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Abstract

The Indo-Australian Summer Monsoon (IASM) is e a)minant climate feature of northern
Australia, affecting rainfall/runoff patterns over a lacge portion of the continent and exerting
a major control on the ecosystems of the Aus:i-al.a’s Top End, including the viability of
wetland ecosystems and the structure of the woody savanna, which characterises Northern
Australia. We examined the behaviour the : ASM from 35 ka using proxy data preserved in
the sediments of Table Top Swamp, = sn.>!l seasonal swamp in northern Australia. Elemental
data, stable C and N isotopes, r~llen and sedimentary data were combined to develop a
picture of monsoon activity an 1 ecasystem response. Results demonstrated that between 35-
25 ka conditions were drier cna more stable than present, with a more grass dominated
savanna and limited wetiai,1 uevelopment, implying reduced 1ASM activity. After ~25 ka,
there is evidence of inci ~ased moisture at the study site, but also increased |ASM variability.
However, despite evidence of at least periodic increases in moisture, including periods of
wetland establishment, the IASM displayed a subdued response to peak precession insolation
forcing by comparison to the other global monsoon systems. Instead, the greatest change
occurred from ~10 ka when the continental shelf flooded, increasing moisture advection to
the study site and resulting in establishment of a quasi-permeant wetland. Whereas the early
Holocene was marked by both the onset of pollen preservation and a wetter vegetation
mosaic, indicative of a consistently active IASM, the mid-late Holocene was marked by drier
vegetation, increased fire, but also increased Cj vegetation and runoff, implying increased

IASM variability. Holocene changes in ecosystem dynamics occur coincident with an



expansion in human population, which likely also influenced vegetation and landscape
response at the study site.

Key words: stable isotopes, Itrax, northern Australia, pollen, fire.

1. Introduction

Forming part of the larger Asian-Australian Summer Monsoon System (AASMS) and
linked to the global monsoon system, the Indo-Australian Summer Monsoon (IASM) is the
dominant climate feature of the wet-dry tropics of northern Auscvalia (McRobie et al., 2015;
Trenberth et al., 2000). It strongly influences water availabili.\7 ac ‘oss Northern Australia, but
also well south of the core monsoon region (Kajikawe et il., 2010; Kuhnt et al., 2015;
Nicholls et al., 1982), such as within the southern ' ax~ Eyre Basin in central Australia
(Knighton and Nanson, 2001; Magee et al., 2004).

In particular, the IASM exerts a strong no:u--south rainfall gradient across Australia’s
‘Top End’, the northern part of the Northern ~"arritory, colloquially defined as north of 15°S,
where mean annual precipitation (MAP) deriines with distance from the axis of the monsoon
trough and from the coast (Cook an.' Heerdegen, 2001). The strength of the IASM varies
intra-seasonally to inter-annually ('<e;i'"2wa et al., 2010), with >90% of rainfall occurring
during wet season months (betwcen 'ate October and late March) (Nicholls et al., 1982), and
also over millennial time-scale. (Denniston et al., 2013a; Denniston et al., 2013b; Eroglu et
al., 2016; Ishiwa et al., 2012 Kunnt et al., 2015).

The IASM is arguat'v tt e major control on the hydrology of the Top End (Pope et al.,
2009), including for its numerous and diverse freshwater wetlands. These are typically
seasonally ephemeral, with streamflow (runoff) displaying high seasonality and inter-annual
variability, even by comparison to similar climates elsewhere (Petheram et al., 2008), and
annual evaporation exceeding MAP (i.e., 2.53 versus 1.72 m/yr at Darwin). Wetland
dynamics are therefore highly coupled to changes in IAMS activity (Bird et al., 2019), with
sediments preserved in these wetlands expected to contain valuable records of past IASM
activity (Rowe et al., 2019; Rowe et al., 2020).

Existing studies imply that the IASM has been highly dynamic through time, exhibiting a
spatially variable response over the last glacial cycle (McRobie et al., 2015). For example,

the IASM may have responded differently to events such as Heinrich Event 1, the Bglling—



Allergd and Younger Dryas across the Indo-Australian region (Ayliffe et al., 2013; Mohtadi
et al., 2011; Partin et al., 2007; Yan et al., 2015). This highlights the need for records of
IASM records from throughout its zone of influence. The IASM also potentially exhibits a
more complex response to forcing factors than the Northern Hemisphere monsoon systems
(Liu et al., 2003; Marshall and Lynch, 2008; McRobie et al., 2015). Whereas millennial-scale
variability in the African, South American and other parts of the Asian monsoon have been
strongly linked to Northern Hemisphere precession-driven insolation variability (Cruz et al.,
2005; Gasse, 2000; Rossignol-Strick, 1985; Ruddiman, 2006; Yuan et al., 2004), the IASM
has displayed a more subdued response, possibly because the IASM is influenced by a
number of additional drivers. For example, over the past gla.ial cycle changes in IASM
activity have been linked to (Northern and Southern Herrisphere) precession-driven
insolation change (the orbital monsoon hypothesis) (Liv et 1., 2003; Magee et al., 2004;
Marshall and Lynch, 2008; Mohtadi et al., 2011; R''duiman, 2006; Wyrwoll and Valdes,
2003), sea surface temperature (SST) (Liu et al., 200<; Miarshall and Lynch, 2008), sea level
(Marshall and Lynch, 2008) and abrupt Norther.1 - {femisphere climate change (e.g., Heinrich
events) (Ayliffe et al., 2013; Denniston et al., ?01/; Mohtadi et al., 2011; Partin et al., 2007).
Additionally, IASM activity has also b.en attributed to changing atmospheric composition
(Ayliffe et al., 2013) and even huma: induced vegetation change (Miller et al., 2005). This
again highlights the need for recorus ¥ past IASM activity from different locations where
these factors may be more or less siyniricant.

In Northern Australia, the IASM has a significant influence on ecosystem processes,
composition and dynamics ‘Bowman et al., 2010a), as well as potentially also influencing
ecosystems across cent.al # ustralia (Johnson et al., 1999). This includes influencing the
composition and occurre.>ce of savannas, the dominant vegetation community of Northern
Australia, which are thought to be strongly influenced by high seasonality in moisture
availability and the prolonged (7 month) dry-season (Cook and Heerdegen, 2001; Sankaran et
al., 2005; Staver et al., 2011a). For example, the abundance of tree versus grass cover in
savannas changes in space, with tree cover, height, basal area and woody species richness
decreasing away from the coast along the rainfall gradient (Williams et al., 1996). In the
context of this study, it is important to note, that the factors influencing tree-grass dynamics
in the Australian savannas are not fully understood and include parameters not directly
related to climate. This includes the role of burning by humans, herbivory and nutrient
availability (Beringer et al., 2015; Bowman et al., 2010b; Fensham et al., 2003; Hill and

Hanan, 2010), as well as global scale changes in atmospheric CO; ([COz]am), Which
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influences Cs grass abundance (Gerhart and Ward, 2010). In addition, it has been proposed
that the current tree/grass composition is a result of palaeo-disturbance (fire, drought,
herbivory and nutrient availability), rather than present conditions (Fensham et al., 2009;
Sankaran et al., 2005; Staver et al., 2011b). Despite this, temporal variability in water
availability is considered to directly influence the relative productivity of trees and grasses
(Moore et al., 2018; Prior et al., 2004; Prior et al., 2009).

The wetlands of Northern Australia occur intermittently amongst the surrounding
savanna. They are highly productive ecosystems which support many important flora and
fauna (Warfe et al., 2011) and are culturally important for Australia’s indigenous people
(Jackson et al., 2005). Similar, to savanna, their ecological compcsition is hihgly linked water
availability and IASM activity (Bird et al., 2019).

Although variability in the IASM strength is anticio.ted to have resulted in significant
changes to the terrestrial and freshwater systems ~f ,!arthern Australia over millennial
timescales (Yan et al., 2015), few studies have exa™iied palaeo-behaviour of the IASM
within its core region, north of the monsoon tror.gi (e.g. Denniston et al., 2013b; Kuhnt et al.,
2015; Mohtadi et al., 2011). Similarly, desyite 1ts role in ecosystem dynamics, very few
Australian have examined ecosystem c:anr,e in response to 1ASM variability (Field et al.,
2018c; McGowan et al., 2012; Steve.<on et al., 2015; van der Kaars et al., 2006), especially
in the Top End (Rowe et al., 201¢; '<\~we et al., 2020). This is despite high potential for
preservation of palaeo-environm:n.! information in the numerous wetlands across the Top
End and recent advances in cstabiishing more reliable chronologies in these challenging
sedimentary environments (Fiel. et al., 2018b; May et al., 2018). The aim of this paper is to
reconstruct past variabil:'y it ecosystem structure and water availability in a seasonal swamp
within the monsoon (weu dry) tropical savanna of the Top End, and to use changes in these

parameters to examine the operation of the IASM over that period.

2. Regional Setting

Table Top Swamp (TTS) (13.178° S and 130.746 °E, 200 m AHD) is a seasonally
ephemeral swamp located on the top of the Table Top Range, a sandstone Plateau ~200 m
above sea level and ~75 km inland (Fig. 1a). It is within the zone of direct monsoon
influence, defined by the presence of strong cross-equatorial flow, seasonal wind direction

reversal and strongly seasonal rainfall, which encompasses the region of the Australian



continent, north of ~15°S and between 120°E and 150°E (Kajikawa et al., 2010; Kuhnt et al.,
2015).

