of the core younger
than 40 ka was correlated with radiocarbon dates and other OSL dates already pre-
sented in Lopes dos Santos et al. (2012). B: Detail for the 55 to 80 ka interval showing
the relevant tie points used to produce an age model on which the OSL dates and error
bars are juxtaposed. This shows the good age correspondence between the two ap-
proaches and that the sedimentation rate was fairly uniform during the 55—80 ka
period. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

3.5. Oceanic fronts

Evidence that the Subantarctic and Polar Fronts (SPF) would
have been closer to the core site between 68.6 and 60.8 ka is
apparent from shifts towards high percentages of Turborotalita
quinqueloba and Neogloboquadrina pachyderma sinistral, which
have been reported today with highest abundances south of the
Antarctic Polar Front (Echols and Kennett, 1973; Bé, 1977), as well as
in Antarctic waters south of 50°S (in the case of N. pachyderma
sinistral) for the period of 68.6 to 60.8 ka (Fig. 5C). This phenom-
enon has similarly been shown for the LGM in the same core (De
Deckker et al., 2012). This interpretation is further confirmed by
similarly high percentages of Neogloboquadrina incompta in the

core (Fig. 5C), which seems to thrive above the thermocline (upper
250/200 m of the water column) and can live in the chlorophyll-a
maximum zone (Niebler and Gersonde, 1998). During cold pha-
ses, this species migrates to shallower water depths and is a good
indicator for the Subtropical Front (STF), as shown for the LGM (De
Deckker et al., 2012) when percentages were actually lower than for
MIS4. Our interpretation is that both oceanic fronts (STF and SPF)
would have been very close to one another and close to Australia,
especially during the 68.6 to 63.7 ka interval.

3.6. Vegetation record

A number of samples were taken from the 75 to 55 ka interval of
the core to determine vegetation composition on land during the
time period of interest. An additional three samples were analysed
from horizons spanning MIS 5, 3 and 2 for comparative purposes
(see Table 2).

To provide information on the most likely source areas for the
pollen spectra found in core 2607, statistical analysis was per-
formed on all the pollen spectra and compared with pollen data
from the Southeastern Australian Pollen Database (SEAPD)
(Kershaw et al., 1994; D'Costa and Kershaw, 1997); see Table 2. The
SEAPD was produced using sites studied in southeastern Australia
and Tasmania and the pollen assemblages were selected from
sample depths that represent the time period immediately before
European impact on vegetation. In our study, we excluded all Tas-
manian sites and determined the sites within the SEAPD with
greatest similarity to the different horizons sampled in the core
using unconstrained ordination. Unconstrained ordination was
performed on percentage data from 15 of the most common pollen
taxa in the SEAPD and in core 2607 in R Core Team (2016) using the
non-metric multidimensional scaling routine within the vegan
package (Oksanen et al., 2016). The section of the ordination results
presented in Fig. 7A focuses on the core 2607 samples and the
SEAPD sites with greatest similarity (note that core 2607 level 79.25
ka BP (1000 cm) is not present in this part of the ordination). The
geographic location of these 15 SEAPD sites is presented in Fig. 7B.

Using the approach of Cook and van der Kaars (2006), we also
developed pollen transfer functions for latitude and annual rainfall.
We applied weighted-averaging partial least square regressions to
the pollen assemblages from the SEAPD to build the transfer
function, and evaluated their predicted ability against modern
observational climate data by leave-one-out cross validation. The
(leave-one-out) squared correlation between predicted and
observed values for latitude, longitude and annual rainfall was 0.59,
0.60 and 0.81 respectively, and (leave-one-out) root mean squared
error of prediction for the same functions was 0.56°, 1.61° and
195 mm respectively. The transfer functions were applied to pollen
data from the core 2607 sample levels and the results are presented
in Table 2. Using the reconstructed latitudes and (Fig. 7B) to provide
an indication of likely pollen source area for each level.

We note that for the one sample representing sedimentation
during MIS5 [sample taken at 1000 cm in the core and with an age
of 79.25 ka], the postulated rainfall was more than twice that of
most samples representing MIS4; with the exception of one sample
at 60.82 ka, which shows surprisingly high values (see Table 2).
Nevertheless, the lowest estimated annual rainfall (366 mm) is
found at 65.04 ka. This coincides with the lowest record for per-
centages of trees and shrubs (see Fig. 5H).

In addition, examination of the percentage of Sporormiella
spores was also made for all the samples discussed here (Table 2)
and it is noteworthy that for the period preceding 55 ka, such
spores were always present, thus confirming that megafauna still
existed in the Australian landscape. For the three youngest samples
(at 43.1, 22.2 and 16.2 ka, see Table 2) spore percentages were
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Fig. 6. Comparison of alkenone-reconstructed sea-surface temperatures and per-
centage counts of the planktic foraminifera G. ruber. The presence of this species is
indicative of the Leeuwin Current above the MD03-2607 core site.

extremely low, therefore pointing to a lower herbivore biomass; for
further explanation, refer to van der Kaars et al. (2017) for a study
on a core from offshore Western Australia.

Finally, we also examined the presence of the remains of the
ubiquitous alga Botryococcus in the samples used for pollen
extraction as this alga only grows in non-marine aquatic environ-
ments (De Deckker, 1998) and is usually buoyant and therefore can
readily be transported to sea. Usually, presence of a large number of

such algal cells in marine sediments would indicate the presence of
water-borne material, including pollen in a core sample. The low
numbers of Botryococcus (Table 2) thus suggest that most of the
pollen recovered in the core samples were transported aerially.

Pollen spectra for core MD03-2607 show that the total per-
centage of trees and shrubs relative to herbs, decreased after 72.3
ka (Fig. 5H). This decrease became even more dramatic after 72.3 ka
and remained low until 59.7 ka, after which the percentage of trees
and shrubs increased again. The lowest percentage of trees and
shrubs (13.5%) occurred at 65 ka, and is matched by the highest
percentage of herbs (86.5%); a value that is slightly higher than that
recorded at 22.2 ka.

We note that the pollen spectra for the interval 75 to 55 ka
mimic the vegetation found today in the vicinity of hypersaline
Lake Tyrrell (Figs. 1 and 7A-B) in northwestern Victoria, which is a
fairly arid region with present-day annual rainfall <400 mm. We do
not imply that the pollen found in core 2607 comes from the Lake
Tyrrell region.

