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a b s t r a c t

The bathyal Ocean Drilling Program Site 765 at 5725 mwater depth, offshore northwest Australia at 16�S
is directly under the influence of the Australian monsoon during the Austral summer and is the recipient
of continental dust during the Austral winter. It is downstream of the Indonesian Throughflow, which is a
major arm of the global thermohaline circulation. As such it is ideally situated to record the climate and
oceanic consequences of Quaternary climate variability. Despite being over 400 km from northwest
Australia, palynomorphs (pollen and spores) are relatively common in this section, sourced via aeolian
(during the dry winter) and benthic transportation processes and sediment plumes (during the summer
monsoon). Detailed palynological analyses of this flora in the upper part of this core reveals intermittent
snap shots of environmental and climate change over the last 300 kyrs. Interglacial stages are interpreted
to be characterised by palynomorph-rich turbidite and calcareous ooze deposition whereas
palynomorph-poor slowly accumulating siliceous oozes (deposited below the Calcium Carbonate
Compensation Depth) are present during glacials. The dominance of Poaceae sourced from the Australian
mainland in interglacial periods suggests that vegetation during these periods was similar to today.
Interglacial palynofloral assemblages suggest a more intense wet season (Australian monsoon) with
higher rainfall that allowed more active erosion and deposition onto the shelf. The presence of Indo-
nesian sourced pollen and fern spore taxa, as well as warmwater dinoflagellate species suggest enhanced
Leeuwin Current and monsoonal intensity during interglacials times. The youngest part of the core is
dominated by siliceous ooze, likely deposited during the Last Glacial Maximum and the early Holocene.
The lack of calcareous ooze near the top of the core is likely caused by Holocene to Recent erosive
processes or core disturbance. The presence of common charcoal in all samples over the last 300 kyrs
shows that fire was a constant feature of the landscape in northwest Australia prior to human occupation
of the region 65,000 years ago.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ocean Drilling Program (ODP) Site 765 (15�58.540S, 117�34.490E)
was cored off northwestern Australia (Fig. 1) on the southern Argo
Abyssal Plain at a water depth of 5725 m below the Calcium Car-
bonate Compensation Depth (Ludden et al., 1990). The Argo Abyssal
Plain is north of the Exmouth Plateau and is bounded on the north
by the Java-Timor Trench of the Banda-Sunda Arc. The uppermost
sediment in the core are Quaternary to middle Miocene calcareous,
siliciclastic turbidites and radiolarian oozes that Ludden et al.
er).

r Ltd. This is an open access article
(1990) and Gradstein et al. (1992) interpret to have been derived
from submarine canyons that incised the northwestern margin of
the Australian shelf. In particular, ODP Site 765 is immediately
downslope of the Swan Canyon (Fig. 1c) and this submarine canyon
is thought to be the transportation pathway for sediment from the
monsoonal influenced North West Shelf of Australia onto the Argo
Abyssal Plain (Simmons, 1992; McMinn and Martin, 1992, 1994).
McMinn and Martin (1994: p.95) suggest that while the sediment
at Site 765 may lack the high resolution of undisturbed deep-sea
strata they yield “little evidence of large-scale reworking beyond
the age of the previously deposited turbidite”. Therefore, these
authors interpret the mixed pollen assemblages at ODP Site 765 to
preserve a “complete time interval between successive turbidity
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Atmospheric circulation for (a) July and (b) January (Gentilli, 1972) with the mean monsoon shear line (McBride, 1986) and Inter Tropical Convergence Zone (ICTZ). Base map
adapted from General Bathymetric Chart of the Oceans (GEBCO) www.gebco.net with bathymetric contour intervals indicated. The yellow star is the location of ODP Site 765. The
dune field map and dust path are adapted from Hesse et al. (2004). The annular spatial variation in the Subtropical high-pressure Ridge (STR) is from Timbal and Drosdowsky (2013).
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current flows” (McMinn and Martin, 1994, p.96). Low resolution
palynological analyses on the youngest part of ODP Site 765 by
McMinn and Martin (1992) outlined late Cenozoic palynomorph
distribution and McMinn (1992) described Neogene dinoflagellate
assemblages. However, the samples analysed in these two studies
arewidely spaced (44 samples covering 15million years) and based
on bulk samples (20 cm3), their purpose was to primarily to
constrain the age of the strata with limited environmental inter-
pretation. Other late Pleistocene to Recent palynological records in
the region use marine surface sediments (van der Kaars and De
Deckker, 2002, 2003) and deep-sea cores (Kershaw et al., 2003;
van der Kaars et al. 2000, 2006; Wang et al., 1999) to interpret
regional palaeoclimate. Hessler et al. (2013) used the present dis-
tribution of dinoflagellates as a proxy for ocean currents and water
condition offshore north-west and west Australia using marine sea
surface samples.

Northern Australia currently experiences a mild dry winter with
moderate strength south-easterly trade winds (Fig. 1a) delivering
continental aeolian dust to the region near ODP Site 765 (Hesse
et al., 2004; Christensen et al., 2017). Moisture is generated dur-
ing the summer monsoon (Fig. 1b) with these rains penetrating at
least to 22�S (the monsoon shear line; McBride, 1986) and
frequently further south (Suppiah, 1992). The present-day vegeta-
tion of the northern coastal regions of Western Australia is divided
into a number of broad zones based on rainfall regime (Fig. 1f). The
northernmost coastline is monsoon influenced and receives a
summer rainfall of >900mm (van der Kaars and De Deckker, 2003).
The vegetation of the northern Kimberley region consists of
monsoon rainforest, hummock grass (including spinifex) and
Eucalyptus with Melaleuca paperbarks and pandanus along
drainage lines. Inland from this region in the central Kimberley a
hummock and ribbon grass understorey occur with pandanus,
scattered trees and savannah. Moving south into Dampierland
(Fig. 1f) Melaleuca grows along the coast with hummock grass and
spinifex (Triodia) forming the understorey under scattered trees
that increase in the riparian vegetation. The open woodland/
savannah of the Pilbara consists of grasses (spinifex Triodia) with
Acacia and Eucalyptus. Moving inland into the arid zone of the Great
Sandy Desert (Fig. 1a), a tree savannah of open spaced hummock
grasses, Acacia, Casuarinaceae and Melaleuca gives way to shrub
steppe (Department of the Environment and Water Resources,
2007). Overall the vegetation that contributes to the pollen and
spore flora at ODP Site 765 is likely sourced from the monsoon-
influenced areas of northwest of Australia (Fig. 1b and c), where
primarily eucalypts form open woodlands over grassy understorey,
and themore open shrub land towards the south and inland, where
Acacia increases. During the monsoon season spores/pollen are
transported to the edge of the continental shelf (up to 400 km from
shore) in cyclone related sediment plumes that originate from river
outflow, likely from the De Grey River (Fig. 1c and d). It is not likely
that this source is the Fitzroy River (Fig. 1c and d) as the sediment
input to the shelf area is much further north. These sediments
accumulate in the head of the Swan Canyon where slope processes
transport them to the abyssal plain at ODP Site 765 (Simmons,
1992). Conversely, during the dry season, aeolian sourced pollen,
spores and dust from northwest Australia (Fig. 1a) reaches ODP Site
765 (cf. Hesse et al., 2004).