The swamp occupies a small depression within a catchment of approximately 0.75 km?.
Its small catchment and very limited groundwater contribution (see Supplementary
Information) make TTS an excellent environment to reconstruct changes in IASM activity,
which are manifest most readily as changes in precipitation. These are expected to be are
preserved in the swamp sediments via changes to sediment delivery/composition, swamp
hydrological status and biological composition/production.

The TTS catchment sits within the 1840 Ma Paleoproterozoic Depot Creek Sandstone
consisting of medium to very coarse clean quarzitic sandston. with minor quartz pebble
conglomerate beds (Ahmad and Hollis, 2013; Ahmad et al., 1993; Hollis and Glass, 2011).
Extensive Fe-cemented ferruginous rubble laterites outcren ir the catchment (Pietsch, 1989;
Pietsch and Edgoose, 1988). Soils are shallow and we'! Arcned.

Vegetation on the plateau is dominated by Eucalyu. :s savanna (open forest and woodland
with a grassy or shrub/grass understorey), typic- .f the Top End, with monsoon rainforest or
gallery forest located in areas offering more . manent access to water or protection from fire
(Kirkpatrick et al., 1987) (Fig. 1e). In ti.~ swanna woodland surrounding TTS the dominant
overstorey species include Eucalypo's tetradonta (Darwin stringybark) and E miniata
(Darwin woolybutt), while unders’ore - species include the grasses Triodia microstachya
(spinifex), Germania grandiflor=, k. *achne shultzeana, E. triseta, Heteropogon triticeus and
Sorghum intrans and shrubs Hi.~bhertia spp., Planchonia careya and Acacia spp.. The littoral
zone, an approximately 30 m band around the swamp, is dominated by Melaleuca viriflora
woodland, while mesic « mer jent vegetation (incl. Typha spp. and Cyperaceae), grow on the
swamp surface (Fig. 1c).

Rainfall is highly seasonal with >90% of precipitation occurring in the summer half of
the year (between November and April) . MAP at Table Top Swamp is 1900 mm, (Bureau of
Meteorology (BOM) gauges #014272 and #014272). Mean monthly maximum temperatures
are 34°C in both wet and dry seasons, while mean monthly minimum temperatures are 24°C
and 20°C in the wet and dry season, respectively. Potential evaporation is 2,200 mm/year
(Montanari et al., 2006), resulting in a dry season water deficit. Consequently, the moisture
status of TTS is highly seasonal with swamp water levels ranging between 2.6 m during the
wet season (above which it spills into Wangi Creek) and 0 m depth at the end of the dry

season (Fig. 1c and d).



Prior to the 1940s, most of the Top End including the area around TTS was managed
traditionally by Aboriginal people, who used burning to actively manage the landscape and
resources for thousands of years (Preece, 2013). Changes in fire regimes, including the
introduction and then disruption of Aboriginal land management, have likely played a role in
vegetation (tree-grass) dynamics in the northern savannas. For example, anthropogenic
burning may have reduced the strength of the IASM in Australia during the Holocene (Miller
et al., 2005), although this is disputed (Pitman and Hesse, 2007).

3 Methods
3.1 Sample collection and processing

A 1.18 m (TS-425) core was extracted from the cen.ve o the TTS using a vacuum-
sealed aluminium tube, which was manually hammered into lakebed. At the University of
Wollongong, the core was split lengthwise. One half w+as >canned using an Itrax core scanner
(described in section 3.2) then sliced into segments (.~"iples) of 2 mm length for the upper
400 mm, then 5 mm for the remainder of the cc.e A suite of analyses were undertaken these
samples, including grainsize, while pollen, “harcoal, stable isotope (8**C and §*°N) and
elemental analysis (Total Organic C (71 YC, and N) were undertaken on selected samples.
Samples of catchment vegetation ana .nils were collected to characterise the §"*C of potential
sources of OM to the TTS record. Ta.: included sampling sedges, modern peat and algae

from within the swamp itself. Tha re, ~aining half of the core was sampled for geochronology.

3.2 Itrax core scanning

Semi-quantitative characterisation of the elemental chemistry of the core was
obtained using an Itrax 1icro energy dispersive X-ray fluorescence radiation core scanner
(uWXRF). Full description of the Itrax score scanner is given by Croudace and Rothwell
(2015). Elemental counts were obtained for 38 elements: Al, Si, P, Cl, K, Ca, Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ga, Br, Rb, Sr, Y, Zr, Pd, Ba, Hf, Ta, Tm, Er, Ho, Dy, Eu, Sm, Nd,
Ce, La, W and Pb, using a Mo x-ray source at 30kV and 55 mA with step time of 2 mm and

an exposure time of 20 s.

3.4 Sedimentary analysis
Grain size for each core sample (n=357) was analysed by laser diffraction using a

Malvern Mastersizer 2000. Prior to analysis organics were removed by loss on ignition at



450°C and samples were dispersed using 10 s of ultrasonication. Visual and tactile inspection
prior to analysis indicated sample textures were within the capacity of the Malvern
Mastersizer, therefore samples were not sieved prior to analysis. Grain size distributions for
each sample were calculated as the average of five analyses undertaken with 20 s of
measurement time.

The carbonate content of samples in the core was examined by both HCI digestion
and by loss on ignition following the procedure outlined in Heiri et al. (2001).

3.5 Pollen and charcoal analysis

Twenty-five sub-samples were selected for poliei. and charcoal analysis.
Pollen/charcoal was isolated following van der Kaars (19¢1), ind Moss (2013). Samples
were disaggregated using 10 % NasP,O7 at 100 °C. Exniic L copodium spores, of a known
concentration, were added to each sample. Samples wzva Cieved between 8 - 180 pum. Humic
acids were removed with 8 % KOH at 90 °C, after wi.”=in NagO39W1, £H,0 (specific gravity
2.1) was used to isolate organics from minera: riatter. Samples then underwent acetolysis
(using a 9:1 ratio of CH3CO,H and H,SOu.). For identification, samples were mounted on
glass slides, using glycerol, and cou.ter. using transmitted light microscopy at x400
magnification. Counting of Lycopoa.:'m spores enabled calculation of pollen and charcoal
concentrations. Three hundred griirs <f dryland pollen were counted in each sample.
Charcoal was counted by undertz ki3 three transects across each slide, with all black angular

fragments >5 um counted as ci.>rcoal.

3.6 Stable isotope analy.as

Total organic carkon (TOC), total organic nitrogen (TON), stable nitrogen (6°Nron)
and carbon (6'*Croc) isotopes were measured on 23 samples through the core. Prior to
analysis samples were oven-dried at 45 °C for 72 hours then acidified with 0.1 M HCI for
one hour and gently rinsed with Milli-Q water to remove remaining acid (Mazumder et al.,
2010). Samples were re-dried and ground to a fine powder with a mortar and pestle before
isotope analysis. Samples were analysed on a continuous flow stable isotope mass
spectrometer (GV Instruments IsoPrime EA/IRMS) at ANSTO. Multiple analyses of
standards, including samples analysed alongside TTS samples are reported in Table S1.
Stable isotope values were reported in delta () units in parts per thousand (%o) relative to

the international standard Vienna Pee Dee Belemnite limestone (**C/**C = 0.0112372) for



§'*C and nitrogen in the air (0.03676) for 5"°N and determined as follows: (Rsample/Rstandard —
1)x1000, where R is the *3C/*2C or *>N/*N ratio, respectively.

3.7 Geochronology

Geochronology for TS-425 involved the application of optically stimulated
luminescence (OSL) and radiocarbon dating, as outlined in May et al. (2018). Spatially
highly-resolved measurements of the bulk OSL signal (Ln and Ln/Tn) were undertaken to
help constrain the age-depth structure of the core. When normalised against dose rate, these
provide information on the stratigraphic integrity of the core allowing identification of

changes to the sedimentation rate, hiatuses or unconformities.

3.8 Modelling palaeo-hydrological conditionsin TTS

A space for time substitution was used to m~ae! the effects of changing coastline
proximity on TTS hydrology. Present day precipita.’~:1 in the Top End is influenced by
continentality (Fig.1). For example, MAP on t'e coast at Darwin (13.5°S) is 1,700 mm/yr,
compared to 970 mm/yr at Katherine and <30 mm/yr at Tennant Creek, 240 and 850 km
inland, respectively (equating ~-1.5-3 r.m/'m). This rainfall gradient implies the changing
coastline position during the Quaternc.v would have influenced moisture advection to TTS.

This effect of changing ccas.i~2 position through time was examined using the
present day rainfall gradient tc n.%r past hydrological conditions at TTS for different
coastline positions. Coastline oosition within Joseph Bonaparte Gulf was previously
reconstructed at specific t.me steps (18, 12, 9 and 6.5 ka) using numerical models and
sediment cores by Yokovan a et al., (2001). At 18 ka (and through the LGM), the entire
continental shelf was ex)osed, with the coastline located ~530 km north of its present
position. By 12 ka rising sea level resulted in approximately half the continental shelf being
flooded, with the coastline ~200 km from its current position. After 9 ka the continental shelf
was extensively flooded with the coastline close to its current position (Yokoyama et al.,
2001). Precipitation at 18 and 12 ka at TTS was estimated using the rainfall records from
climate stations located at the equivalent distance from the modern coastline (~500 and ~200
km inland) (see S1). Swamp hydrodynamics at these time steps were then estimated using a

water balance equation:

Vi = ((P-E1) x 4s) + (((P-Etc) x Ac)*Rc) 1)



Where V;= swamp water volume at time t, P = precipitation, E1 = swamp (pan) evaporation,
Etc = catchment evapotranspiration, A; = swamp area, Ac = catchment area and Rc = the
runoff coefficient. Swamp capacity (water holding volume) was adjusted at the 12 and 18 ka
time-steps based on the sedimentation in the TTS core. Model parametrisation, sensitivity
and accuracy are outlined in S1.