3.7. Fluvial discharge to the core site: the eNd record

The published record of eNd analyses from core 2607 (Bayon
et al., 2017) spanning the time interval of interest has been sup-
plemented with 45 additional analyses to further constrain the
discharge of fluvial material to sea during MIS4. These analyses
confirm significant discharge of fluvial sediments with a source
considered to be from the Darling River catchment (Fig. 1). This area
is mostly affected today by summer rains originating from northern
Australia. Contrary to the other proxies discussed above, the change

Table 2

List of pollen samples from core MD03-2607 and respective ages used to reconstruct latitude, longitude and past rainfall in mm based on pollen transfer functions discussed in

the text.
Depth (cm) Age (a) Latitude S Longitude E Annual rainfall (mm) % trees & shrubs % herbs Sporomiella counts Botryococcus counts
155 16.2 —36.41 142.76 4422 31.67 68.33 5 25
300 222 —36.56 142.06 507.3 15.02 84.98 3 0
560 43.1 -37.07 143.38 698.7 28.72 71.28 1 2
765.5 58.31 -36.51 142.16 491.0 36.26 63.74 22 1
779.5 59.23 -36.33 143.01 429.1 25.66 74.34 28 1
787 59.74 —36.65 142.69 562.8 17.56 82.44 13 1
795 60.28 —36.26 141.59 404.1 27.49 72.51 15 5
797 60.42 -36.72 141.44 460.7 23.58 76.42 12 3
803 60.82 -37.25 142.53 815.7 23.58 76.42 10 1
813 61.5 —36.56 143.02 533.3 16.47 83.53 13 2
817 61.96 —36.16 142.47 415.5 16.70 83.30 16 4
826 63 -36.58 142.61 495.9 16.89 83.11 13 0
837 63.76 -36.27 142.18 467.3 17.99 82.01 15 0
843 64.17 -36.71 142.12 557.8 23.55 76.45 18 2
855.5 65.04 -36.28 142.13 365.6 13.48 86.52 8 0
863 65.63 -36.33 142.60 423.0 2135 78.65 26 1
874 66.5 —36.43 142.31 415.2 20.75 79.25 21 1
893 68.01 —36.47 141.67 431.7 23.89 76.11 19 0
902.5 68.6 -36.91 142.95 4731 27.44 71.75 23 2
908.5 70.16 -36.27 142.86 467.9 24.72 75.28 17 1
911.5 71.15 —36.59 142.45 672.5 35.02 64.98 18 1
917 72.36 —-36.61 143.12 725.6 4291 57.09 14 4
947 75.06 -36.47 143.17 557.2 48.90 51.10 14 0
1000 79.25 —37.26 145.81 947.7 52.89 47.11 11 3

percentages of the combination of the subpolar indicator species N. pachyderma sin. and T. quinqueloba (note the vertical axis is reversed to aid visualisation against other proxies);
D: percentages of G. ruber which is an indicator of the presence of the Leeuwin Current above the core site; E: SST estimates based on alkenone thermometry; F: plot of temperature
relative to today's value in Frankcombe Cave, Tasmania (replotted from Goede et al. (1998); G: the eNd record of sediment samples taken from Bayon et al. (2017), supplemented
with new data; H: percentages of the combination of tree and shrub pollen; I: XRF scanning plot of the Ti/Al record from the core [note the vertical axis is reversed]. The thick blue
vertical bars represented the approximate boundaries of MIS4 based on all the indicators of change presented in Table 3, using the mean age for the changes and calculated standard
deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. A: Ordination plot showing sites from the SEAPD (Kershaw et al., 1994; D'Costa
and Kershaw, 1997) with greatest affinity to the pollen sample levels from core 2607,
please note that sample 82 ka BP (1000 cm) is not present in this part of the ordination.
Note that most samples spanning the age range of MIS4 plot in close vicinity with Lake
Tyrrell which today occurs in a semi-arid region of Victoria. B: Map of SE Australia
showing the annual rainfall isohyets taken from the Australian Bureau of Meteorology
for the period of 1961-1990. The red triangles show the position of the sites from the
SEAPD that had greatest similarity with the pollen samples from core 2607 in un-
constrained ordination analysis. The green squares represent the pollen source area for
the pollen samples from core 2607 inferred from pollen transfer functions. (refer to
Table 2 and text). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

in eNd signature to less negative values (Fig. 5G) commenced about
72.7 ka, but showed the lowest values during the 65-63.2 ka in-
terval. A return to higher values then continued until 57.3 ka
(Fig. 5G).

3.8. Trace metals analyses by XRF core scanning

There are a number of salient features recognized by XRF core
scanning, but the most important one relates to the Ti/Al (cps/cps)
ratios as an indicator of the supply of airborne material to the core
site (see De Deckker et al. (2012) and Stuut et al. (2014)). Starting at
75 ka and continuing until ~70.8 ka, a plateau is visible with ratios
ranging between 24 and 13, after which time a progressive increase
is noted until 65.3 ka with values remaining high until 60.8 ka.
Thereafter, Ti/Al values fluctuate until 59.2 ka, when Ti/Al values
retuned to those found before 71 ka (Fig. 5I). Examination of the Ti/
Al values for the entire core reveals that during most of the interval
spanning MIS4, there was a substantial amount of dust delivered to
the core site. Comparison between Fig. 5G and I clearly indicates the
lack of concordance between the fluvial discharges at sea shown by
the eNd isotopic ratios and the Ti/Al signal, thus indicating that
neither Ti nor Al were fluvially transported.

4. Discussion
4.1. MIS4 climate reconstructions across Australasia

Having examined all the proxies obtained from core MDO03-
2607, we now compare our results with MIS4 conditions reported
for the Australian mainland and further afield across the Austral-
asian region (Fig. 8).

4.1.1. Rainfall record for inland Australia

Miller and Fogel (2016) have determined that the average 3'%0
in sub-modern emu egg shells is highly correlated with the
contemporary point-potential evapotranspiration (PPET) from late
austral summer months (February and March) that directly precede
egg calcification. Miller et al. (2016) produced an extensive data set
of stable oxygen isotopic analyses for flightless emu bird egg shells
spanning the period of ~120 to 15 ka. The emu eggshell PPET data in
Fig. 8F clearly shows a significant change that commenced soon
after 69 ka and which then rapidly changed after 67 ka years,
culminating with the highest values being recorded just before 65
ka (Fig. 8F). Soon after that time, PPET values started to decrease
and reached a plateau around 60 ka.

We note also that there is a good correlation of discharges from
the River Murray to the ocean showing a Darling sub-basin signa-
ture as revealed by eNd signatures with PPET values for the Kati
Thanda-Lake Eyre basin being at their lowest. This is no surprise as
both regions are located at similar latitudes. Thus, central Australia
was wet at the peak of MIS4, viz. at 65 ka (see Fig. 9).

4.1.2. Speleothem record from Frankcombe Cave, Tasmania

In southwestern Tasmania, Goede et al. (1998, 1990) examined
in great detail a stalagmite that spans MIS4 and that was collected
from Frankcombe cave. The chronology of the speleothem is based
on four U/Th ages, and disappointingly there is no age for its top
which grew during the end of MIS4. Nevertheless, the chronology
of the stalagmite record appears satisfactory when comparing its
3180 data, translated here in temperature departing from today's
temperature in the cave (refer to calculations in Goede et al. (1998)
and Fig. 5F) and matches well with the chronology of core 2607. It is
noteworthy that from ~71.4 ka, temperature decreased rather
rapidly in the Tasmanian cave and fell by at least 3.5 °C by 68 ka;
this is matched by a SST drop of the same order recorded in core
2607. The discrepancy between the two records, however, is that
the low temperature (~4 °C) in the core around 65 ka contrasts with
arise in temperature in the cave of the order of ~2 °C. This remains
unexplained but could be the result of a combination of effects such
as the source of rainfall in Tasmania combined with cave air
temperature.