The Northwest margin of Australia is strongly influenced by
shallow (50e300 m) currents that originate in the West Pacific
(c) Inset (red square) closeup of the bathymetry of Site 765 showing the position of the Swa
plume from the mouth of the De Grey River that reached the Swan Canyon on the March 17, 2
accessed August 3, 2020). (e) The oceanographic setting is based on Gallagher et al. (2009; 2
dashed line) defining the limit of the West Pacific Warm Pool. (f) A map of the biogeographi
figure legend, the reader is referred to the Web version of this article.)
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Warm Pool (Fig. 1e, Gallagher et al., 2009; 2014; 2017). Regional
oceanography from 5�S to 15�S is dominated by the South Equa-
torial Current (Collins, 2002). South of 15�S, the shallowand narrow
Leeuwin Current (<100 km wide, <300 m deep) transports warm,
low-salinity, nutrient-deficient water in a southerly direction along
the west coast of Australia (Pattiaratchi, 2006). It is the only south-
flowing eastern boundary current in the Southern Hemisphere and
has a strong effect on the climate of the region. The Leeuwin Cur-
rent extends modern coral reef development to 29�S (the
Houtman-Abrolhos Reefs; Collins et al., 1993) and the
tropicalesubtropical transition as far south as Rottnest Island
(33�S; Greenstein and Pandolfi, 2008).

The aim of this paper is to describe the terrestrial and marine
palynological assemblages in the upper 12m of ODP Site 765. These
are compared to their modern equivalents and to interpret the
palaeoenvironment and climate of the region over the last 300kyrs.

2. Materials and methods

Sixty 5 cm3 samples were taken fromODP Site 765 at an average
sample interval of 0.2 m (Fig. 2). 3 cc of these samples were pro-
cessed for palynology. The samples were deflocculated with 10%
tetra sodium pyrophosphate and sieved at 125 mm to remove coarse
sand and carbonate microfossils and at 7 mm to remove fine silt and
clays. This was followed by 10% HCl, heavy liquid separation using
sodium polytungstate (SG 2.0), HF and a safranin stain. The resul-
tant residue was mounted in glycerol and sealed with paraffinwax.
All samples were spiked with a known amount of Lycopodium
marker spores prior to chemical treatment to allow palynomorph
concentrations to be calculated. This is the processing method
established by van der Kaars (2001) for marine core sediments;
however, the acetolysis step was left out as it can remove thin
walled dinoflagellates. Slides were examined using a Zeiss Axio
Scope A1 microscope at �400 magnification. Magnification of
x1000 and differential interference contrast (DIC) aided the iden-
tification of some angiosperm pollen and dinoflagellates. All tran-
sects on two slides were used to try and obtain a palynomorph
count. All identifiable palynomorphs were used for totals and
concentration calculations. Micro charcoal was also counted. In this
study the poor recovery of palynomorphs made the plotting of
individual taxa or percentage data of little value. Therefore, con-
centrations were calculated using the Lycopodium marker spores
and taxa were grouped. The pollen diagram was created using
WellPlot (Zippi 2009). Plant taxa that currently occur in the region
onshore were determined using the Western Australian Herbarium
website FloraBase (1998-).

3. Stratigraphy

The stratigraphy of the Quaternary strata of Site 765 B is out-
lined in Gradstein et al. (1992). We combine physical property data
with original log sheet data from shipboard data (Ludden et al.,
1990) to produce a detailed log of the upper 20 m of this core
(Fig. 2). Metre-scale intervals of olive to dark greenish-grey sili-
ceous (radiolarian) silt/mud alternate with greenish-grey and grey
nannofossil sand/silt/mud. The tops of the siliceous intervals are
typically scoured and overlain by centimeter-scale graded beds
near the base of the overlying calcareous units. The overlying
nannofossil mud is homogeneous with occasional upper
n Canyon. (d) Inset (red square) closeup of satellite imagery of a post cyclonic sediment
013 (from https://www.nasa.gov/mission_pages/hurricanes/news/rusty-sediment.html
014; 2017) showing mean annual sea surface isotherms and the 28 �C isotherm (yellow
c regions of Australia (IBRA, 2012). (For interpretation of the references to colour in this

https://www.nasa.gov/mission_pages/hurricanes/news/rusty-sediment.html


Fig. 2. The stratigraphy of the upper 20 m of ODP Site 765 B adapted from Ludden et al. (1990), Kaminski et al. (1992) and Gradstein et al. (1992) with interpreted chro-
nostratigraphy. The light grey/white intervals are nannofossil ooze (turbidites) and the dark grey horizons are siliceous ooze (pelagites). The green arrows are the palynology (paly)
samples. (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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bioturbated intervals near unit tops. In contrast to the calcareous
nannofossil units, the siliceous units have much higher magnetic
susceptibility and density. The sequence is interpreted as a
sequence of pelagites (in situ radiolarian ooze) and hemipelagites
(transported slope nannofossil ooze) of turbiditic origin near the
calcium carbonate compensation depth (cf. Stow, 1985; Gradstein
et al., 1992).

Radiolarian assemblages were used to date the upper part of
ODP Site 765 (Kaminski et al., 1992; Gradstein et al., 1992) where
cores 123-765 Be1H and 123-765 Be2H were assigned to the
Buccinosphaera invaginata/Collosphaera tuberosa Zone (RN16/17
Zones of Sanfilippo and Nigrini, 1988), suggesting an age�590 kyrs
at ~18.5 m (Fig. 2; Gradstein et al., 2012; Expedition 342 Scientists,
2012). Cores 123-765 Be3H to 123-765 Be8H are placed in the
Amphirhopalum ypsilon Zone, indicating an age younger than
1.0 Ma. All the cores analysed lie in the Brunhes normal-polarity
zone (Kaminski et al., 1992), however there is an interval of
reversed-polarity from the lower part of Core 123-765 Be1H to the
top of Core 123-765 Be2H (9e9.7 m, Fig. 2). This interval was
suggested to represent a magnetic field excursion in the latest
Pleistocene (Kaminski et al., 1992). Since the age at 18.5 m is ~590
kyrs it is possible that this reversed polarity interval correlates with
a marine isotope stage 9 excursion event at 289 kyrs (Channell,
2017) if a linear sedimentation rate is interpreted for the section
(Fig. 2).

The calcareous oozes (turbidites) are likely to have been rapidly
deposited (geologically instantaneous). Thus the 8.8 m of these
calcareous facies in the upper 12.25 m of section analysed were
episodically accumulated in days (cf. Stow, 1985). However, these
turbidites are interbedded with horizons of siliceous oozes repre-
senting slower “background” pelagic deposition that accumulated
4

at rates from 10�2 to 10�3m/1000 years (the typical range for
pelagites estimated by Stow, 1985).
4. Results

In general, palynomorphs were present in low concentrations
with insufficient numbers for counts in many samples as paly-
nomorph totals, including reworked taxa and fungal spores were
low (1e184 total grains). Similar yields were recorded in the two
samples previously studied in this section of the core (McMinn,
1992; McMinn and Martin 1992) that recorded low total counts
(2 and 50 pollen, fern spore and dinoflagellates) with larger
(20 cm3) samples. Nevertheless, thirty-eight spore and pollen and
fern spore taxa are recorded in this study (Table 1) with the most
common and abundant taxa including: Asteraceae, Amar-
anthaceae/Chenopodiaceae, Eucalyptus types, myrtaceous shrubs
and Poaceae.