It is important to note other factors, most significantly sea surface temperature (SST), also
influence rainfall over northern Australia at sub-annual, multi-annual (Jourdain et al., 2013;
Nicholls, 1995) and likely millennial time-scales (Marshall and Lynch, 2008), but are not
taken into account by this approach. In addition, evaporation/evcrotranspiration would differ
through time in response to changes in temperature, wind-spe=d 8 1d cloudiness. Constraining
these changes through time is complex. For example, rec'icec temperatures at 12 and 18 ka
would reduce evaporation/evapotranspiration at TTS huvever, reduced humidity resulting
from a more distant coastline would increase evapcradon. As the purpose of modelling
swamp hydrodynamics was to investigate the e7ie.t of the changing positon of the coastline
alone, modern evaporation/evapotranspiratior. values were using in Equation 1 at both the 12
and 18 ka time-steps. Use of modern ve '1es limits the usefulness of the hydrological model,
however, the effect changes in in e ‘aporation/evapotranspiration on swamp hydrology at

TTS are estimated to be <10% at bo’n .= examined time-steps (see S1).

4. Results
4.1 Sedimentary character.~tics of TTS

Based on colour, texiure and organic matter six sedimentary units were identified in
the TTS core (Fig. 2a-d).
Unit 6 (1181-1100 mm); consisted of yellowish red (5YR 4/6) to brown (7.5YR 5/2) sandy
clay. Clay reached its highest (~40%) and silt its lowest (generally <20%) proportions within
the core, while TOC was less than ~1%.
Unit 5 (1100-790 mm);exhibited consisted of a transition from a brown (7.5YR 5/2)
sand/loamy sand below 950 mm to a dark grey (5YR 4/1) loam above this depth. Sand
content was 80% at the base of the unit (the highest in the core) and 40-50 % at the top. Silt
content increased from <30, to 40-50 % through the unit. A pronounced clay spike (40%)
marked the Unit 5/4 transition. TOC remained below 1%.



Unit 4 (790-500 mm); comprised dark grey (5YR 4/1) silty loam. Silt increased from 65 to
75% in the unit, while clay and sand decreased from 15-20 to 10% and ~20 to 10%,
respectively.

Unit 3 (500-400 mm); consisted of a silty loam and was marked by the presence of distinctive
strong brown mottles (7.5YR 5/6) within a dark grey matrix (5YRA4/1), indicative of
significant Fe precipitation. Sand increased from <10 to >10%, while TOC remained low.
Unit 2 (400-190 mm); was comprised of silty loam. It was characterised by a colour transition
to a very dark greenish grey (Gley 3/10Y), reflecting increasing TOC content from <1% to 5-
7% through the unit.

Unit 1 (190-0 mm); was a dark bluish black organic rich seda.ent (Gley 2.5/5PB). It was
characterised by high TOC,~20%. Below 100 mm the text re )f Unit 1 consisted of silt,
while above this depth sand content reached 40% and th tex!ure approached that of a silty
loam. Clay content was at its lowest proportion in ''ni. 1, typically <5%. Carbonate was
present throughout the core at concentrations of 3-11Y. ~y weight.

4.2 Itrax uXRF

In situ elemental counts producec bv uXRF core scanning are known to be influenced
by changes in organic content (the 'ased-sum effect), the degree of decomposition, water
content and density (Lowemark ¢¢ .' 2011), in addition to elemental abundance and
instrument precision. It is thereroi> necessary to examine the performance of individual
elemental counts.

A Runs Test for rendoriness (Fu and Koutras, 1994) was performed on elemental
counts. Results indicatec P, .5, Zn, Sn and Pr displayed statistically (P<0.05) random counts.
Other elements (Al, Cl, \ in, Cu, Br, Zr, Ba, La, Pr, Nd, Sm, Eu, Dy, Ho, Er, Tm and Pb)
returned low counts (>10% of the data = 0 cps) or displayed a high degree of noise (V, Ni,
Rb, Sr, Pd, Ce and Ta) when plotted against depth, obscuring their interpretation in some
cases. With the exception of Sr (which was less noisy), these elements were largely excluded
from further discussion. Remaining elements (Si, K, Ca, Ti, Cr, Fe, Ga, and Y) displayed
coherent count patterns and were used to interpret palaeo-processes at TTS.

To approximate conventional XRF concentrations, counts of remaining elements were
converted to centred natural log ratios following Weltje and Tjallingii (2008). Transformed
elemental counts generally displayed a significant reduction in the top 200 mm (Unit 1) of the
core (returning negative values). This is shown by way of example for Ti in Figure. 2d.

Below 200 mm depth (Units 2-6) counts varied. Titanium displayed relatively high counts in
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Units 6 and 5 (~800 mm), before decreasing in the overlying units (Fig. 2d). This pattern was
also evident for K (Fig. 2d), Cr, and Ga and for Sr and Rb, despite greater noise in their
signals (not shown).

By contrast, Si and Ca displayed highest counts between Unit 4 and 2 (800-200 mm depth)
(Fig. 2d). In contrast to most elements, Y counts increased within Units 1 and 2, with peak
counts centred at ~200 mm depth. This pattern was also displayed by Zr, Nd, Sm and Tm
(not shown), although these elements returned more significant numbers of zero counts (>10-
18%). Lastly, Fe displayed a unique pattern, with two regions of higher values; at the base of
the core below ~1000 mm depth and between the top of Unit 4 and bottom of Unit 2 (600-
400 mm) (Fig. 2d).

4.3 Pollen and charcoal

A total of 35 taxa were identified at TTS (F'y. 5, These were divided into groups,
based on life form; arboreal taxa, herbs, Pteridophy = and aquatic taxa. No pollen was
observed below Unit 3 (>500 mm). Herbacecus taxa, chiefly Poaceae, and arboreal taxa
(largely the Myrtaceous genera Eucalyptus ai.¥ Melaleuca) dominate the record, comprising
60 and 35% of total pollen, respectively. Tne abundance of Aquatic taxa, including Typha,
Cyperaceae, Polygonum and Nymjphaceae varied, comprising 0-45% of total pollen.
Pteridophyte taxa had negligible ref rese >iation in the record. Charcoal was present in Units 5
to 1. Concentrations reduced beiwec Units 5 and 4, with little charcoal present in Unit 3.
Above 350 mm depth (Unit 2), ~harcoal increased toward the top of the core. In addition to
pollen and charcoal, the corc contained abundant diatoms and sponge spicules throughout.

Two main po'ler. arops are identifiable in TTS (Fig. 3), corresponding with Units 1
and 2. Lower pollen and :harcoal concentrations occurred in Unit 2, which contained higher
concentrations of moisture demanding, fire-sensitive genera, including Arecaceae, Ficus,
Callitris, Pandanus and Casuarinaceae. It also contained relatively higher concentrations of
aquatic taxa, chiefly, Typha and Cyperaceae. By comparison, Unit 1 contained more
abundant Myrtaceous taxa. Poaceae abundance increased, reaching 50-65% of the total pollen
sum in top of the core. The diversity of arboreal taxa also increased in Unit 1, with Celtis,
Terminalia, Bombax, Dodonaea, Sapotaceae and Sapindacae present in small quantities.

One additional sample from Unit 3 contained pollen, although pollen was not
preserved immediately above or below this sample. It contained a high abundance of Ficus

and Arecaceae (Palm pollen) in particular, but contained a very low pollen concentration. It
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presence may indicate TTS was a refuge at this time, although it also seems unlikely that
Ficus would dominate woody vegetation anywhere in northern Australia and other northern
Australia pollen records show no evidence of this (e.g., Field et al., 2017; Rowe et al., 2019;

Rowe et al., 2020). Therefore, this could be the result of selective preservation.

4.4 Carbon and nitrogen

As previously outlined, Total Organic Carbon (TOC) content in the TTS core was
approximately 0.1% in Unit 6, increasing to >1% above ~300 mm depth (Unit 2) and
reaching 20% in the top 200 mm of the core (Fig. 2c¢). C/N ratios largely followed the TOC
pattern with ratios ~5 in Units 6 to 2, increasing in Unit 2 to a pe2k of ~19 at the Unit 2/Unit
1 transition. In contrast to TOC, C/N ratios then decreased tc ~1¢ in the remainder of Unit 1.
8"Croc values ranged between -18 and -26.5%o (Fig. 2¢). 't w:.s most enriched in Units 6 and
5 (<-20 %o) becoming more depleted in Unit 4-3. Ir *I1* 2 and 1, 8*3Croc values became
significantly more depleted with values of -24%. t. -26%. above 250 mm. &N values
displayed a similar pattern to 8*3Croc values (' “=J.95), with greatest enrichment in Units 6
and 5 (values of ~+5%.). Above Unit 5, 8"\ was more depleted, values decreased from
~+3.5 10 +1%o within Unit 2 and were <. .n Unit 1.

83C values from modern vegstation and soil from TTS and TTS catchment were
largely around -30%. (Table 1). L2av.~ and bark of Proteaceae (Grevillea and Banksia),
Myrtaceae (Eucalyptus and Melaeu.?) and Cyperaceae species all fell in the range of -33 to -
27%o. A Poaceae species was u.>e only C, vegetation sample analysed, with a 8**C value of -

12.5%o. Leaf litter samples «vhibited & **C values between -32 to -29%o.