It is important to mention here that Goede et al. (1998) also
examined the Sr isotope composition of the stalagmite spanning
MIS4 and identified that the 37Sr/86Sr values departed from the
composition of the overlying limestone. These authors extrapolated
that the higher 87Sr/%6Sr component during MIS4 likely represents
input from terrestrial dust as shown by a greater input of radiogenic
Sr dust flux. This scenario is supported by our dust record from core
2607 which reveals higher Ti/Al at the peak of the cold phase of
MIS4. Unfortunately, only a few Sr isotope analyses were carried
out on the speleothem, which already show two horizons with the
highest radiogenic signals at 66.78 ka and 64.8 ka.

4.1.3. Glaciations in Australasia

The set of marine and terrestrial events observed in core 2607
between 75 and 55 ka coincides remarkably well with extensive
glaciations in the southern hemisphere. On the South Island of New
Zealand, a significant glacial advance has been identified from '°Be
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exposure dating of moraines fringing the modern Lake Pukaki
(Schaefer et al., 2015) (Fig. 1). These moraines were deposited be-
tween 69 and 61 ka, and have a mean age of 65.1 +2.7 ka (see
Fig. 8G, red dot). Two other °Be samples obtained from nearby
Lake Tekapo yielded comparable ages of 70.4 and 63.5 ka (see
Fig. 8G, red dots with no range provided). These authors concluded
from the '°Be chronology that the Balmoral moraines were
deposited during MIS4. Of importance here is that the Balmoral
moraines extended further down the valleys compared to the
younger LGM moraines.

In Papua New Guinea (PNG), a study by Barrows et al. (2001) of
the shield volcano Mount Giluwe (Fig. 1), which is located in the
country's largest glaciated area, identified four distinct glacial pe-
riods, one of which is centred ~62 ka based on 38Cl exposure dating
(Komia Glaciation). The critical discovery of this study was that the
identified moraines descended further down the slopes of Mount
Giluwe compared to the LGM Tongo moraines (Barrows et al., 2011).
Unfortunately, only four ages could be obtained for these deposits,
with two ages on a single boulder from a terminal moraine indi-
cating deposition at 64.2 + 11.8 ka. These authors (Barrows et al.,
2011) stated that the weighted mean age was 61.9 + 3.0 ka for the
Komia Glaciation (Fig. 8G, green dot).

Geomorphic mapping in the southern highlands of eastern
Australia (Snowy Mountains) (Barrows et al., 2001) (Fig. 1) has
identified a single glacial advance called the Snowy River Advance,
which took place before 59.3 + 5.4 ka based on (minimum age) °Be
exposure dating of boulders from the BL-I moraine (Fig. 7G, mauve
dot). In fact, three ages were obtained as part of this study:
56.0+5.7, 61.7+ 7.1 and 61.5+6.4 ka (Fig. 8G). The Snowy River
Advance was nevertheless more extensive than the younger
glaciation.

4.2. Global climate signals for MIS4

4.2.1. The global sea level curve

Other global signals need to be compared with the regional-
scale MIS4 reconstructions discussed above, not least because the
time period between 75 and 55 ka saw significant and rapid sea
level changes. The maximum probability relative sea level (RSL)
curve of Grant et al. (2012), plotted in Fig. 7H, shows a drop
commencing soon after 72 ka, followed by a much more rapid
decline just before 71 ka until ~70.3 ka. After that time, RSL
continued to decline at a slower rate and eventually reached a
plateau just before 68 ka. This plateau, which lasted for more than a
millennium, was followed by an additional RSL drop again to a
depth of - 98 m at 64.2 ka. Subsequently, RSL started to rise at a rate
of ~6.4cm/y. Based on Grant et al. (2012)’s data, RSL (maximum
probability) first reached a plateau slightly after 59.7 ka, and was
followed by a gentle rise at ~58.4 ka.

Overall, based on the above observations, the dramatic MIS4
period commenced ‘in full force’ when sea level registered a rapid
drop at 70.3 ka (Table 3). After the RSL low-stand at 64.8 ka, a rapid
rise is noticeable from 62.2 ka to 59.7 ka, followed by a more subtle
rise until 59 ka, which likely signified the end of MIS4.
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Fig. 9. Comparative plots of eNd data obtained from the core sediments and recon-
structed PPET from the Kati Thanda-Lake Eyre basin in central Australia. The less
negative eNd values imply discharges to the ocean of sediments from the Darling sub-
basin (Bayon et al., 2017) and the lowest PPET values imply high rainfall in central
Australia (Miller et al., 2016).

4.2.2. The speleothem record of Hulu Cave, China

The high-resolution and well-dated calcite speleothem 3'0
record from Hulu Cave (Wang et al., 2001) (Fig. 1), located close to
Nanjing (at 32°30’N), is particularly important for global compari-
sons of the 75 to 55 ka time period (speleothem MSL). The 580
record results from a combination of summer monsoon (June to
September) rains, which today contribute 80% of the annual pre-
cipitation; the rest is contributed during the winter monsoon and it
has a heavier 3'80 signal (Wang et al., 2001). For the period of in-
terest here (75-55 ka; Fig. 8I), the speleothem record displays a
lower contribution of the summer monsoon rains, implying lower
transportation of moisture and heat from north of Australia across
the Indo-Pacific Warm Pool (De Deckker, 2016).

4.2.3. The MIS4 cryosphere record

When comparing the MIS4 cryosphere record with the MD03-
2607 marine record, we focus on the detailed deuterium record
(dDjce) of the EPDC core, which has been translated into Antarctic
surface temperatures (Jouzel et al., 2007). Here, we concentrate on
the 75 to 55 ka record, which is displayed in Fig. 8D. The dDjc. re-
cord is characterised by a temperature drop and subsequent rise
occurring over the period of ~70.6 to 58.5 ka, and a temperature
shift of some 4.5 °C; this broadly coincides with the MIS4 interval
recorded in core MD03-2607.