Twenty-one dinoflagellate taxa are present (Table 2), although
some could not be identified beyond genus level. Most of the di-
noflagellates recorded belong to the genera: Impagidinium, Oper-
culidinium, Protoperidinium and Spiniferites. Acritarchs were divided
morphologically into eleven distinct morphotypes and were either
assigned toMicrhystridium spp. or occurred as simple round psilate
forms that were classified based on size groupings in combination
with aperture type. Fungal bodies were not identified as individual
morphotypes. Reworked spores, pollen and dinoflagellates are also
present. Most of the reworked fossil gymnosperms and spores had
long time ranges but the presence of the dinoflagellate Rigaudella
aemula suggests a middle to late Jurassic age for the reworked
sediments based on the biostratigraphy of Helby et al. (1987).
Although counts were low, concentration and qualitative data show



Table 1
Pollen and fern spore taxa recorded in ODP Site 765 and their probable source. Table derived from information in van der Kaars (1991, 2001), van der Kaars and De Decker
(2002, 2003) and the Western Australian Herbarium website FloraBase (1998-).

Western Australia origin Western Australia (restricted to north) and Indonesia Taxa Restricted to Indonesia

Trees and shrubs

Acacia þ
Annonaceae þ
Araucariaceae þ
Callitris þ
Casuarinaceae þ
Cupania þ
Dacrydium þ
Dacrycarpus þ
Dipterocarpacae þ
Eucalyptus types þ
Myrtaceous shrubs þ
Myrtaceae cf. Syzigium þ
Moraceae þ
Pittosporaceae? þ
Podocarpaceae þ
Rubiaceae þ
Santalaceae þ
Sapindaceae þ
Sapotacaeae þ
Herbaceous taxa (including woody herbaceous)
Amaranthaceae/Chenopodiaceae þ
Asteraceae (Tubuliflorae) þ
Boraginaceae þ
Brassicaceae þ
Campanulaceae (cf. Whalenbergia) þ
Cyperaceae þ
Euphorbiaceae þ
Fabaceae þ
Gyrostemonaceae þ
Haloragaceae þ
Loranthaceae þ
Poaceae þ
Urticaceae þ
Verticordia þ
Ferns
Aspleniaceae/Dryopteridacaeae þ
Cyatheaeceae þ
Dicksonia þ
Polypodiaceae þ
Schizaea þ þ
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that the palynomorph assemblage varies through the section.
4.1. Pollen and fern spore distribution

This study confirms the observations of McMinn and Martin
(1992) that the remoteness of the site >400 km from the Austra-
lian margin precludes the accumulation of significant pollen in
palynomorphs assemblages. Nevertheless, sufficient diversity is
present to describe and interpret the assemblages. The most
common and abundant taxa are Myrtaceae (including trees and
mytaceous shrubs) and Poaceae (including grass pollen). Common
taxa, which were not present consistently or abundantly, included:
Acacia, Asteraceae Tubuliflorae and Amaranthaceae/Chenopodia-
ceae. Although these taxa are widespread across the entire region,
their consistency and abundance in the samples in conjunction
with the previous work on cores and core top samples offshore of
north Western Australia (van der Kaars and De Decker 2002, 2003;
van der Kaars et al., 2006) allows us to interpret them as being
primarily sourced from the Australian mainland. All other taxa of a
probableWest Australian originwere recorded rarely or just once in
the section examined. Fern spores are rarely recorded, occurring
sporadically in the uppermost 4.6 m of the core.

The total concentration of in situ pollen (Fig. 3) is primarily
controlled by the two most prominent taxa the Myrtaceae and
5

Poaceae. High Poaceae values occur in the surface sediments but
also inmost of the calcareous oozes deposited by turbidity currents.
McMinn andMartin (1992) noted that relatively high levels of grass
pollen types in their study of ODP Site 765 were surprising given
their fragile nature, and suggested that differential destruction of
the pollen types was not occurring in the record, therefore we can
consider the grass values to be a true reflection of those being
deposited at the site. The concentration of Myrtaceae pollen
throughout the record is usually less than the grass. The two taxa in
most instances co-vary, although there are instances e.g. at 3.6 m
when grass occurs in the absence of Myrtaceous species.

Taxa not typically present in Western Australia and definitely
interpreted to be sourced from Indonesia (based on comparisons
with van der Kaars, 1991; 2001) are primarily gymnosperms
including: Araucariaceae, Dacrydium, Dacryocarpus and Podocarpus.
Indonesian-sourced fern spores (Aspleniaceae/Dryopteridacaeae,
Cyatheaeceae Dicksonia) and rare angiosperm pollen (Dipter-
ocarpacae) are also present. Indonesian sourced palynomorphs are
sporadically present (Fig. 3) typically in nannofossil ooze turbiditic
intervals.
4.2. Fungal spores and micro charcoal

Batten (1996) observed that fungal spores and micro charcoal



Table 2
Dinoflagellate taxa in the top 12 m of ODP Site 765 and their environmental distribution derived from Marret and Zonneveld (2003).

Dinoflagellate taxa Marine Environments Temperature regime

Achmosphaera sp. McMinn (1992) N/A N/A
Brigantedinium spp. Not restricted to any salinity Not restricted to any temperature
Impagidinium aculeatum (Wall,

1967) Lentin and Williams 1981
A cosmopolitan species occupying a broad range of salinities A dominant species in subtropical/tropical

oceanic sites but is distributed within a broad
range of temperatures

Impagidinium paradoxum (Wall,
1967) Stover and Evitt 1978

Fully marine environments. Temperate to tropical

Impagidinium patulum (Wall, 1967)
Stover and Evitt 1978

Fully marine environments. Temperate to tropical with highest relative
abundances in the tropics

Impagidinium strialatum (Clarke and
Verdier) Stover and Evitt 1978

Fully marine environments. Temperate to tropical. In the Southern
Hemisphere high abundances occur in tropical
regions.

Impagidinium spp.
Lingulodinium machaerophorum

(Deflandre and Cookson) Wall,
1967

Coastal species that can tolerate a wide range of salinities Temperate to tropical.

Nematosphaeropsis
labyrinthus (Ostenfeld) Reid, 1974

Cosmopolitan species able to tolerate a wide variety of environments. Present in
high relative abundances both at coastal shelf sites and in the open ocean

Broad distribution from cold to tropical domains.

Operculodinium centrocarpum
(Deflandre and Cookson, 1955)
Wall 1967

Cosmopolitan species able to tolerate a wide variety of environments. High
relative abundances in both deep-sea and coastal sites.

Broad distribution from cold to tropical domains.