4.5 Dating results and a¢ 2 model construction

OSL and radiocarbon ages and Ln/Tn DRyom results were previously discussed in
detail in May et al., (2018). Based on those results, an age model was constructed for the core
from **C ages not deemed outliers and from OSL ages using the BACON model (Blaauw and
Christen 2011) (Fig. 4). The modern surface was assigned an age of zero years. Using the
Ln/Tn DRnom ratios, either very slow sedimentation or hiatuses/unconformities were
suspected at two intervals, between ca. 400 and 500 mm, and 700 and 800 mm depth (see
May et al., 2018). These depths were used to define boundaries in the age model. The
resulting age model is expressed as an age estimate at 1 mm intervals, with an uncertainty

value averaged from upper and lower age boundaries around a median value.
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The age model implied the base of the core dates from 38.6 £7.4 ka. As there were no
measured ages below Unit 5, the modelled age of 35.2 £6.3 ka, at the stratigraphic boundary
between Units 5 and 6 (~1106 mm depth), represents an alternative estimate for the onset of
sedimentation in TTS (Fig. 4).

Four distinct chronological zones were evident from the TTS age-model. These were
separated by distinct ages/age clusters (at >1sigma for OSL and > 2 sigma for radiocarbon),
and/or are bounded by changes in the Ln/Tn DRom profile (Fig. 4). The base of Zone 1
(1106 and 750 mm depth), corresponds to late MIS3 to early MIS2 and Unit 5. It was
constrained by an OSL age of 30.8 +3.7 ka (1108 mm) which overlapped with the age at 950
mm (32 £3.6 ka). The sedimentation rate in Zone 1 was ~0.025 1.~m/yr, while age uncertainty
was £19%, equating to >5 Kka.

Zone 2 encompasses the LGM to Pleistocene/Hloct ne transition and Unit 4. The
start of Zone 2 is demarked by a rapid drop in Ln/Tn "R, - ratios and an OSL age of 25 +2.4
ka. Its base is marked by a radiocarbon age of 8.1 1.5 ka. Zone 2 contains limited age
control, due to its fine texture and absence of orge iics (Fig. 2b and c). The significant down-
profile variability in Ln/Tn DRpom ratios in Znne 2 their sharp contrast the ratios in Zone 1,
imply depositional hiatuses and/or ~ricds of very slow sedimentation. Zone 2 is
characterised by high age uncertainty (+22%).

Zones 3 and 4 encompass tr. Pleistocene/Holocene transition to Mid-Holocene
(Zone 3) and Mid-Holocene to p.escnt (Zone 4). These zones are constrained by **C ages of
between 8.1 +0.5 and 4.4 £C 6 ka and 4.4 £0.25 and O ka, respectively. They are are
characterised by faster scdim:atation rates (0.041 and 0.051 mm/yr), and lower age
uncertainty (x5 and +1I %, equating to 0.2 and 0.3 ka, respectively). The Ln/Tn DRuom
ratios through both zone: displays a steady decrease, implying consistent and relatively fast

sedimentation.

4.5 Past Hydrology of TTS.

The output from the hydrological model provides a broad snapshot of potential
hydrological conditions at TTS. Results indicate that at the 18 ka time-step TTS remained dry
for ~50% of the time (50% of days/year), filling to capacity/over-topping ~10% of the time
(Fig. 5). By comparison, modelling (and observation) of modern conditions indicate TTS is
dry ~20% of the time (at the end of the dry season) and filling/over-topping ~35% of the
time. This implies TTS was ~30% drier during the LGM.
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By 12 ka approximately %2 the continental shelf within Joseph Bonaparte Gulf was
flooded (Yokoyama et al., 2001). TTS likely experienced hydrological conditions somewhat
similar to today, although possibly drier. Results indicated that at this time TTS was dry
~30% of the time and full/over-topping ~30% of the time (i.e. a 5-10 % difference from

modern conditions).
5. Discussion

In this discussion, we examine past-process/biological activity in TTS as inferred by
ltrax pXREF. We then use a "3C endmember mixing-model to e timate changing vegetation
composition and use 5'°N values to examine potential rainfal ~hzages at TTS. These datasets
are then used, alongside the other proxy datasets and the vesi Its of previous studies to infer
the past behaviour of the IASM and examine ecosyste:.> re.oonse at TTS.

5.1 Palaeo-processes at TTS inferred from geo :hmical data

Changes to elemental abundance, rev.aled by pXRF core scanning, can be used to
examine past physical and biological pre-e.ses at TTS. High normalised Ti counts suggests
TTS was dominated by the depositio.> of mineral material (Fig. 2d) between 35 to >25 ka
(Zone 1). Between ~25 and 5 ka, T' r.0...its decreased, indicating other processes were more
significant. In contrast to Ti, C~ anu Si counts increased after ~25 ka. This most likely is
caused by increased fixation 2t Ca in organic matter or in CaCOj3 shells and Si in the frustules
of algae and spicules of spor.2e \well preserved spicules and diatoms were evident throughout
the core, and carbonr:= v.as resent throughout the core). Alternatively, changes in Siand Ca
counts might be explainer. by increased (decreased) deposition of weathering products and/or
in in situ mobility of these elements due to solution/precipitation processes in the swamp.

Changes in the delivery of weathering products or in situ mobility of Si and Ca (and
other elements) can be examined by comparing down-core patterns in these elements to those
of Sr and Fe, which are highly mobile/weathering affected (Kamber et al., 2005; Marx and
Kamber, 2010; Nesbitt et al., 1980). Both the Si and Ca profiles in TTS contrast with Sr, the
pattern in which resembles that of Ti, with highest counts before ~25 ka (Fig. 2d). Similarly,
neither element matches Fe, which contains prominent peaks in counts at 500 and 1100 mm

depth (marked by a distinct orange colouration and mottling). These Fe peaks are the result
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from Fe oxyhydroxide precipitation in response to seasonal water-table variability (Fig. 2a).
Therefore, changes in Si and Ca counts are largely the result of biological concentration.

After 5 ka counts for most elements became negative due to dilution of mineral
material by organic matter. Counts of some elements increased, however. This included the
conservative element Y, as well as Zr, Nd, Sm and Tm, (despite these having significant zero
counts). This represents either a change in sediment provenance and/or delivery of more
weathered sediment. Although typically regarded as conservative (Kamber et al., 2005; Marx
and Kamber, 2010), these elements can be mobile during enhanced weathering, as would be
expected in the high weathering environment (high rainfall and temperatures) of the Top End,
and as occurs during laterite formation (Babechuk et al., 2015;  'ill et al., 2000). Changes in
counts of these elements therefore results from either &n ircreased contribution from
catchment laterite, changing aeolian dust input, or increast 4 de livery of weathering products.

Palaeo-processes at TTS can be examined in ™o & detail using element ratios which
can more definitively elucidate environmental processz>< (e.g. Marx and Kamber, 2010). The
ratio of Sr to Ca has been used as an indicator ¢ :lative evaporation in lake systems subject
to drying, where precipitation of Sr from sol.tion occurs more rapidly than Ca (Chen et al.,
1999; Grosjean et al., 2001; Olsen et a. 2413). In the case of TTS, evaporation of water
during the prolonged dry season leau: to the concentration of carbonates. The Sr/Ca ratio is
relatively high prior to ~25 ka, 1mg“Iing drier conditions at this time, i.e. increased
evaporative precipitation of Sr (Fig. 7).

Silicon/Ti has been us. to approximate biological production by Si concentrating
organisms (sponges, diaton.~ anu plants (phytoliths)) (e.g., Brown, 2015; Brown et al., 2007,
Field et al., 2018a; Kvlander et al., 2011). In some environments, Si/Ti ratios are influenced
by, and have been used tc infer, grainsize. This occurs where Ti is concentrated in secondary
clay minerals weathered from Ti minerals such as biotite. However, the catchment of TTS,
within a Paleoproterozoic sandstone, contains little clay. Rather in quartz-rich sandstones,
like the Depot Creek Sandstone, Ti is predominately hosted in weathering resistant minerals,
including rutile and ilmenite, and as such as no link to grainsize (i.e., the R? between mean
grainsize and Si/Ti in TTS is 0.07). The abrupt increase in Si/Ti ratios in TTS after ~25 ka is
therefore likely the result of enhanced biogenic Si production in this context, from which
increased moisture availability in the swamp can be inferred (Fig. 6¢).

Calcium can also be indicative of biological production, both from organisms and

plants concentrating Ca (Lauterbach et al., 2011; Olsen et al., 2013). Similar to Si, the ratio
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of Ca to more conservative elements (such as Ti or Ta) increases after ~25 ka, again possibly
due to enhanced biological productivity, again indicating increased moisture/enhanced IASM
activity. Calcium/conservative element ratios (e.g. Ca/Ti) increased further in the top 2 ka of
core, where living root material was more abundant, reflecting the concentration of Ca in
organic matter (Fig. 6d). It should be noted, however, that changes in Ca can provide
different palaeo-environmental information in different contexts (Davies et al., 2015), e.g.,
Ca is highly weathering sensitive (Nesbitt et al., 1980). Therefore, increased Ca/conservative
element ratios after ~25 and ~5 ka could result from increased biological activity, or
weathering, or both. lirrespective of the cause, this indicates increasing moisture at TTS.