Uemura et al. (2012) documented that, for the deuterium excess
(d), there is a clear dependency between the modern atmospheric
vapor above the Southern Ocean and the relative humidity at the
moisture source. Furthermore, a new parameter was defined by
Uemura et al. (2012) as the logarithmic definition of deuterium
excess dp, which can be used to identify changes occurring in the

Fig. 8. Selected plots of regional and global proxies related to MIS4 shown over the age interval of 55—75 ka. A: the dust flux record from the EPICA Dome C ice core (see Lambert
et al., 2008). B: combined CO, record from the Talos Dome and EPICA EDML ice cores; C: deuterium excess record from the EPICA Dome C ice core; D: temperature record from the
EPICA Dome C ice core; E: SST estimates based on alkenone thermometry; F: Point-potential evapotranspiration (PPET) in mm from the late austral summer months (February and
March) reconstructed for the Kati Thanda-Lake Eyre region of central Australia. Note the reversed axis used here for better visualisation of the results and the use of 20 point
smoothing like done in Miller et al. (2016); G: Cosmogenic exposure ages of glacial deposits in descending order for the Snowy River Advance on the Kosciuszko Massif (mauve dot,
4 ages), the Komia Glaciation on Mount Giluwe in Papua New Guinea (green dot, 4 ages) and the Balmoral moraine (8) (red dot with error bars for 39 boulder ages around Lake
Pukaki, plus 2 other ages at the nearby Lake Tekapo) on the South Island of New Zealand; H: Maximum probability of the relative sea level curve (RSL) showing also the 2 standard
error range represented by the pale blue envelope; I: the 5'30 record of a combination of several calcite speleothems from Hulu Cave near Nanjing in China which indicates a low
contribution of summer monsoon moisture during MIS4; J: the temperature record from the Greenland NGRIP ice core. The thick blue vertical bars represented the approximate
boundaries of MIS4 based on all the indicators of change presented in Table 3, using the mean age for the changes and calculated standard deviations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)



Table 3

Composite list of all the information concerning MIS4 obtained using all the proxies discussed in this paper, showing also in three separate columns (1) the start of MIS4, (2) its termination and (3) the timing of the peak of
conditions for that stage. At the bottom, the age range for those three ‘events’ are provided. The proxies are grouped for those concerning global signals, those for the Australian region, and those from outside Australia. Simple
calculations establishing the mean ages and standard deviations for those 3 steps are provided in the right hand table.

Proxi Start of Reason for start End of Reason for end MIS4 in Reason for full Number of data ~ Compilaton of global and Australasian signals
MIS4 MIS4 full swing  swing points covering ¢ ¢ Start MIS4 End of MIS4in  MIS4 in full
(ka) (ka) (ka) the 75-55 ka . . ]
interval [brackets: MiIS4 alternative MIS4 full swing swing .
the 59—71 alternative
ka interval]
Global signals
Global sea level 71.8 start of S/L drop 59 end of S/L rise 64.8 lowest sea level 156 (96) 71.8 71.8 59 64.8 64.8
Temperature EPICA 70.5 temperature starts 59.3 temperature high  ~66.2 lowest temperature 377 (214) 70.5 70.5 59.3 66.2 ~66.2
to drop again
CO, (combining 71 CO,, drop clearly set 59.2 CO,, high again ~64 lowest value 53 (33) 71 71 59.2 64 ~64
TALDICE & EDML)
CH4 EPICA 71.2 CH4 increases 59.1 CH, rapid increase ? 73 (41) 712 71.2 59.1 655 65.5
by > 40 ppbv after
low at 71.4 ka
Dust flux EPICA 70.4 dust flux startsto  58.6 low dust flux 65.5 highest dust flux 376 (214) 70.4 70.4 58.6 64.6 63.5
increase value
Deuterium dj, EDC 70.8 rapid change 59 return to value 66 lowest values 360 (212) 70.8 70.8 59 66 66
synchronous with similar to before encountered
SST drop MIS4 started
Temperature NGRIP 721 temperature about 59.6 peak of 64.6 lowest temperature 991 (653) 721 721 59.6 64.6 64.6
to drop temperature rise encountered
Australia
Benthic forams signal 70 or 72 3'80 values started 59 3'80 increased 64.6 or ~63.5 heaviest 3'%0 232 (29) 70 72 59 64.5 63.5
to become heavier again but low values recorded
resolution
Planktic forams signal ~ 70.8 380 values started 60.5 commencement of 66.8 heaviest 3'80 value 42 (29) 70.8 70.8 60.5 66.8 66.8
to become heavier lighter values, but recorded
full decrease just
after 57 ka
Sea-surface 70.6 start of SST drop 584 SST rising again 65.6 lowest SST 65 (45) 70.6 70.6 584 65.6 65.6
temperature
Leeuwin Current 72.1 LC almost absent,  59.5 LC in full operation 67.5 and 64.2 LC absent (67.5 ka) 27 (18) 72.1 721 595 67.5 64.2
but could be a bit after 58 ka, but low or near absent (64.2
earlier due to low resolution ka) but insufficient
resolution sampling samples
Subpolar Front close to 70.3 SPF foram % starts  59.5 SPF foram % starts ~68.7 highest SPF foram % 26 (17) 70.3 70.3 59.5 68.7 68.7
core site to increase to decrease but SPF
taxa almost absent
at 57.3 ka
Pollen spectra 723 drop of trees & 58.3 increase of trees & 65 20 (18) 723 723 583 65 65
shrubs pollen % shrubs pollen %
Dust Ti/Al 70.8 signal starts to 59.2 Ti/Al values back to 65.2 peak of dust 240 (156) 70.8 70.8 59.2 65.2 65.2
increase pre-MIS4 values deposition
eNd river discharge ~72.7 or 68.6 Darling sub-basin  57.35 Darling sub-basin  63.5 61 (50) 72.7 68.6 57.35 63.5 63.5
signature signature
noticeable disappears, with
change starting at
~59 ka
PPET central Australia 71 wetness starts to 60 or 58.7  back to dry 65.2 maximum wetness 151 (89) 71 71 60 65.2 65.2
increase conditions reached

(continued on next page)
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Table 3 (continued )

Compilaton of global and Australasian signals

Number of data

Reason for full

MIS4 in
swing

Reason for end

End of
MIS4
(ka)

Reason for start

Start of
MIS4
(ka)

Proxi

points covering
the 75-55 ka

full swing

(ka)

MiIS4 in full

full swing swing

Start MIS4 End of MIS4 in

alternative MIS4

Start

MIS4

interval [brackets:

the 59-71

alternative

ka interval]

Outside Australia

704

70.4

peak of glaciation, 39 + 3 +2

but 2 dates for

65.1 + 2.7

2704 one date for

New Zealand glaciers

Balmoral moraine

Balmoral moraines

at 70.4 ka and 63.5

ka

70.1 59.8

70.1

145 (60)

shift in

59.8-58.6

start of

70.1

Hulu Cave China

precipitation

precipitation
change

Additional data on glaciations

Kosciuszko Massif,
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SUMMARY

4(4)

?59.3 + 54 only 1 date

Australia
Mt Giluwe, PNG

MiIS4 in full

full swing swing

Start MIS4 Start MIS4 End of MIS4 in

4(4)

619 + 3.0 4 dates (2 on single

alternative MIS4

boulder; see text)

alternative

65.2
14
16

Mean

65.5
13
16

59.1
0.7

70.9
0.9
18

71.1
0.8
18

St. Dev.