Operculodinium israelianum
(Rossignol, 1962) Wall 1967

Fully marine sites with highest relative abundances in associations of high
salinity environments.

Temperate/subtropical to tropical species.

Operculodinium janduchenei Head,
Norris and Mudie, 1989

Coastal to open oceanic, fully marine environments. A temperate to tropical species

Operculodinium spp.
Pyxidinopsis reticulata (McMinn and

Sunn, 1994) Marret and de Vernal
1997

Cosmopolitan in fully marine environments Wide temperature range.

Pyxidinopsis spp.
Spiniferites mirabilis (Rossignol,

1964) Sarjeant 1970
Distributed within a broad range of salinity in fully marine environments. Temperate to tropical species. distribution is

limited by the subtropical fronts in both
hemispheres.

Spiniferites ramosus (Ehrenberg,
1837) Mantell, 1854

Cosmopolitan species. Broad range of temperatures.

Spiniferites spp.
Tuberculodinium

vancampoae (Rossignol,
1962) Wall, 1967

Coastal species that can be found in regions with enhanced or reduced SSS. Subtropical/tropical

Trinovantedinium applanatum
(Bradford) Bujak and Davies, 1983

High relative abundances have been found in sediments below river discharge
waters, as well in highly stratified upper water masses. Can tolerate salinity
fluctuations.

Northern Hemisphere to 45�S, broad range of
temperatures and can tolerate temperature
fluctuations.

Votadinium calvum Reid, 1977 N/A N/A
Unknown Protoperidiniacean cysts
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were often reworked in marine environments as both are resistant
to chemical and bacterial attack. The abundance of these groups is
slightly reduced in the in situ pelagites (siliceous ooze) compared to
the transported nannofossil ooze (turbidites) however overall, they
show a relatively constant influx through time (Fig. 3).
4.3. Dinoflagellate and acritarch assemblages

The most common dinoflagellates at ODP Site 765 are similar to
those described by Hessler et al. (2013) in marine seabed samples
from the region. Species include: Impagidinium aculeatum, Impa-
gidinium patulum, Impagidinium strialatum, Operculodinium cen-
trocarpum, Spiniferites mirabilis, Spiniferites ramosus and
Tuberculodinium vancampoae. Total dinoflagellate concentrations
show fluctuations that in most instancesmirror the total pollen and
spore concentration suggesting that they are controlled by suitable
taphonomic and lithological processes for their presence in the
core. An increase in concentrations of acritarch taxa in most in-
stances corresponds to an increase in dinoflagellates suggesting
that the marine deposition conditions equally suits all marine
sourced palynomorphs at these times (Fig. 3).
6

5. Late Quaternary environments and climate

Marine sediment cores that have previously been used in
Australia to reconstruct environments and climate from paly-
nomorphs were located closer to shore and contained low energy
deposited mud or carbonaceous mud, thus resulting in high paly-
nomorph recovery (e.g. Moss and Kershaw 2007; van der Kaars and
De Decker 2002). In contrast, the sediment at ODP Site 765 are
interbedded pelagites and turbiditic hemipelagites from the Argo
Abyssal Plain at a water depth of over 5200 m. Despite the relative
paucity of palynomorphs recovered from this deep-water site there
are still sufficient palynoflora present to interpret “snap shots” of
glacial/interglacial environmental/climate variability over the last
~300 kyrs.

5.1. Pollen and spore: a terrestrial record

The majority of the pollen and spore taxa at ODP Site 765 were
interpreted by McMinn and Martin (1992) to have been initially
deposited on the Northwest Australian shelf and subsequently
transported by turbidity currents onto the abyssal plain. The pre-
sent study confirms that this is an important taphonomic factor



Fig. 3. The concentration in palynomorphs/cm3 of selected palynomorph groups at ODP Site 765. The concentration scale is logarithmic.
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controlling the assemblage since in situ siliceous oozes yield a
different assemblage to the rapidly deposited nannofossil ooze
turbidite deposits. The siliceous oozes are interpreted to represent
periods of slow sedimentation and yield low pollen and spore
concentrations, as the pollen and spore source is far removed from
the site of deposition with only wind and water currents trans-
porting pollen and spore them this far out to sea. In some instances,
they are essentially barren, this also might be due to oxidation on
the seafloor. The nannofossil oozes contain relatively high amounts
of grass pollen reflecting the “palaeo”vegetation mosaic of onshore
Northwest Australia at these times. van der Kaars and De Deckker
(2003) examined core top samples from offshore Western
Australia and found that there was a strong relationship between
onshore vegetation and climate zones in the adjacent offshore
pollen assemblage. For example, north of 23�S the presence of
higher grass values represents the monsoon vegetation with
dominant summer rainfall. In contrast, outside monsoonal areas
their core top pollen record was dominated by an assemblage of
Asteraceae, Tubuliflorae and Chenopodiaceae/Amaranthaceae with
relatively lower amounts of Poacaeae. Interpretation of previous
studies of a core taken offshore from Cape Range in Western
Australia (van der Kaars and De Decker, 2002) also interpreted high
grass values as representing the grass rich woodland vegetation of
northwestern Australia and suggested a rainfall of 300e400 mm
which primarily occurred in the summer (van der Kaars et al.,
2006). Therefore, we interpret the intervals in ODP Site 765
yielding high grass signify the dominance of the summer monsoon.

The presence of Indonesian-sourced pollen and fern spore at
ODP Site 765 is not unexpected as van der Kaars and De Deckker
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(2003) noted an increase in Indonesian sourced fern spores in
seabed samples off Western Australia, particularly north of 16�S.
They suggested that these were transported southward via a strong
Indonesian Throughflow-controlled Leeuwin Current. However,
gymnosperms were the main Indonesian taxa recorded in this
study. Muller (1959) and Moss et al. (2005) showed that gymno-
sperms are primarily transported into the marine realm by wind.
Muller (1959) found that wind transport also makes a minor
contribution to the angiosperm pollen assemblage in a marine
environment. Therefore, it is also possible that long distance wind
transport during the monsoon season may have carried Indonesian
gymnosperm pollen to the site. Unfortunately the amount of defi-
nite Indonesian sourced pollen and fern spores is not at high
enough levels or consistent enough to draw definite conclusions
although at times in the record they do correspond, as would be
expected, with the presence of Leeuwin Current indicative
dinocysts.
5.2. Charcoal and fungal spores: continental fire history

The charcoal record in the top 12m of ODP Site 765 suggests that
fire was a constant presence in the adjacent landscape throughout
the record. The correlation of high charcoal levels and a predomi-
nantly summer rainfall regime with the accompanying high
biomass vegetation of open grassyMytaceous woodlands, had been
noted by van der Kaars and De Decker (2002). This study confirms
this correlation. In general, in ODP Site 765 the relative abundance
of fungal spores follows the charcoal trend. The relationship be-
tween fire and fungal spores is not well known in northwest



Fig. 4. A correlation between the Poaceae abundance and magnetic susceptibility at
ODP Site 765 with the LR2004 stack (Lisiecki and Raymo, 2005). Note: in addition to
the bio- and magnetostratigraphic datums that constrain the chronology of this sec-
tion, the similarity between the magnetic susceptibility maxima/minima patterns and
its correlation to the LR2004 stack allows the siliceous ooze horizons to be correlated
with likely glacial maxima (especially intervals younger than 300 kyrs, the main focus
of this paper).
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Australia and further work on fungal morphotypes would be
needed to draw conclusions about this record. However, this study
does show that firewas a constant feature of the landscape in north
Western Australia prior to human occupation of the region 65,000
years ago (Clarkson et al., 2017).