Increases in the ratio of weathering sensitive elements tu conservative elements like
Ti, (which is very highly resistant to weathering (Hill et al., 2010)), can indicate increased
input of weathering products or changes in sediment n.2veiance. In TTS ratios of some
weathering sensitive elements to Ti increase afte: -5 ka, e.g., Y/Ti ratios (Fig. 6d).
Significantly, Y/Ti ratios in TTS have positive cerications with other more weathering
sensitive element ratios, including Ca/Ti (r’=/1.7). They also show identical down-profile
patterns to those of the highly weathering ~ftected elements Sr and Rb (Kamber et al., 2005;
Marx and Kamber, 2010) when those ei.>™.ents are also plotted as a ratio against Ti (note;
both Sr and Rb contained too man, zero counts to calculate meaningful correlations).
Collectively, this implies the increac<e in *,'/Ti at the top of the core is the result of weathering,
either increased weathering itse f, u. increased transport of weathering products from the
catchment, e.g. activation of hi.! slope material, both indicating increased precipitation and
runoff at TTS.

5.2 Vegetation change a'id rainfall patterns inferred from stable isotopes

Stable carbon isotope (8'3Croc) analysis of organic matter can provide insight into
plant species composition (e.g. C3 v C,), habitat and environmental stress (e.g. Boutton,
1996; Krull and Bray, 2005; Krull et al., 2004; Meyers and Ishiwatari, 1993; O'Leary, 1988;
Stewart et al., 1995). Plants utilise Cs (8"3C -25 to -30%0) or C4 (8'°C -12 to -14%o)
photosynthetic pathways to fractionate atmospheric CO, during the synthesis of organic
compounds (O'Leary, 1988). These pathways can be differentiated from analysis of 8C in
plants and associated organic matter. The range of 6"*Croc values in the TTS core imply a

vegetation source of variable mixtures of C; and C, plants (Boutton 1996, Meyers and
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Ishiwatari 1993) (Fig. 2c). This might be expected as the northern tropical savannas are
composed of predominately of C3 vegetation (trees) and grasses, which in tropical northern
Australia are 90% C, (Hattersley, 1983), i.e., C4 signatures have been identified in many
northern Australia sedimentary deposits (e.g. Bird et al., 2019; Krull and Bray, 2005; Lloyd
et al., 2008; Miller et al., 2018). The contribution of Cs plants to the measured §*Croc can be
quantified using Equation 2 (Ludlow et al., 1976);

Cs (%) = (63 Croc —6"3Cca)  (6'3Cc3 —6'3Ccq) x 100 (2)

where the 8Croc, 8"3Ccs, 8°Ccs are 8*3C endmember values for C; woody plants (and
grasses) and C, grasses, respectively.

Csestimates from older OM needs to consider othe. far cors that influence 8*°C values.
These include isotopic fractionation during soil orgw.~ 1iatter (SOM) decomposition (e.g.
Balesdent and Mariotti, 1996; Krull and Bray, 20u.- Wang et al., 2008a), changes to
atmospheric CO, concentrations ([CO2]am), atr 2<ptaric 8*3C composition ([6*CJam) and the
effect of past rainfall regimes on &C /7aru~s et al., 2020; Wang et al., 2008a). SOM
decomposition results in the residual OM . 10l becoming enriched in §'*C. This effect ranges
between 1%o in arid and weakly develo, =d soils, t0 4%o in wet tropical, well developed soils
(Garten et al., 2000; Krull et al., 209; ‘<rull and Bray, 2005; Krull et al., 2002; Lehmann et
al., 2002). Thus Equation 2 can ~e modified to include &, the fractionation factor related to

the extent of SOM decompos.:ior..

Cs (%) = (613CToc- £ '012204) / (513(:03 - 513Cc4) x 100 (3)

The endmember values for C3; and C,4 for vegetation and € for TTS are described in
the S1, alongside the corrections for changes to [5">Clam and [CO2]am. Changes to MAP were
estimated using the space for time substitution (see Section 2.8). As previously noted, there a
number of assumptions involved in the space/time rainfall estimate, therefore +20% was
applied to the rainfall estimate, which is comparable with estimates of MAP based on §*°N
values (see below).

Three scenarios of modelled C; vegetation are presented; i) Cs3 non-corrected data
(using Eq. 2), ii) C3 non-rainfall corrected data, which accounts for changing [CO2]atm, [0

3CJam, and decomposition (€), and, iii) Cs fully corrected data (Fig. 7g). Cs fully corrected
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data indicate C3 vegetation contributed between 45-65% of TOC in TTS between 35 and 5
ka, after which Cs increased to >75%. A noticeable increase in C; occurred around 25 ka
from 40 to 60%, before a decline to 52% at ~15 ka. C4 plants, with greater water use
efficiency favour drier conditions and summer rainfall maxima, while C; prefer higher
moisture availability and winter rainfall regimes (Cornwell et al., 2018; Ehleringer and
Cerling, 2002). These relationships between photosynthetic type and moisture availability
have been extensively used to infer past climates (e.g., Miller et al., 2018; Vidic and
Montanez, 2004; Wynn and Bird, 2007).

Increasing Cs; between the Pleistocene and Holocene and the middle and late

Holocene in TTS can therefore be interpreted as increasing mo.cture availability associated
with enhanced IASM rainfall. The C3 non-corrected and Cs non- rainfall corrected estimates
suggest C3 was as low as 30% during the Pleistocene, reir forcing the important role of
rainfall in influencing the "3C of Cs vegetation (Ste.-ar. et al., 1995) and highlighting the
need to correct for changing precipitation (Wang et . ‘., 2008a). Although the estimate of
precipitation change at TTS is uncertain, the cfference between the C; fully corrected
estimate and the C3 non-rainfall corrected esu..mate provide a reasonable range of likelihood
within which the percentage of C3 vegeta:*n’ could be expected to occur (Fig. 79).
As well as catchment vegetation, v:her factors can influence §=Croc values, including
freshwater algae and bacteria. Fresv.a.cr algae typically have 8*3C values of -26 to -30%s
(Meyers, 1997), similar to C_ veyetation at TTS. To distinguish between algae and
vegetation, C/N ratios are "t used alongside 8C value (Lamb et al., 2006). This is
possible as C/N ratios in aig2< are typically 4-10 where as they are >10 in Cz vegetation
(Lamb et al., 2006; M.>vess 2994).

The Pleistocene t-, Early Holocene aged sediments from TTS have §'°C values lower
than freshwater algae, but C/N ratios lower than terrestrial vegetation (Fig. 7d and g). This is
consistent with microbial degradation of organic matter resulting in loss of C and gain of N
(Benner et al., 1984; Meyers, 1994; Rice and Tenore, 1981; White and Howes, 1994). This
limits ability to distinguish a terrestrial vegetation from that of algae in these sediments. A
contribution of algae would therefore bias our results to Cz vegetation before the Early
Holocene, although algae in C, vegetation dominated catchments (e.g. in the Australian
tropics) can record higher 8"3C values (<16%o) (Chivas et al., 2001). By contrast, Mid to
Late-Holocene sediments in TTS exhibit C/N ratios >15 indicative of a dominantly Cj

vegetation signal. A contribution of algae
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Analysis of 8°N can provide further insight into shifting MAP at TTS. 8"°N values
have previously been shown to respond to MAP, presumably because N consumers become
more efficient with increasing moisture, lowering 5'°N values (Amundson et al., 2003;
Austin and Vitousek, 1998). Bird et al., (2019) reported a negative relationship between MAP
and 8"°N in lake sediments across the Top End. Applying that relationship to 8°N values in
the upper most samples in the TTS core resulted in a calculated MAP of 1780 mm (Root
Mean Squared Error of Prediction (RMSEP) range = 2220-1350 mm/yr), matching measured
MAP close to TTS (1940 mm/yr; 1993-2019 range = 2560-1320 mm/yr) (Fig. 7e). Therefore,
8N v values through the TTS core can be used to approximate palaeo precipitation. 8°N
values indicate MAP was below 1000 (range ~1400-400) m../vr between 35 and 25 ka,
increasing to >1500 mm/yr after 5 ka (Fig. 7e). This suppor.s tht interpretation of increased
monsoonal rainfall for the later Holocene. It is notewortk v th: t the 8"°N predicted rainfall is
within the range of MAP (albeit slightly higher) predic.2d using the space/time modelling
approach.

8"Croc values of lake sediments acros- v.e Top End have a statistically significant
positive relationship with the ratio of arborea: taxa to grass (Poaceae) (A/G) in lake sediment
pollen (Bird et al., 2019). Thus, 5*Cr¢ v~.iues can be used to infer savanna woodiness at
TTS. Applying the §*Croc to A/G re'ationship of Bird et al., (2019) to TTS 5*Croc resulted
in predicted A/G ratios of <5 in the 'e1stocene section of the record and ~25 during the
Holocene (Fig. 7f). These value; ov~restimated measured A/G (from pollen) ratios by >40
times in the top of the TTS oare. This is likely due to the effect of aquatic (C3) plants
(dominantly Typha spp.) hat yrow on swamp surface today and through much of the
Holocene (Fig. 1c ard ¢d) i icreasing the §*Croc values above that of arboreal taxa alone.
Alternatively, or additionlly, changes in the proportion of C3 grasses growing at TTS could
also play a role.

Modelled TTS A/G ratios between 35 and 25 ka are ~1.5 (Fig. 7f). These equate to
approximately 60% C3 vegetation, similar to that calculated by Eg. 3. Modelled A/G ratios in
TTS before 25 ka are similar to the A/G ratio obtained in (modern) surface pollen samples
from lakes located between 0.5-1° south of TTS (i.e., near Katherine, ~250 km from the
coastline). Vegetation at those latitudes is dominated by C, vegetation (8**Croc = ~-16 to -19;
Bird et al., 2019), agian implying savanna at TTS was more C,4 grass dominated in the past.