Number

17

oceanic moisture-source areas through time when examining the
di, of ice cores. Assuming a fixed location of the moisture source, a
higher dj, value would suggest lower humidity and/or higher SSTs
over the oceanic moisture source, and vice versa. Considering
changes in the spatial distribution of moisture sources, higher dj,
values can be interpreted as a larger equatorward shift (i.e., higher
SST and lower humidity) of the mean moisture source for Antarctic
precipitation (Markle et al., 2016). We have applied this concept
with results shown in Fig. 8C and compared the EPICA dome C
d data (Stenni et al., 2010) against our SST record for core MDO03-
2607 (Fig. 8E) which shows much greater variations and ampli-
tudes than previously postulated (Markle et al., 2016; Bereiter et al.,
2012) from sediment cores for the Southern Hemisphere. Our plot
of SST versus d, for the MD03-2607 core record (Fig. 10) for which
we used the revised Antarctic ice core chronology (AICC2012) of
Veres et al. (2013) and this shows several notable features: (1) for
the period preceding the onset of MIS4, SSTs were high (~17 °C)
and, despite significant fluctuations in dj,, indicated lower hu-
midity in atmospheric vapor-source oceans; (2) as soon as SST
dropped dramatically, dj, values decreased (Fig. 10) and remained
low with some fluctuations, until they eventually started to rise
after 63 ka; (3) the rapid rise in SST only started just before 61 ka
and continued until the end of MIS4.

The CO, record from Antarctic ice cores presented in Fig. 7B
shows a gradual reduction after 72 ka, followed by a major drop
from 71 ka onwards. The drop continued steadily until 68 ka and
then fluctuated until 63.9 ka, before progressively rising until 59.2
ka. After that time, CO; values dropped again. The difference in CO,
values between 71 ka and 64 ka is close to 26 ppmv, but it is
interesting to note that the lowest CO, value around 64 ka —
depending on the record consulted (see supplementary data in
Bereiter et al., 2012) — of ~197 ppmwv is only slightly higher than for
the LGM. During that latter period, CO, fluctuated between 184 and
192 ppmv; this would suggest that such low CO; values were
typically related to full glacial conditions.

Lambert et al. (2008) provide a high-resolution dust flux record
for the EPICA core (Fig. 8A), which, for the interval of interest here,
clearly mirrors the temperature curve from the same core (Fig. 8D).
The highest flux coincides with the lowest temperature trends
recorded in core MD03-2607, as shown in Fig. 8E.

In the Northern Hemisphere, the temperature record obtained
for the North Greenland Ice Core Project (NGRIP) (Kindler et al.,
2014) is presented in Fig. 8] and shows a number of noteworthy
features. After Greenland Interstadial 19 (GI19) peaked just before

d |y per mil
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e UK'37 Temperature °C
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Fig. 10. Plot of the high-resolution of logarithmic definition of deuterium excess dj,
(sensu Uemura et al., 2012) at EPICA Dome C compared with the low-resolution sea-
surface temperature data for core MD03-2607 versus time for the 75 to 55 ka period.
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72 ka, a two-stage drop of temperature occurred, and by 69.8 ka
temperatures had dropped by 14 °C. It is during this time period
that sea level also dropped significantly (Fig. 8H). Temperatures
further dropped in Greenland soon after 65 ka, but then rose
rapidly by 13.5 °C within 1 ka (= GI18, and corresponding warming
event is also seen at EDC (Fig. 8D)), which is likely controlled by the
bipolar see-saw mechanism (WAIS Divide Project Members, 2015).
Soon after the termination of GI18, cold temperatures resumed and
it is not until 59.6 ka (GI17) that temperatures had risen again
(Fig. 8]). The global sea level rise, however, had commenced much
earlier ~62 ka. It is interesting to note that the lowest NGRIP tem-
perature was reached at 64.5 ka, a little after the maximum cold
event in the Southern Hemisphere (see SST in Fig. 8E, peak glaci-
ation in New Zealand in Fig. 8G and dust flux peak in Fig. 8A).
Already, during Greenland cold stadials (WAIS Divide Project
Members, 2015), a southward shift of the marine Intertropical
Convergence Zone in the northern hemisphere had occurred. This
shift is likely to have extended into the tropical region south of the
equator, and therefore would have brought enhanced moisture to
the region during MIS4 (Chiang et al., 2005). This would, in turn,
have generated the supply of moisture that allowed MIS4 glaciers in
Australasia discussed here to be more extensive than at the LGM.

4.2.4. Glaciations elsewhere in the southern hemisphere

For the Southern Hemisphere, there is potential evidence of a
MIS4 glaciation in Ecuadoran Andes, as mentioned in Clapperton
(1990), and the Venezuelan Andes (Kalm and Mahaney, 2011). In
New Zealand, prior to the significant work of Schaefer et al., 2015),
an Early Otira Glaciation on the west coast of the South Island that
extended further down the valleys than during MIS2 had already
been identified by McCarthy et al. (2008).

4.3. Other palaeoceanographic records from the southern
hemisphere

4.3.1. Sea ice extent in the southern hemisphere

Gersonde and Zielinski (2000) examined the extent of sea ice
adjacent to the Antarctic Peninsula and extending further east us-
ing a N—S transect of deep-sea cores in the eastern Atlantic and
western Indian Ocean sectors. These authors (Gersonde and
Zielinski, 2000) used the >3% abundance of siliceous diatoms
(Fragilariopsis curta and F. cylindrus) as sea-ice indicators in sedi-
ments, in addition to the presence of the diatom Fragilariopsis
obliquecostata which is indicative of year-round sea ice influence
(sensu Gersonde and Zielinski, 2000). Their study showed that
areas of the Antarctic zone that are seasonally covered by sea ice
today (3 cores spanning 55°27’'S to 53° 58'S), as well the sea ice free
Antarctic and Polar Front zones (also today, 52°55'S to 49°S), were,
during MIS 4 and 2, predominantly covered by sea ice and
seasonally covered by sea-ice, respectively (see Fig. 12 in Gersonde
and Zielinski, 2000). In addition, it appears that the percentages of
these diatoms were nearly always higher during MIS4 compared to
MIS2, thus indicating more extensive sea ice during MIS4. Unfor-
tunately, it was not possible to establish a stable isotope chronology
for the cores, hence other methods were used (Gersonde and
Zielinski, 2000) and the timing of individual events could not be
adequately resolved.

Crosta et al. (2004) studied the diatom content of core SO136-
111 located just below the Maximum Winter Sea Ice edge for the
Late Holocene (56°40'S, 160°14’E at a water depth of 3912 m). They
estimated that sea ice durations during MIS 4 ranged between 1.5
and 0.5 month per year, whereas later they reached up to 2 months
per year from 30 ka until the peak of MIS2 at 20 ka. Re-examination
of the data for this core by Ferry et al., (2015) concluded that no
summer sea ice reached the core site over the last 220 ka, thus

reinforcing Crosta et al.’s (2004) finding.