5.3. Dinoflagellates and acritarchs: the marine record

McMinn (1992) suggested that the dinoflagellates at ODP Site
765 were initially deposited on the shelf and subsequently trans-
ported by turbidity currents onto the abyssal plain. However,
Hessler et al. (2013) examined modern marine surface samples in
the region and showed that the majority of dinoflagellate taxawere
in situ while benthic reworking mainly recycled coastal species.
Therefore, the dinocyst assemblage reflect prevailing marine con-
ditions at the site.

Marret and Zonneveld (2003) synthesised assemblage data from
835marine seabed sediment samples to determine the relationship
between dinocyst species distribution and the surface-water con-
ditions (temperature, salinity, phosphate and nitrate concentra-
tions). This comparative data set was further enhanced by
Zonneveld et al. (2013) to develop a distribution atlas of modern
dinoflagellate cysts and their relationship to environmental con-
ditions. These authors characterised distinctive groups of species
from cool, warm or extremely warm conditions, yet not necessarily
restricted to each environment. The majority of the taxa at ODP Site
765 are ubiquitous (Table 2). However, warm species including:
Impagidinium aculeatum, Impagidinium patulum, Impagidinium
strialatum, Tuberculodinium vancampoae are present with Oper-
culodinium israelianum. Tuberculodinium vancampoae is restricted
to SST’s (sea surface temperatures) from 12 to 30 �C. All warmwater
dinoflagellates taxa occur in the nannofossil ooze intervals (turbi-
dites). In addition, Hessler et al. (2013) found modern samples with
the taxa O. centrocarpum and S. mirabilis typify Leeuwin Current
conditions with elevated salinities and low nutrients. In this study
the latter two taxa only occur in samples (Fig. 3) of nannofossil
ooze/turbidites and are absent in the siliceous ooze deposits.

Some specific species e.g. T. vancampoae are likely to have been
sourced from the coastal (estuaries, lagoons) realm according to
Marret and Zonneveld (2003), and therefore indicate the transport
of sediment downslope. Three other species (Operculodinium cen-
trocarpum, Operculodinium janduchenei, Spiniferites ramosus) at
ODP Site 765 are regarded by Zonneveld et al. (2013) to be char-
acteristic of but not restricted to river plumes and estuaries. The
presence of these species indicates that the coastal region source
for some of the dinocysts in the nannofossil oozes were deposited
via turbidity currents.

6. Discussion

6.1. Glacial/interglacial Leeuwin Current variability

The presence of common Leeuwin Current dinocyst indicators
and Indonesian sourced palynomorphs in the transported nanno-
fossil ooze (turbidites) and their absence in the in situ pelagic sili-
ceous ooze, suggests slope instability during periods of stronger
Leeuwin Current activity. Significantly, Spooner et al. (2011) inter-
preted a stronger Leeuwin Current during all interglacial phases
over the last 550 kyrs (possibly during MIS (Marine Isotope Stage) 5
and MIS 7, MIS 11 and periodically during MIS 9) compared to the
Holocene. Based on these data we suggest that the turbidites at
ODP Site represent intermittent “snap shot” palynological records
of interglacial conditions over the last 300 kyrs whereas the sili-
ceous pelagites represent “background” low sedimentation likely
deposited during the glacial periods (Figs. 3 and 4).
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6.2. The palaeomonsoon and aridity

Today summer monsoonal rainfall causes intermittent or
infrequent flash flooding (Fig. 1d) of creeks and rivers that have an
overall low discharge in the coastal region (Semeniuk 1992)
southeast of ODP Site 765 off northwest Australia. These fluvial
sediments are eventually deposited on the coastal plain in river
delta systems, thus contributing to a plume of fluvial sand blan-
keting the shelf around the periphery of deltas (Fig. 1d; Semeniuk
1992). Stuut et al. (2014; 2019) suggest because of the present-
day topography of the Northwest Australian region that active
permanent major river systems (like the De Grey River) were pre-
sent in the past and that the surface erosion of these rivers would
have been immense, bringing extensive fluvial sediment supply to
the ocean. Hesse et al. (2004) and Fitzsimmons et al. (2012; 2013)
also showed that despite a long-term drying trend there was
enhanced runoff in interglacial stages over the last 300ka at Lake
Gregory (~20�S; Fig. 1b). Analyses of sedimentary cores in
monsoonal northern Australia, suggest hot wet interglacials alter-
nate with cooler dry glacials (Hesse et al., 2004; Gallagher et al.,
2014; Gallagher and deMenocal, 2019). Further south off Cape
Range (~22�S) analyses of a 1 million year continental slope
(1093 m depth, GC) record (Stuut et al. 2014, 2019) shows pro-
nounced and persistent aridity during glacial stages and more
humid conditions during interglacials. Stuut et al. (2014; 2019)
hypothesised that during interglacial stages increased seasonal
rainfall led to an increased supply of terrigeneous clay to the con-
tinental slope. During the glacials decreased rainfall led to the
dominance of windblown sediment and foraminiferal and
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nannofossil-rich carbonates. Between these two regions, a 2million
year shelfal record near Barrow Island also reveals strong inter-
glacial/glacial variations in clay input over the last 2 million years,
where green clayey sand predominated during interglacial wetter
conditions (related to a stronger monsoon) and carbonates (with
lesser terrestrially sourced siliciclastics) predominated during the
dryer glacial phases as conditions became more arid (Gallagher
et al., 2014; 2017: Keep et al., 2018; Ishiwa et al., 2019;
Hallenberger et al., 2019).

These depositional models suggest that terrigenous sediment
plumes are likely to carry evidence of the vegetation mosaic in the
catchment area of each river in flooding events during enhanced
monsoon conditions (especially during interglacial periods) onto
large regions of the adjacent Northwest shelf and slope (cf. van der
Kaars et al., 2006). These plumes transported terrestrial paly-
nomorphs and coastal dinoflagellates to the shelf and slope and
they were ultimately delivered intermittently to ODP Site 765 via
turbidites during interglacials (Figs. 1d and 4). The siliceous ooze
deposits in ODP Site 765 represent times of slow sedimentation
with no input from the shelf. As such they yield an impoverished
palynological assemblage, which are at times totally barren and it is
likely that these deposits were formed during more arid glacial
periods.