During much of MIS2 the coastline was ~500 km from its present position

(Yokoyama et al., 2001), however, estimated A/G ratios in TTS in MIS2 were similar to sites
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250-30 km from the coastline today (Bird et al., 2019). That is, MAP was higher than
predicted from the change in continentality alone. However, the relationship between 8*3C
values and A/G ratios is not straightforward with A/G also likely influenced by a
combination of other factors including fire regimes, soil texture, fertility and ground water
(Bird et al., 2019; Hutley et al., 2011; Williams et al., 1996).

5.3 Palaeo-environments of the Top End since 35 ka

The record from TTS can be used to infer past environmental conditions at TTS,
which are likely to reflect changes in water availability driven o, changes to IASM activity.
In the sections that follow, these changes are discussed withi the four Zones identified from
the geochronological structure of the TTS core (Fig.4). .\s rated, these broadly reflect the
major boundaries of the late Quaternary. They are; i) ! ate MIS3 to early MIS2 (35-25 ka), ii)
the LGM to Pleistocene/Holocene transition (25-10 ke i) the Early to Mid-Holocene (10-5
ka) and, iv) the Mid-Holocene to present. The uernarcation of these zones is also supported

by in other parameters within TTS, e.g stable :rotopes, grainsize, geochemistry and pollen.

5.3.1 Late MIS3 to Early MIS2:

The shallow basin contain'ng, TTS began accumulating sediment from ~35 Kka.
Sediment deposited prior to 35 ta (<'nit 6) was enriched in clay and Fe (Fig. 6b) consistent
with weathered saprolite anu indicating the onset of the lacustrine sediment deposition
accumulation is contained .ithn the studied core. This raises the question as to why TTS
does not contain older sed ment. Fluvial or aeolian erosion could have removed older
sediment, with enhancea pluvial conditions, followed by increased aridity, recorded across
northern Australia in MIS3 in the Gulf of Carpentaria, Kimberley (Reeves et al., 2008;
Wende et al., 1997) and on the northern edge of Great Sandy Desert at Wolfe Creek and Lake
Gregory (Fitzsimmons et al., 2012; Miller et al., 2018). Alternatively, structural changes (e.g.
faulting) may have facilitated formation of the depression prior to 35 ka, although more data
are needed to test this.

From ~35-25 ka alluvial sedimentation commenced in TTS. High Sr/Ca ratios
indicate high evaporative concentration of salts, implying low moisture content (Fig. 6c¢).
Similarly, low TOC, C/N, and Si/Ti (Fig. 6¢c and 7d) indicate minimal biological

productivity, also suggesting limited moisture availability. Enriched 8"°N values suggest
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MAP of <1000 mm/yr (Fig. 7e), while the lack of pollen preservation indicates highly
oxidising conditions indicative of a largely dry basin.

Low water levels in TTS are also implied by high sand content before 25 ka. Given
the prevalence of sandstone lithologies in the TTS catchment, sand is the dominant grainsize
of hillslope sediments and swamp margin soils. Transport winnowing, as occurs when
overland flow enters a water body is therefore required to deposit significant silt or clay in
the centre of TTS. High sand content in TTS implies overland transport of sediment to the
swamp centre, i.e., a reduced swamp water volume/extent (Fig. 6b).

Vegetation modelling indicated a greater proportion of C4 was present (up to 60%),
suggesting a more grass dominated savanna surrounding TTS (i"'1. 7g). A slight decrease in
8N values combined with increasing silt content between 3.:-25 ka could indicate increased
moisture at TTS within this period. Although this isn’t ea. ily 12solvable in light of falling SL
in late MIS3 (Grant et al., 2012) and is inconsistent with ;" uistralian records in general (Kemp
et al., 2019), i.e., it requires further investigation.

Relatively dry conditions at TTS broaciy match inferred conditions in the Gulf of
Carpentaria, where a wetter early MIS3 tra-sitioned to a dryer late MIS3 (Reeves et al.,
2008). Similarly, at Wolfe Creek, ~74. k'a SW of TTS, a rapid decrease in water level
occurred prior to 35 ka (Miller et al., 2018), while at Lake Gregory, ~860 km SW, increased
dune building was interpreted to ind c-a.. celative aridity (Fitzsimmons et al., 2012).

These results indicate TS ~ad reduced functionality as a wetland before 25 ka,
implying, by inference, that we*lands may have been limited across the Top End. Similarly,
Top End savannas were 1.7re grass dominated, consisting of smaller trees and reduced
species richness, likelv ,eserabling the composition of drier inland sites today (Williams et
al., 1996). Overall, evide ice from TTS indicates the IASM was significantly less effective
before 25 ka, matching reduced monsoon strength recorded across the other major global
monsoon systems in late MIS3 (Cruz et al., 2005; Gasse et al., 2008; Wang et al., 2008b;
Weldeab et al., 2007).

5.3.2 The LGM to Pleistocene/Holocene transition:

Despite limited age control and evidence of geochronological complexity, TTS
records increasing moisture availability after 25 ka, compared to 35-25 ka. This is shown by
increasing Sr/Ti and Ca/K (Fig. 6¢ and d), implying greater in-swamp biological production,

increased C;3 vegetation, potentially indicating a slightly greater abundance of woody
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vegetation or aquatics, and greater silt deposition and reduced Sr/Ca, both indicating wetter
conditions (Fig. 6¢ and 7g).

8"Croc values at TTS were similar to those inferred from Girraween Lagoon,
Darwin, located 80 km north-east of TTS and one of few other Top End from this period (-
16.1 versus -19%o, respectively) (Rowe et al., 2020). This implies a much higher abundance
of C, vegetation, calculated to be ~50% at TTS. Unlike TTS, Girraween preserved a diverse
pollen assemblage throughout the LGM to Holocene transition, including abundant poaceae,
woody sclerophyll-monsoon forest, non-eucalyptus woody pollen and wetland pollen (Rowe
et al., 2020). This diversity likely explains the approximatelv 50/50 C3/C, vegetation mix
modelled at TTS. The lack of pollen preservation at TTS, compcred to nearby Girraween is
likely attributable to local site factors, i.e., Girraween is a la.ver and deeper water body that
retains water annually today, whereas TTS does not. Simi.ar tc TTS, Girraween recorded low
fire activity (indicated by charcoal), but with more corzisint presence/preservation.

Critically, evidence of continued/increasing 1. ~usture in the Top End at TTS and
Girraween during the LGM contrasts with sorie anrthern Australia records which indicate
enhanced aridity (e.g. Fitzsimmons et al.. 2C12; Kershaw et al., 2007; Kuhnt et al., 2015;
Miller et al., 2018; Moss et al., 2017; N:ns., and Kershaw, 2000; Moss and Kershaw, 2007;
Reeves et al., 2008; Wyrwoll and :1iller, 2001). Increased moisture in the Top End is
consistent with peak local insolatior a:\' increasing SST and sea level during late MIS2 (Fig.
7a). It is also consistent with otter :ASM records, which show pronounced millennial-scale
variability during the LGM/M.S2. This includes speleothems from the Kimberley (Fig. 7c)
(Denniston et al., 2017), Ficres (Ayliffe et al., 2013) and Borneo (Partin et al., 2007), runoff
records from Flores (M iller et al., 2012) and PNG (Shiau et al., 2011) and foraminifera
patterns from a record oh Java (Mohtadi et al., 2011).

Flores (Liang Luar cave) and Borneo speleothem records imply strengthening of the
IASM between MIS3 and MIS2, similar to a prima facie interpretation of the TTS results.
These, along with Kimberley speleothems, record wet intervals coinciding with Heinrich
events, the Younger Dryas (YD) (and in the Kimberley a period termed the ‘Late Glacial
Pluvial’ (LGP) at ~18.3/17.3 ka (Denniston et al., 2017) (Fig. 7c)), attributed to southward
shifts in the IASM in response to North Atlantic cooling (Ayliffe et al., 2013). Modelling
studies imply the seasonality of the IASM may have increased at the LGM, with enhanced

early summer rain, but reduced annual rainfall (Yan et al., 2018), conditions which could
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manifest in complex landscape and ecosystem responses. This could explain the apparent
contradictions between the palaeoclimate records.

Despite possible hiatuses/unconformities in TTS between 25 and 10 ka, 391 mm of
sediment accreted in the swamp. The sedimentation rate, which was the same as between 35—
25 ka (~0.025 mm/yr), but lower than between 10-0 ka (0.046 mm/yr), demonstrates TTS
was receiving sediment at least periodically during MIS 2. There is also evidence of
increased sedimentation in Wangi plunge pool, directly below TTS, in mid to late MIS2
(May et al., 2015; Nott and Price, 1994).

Accretion of sediment in TTS may have occurred during the delglacial period (after
18 ka) when rapid marine transgression flooded of 2/3rds ~f Joseph Bonaparte Gulf
(Yokoyama et al., 2001). This would have resulted in increaed moisture advection to TTS,
enhancing precipitation and alluvial deposition. This is s:'npcted by the Girraween Lagoon
record which indicates increasing moisture after 12 k. (Rowe et al., 2020). It is also
supported by the palaeo-hydrological model which inJ*zates TTS would have experienced a
45% increase in swamp-full conditions betwee .8 and 12 ka (Fig. 5). Alternatively, or in
conjunction, sediment accretion could have c~curred during periodic (millennial-scale) wet
events, as recorded in speleothems (Ayl e :t al., 2013; Denniston et al., 2017) and in runoff
records (Muller et al., 2012; Shiau ~t al., 2011) during MIS2. Rapid changes in pollen
type/diversity in Girraween Lagoo 1.2y also be indicative of these events (Rowe et al.,
2020). Collectively this indicate: pi.~ses of more active IASM activity occurred throughout
MIS2, becoming frequent in u~alacial period (Ayliffe et al., 2013; Denniston et al., 2017,
Rowe et al., 2020).