4.3.2. Oceanic changes in the Pacific and Atlantic Oceans

Kaiser et al. (2005) examined ODP core 1233 taken in the
southeast Pacific Ocean offshore southern Chile at 41°S which is
located below the northbound Peru-Chile Current that originates
from Antarctic Circumpolar Current. These authors provide a high-
resolution SST data set based on alkenone palaeothermometry for
the period 69.2 ka until almost the present. The chronology of the
core is radiocarbon-dated back to 40.02 cal yBP, with one additional
horizon dated by the palaeomagnetic Laschamp Event at 41 Kka.
There are 6 additional tie points going back to 69.21 ka which
represent SST points tuned to the 5'80 curve from the Byrd polar ice
core of Blunier and Brook (2001). The SST data from core 1233 are
plotted in Fig. 11E and a question mark is shown to convey the
suggestion that perhaps the age correlation with the Byrd ice core
ought to be revised for the lower part of the record, simply because
the SST curve for core 1233 is very similar to the one from core 2607
(Fig. 11D) except for the older portion of the southern Pacific Ocean
core. Comparison with the ice core temperature data shown in
Fig. 11F gives added confidence to the suggestion that the chro-
nology for core 1233 ought to be revisited. Nevertheless, we note
that the amplitude of temperature change in both marine cores is of
the same order between the start of MIS 4 and the coolest period of
MIS4 reaching a bit more than 5°C and this applies, which is
comparable to that seen for the EDC ice core (Fig. 11F).

On the other side of the globe in the southeastern Atlantic
Ocean, core TNO57-21 (located at 41.1°S) was examined by Barker
and Diz (2014) who sampled the core every 2 cm. The chronology
of the core for the MIS4 period relies on 4 control points linked to
Dansgaard-Oeschger events (in each case, the start of D-O 19, 19a,
18 and 17). For this core, Barker and Diz (2014) looked at the per-
centages of key planktonic foraminifera taxa with the ratios of
some helping identifying the position of the Polar Front (deter-
mined by the combination of the polar species Neogloboquadrina
pachyderma (sin) and Turborotalita quinqueloba) with respect to the
core site. At the onset of MIS4, an abrupt cooling caused by a sig-
nificant increase in polar species (Fig. 11A) was noted. Barker and
Diz (2014) also commented on the fact that the early stage of
MIS4 may have been colder than during MIS2. These authors also
noted that mountain glaciers extended further down valley during
MIS4 than MIS2 as documented by Denton et al. (1999). This is
reiterated by Kaiser et al. (2005) for their findings offshore southern
Chile (see discussion above). The timing of the return of the Polar
Front in the SE Atlantic seems to have been accomplished earlier
than for the frontal shifts south of Australia (Fig. 11A), but this may
reflect an insufficiently controlled age model in core TNO57-21. In
addition, comparison of the data concerning the position of the
fronts recorded in 2607 (Fig. 11B) with that found in the SE Atlantic
(Fig. 11A) reveals a similarities in the nature and timing of both data
sets.

4.4. Continental environmental conditions in the northern
hemisphere

Although it can be difficult to precisely date lacustrine cores and
continental sedimentary archives beyond the radiocarbon time-
scale, there is now ample chronological information about MIS4
environmental changes across multiple continents. Palae-
oecological reconstructions for central and northern Europe show
the prevalence of dry lakes and a clear shift towards glacial con-
ditions during MIS4 (refer to Fig. 8 in Helmens, 2014). Steppe and
arid conditions prevailed for the entire MIS4 period at La Grande
Pile in the Vosges, France (Woillard, 1978) and these changes were
paralleled by a distinct minimum in mean annual temperatures
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Fig. 11. Selected plots for proxies obtained for various cores and for comparison with core 2607. A: percentage of polar species recorded in the SE Atlantic TNO57-21 core showing
that, when % were high, the polar front was close to the core site; B: percentages of the combination of the subpolar indicator species N. pachyderma sin. and T. quinqueloba (note the
vertical axis is reversed to aid visualisation against other proxies) in core 2607; C: percentages of G. ruber which is an indicator of the presence of the Leeuwin Current above the
2607 core site; D: SST estimates based on alkenone thermometry from core 2607; E: SST estimates based on alkenone thermometry for SE Pacific Ocean core ODP1233. The question
mark points to our suggestion that the chronology of this core ought to be queried (see text for more information); F: temperature record from the EPICA Dome C ice core.

(Guiot et al., 1993). In southern Europe, the fen-peat site of Tenaghi
Philippon in the intramontane Drama Basin of Eastern Macedonia,
Greece, displayed a dominance of steppe herbal taxa after MIS5.
The MIS4 percentages of herbal taxa at this site were slightly higher
than during MIS2 (Stockhecke et al., 2016), but the total tree per-
centages were as low as during MIS2, indicating severe arid con-
ditions during MIS4. Further to the southeast, at Lake Van in Turkey
(Stockhecke et al., 2016), lake levels were very low during MIS4 due
to significantly reduced summer and winter precipitation engen-
dered by a broad atmospheric low that extended from NE Africa to
the NE of the Caspian Sea (Fig. 10C in Stockhecke et al., 2016).

4.5. Continental environmental conditions in central Africa

In central Africa, recent evidence has shown a dramatic shift to
arid conditions during MIS4, as interpreted from the dDyax-iv (%o) of
leaf waxes that had been transported by wind to a deep-sea core
site in the Gulf of Aden (Tierney et al., 2017). By converting this ratio
to the dDy (Collins et al., 2013), we can identify a significant shift in
C3/C4 plant composition and the presence of a broad spectrum of
herbs during MIS4. These ecological changes imply a significant
major arid phase north of the African equator, which would have
posed a significant challenge for human populations living in Africa
(see discussion below in section 6).
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4.6. Evidence for glaciation in the northern hemisphere

4.6.1. The Greenland ice core record

For the period spanning 75 to 55 ka, we have plotted the 380
record of the two Greenland GRIP ice cores (Kindler et al., 2014)
(Fig. 8], note vertical axis is reversed, which is a proxy for tem-
perature). It is clear that the bipolar see-saw (Blunier and Brook,
2001) did operate between the two hemispheres for both the
start and end of MIS4. For example, for the period of ~72 to 70 Kka,
extremely cold temperatures were registered in Greenland
whereas the opposite was registered at EPDC (Fig. 8D; (Jouzel et al.,
2007)). We note however, that this is when sea level started to drop
(Fig. 8H) and when Hulu Cave in China recorded dry conditions
(Fig. 8I). Very soon after 70 ka, a significant temperature shift to-
wards very warm conditions occurred in Greenland, matched by
wet conditions for a short while at Hulu Cave; both these trends are
opposite to those seen in the SST record of our core (Fig. 8E) and to
the glacial conditions evident in New Zealand at Lake Tekapo
(Balmoral moraine, Fig. 8G, red dot).

Towards the end of MIS4, when conditions improved in the
Southern Hemisphere (Fig. 8E for SST, 8D for Antarctic tempera-
ture), the GRIP ice cores record show a slight warming after 59.5 ka.
However, this amelioration did not last long and cold temperatures
returned by 58 ka.