Based on the regional models above we use the alternations of
Poaceae peaks with magnetic susceptibility maxima (low sediment
input) to provide a possible correlation of the sediment at Ocean
Drilling Program Site 765 (Fig. 4) to the LR2004 stack (Lisiecki and
Raymo, 2005). This correlation is enhanced by the strong similarity
between magnetic susceptibility pattern and glacial/interglacial
variability of the LR2004 stack which is constrained by the chro-
nological framework provided by biostratigraphic and magneto-
stratigraphic data. This stratigraphic approach is similar to that
used to correlate physical core parameters with the LR2004 stack in
shelfal sequences on the Northwest Shelf of Australia by Gallagher
et al. (2014). Thus, the oldest sediment analysed for palynomorphs
are ~300kyrs and that the slowly accumulating siliceous oozes
likely preserve the majority of the glacial arid MIS events.
Conversely, the faster accumulating calcareous oozes/turbidites
capture intermittent “snap-shots” of the Australian monsoon dur-
ing interglacial periods. The upper meter of siliceous oozes likely
represents Last Glacial Maximum more arid conditions during MIS
2, however, the increase in Poaceae near the top suggests increased
summer monsoonal activity associated with deglaciation during
the Holocene. The lack of calcareous ooze on the seabed at present
may be erosional.

7. Conclusions

Ocean drilling Program Site 765 was cored at ~16�S on the Argo
Abyssal Plain in over 5.5 km water. It is directly influenced by
Australian monsoon (during Austral summer), lies under the
northwest Australian sourced dust belt (during the Austral winter)
and is directly downstream of the Indonesian Throughflow. As such
it is ideally situated to record signals of Quaternary climate/envi-
ronmental variability. Despite being over 400 km from northwest
Australia the presence of sufficient palynomorph concentrations of
spores/pollen and microplankton allowed palynological analyses of
the nannofossil ooze (turbidite) and siliceous ooze (pelagite) al-
ternations in the upper 12m of this site. This record reveals a highly
variably assemblages related to changing ocean and climate con-
ditions over the last ~300 kyrs. The nannofossil oozes (turbidites)
were deposited primarily during periods with common grass pol-
len suggesting an onshore hinterlandmonsoonal vegetation similar
to northwest Australia today. Indonesian sourced pollen and spore
taxa in these assemblages were transported to the area via the
9

Indonesian Throughflow sourced Leeuwin Current or arrived aeri-
ally via the palaeomonsoon. The dinoflagellates are primarily
ubiquitous forms although there are warm water indicators and
species that typify Leeuwin Current conditions with elevated sa-
linities and low nutrients. Downslope transport brought coastal
taxa such as T. vancampoae to the site at these times. The siliceous
ooze deposits formed during periods of low sedimentation rates in
the absence of shelf input. They also yield rare or are barren of
palynomorphs. It is likely that these deposits formed at times of low
runoff from the coast during more arid glacial periods. The pres-
ence of common charcoal in all samples over the last 300 kyrs
shows that fire was a constant feature of the landscape in north-
west Australia prior to human occupation of the region 65,000
years ago.

Author statement

BW, Investigation, Formal analysis, Writing e original draft,
Writing e review & editing, Funding acquisition. SG, Investigation,
Formal analysis, Writing e original draft, Writing e review &
editing, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

Funding was provided by the Australian IODP (International
Ocean Discovery Program) office to B.W. and S.J.G. Further funding
was provided by Australian Research Council Basins Genesis Hub
(IH130200012) to S.J.G. We thank Ingrid Hendy (editor) two
anonymous reviewers for their constructive comments which
improved the text.

References

Batten, D.J., 1996. Chapter 26A. Palynofacies and palaeoenvironmental interpreta-
tion. In: Jansonius, J., McGregor, D.C. (Eds.), Palynology Principles and Appli-
cations, vol. 3. American Association of Stratigraphic Palynologists Foundation,
pp. 1011e1064.

Channell, J.E.T., 2017. Mid-Brunhes magnetic excursions in marine isotope stages 9,
13, 14, and 15 (286, 495, 540, and 590 ka) at North Atlantic IODP Sites U1302/3,
U1305, and U1306. G-cubed 18, 473e487. https://doi.org/10.1002/
2016GC006626.

Christensen, B.A., Renema, W., Henderiks De Vleeschouwer, D., Groeneveld, J.,
Casta~neda, I., Reuning, L., Bogus, K.A., Auer, G., Ishiwa, T., McHugh, C.M.,
Gallagher, S.J., Fulthorpe, C.S., 2017. Indonesian Throughflow drove Australian
climate from humid Pliocene to arid Pleistocene. Geophys. Res. Lett. 44 https://
doi.org/10.1002/2017GL072977.

Clarkson, C., Jacobs, Z., Pardoe, C., 2017. Human occupation of northern Australia by
65,000 years ago. Nature 547, 306e310.

Collins, L.B., 2002. Tertiary foundations and quaternary evolution of coral reef
systems of Australia’s North West Shelf. In: Keep, M., Moss, S.J. (Eds.), The
Sedimentary Basins of Western Australia. Petroleum Exploration Society of
Australia, Perth, pp. 129e152.

Collins, L.B., Zhao, J.-X., Wryoll, Z.R., Hatcher, B.G., Playford, P.E., Eisenhauer, A.,
Chen, J.H., Wasserburg, G.J., Bonani, G., 1993. Holocene growth histroy of a reef
complex on a cool-water carbonate margin: easter Group of the Houtman
Abrolhos, Eastern Indian Ocean. Mar. Geol. 115, 29e46.

Department of the Environment and Water Resources, 2007. Australia’s Native
Vegetation: A Summary of Australia’s Major Vegetation Groups. Australian
Government, Canberra, ACT.

Expedition 342 Scientists, 2012. Paleogene Newfoundland sediment drifts. IODP
Prel. Rept. 342 https://doi.org/10.2204/iodp.pr.342.2012.

Fitzsimmons, K.E., Miller, G.H., Spooner, N.A., Magee, J.W., 2012. Aridity in the
monsoon zone as indicated by desert dune formation in the Gregory Lakes
basin, northwestern Australia. Aust. J. Earth Sci. 59 (4), 469e478.

Fitzsimmons, K.E., Cohen, T.J., Hesse, P.P., Jansen, J., Nanson, G.C., May, J.H.,
Barrows, T.T., Haberlah, D., Hilgers, A., Kelly, T., Larsen, J., 2013. Late Quaternary
palaeoenvironmental change in the Australian drylands. Quat. Sci. Rev. 74,

http://refhub.elsevier.com/S0277-3791(21)00124-4/sref1
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref1
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref1
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref1
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref1
https://doi.org/10.1002/2016GC006626
https://doi.org/10.1002/2016GC006626
https://doi.org/10.1002/2017GL072977
https://doi.org/10.1002/2017GL072977
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref4
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref4
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref4
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref5
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref5
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref5
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref5
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref5
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref6
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref6
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref6
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref6
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref6
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref7
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref7
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref7
https://doi.org/10.2204/iodp.pr.342.2012
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref9
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref9
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref9
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref9
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref10
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref10
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref10


S.J. Gallagher and B.E. Wagstaff Quaternary Science Reviews 259 (2021) 106917
78e96.
Gallagher, S.J., deMenocal, P.B., 2019. Finding dry spells in ocean sediments.

Oceanography v 32 (1), 38e41. https://doi.org/10.5670/oceanog.2019.120.
Gallagher, S.J., Wallace, M.W., Li, C.L., Kinna, B., Bye, J.T., Akimoto, K., Torii, M., 2009.