Some marine recrds imply reduced runoff (drier conditions, or at least lower marine
productivity) and weake ' IASM activity during HS1, and the YD (Kuhnt et al., 2015;
Mohtadi et al., 2011). This would constrain sediment accretion in TTS to either the LGM, the
Balling—Allergd (e.g. see Mohtadi et al., 2011) and/or after ~12 ka. A further possibility is
that the majority of this sediment could have accreted after 14 ka when moisture availability
and 1ASM activity increased across northern Australia (Field et al., 2017; Field et al., 2018c;
Magee et al., 2004; Miller et al., 2018; Wyrwoll and Miller, 2001).

Possible sedimentation hiatuses/unconformities in TTS between 25 and 10 Ka,
combined with the low sedimentation rate, (Fig. 4) give rise to the possibility that sediment
was removed by fluvial or aeolian activity during extended exposure of the TTS floor.

Enhanced sedimentation in Wangi plunge pool during mid to late MIS2 (May et al., 2015;
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Nott and Price, 1994) provides evidence of significant discharge, implying potential for
sediment removal from TTS during intense run-off events, especially if the swamp was dry
immediately beforehand.

In summary, TTS records increased moisture availability, indicative of at least
periodic enhancement of the IASM, but also aridity between 25-10 ka. High monsoon
variability during MIS2 also appears to be a feature of East Asian and Indian monsoons
(Govil and Naidu, 2011; Wang et al., 2001; Wu et al., 2009). Variability in moisture
availability at TTS is reflected in the complex age structure of the TTS core as indicated by
the Ln/Tn DRy ratios. Similarly, Cs estimates range from ~55-70%, implying millennial
scale changes in ecosystem structure between more/less woudv savanna (however §°N
predicted rainfall displays little variability) (Fig. 7e-g). E,isolic enhancement of IASM
activity seems to have resulted in at least periodic es.abli.hment of a wetland at TTS,
although the age structure of the core does not al'>*v the timing of these periods to be
established.

5.3.3 The Pleistocene/Holocene transition to Mid-Holocene:

By ~9 ka SL was close to its cun ont position in Joseph Bonaparte Gulf (Yokoyama et
al., 2001). This change coincides witi, an increase in Cz vegetation, TOC and C/N ratios, the
onset of pollen preservation and ir cree2ing charcoal in TTS (Fig. 8). This matches results
from the proximal Gerriaween [.ag.an, which also records continuous pollen preservation
after 10 ka, (Rowe et al.,, 2219). These changes also match increased organic matter
preservation in spring depo.its icross the Kimberley (Field et al., 2018a; Field et al., 2018c)
and the return of rainforest te xa to northern Queensland (Moss et al., 2017). Collectively, this
suggests wetlands becam¢ more permanent across northern Australia from 10 ka.

8N values began to rapidly deplete at TTS after 10 ka, indicating MAP at TTS
reached ~1500 mm by 5 ka (Fig. 7e). Pyrophobic vegetation, dominated by the fire-sensitive
pine, Callitris sp., was abundant at TTS during the early Holocene, occurring coeval with low
charcoal counts indicating low local fire activity (Fig. 8e and f). A wetter vegetation
assemblage was similarly recorded at Girraween Lagoon in the early to Mid-Holocene (9-4
ka), with that site recoding standing water and peat production from 10 ka (Rowe et al.,
2019). At both TTS and Girraween, a significant increase in charcoal after 10 ka matched

increasing woody vegetation at both sites (Fig. 8g).
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The increase in moisture indicated at TTS and Girraween also matches other local
records of increased moisture. Namely, increased sedimentation in Wangi Plunge Pool (Nott
and Price, 1994). Elsewhere across northern Australia increased moisture is also recorded in
Kimberley Mound Springs (11-7.5 ka) (Field et al., 2018c) and by increased sedimentation in
the Gilbert River, Gulf of Carpentaria (Nanson et al., 1991). Collectively this indicates
increased IASM activity from 10-9 ka.

Increased Typha pollen (and aquatic pollen taxa more generally) in TTS toward the
mid-Holocene (Fig. 8d) implies a further increase in effective moisture. This again matches
with changes in the pollen assemblage Girraween Lagoon, suggesting enhanced wetland
development (Rowe et al., 2019).

Typha is a key food plant for Aboriginal people and its ¢ reater abundance coincides
with an overall growth of human populations in northern Ausiralia after 9 ka, itself linked to
an increase in resource availability in response to incr2as>d moisture (Williams et al., 2010;
Williams et al., 2015). Increased anthropogenic manc~cment is likely also reflected in the
decrease in abundance of pyrophobic trees and ".ic. ease in pyrophilic trees and charcoal from
the mid-Holocene (Fig. 8e and f). Althouah -educed IASM activity could also account for
this effect, it isn’t consistent with increa. ng aquatics and decreasing herbs (Fig. 8g).

While most biological inforiation in TTS implies increasing moisture during the
early Holocene, the ratio of Si/Ti d-:cr.~ces around the Pleistocene/Holocene transition (Fig.
6¢), suggesting less in-swamp hLio.~gical production and potentially drying. This broadly
coincides with a reduction in (s vegetation, also indicative of dry conditions (note
parametrisation of Equatio:> 3 ¢.uld account for this decrease, however), and reduced 1ASM
activity recorded in Kiinber'ey speleothems (Denniston et al., 2017). Whereas Kimberley
speleothems indicate inci ased IASM activity from 9 ka and C3 in TTS increases from 10 ka,
matching the onset of increased pollen preservation in both TTS and in Girraween Lagoon
(Rowe et al., 2019), the Si/Ti in does not increase again until after 5 ka. These discrepancies
between proxies require further investigation, however, a possible explanation is that the
change in Si/Ti at TTS could be driven by increased Ti input or non-climate factors affecting
biological Si production (water chemistry, predation etc.).

Significantly, the onset of enhanced IASM conditions at TTS and at Girraween
Lagoon postdate the precession forced changes to the major global monsoon systems from
14.8 ka (deMenocal et al., 2000). In addition, the onset of increased humidity in the Top End
after 10 ka also contrasts with major drying events in African monsoon influenced lakes after

8 ka, (Gasse, 2000) and by the absence/retreat of glaciers from the monsoon influenced
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catchments of the Central Andes between ~9-7 and at ~3 ka (Abbott et al., 2003). This
suggests regional-scale changes in SL, insolation and land-sea heating may exert a more
important control on IASM activity in the Top End by comparison to global-scale
precessional forcing (e.g., see Marshall and Lynch, 2008; Yan et al., 2018). Although,
Northern Hemisphere insolation is likely to still be an important boundary control on IASM
strength in Australia (McRobie et al., 2015), i.e., there is evidence of a more minor increase
in lASM activity from 14 ka (Field et al., 2018c).

Overall, the early to mid-Holocene in TTS and nearby Girraween Lagoon is marked
by evidence of substantial change from ~10 ka (Fig. 6-8) indicating invigoration of the
IASM. This coincides with increasing tropical insolation (Beraer >nd Loutre, 1991; Laskar et
al., 2004), SSTs in the IPWP (Stott et al., 2004) and inciasfrd La Nina-type conditions
(Denniston et al., 2013b) and flooding of Joseph Bonan.rte Gulf (Fig. 6a). These changes
imply a southward shift/expansion of the ITCZ (Mari.i e: al., 2017; Marx et al., 2009). It is
not possible to deconvolute these causes in the contex. -f this study and they are unlikely to
be independent, all would be expected to incrzase moisture in the Top End via enhanced

IASM activity however.

5.3.4 Mid Holocene to present:

After 5 ka the pollen asseirge in TTS became indicative of a drier vegetation
mosaic. Fire intolerant (pyrophsbic) and aquatic plant taxa decreased while Eucalyptus
pollen increased (Fig. 8e and ) These patterns are consistent with pollen records at other
sites across northern Austra'ia mdicating drying from the mid-Holocene (Rowe et al., 2019;
Shulmeister and Leec 1795 Stevenson et al., 2015). At Girraween Lagoon declining grass
and increasing charcoal and Eucalypt pollen occurred from 4 ka, with Eucalypt pollen
peaking at 3-0.6 ka (Rowe et al., 2019). Collectively this implies local drying within the
wetlands of the Top End. Similarly, in the Kimberley, dry conditions occurred from 7.5 ka,
intensifying further after 4 ka (Field et al., 2017; Field et al., 2018c). These changes also
coincide with increased dust transport from central Australia (Marx et al., 2009), including
enhanced dust deposition in the Kimberley (Fig. 8b) (McGowan et al., 2012), broadly
attributed to increased El Nifio-type climate variability (Marx et al., 2009) which is
associated with contemporary IASM suppression (Evans and Allan, 1992; Lau and Nath,
2000).
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While pollen and charcoal indicate drying at TTS after 5 ka, TOC and C/N increased
rapidly, indicating better preservation conditions (Fig. 7d) indicative of increased moisture.
Similarly, 8"°N values imply rainfall increased, approaching modern MAP in the late
Holocene, as indicated by the top most samples in the TTS core. Sand content in TTS also
increased in the mid to late Holocene, again particularly in the top of core, indicative of
increased velocity of overland flow due to increased rainfall (Fig. 6b /8c). Further evidence
of increased moisture is provided by increased deposition of weathering products after 5 ka
(Fig. 6d/8c).

Cs vegetation also increased to its highest percentage after 5 ka (~80%). This is
consistent with a more woody savanna, suggesting the savanna s.frounding TTS approached
its modern composition from that time. For example, 8*3C va'ues in TTS after 5 ka are
similar to modern leaf litter (when corrected for soil decor.nos.tion).