4.6.2. Glaciations in the northern hemisphere

For the Northern Hemisphere, Lambeck et al. (2010) summa-
rized the extent of maximum glaciation in Scandinavia, when ice
coverage peaked at ~ 64 ka with the Karmgy glaciation in Norway,
the Ristinge and Old Baltic Ice Advance of Denmark, the Goteborg I
in Sweden and the Vuoddasjarvi in Finland. Further, it was pointed
out that the glaciation spanning MIS4/3 (~60-55 ka) extended over
all of southern Norway (Mangerud et al., 2011), with the adjacent
shelves also being ice covered. However, their map of maximum
glaciation extent (Fig. 22.5 in Mangerud et al., 2011) indicates that
the LGM glaciation (28-20 ka) was slightly more extensive than
during MIS4/3. In the North Sea Basin, Graham et al. (2011) dis-
cussed what they refer to as the ‘Early Weichselian Glaciation’ for
the Norwegian Channel and Atlantic margin and from the northern
North Sea area. They report that these regions saw extensive
grounded MIS4 ice sheets, and implied significant ice cover in the
North Sea area. Unfortunately, they did not compare the extent of
the MIS4 and LGM ice sheet extents in this region. In addition, there
is evidence that, during the ~65—60 ka period, the Scandinavian
and British Ice Sheets merged during the Sundsgre ice advance
from the north into Denmark and the North Sea (Larsen et al.,
2009). In Japan, in the Hidaka Mountains of Hokkaido Island,
(Sawagaki and Aoki (2011) identified a ‘maximum glacial extension
... that occurred before the LGM and probably during MIS4". These
authors also briefly point out more extensive glaciation during
MIS4 compared to MIS2 in Taiwan. It is necessary to point out that
all of these references to MIS4 glaciations have relied on poor
chronological control, although they have been able to show that
the glacial features of interest are much older than those generated
during the LGM.

4.7. The effect of solar insolation during MIS4

Examination of the insolation data provided by Berger and
Loutre (1991) for two selected latitudes (65°N and 15°N) and for
the mid-month of July clearly identifies that, at 70 ka, insolation
had reached a minimum value of 407 Watt/m? at 65°N and of 434
Watt/m? at 15°N, and that values close to these minima were sus-
tained for at least 2 millennia either side of 70 ka (Fig. 12). It is no
surprise therefore to see that the start of MIS4 coincides with this

period assuming a substantial glacial advance in at least the
Northern Hemisphere, which, as a consequence, would have
engendered a significant sea level drop (Fig. 8H). Nevertheless, it is
important to note that RSL (Grant et al., 2012) had started to recede
just after 71.8 ka. Based on insolation data for the Northern
Hemisphere - assuming that the ice sheets there had the greatest
influence on sea level changes - the termination of MIS 4 is seen at
59 ka, but the return to higher insolation values reached a plateau
around 57-55 ka at 65°N. Global sea level had already become
shallower well before that period, and were close to 66 m at ~58.5
ka (Fig. 8H).

5. Towards a better definition of MIS4 in the Australasian
region

Examination of all the proxies from core 2607 clearly indicates
that significant changes occurred in a series of steps in the
Australian region during MIS4. These consist of?:

1. The early record:

a. Soon after 72 ka, the Leeuwin Current (LC) began losing in-
fluence over the core site (Fig. 5D) and this is paralleled by a
shift in oceanic fronts, as indicated by an increase in the
percentage of foraminifer indicator species for the Subpolar
Front at the core site (Fig. 5C);

b. There is a rapid shift towards heavier 3'0 benthic isotope
values soon after 72 ka (Fig. 5A) as a result of a global sea level
drop, which in turn coincides with a rapid drop in SST
(Fig. 8E). At the same time (although sample resolution is
low), there is significant vegetation change in southeastern
Australia, with the % of trees and shrubs starting to drop
(Fig. 5H) and the % of herbs increasing; arid conditions have
begun on land at the time when sea temperatures drop, and
the dust signal increases in the core record (Fig. 5I).

c. During MIS4, a very large temperature drop (~5°C) was
registered in core 2607 as well as in Frankcombe Cave in
Tasmania, although the maximum temperature drop found in
both records did not coincide. A similar temperature drop
with the same amplitude was registered in the southeastern
portion of the Pacific Ocean in ODP core 1233. Equally, cold
(polar) oceanic fronts shifted northward offshore South
Australia and in the southeastern Atlantic Ocean.
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Fig. 12. Plot of the mid-month insolation data in Watt/m? obtained from Berger and
Loutre (1991) spanning the period of 0—140 ka, for July for 65°N and 15°S. The orig-
inal insolation values are in langleys/day (cal/cm?/day), multiplied by 0.4843 to
convert to Watts/m?.
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d. The eNd record indicates that the Murray-Darling system
(Fig. 5G) was still receiving water in its northern sector, as the
sediment delivered to sea at the core site bears a Darling sub-
basin signature; this is confirmed by a temporary increase in
the point-potential evapotranspiration (PPET) from the late
austral summer months (February and March) for the Kati
Thanda-Lake Eyre region of central Australia (Figs. 8F and 9).

2. The culmination of changes at sea and on land occurred around

65.5 ka, ignoring the evidence of the Subpolar Front indicator

species (Fig. 5C), which show a slightly earlier peak shift (~67.5

ka). At that time, SST were at their lowest, the LC was absent,
trees and shrub vegetation cover was much reduced, and the
delivery of airborne dust at sea was at its maximum. Never-
theless, in central Australia, the PPET late austral summer
moisture had peaked (Fig. 8F) and this is paralleled with a very
high discharge of Sub-Darling basin fluvial sediments (Fig. 5G).

3. By 59 ka conditions progressively returned to those seen before
the sea level and SST drop. We nevertheless observe continued
improvement in a range of conditions both at sea and on land
continued after 59 ka.

Finally, comparison of G. ruber % with the SST data obtained
from alkenone thermometry from core 2607 (Fig. 5D—E) informs us
that a very rapid and significant SST drop after 70.5 ka may have
coincided with the sudden disappearance of the Leeuwin Current
(LC). This would have implied the presence of westerly winds close
to the Australian mainland after 70.6 ka (as envisaged by De
Deckker et al. (2012) for the LGM when the LC could not circum-
navigate the southern tip of Western Australia), causing dry con-
ditions in the southern part of the Australian continent. This
condition was maintained until slightly before 62 ka, once SST
began to rise.

The OSL dating study in the Strzelecki and Tirari Deserts of
central Australia (Fitzsimmons et al., 2007a,b) indicated that there
were distinct periods of enhanced aeolian activity between 73 and
66 ka. It is clear that a dramatic change of conditions occurred after
this time period with a marked wetting of central Australia, as
discussed in the following section.

We note that the evidence for a large amount of moisture in
central Australia (Miller et al., 2016) is supported by the high lake
levels of Kati-Thanda-Lake Eyre (IMagee et al., 2004) with a pooled
mean age of at 64.3 + 2.5 ka (Phase IIl has 6 OSL ages pertaining to a
lake level of —3 m above the Australian Height datum, compared
with today's dry lake floor being at —15m AHD). Later on, Cohen et
al. (2015) who used single grains for OSL dating determined that
both Lakes Frome & Kati Thanda Eyre registered highstands be-
tween 66+3 (L. Frome) and 60+2ka (Kati Thanda-Lake Eyre), which
adds further precision to Magee et al. (2004)’s findings. Not only
would this monsoon moisture have fed the central Australian re-
gion, but it would have extended as far as the highlands of SE
Australia to fed the small glacier on the Kosciuszko Massif, and also
the Pukaki Glacier on the South Island of New Zealand. On its way
to the southern latitudes, this moisture would have also fed the
Komia glacier of Mount Kiluwe in Papua New Guinea.