Neogene history of the west pacific warm Pool, Kuroshio and Leeuwin currents.
Paleoceanography 24.

Gallagher, S.J., Wallace, M.W., Hoiles, P.W., Southwood, J.M., 2014. Seismic and
stratigraphic evidence for reef expansion and onset of aridity on the Northwest
Shelf of Australia during the Pleistocene. Mar. Petrol. Geol. 57, 470e481.

Gallagher, S.J., Fulthorpe, C.S., Bogus, K., 2017. Expedition 356 Scientists. Expedition
356 Summary. International Ocean Discovery Program Scientific Proceedings
356 dx.doi.org/10.14379/iodp.proc.356.101.2017.

Gentilli, J., 1972. Australian Climate Patterns: Melbourne (Thomas Nelson).
Gradstein, F.M., 1992. Legs 122 and 123, northwestern Australian marginda strat-

igraphic and paleogeographic summary. In: Gradstein, F.M., Ludden, J.N., et al.
(Eds.), Proceedings of the Ocean Drilling Program, vol. 123. Scientific Results,
pp. 801e816.

Greenstein, B.J., Pandolfi, J.M., 2008. Escaping the heat: range shifts of reef coral
taxa in coastal Western Australia. Global Change Biol. 14, 513e528.

Hallenberger, M., Reuning, L., Gallagher, S.J., Back, S., Ishiwa, T., Christensen, B.A.,
Bogus, K., 2019. Increased fluvial runoff terminated inorganic aragonite pre-
cipitation on the Northwest Shelf of Australia during the early Holocene. Sci.
Rep. 9, 18356. https://doi.org/10.1038/s41598-019-54981-7.

Helby, R., Morgan, R., Partridge, A.D., 1987. A palynological zonation of the
Australian Mesozoic, 4. Memoir Association of Australasian Palaleontologists,
pp. 1e94.

Hesse, P.P., Magee, J.W., van der Kaars, S., 2004. Late Quaternary climates of the
Australian arid zone: a review. Quaterary International 118e119, 87e102.

Hessler, I., Young, M., Holzwarth, U., Mohtadi, M., Lückge, A., Behling, H., 2013.
Imprint of eastern Indian Ocean surface oceanography on modern organic-
walled dinoflagellate cyst assemblages Marine. Micropaleontology 101, 89e105.

IBRA, 2012. Interim Biogeographic Regionalisation for Australia. Australian Gov-
ernment Department of the Environment & Energy and State/Territory land
management agencies.

Ishiwa, T., Yokoyama, Y., Reuning, L., McHugh, C.M., De Vleeschouwer, D.,
Gallagher, S.J., 2019. Australian summer monsoon variability in the past 14,000
years revealed by IODP Expedition 356 sediments. Progress in Earth and
Planetary Science 6, 1e17. https://doi.org/10.1186/s40645-019-0262-5.

Kaminski, M.A., Baumgartner, P.O., Bown, P.R., Haig, D.W., McMinn, A., Moran, M.J.,
Mutterlose, J., Ogg, J.G., 1992. Chapter 38. Magnetobiostratigraphic synthesis of
Leg 123: sites 765 and 766 (Argo abyssal plain and lower Exmouth Plateau).
Proc. Ocean Drill. Progr. Sci. Results 123, 717e737.

Keep, M., Holbourn, A., Kunht, W., Gallagher, S.J., 2018. Progressive Western
Australian collision with Asia: implications for regional orogography, ocean-
ography, climate and marine biota. J. Roy. Soc. West Aust. 101, 1e17.

Kershaw, A.P., van der Kaars, S., Moss, P.T., 2003. Late Quaternary Milankovitch-scale
climatic change and variability and its impact on monsoonal Australasia. Mar.
Geol. 201, 81e95.

Lisiecki, L.E., Raymo, M.E., 2005. A pliocene-pleistocene stack of 57 globally
distributed benthic d18O records. Paleoceanography.

Ludden, J.N., Gradstein, F.M., et al., 1990. Site 765. Proceedings of the Ocean Drilling
Program 123, 63e267.

Marret, F., Zonneveld, K.A.F., 2003. Atlas of modern organic-walled dinoflagellate
cyst distribution. Rev. Palaeobot. Palynol. 125, 1e200.

McBride, J.L., 1986. Tropical cyclones in the Southern Hemisphere summer
monsoon. In: Proceedings of the Second International Conference on Southern
Hemisphere Meteorology, pp. 358e364. Dec. 1�5, 1986, Wellington, New
Zealand.

McMinn, A., 1992. Neogene dinoflagellate distribution in the eastern Indian ocean
from Leg 123, site 765. In: Gradstein, F.M., Ludden, J.N., et al. (Eds.), Proceedings
of the Ocean Drilling Program, vol. 123. Scientific Results, pp. 429e441.

McMinn, A., Martin, H., 1992. Late Cenozoic pollen history from site 765, eastern
Indian Ocean. In: Gradstein, F.M., Ludden, J.N., et al. (Eds.), Proceedings of the
Ocean Drilling Program, vol. 123. Scientific Results, pp. 421e427.

Moss, P.T., Kershaw, A.P., 2007. A late Quaternary marine palynological record
(oxygen isotope stages 1 to 7) for the humid tropics of northeastern Australia
based on ODP Site 820. Palaeogeogr. Palaeoclimatol. Palaeoecol. 251, 4e22.

Moss, P.T., Kershaw, A.P., Grindrod, J., 2005. Pollen transport and deposition in
10
riverine and marine environments within the humid tropics of northeastern
Australia. Rev. Palaeobot. Palynol. 134, 55e69.

Muller, J., 1959. Palynology of recent orinoco delta and shelf sediments: reports of
the orinoco shelf expedition; volume 5. Micropaleontology 5 (1), 1e32.

Pattiaratchi, C., 2006. Surface and subsurface circulation and water masses off
Western Australia. Bulletin of the Australian Meteorological and Oceanographic
Society 19, 95e104.

Sanfilippo, A., Nigrini, C., 1998. Code numbers for Cenozoic low latitude radiolarian
biostratigraphic zones and GPTS conversion tables. Mar. Micropaleontol. 33,
109e156.

Semeniuk, V., 1992. The Pilbara Coast: a riverine plain in a tropical arid setting,
northwestern Australia. Sediment. Geol. 83, 235e256.

Simmons, G.R., 1992. Evolution of a Miocene calciclastic turbidity depositional
system. In: Gradstein, F.M., Ludden, J.N., et al. (Eds.), Proceedings of the Ocean
Drilling Program, vol. 123. Scientific Results, pp. 1251e1263.

Spooner, M.I., De Deckker, P., Barrows, T.T., Fifield, L.K., 2011. The behaviour of the
Leeuwin Current offshore NW Australia during the last five glacialeinterglacial
cycles. Global Planet. Change 75, 119e132.

Stow, D.A.V., 1985. Deep-sea clastics: where are we and where are we going?
Geological Society, London, Special Publications 18 (1), 67e93.