Three of the proxies obtained from Antarctic ice cores, namely
temperature (Fig. 8D; Jouzel et al., 2007), CO, (Fig. 8B (Bereiter
et al,, 2012) and deuterium excess — translated here into dj, (see
Uemura et al., 2012) - (Fig. 8C) and dust flux (Fig. 8A; Lambert et al.,
2008) clearly indicate a dramatic change of conditions occurred
around 71 ka, and returned to ‘normality’ around 59 ka. MIS4 was a
significant period with CO, levels almost as low as during the LGM.
The dust record (Lambert et al., 2008, 2015) implies a ‘dusty world’,
at least in the Southern Hemisphere. The change in deuterium
excess djy indicates higher moisture supply to Antarctica, and is
confirmed by a parallel change in SST offshore from southern

Australia (Fig. 8E), as well as a change in Australian dust supply to
the ocean (Fig. 5I).

However, contrary to all the other proxies in Antarctica cores
and those obtained from the 2607 core, sea level rise commenced
much earlier at the end of MIS4, starting at ~62 ka and eventually
reaching sustained higher levels by 58.2 ka. The early sea level rise
implies a change in the Northern Hemisphere, and the likely
explanation is the advent of meltwater from decaying northern ice
sheets that engendered Heinrich Stadial 6 (HS-6) (for further de-
tails refer to Schaefer et al. (2015). It was previously demonstrated
that Heinrich stadials coincide with the strength of the Leeuwin
Current (De Deckker et al., 2012) which can reach the southern
coast of Australia, and that this is facilitated by relaxation of the
southern hemisphere westerlies. This typifies the ‘bipolar see saw’
discussed in De Deckker et al. (2012), which is clearly visible when
comparing the Greenland ice core record (8'®0 as a proxy for
temperature) displayed in Fig. 8].

6. Implications for human dispersal

It has previously been suggested that orbitally-forced climatic
shifts would have been the drivers of ‘Out of Africa’ Homo sapiens
migration (Miiller et al., 2011; Timmermann and Friedrich, 2016).
Tierney et al. (2017) concluded that the rapid deterioration in
climate conditions during MIS4 would have acted as a major ‘push’
factor in the migration of human populations out of Africa towards
Eurasia. Conditions in northern Europe at this time would have
been very dry and cold. However, human migration eastwards
through Eurasia would have been favoured by global low sea-levels
that coincided with MIS4 climatic shifts. The recent discovery that
humans had colonized northern Australia by 65 ka ago (Clarkson
et al, 2017; see related discussions in Dortch and Malaspinas,
2017; Veth, 2017; Hiscock, 2017; Wood, 2017; Clarkson et al.,
2018; O’Connell et al., 2018) reinforces the significance of MIS4
orbital pacing on the ‘Great Arc’ of modern human dispersal (Fig. 1A
in Bae et al., 2017). Humans would have reached Australia at a time
of lower sea level and when the region was experiencing cooler and
wetter conditions in the northern part of the continent. The latter is
borne out by the oxygen-isotope egg shell evidence for a very wet
central Australia (Miller et al., 2016), which we interpret as
resulting from a southern shift of the ITCZ peaking at 65 ka. The
human populations that first reached Australia would have
commenced their migration when arid conditions prevailed in Af-
rica. Our marine core record and synthesis of Australasian climate
archives suggests humans would have been met with suitable
conditions for settlement in northern Australia during MIS4. This is
a time when sea levels had dropped by 100m and northern
Australia would have been wet. Bird et al. (2018) have recently
argued that when low sea levels would have revealed a series of
islands (now submerged) and would have favoured access to peo-
ple traversing the Timor Sea and likely originating from the Islands
of Roti and Timor in southern Wallacea. Norman et al. (2018) have
also modelled the possible pathways of human early colonisation
into northwest Australia 70-60 ka and this was followed by Bird
et al. (2018) who modelled people's movement during a 75 m sea
level drop. We argue here that a 100 m sea level drop was even
more propitious for human sea faring and migration at 65 ka.
Monsoonal activity was weaker as recorded by van der Kaars et al.
(2010) during MIS4 in a core located offshore SW Sumatra, but
northern Australia would have still been very wet according to the
dataset of Miller et al. (2016) which argued for a wet Lake Eyre
Basin that is fed waters arising from the north.
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7. Conclusion

The period spanning 75 to 55 ka is characterised by dramatic
environmental change in the Southern Hemisphere, as evident
from the multi-proxy record of marine core MD03-2607 and an
array of Australasian palaeoclimate archives spanning the ocean,
land, cryosphere and atmosphere. In particular, there was a rapid
and steep global sea-level drop at ~71 ka, which is also seen in the
benthic foraminifera record. MIS4 had commenced by this time
period, and changes in SL were paralleled by a rapid and significant
sea-surface temperature drop. The warm Leeuwin Current had
vanished along the southern coast of Australia, and the westerlies
belt would have come closer to the continent as well as to the
subpolar front. Pollen spectra from our marine core also show that
the vegetation cover in (southern) Australia adjusted towards more
semi-arid conditions. Peaking around 65 ka, sea level had dropped
by close to 100 m globally, glacial conditions prevailed, and several
regional glaciers were more extensive than during the LGM. Ex-
amples of the latter can be seen on the South Island of New Zealand,
in Papua New Guinea and in the Snowy Mountains of SE Australia.
Such significant advances require an explanation: was it much
colder or wetter, or both, at the time of MIS4 to justify more
extensive glaciers during MIS4? It appears that a larger supply of
moisture may have fed the glaciated regions since we now know
that central Australia received a significant amount of moisture in
late summer/autumn, as evidenced by the 5'80 record at Hulu Cave
in China (Wang et al., 2001) (Fig. 8I). This implies that the Inter-
tropical Convergence Zone during MIS4 would have extended
further south over Australia, and this southward shift may have
peaked around 65 ka when the Kati Thanda-Lake Eyre region
(Fig. 1) was much wetter (Miller et al., 2016).

A compilation of all the ages for the boundaries and peak con-
ditions of MIS4 across the Australasian region and elsewhere is
presented in Table 3. Using these chronologies, we define the
regional start and end ages of MIS4 as 71 + 0.8 ka and 59 + 0.7 ka,
respectively, with peak condition occurring around 65.5+ 1.3 or
65.2 + 1.4 ka (Table 3, wirh the summary section at the bottom right
hand corner).

From our synthesis, it is clear that MIS4 was a significant glacial
period that affected the Southern Hemisphere. Similar detailed and
well-dated, regional-scale analyses are required for the Northern
Hemisphere, but there is significant evidence to suggest that this
glacial period, long ignored, ought to be further investigated
globally using new state-of-the art dating techniques.

This period, which lasted for 11 millennia (Table 3), would have
acted as a significant ‘push’ and ‘pull’ catalyst for modern human
dispersal out of Africa and across Eurasia, and would have ensured
suitable conditions for the human colonisation of northern
Australia ~65 ka.
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