Stuut, J.-B.W., Temmesfeld, F., De Decker, P., 2014. A 555ka record of aeolian activity
near the North West Cape, Australia: inferences from grain-size distributions
and bulk chemistry of SE Indian Ocean deep-sea sediments. Quat. Sci. Rev. 83,
83e94.

Stuut, J.-B.W., De Deckker, P., Saavedra-Pellitero, M., Bassinot, F., Drury, A.J.,
Walczak, M.H., Nagashima, K., Murayama, M., 2019. A 5.3-million-year history
of monsoonal precipitation in northwestern Australia. Geophys. Res. Lett. 46
(12), 6946e6954.

Suppiah, R., 1992. The Australian summer monsoon: a review. Prog. Phys. Geogr. 16
(3), 283e318.

Timbal, B., Drosdowsky, W., 2013. The relationship between the decline of South-
eastern Australian rainfall and the strengthening of the subtropical ridge. Int. J.
Climatol. 33, 1021e1034. https://doi.org/10.1002/joc.3492.

van der Kaars, S., 1991. Palynology of eastern Indonesian marine piston-cores: a Late
Quaternary vegetational and climatic record for Australasia. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 85, 239e302.

van der Kaars, S., 2001. Pollen distribution in marine sediments from the south-
eastern Indonesian waters. Palaeogeogr. Palaeoclimatol. Palaeoecol. 171 (2),
341e361.

van der Kaars, S., De Deckker, P., 2002. A Late Quaternary pollen record from deep-
sea core Fr10/95, GC17 offshore Cape Range Peninsula, northwestern Western
Australia. Rev. Palaeobot. Palynol. 120, 17e39.

van der Kaars, S., De Deckker, P., 2003. Pollen distribution in marine surface sedi-
ments offshore Western Australia. Rev. Palaeobot. Palynol. 124, 113e129.

van der Kaars, S., Wang, X., Kershaw, P., Guichard, F., Setiabudi, D.A., 2000. A Late
Quaternary palaeoecological record from the Banda Sea, Indonesia: patterns of
vegetation, climate and biomass burning in Indonesia and northern Australia
Palaeogeography. Palaeoclimatology, Palaeoecology 155, 35e153.

van der Kaars, S., De Deckker, P., Gingele, F.X., 2006. A 100 000-year record of
annual and seasonal rainfall and temperature for northwestern Australia based
on a pollen record obtained offshore. J. Quat. Sci. 21, 879e889.

Wang, X., van der Kaars, S., Kershaw, P., Bird, M., Jansen, F., 1999. A record of fire,
vegetation and climate through the last three glacial cycles from Lombok Ridge
core G6-4, eastern Indian Ocean, Indonesia. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 147, 241e256.

Western Australian Herbarium, 1998. FloraBase e the Western Australian Flora.
Department of Biodiversity. Conservation and Attractions. https://florabase.
dpaw.wa.gov.au/.

Zippi, P., 2009. WellPlot 4-v7. PAZ Software ©1990-2009.
Zonneveld, K.A.F., Marret, F., Versteeg, G.J.M., Bogus, K., Bonnet, S., Bouimetarhan, I.,

Crouch, E., de Vernal, A., Elshanawany, R., Edwards, L., Esper, O., Forke, S.,
Grøsfjeld, K., Henry, M., Holzwarth, U., Kielt, J.-F., Kim, S.-Y., Ladouceur, S.,
Ledu, D., Chen, Liang, Limoge, A., Londeix, L., Lu, S.-H., Mahmoud, M.S.,
Marino, G., Matsouka, K., Matthiessen, J., Mildenhall, D.C., Mudie, P., Neil, H.L.,
Pospelova, V., Qi, Y., Radi, T., Richerol, T., Rochon, A., Sangiorgi, F., Solignac, S.,
Turon, J.-L., Verleye, T., Wang, Y., Wang, Z., Young, M., 2013. Atlas of modern
dinoflagellate cyst distribution based on 2405 data points. In: Review of
Palaeobotany and Palynology 191. ARY PALA, pp. 1e197.

http://refhub.elsevier.com/S0277-3791(21)00124-4/sref10
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref10
https://doi.org/10.5670/oceanog.2019.120
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref12
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref12
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref12
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref13
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref13
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref13
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref13
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref14
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref14
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref14
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref15
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref16
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref16
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref16
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref16
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref16
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref16
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref17
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref17
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref17
https://doi.org/10.1038/s41598-019-54981-7
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref19
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref19
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref19
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref19
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref20
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref20
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref20
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref20
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref21
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref21
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref21
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref21
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref22
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref22
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref22
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref22
https://doi.org/10.1186/s40645-019-0262-5
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref24
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref24
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref24
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref24
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref24
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref25
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref25
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref25
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref25
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref26
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref26
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref26
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref26
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref27
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref27
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref28
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref28
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref28
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref29
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref29
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref29
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref30
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref30
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref30
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref30
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref30
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref30
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref31
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref31
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref31
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref31
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref32
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref32
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref32
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref32
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref33
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref33
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref33
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref33
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref34
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref34
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref34
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref34
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref35
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref35
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref35
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref36
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref36
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref36
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref36
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref37
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref37
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref37
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref37
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref38
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref38
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref38
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref39
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref39
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref39
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref39
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref40
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref40
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref40
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref40
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref40
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref41
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref41
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref41
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref42
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref42
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref42
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref42
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref42
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref43
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref43
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref43
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref43
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref43
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref44
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref44
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref44
https://doi.org/10.1002/joc.3492
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref46
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref46
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref46
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref46
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref47
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref47
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref47
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref47
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref48
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref48
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref48
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref48
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref49
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref49
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref49
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref50
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref50
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref50
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref50
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref50
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref51
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref51
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref51
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref51
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref52
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref52
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref52
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref52
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref52
https://florabase.dpaw.wa.gov.au/
https://florabase.dpaw.wa.gov.au/
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref54
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55
http://refhub.elsevier.com/S0277-3791(21)00124-4/sref55

	Quaternary environments and monsoonal climate off northwest Australia: Palynological evidence from Ocean Drilling Program S ...
	1. Introduction
	2. Materials and methods
	3. Stratigraphy
	4. Results
	4.1. Pollen and fern spore distribution
	4.2. Fungal spores and micro charcoal
	4.3. Dinoflagellate and acritarch assemblages

	5. Late Quaternary environments and climate
	5.1. Pollen and spore: a terrestrial record
	5.2. Charcoal and fungal spores: continental fire history
	5.3. Dinoflagellates and acritarchs: the marine record

	6. Discussion
	6.1. Glacial/interglacial Leeuwin Current variability
	6.2. The palaeomonsoon and aridity

	7. Conclusions
	Author statement
	Declaration of competing interest
	Acknowledgements
	References