Although increased C; vegetation after 5 ka r.:'lu 9e partly driven by Typha growth
in the swamp, Typha and total aquatics decrease in the ‘op of the core as does total arboreal
taxa (Fig. 8d and g). Grass, herbs and Pteridop'iy’es increase, implying Cs varieties of these
vegetation types contributed to the increase in Cs recorded in TTS. As Csz grasses and
Pteridophytes are more likely mesic ‘Hattersley, 1983; Kotze and O'Connor, 2000),
periodic/seasonal changes in swamp ~rsistent/extent could result in their enhanced growth
in and around the swamp. Alternat vr.1y, or in addition, increased human populations in the
mid to late Holocene in northern tuical Australia (especially after 2 ka) (Williams et al.,
2010; Williams et al., 2015) c.'ld have contributed to ecosystem change both around TTS
itself and more broadly acruss the Top End.

It is difficult to rcsoh e the timing of changes in TTS below <5 kys BP. However, the
evidence of increased mo sture in the late Holocene at TTS occurs coincident with increased
moisture in the late Holocene at Girraween Lagoon (Rowe et al., 2019). Similarly, the
increase in savanna woodiness recorded at TTS in the late Holocene is also evident at
Girraween. Alongside this, increased discharge was recorded in Kimberley springs in the
Late Holocene (at ~3-2 ka) (McGowan et al., 2012), while runoff to the Timor Sea/Indian
Ocean also increased(Kuhnt et al., 2015) (Fig. 7b and 8b), implying increased moisture
across northern Australia. It should be noted, however, that the Kimberly springs records are
complex, with pollen and other evidence also indicating late Holocene drying (Field et al.,
2017; Field et al., 2018c).
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Within the wider 1ASM region, increased IASM strength in the late Holocene is
recorded across Indonesia, including south of Java from 2.5 ka (Mohtadi et al., 2011), Sumba
from 2.8 ka (Steinke et al., 2014) and at Flores and Borneo from 3 ka (Griffiths et al., 2010;
Partin et al., 2007). Stronger IASM activity in the late Holocene is also coincident with
increased activity of both the African (Gasse, 2000) and South American monsoons (Abbott
et al., 2003; Hooper et al., 2020).

Overall IASM activity over the late Holocene remains somewhat uncertain. While
pollen in TTS indicates a general drying, there is also evidence of wetter conditions. This
apparently contradictory evidence could imply high variability in 1ASM conditions,
consistent with increased ENSO activity 5-2 ka, with a potentia:'v stronger but still variable
IASM after that time, or the influence of increased human activii y, or both. Despite this, the
TTS wetland remained broadly established after 5 ka, albe it ex periencing variable conditions,

while the surrounding savanna also established its curr~nu ~onfiguration from this time.

6.0 Conclusions

Table Top Swamp contains a se."i-rontinuous palaeo-environmental record since 35
ka. Despite the geochronological con.nlexity of the studied core a number of distinctive time
zones are identifiable in TTS. Resul's ' 1*cated a more grassy savanna existed in the Top End
between 35 and 25 ka, with (, ‘egetation contributing around 50% of organic C by
comparison to 20% today. The TTo was less established, indicating a significantly subdued
IASM and suggesting wet'and: were more limited across the Top End. Between 25 and 10
ka humidity increased a T1 3, as indicated by increased in-swamp production, increased Cs
vegetation and greater ‘acustrine winnowing of grainsize, confirming at least periodic
establishment of swampy conditions. Luminescence data suggest a number of
hiatuses/unconformities in sedimentation occurred during this period which likely reflect
pronounced shifts in IASM activity as recorded in other Australian and Indonesian studies.
Constraining the timing of these shifts remains an important challenge for understanding
IASM dynamics and ecosystem change and resilience in tropical Australia.

A dramatic shift in climate and ecosystems was recorded from ~10 ka associated with
an approximately 50% increase in water availability. This included the onset of pollen
preservation, an increase in TOC and C/N, and a shift to a more woody dominated savanna.

This points to invigoration of the IASM, corresponding with establishment of a seasonally

28



active wetland at TTS, with 8°N implying rainfall reached modern levels from this time.
Results from TTS and combined with those from elsewhere across northern Australia (e.g.,
in Girraween Lagoon (Rowe et al., 2019) and in mounds springs from the Kimberly (Field et
al., 2017; Field et al., 2018c)) indicate the current configuration of ecosystems across the
Top End likely broadly date from this time. Significantly, invigoration of the IASM in the
Top End occurred later than the precession-forced response recorded in other global monsoon
system. This implies moisture proximity (i.e., the coastline position) and other regional-scale
factors are key controls on IASM effectiveness in northern Australia.

A shift from wetter, less fire-prone, vegetation to drier vegetation and increased
charcoal occurred at ~5 ka. However, this was also accompai.’ad by evidence of greater
rainfall, increased C; vegetation and the delivery of more \eafered sediment to TTS, all
indicating increased humidity. These contrasting condificns could indicate increased IASM
variability, i.e., ENSO activity increased after ~5 ka. /.'"*e\ atively, the increasing presence of
humans in the landscape may have facilitated a decou*ing between vegetation and climate,
for example through greater use of fire.
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Figure captions

Figure 1. Location and environment of Table Top Swamp (TTS). a) Position of Table Top
Swamp in the ‘Top End’ of the Northern Territory. The approximate position of the ITCZ
during the Austral summer is shown on the map. The numbered dots on the panel show the
location of other studies the data from which is plotted in figures 6-8, where 1 is the Ball
Gown and KN1-51 speleothems from the Kimberley, (Denniston et al., 2017), 2 is Black
Springs (Field et al., 2017; Field et al., 2018; McGowan et al., 2012) and 3 and 4 are marine
cores MDO01-2778 and SO185-18479, respectively (Kuhnt et al., 2015). b) Satellite image of
Table Top swamp (Google Earth), the position from where the core was collected is marked
by a cross. The mesic vegetation surrounding the swamp is visible due its brighter green
colour and greater tree density in comparison to the browner and more grass dominated
savanna. ¢) Image of the swamp at the end of the wet season when it contains water and a
dense cover of aquatic reeds (Typha sp). d) Image of the swanp at the end of the dry season.
Note the polygonal cracks appearing on the swamp floor. .} Vegetation at the mesic
forest/savanna interface.

Figure 2: Sedimentary and geochemical characteristics 0. TT.5. a) Core photo with the main
stratigraphic units indicated (see text for details). b) Gi:in size composition expressed as the
percentage of sand silt and clay. ¢) Organic element 11 c niposition, including Total Organic
Carbon (TOC), CIN ratios, 8"*Croc (VPDB) and &' (AIR). d) pXRF counts of selected
elements presented as central normalised log rati~s. Counts are plotted smoothed with a ten
point running mean (solid lines) with the non-si 101 1ed data are plotted behind in grey. Note
0 counts were removed from the Sr data for bt clarity.

Figure 3. Pollen abundance inthe TTS cu. 2. The core image and main stratigraphic units are
shown on the left of the diagram. Orn. / taxa represented by a relative pollen abundance >2%
are plotted. The full pollen assemblaZ;: is crovided in Table S2.

Figure 4. Bayesian age/depth moac' tor the TTS core derived using BACON model. OSL
ages, 1*C AMS ages and dose ‘ate normalised Ln/Tn ratios (Ln/Tn DRyom) are also plotted.
Four key chronological zones are epresented on the plot by the vertical grey lines. These are:
1. Late MIS3 to Early MIS$2; 2., The Last Glacial Maximum (LGM) through to
Pleistocene/Holocene trrinsiiion; 3., The Pleistocene/Holocene transition to Mid-Holocene;
and 4., The Mid-Ho'c~a1.2 to present. The sedimentary unit boundaries are indicated by the
grey horizontal lines.

Figure 5. Modelled swamp moisture content at a) 18 ka, b) 12 ka and c) the present day.
Data are expressed as a percentage of time, where full conditions equates the percentage of
time where water volume is >90 of swamp capacity and dry conditions equates to the
percentage of time where water volume is <10 % of swamp capacity.

Figure 6. Grainsize and element ratios plotted through TTS. Key physical parameters and
selected previous records of ASM activity are plotted in panel a). The direction of likely
increased ASM activity is indicated on each panel by blue arrows. The light green bar
indicates the region of greatest age uncertainty. a) January insolation at 15 °S (Berger and
Loutre, 1991), sea level (relative to present day) in Joseph Bonaparte Gulf (Yokoyama et al.,
2001) and sea surface temperature (SST) reconstructed from Mg/Ca in marine core MD98-
2170 from the Timor Sea and MD98-2176 from the Arafura Sea (Stott et al., 2004). Panels b)
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to d) display data from TTS, including; b) Grainsize, c) Si/Ti and Sr/Ca ratios and, d) Y/Ti
and Ca/Ti ratios.

Figure 7. Carbon, nitrogen and associated parameters plotted against time through TTS. Key
physical parameters and selected previous records of ASM activity are also plotted. The
direction of likely increased ASM activity is indicated on each panel by blue arrows. The
light green bar indicates the region of greatest age uncertainty. For panel a) see the Fig. 6
caption. b) Terrestrial runoff (In(k/Ca)) records from marine cores MD01-2778 and SO185-
18479 (Timor Sea, see Fig. 1 for location) (Kuhnt et al., 2015). c) §'®0 from speleothems in
the Ball Gown and KNI-51 caves (Kimberly, see Fig. 1 for location) (Denniston et al., 2017).
d) Total Organic Carbon (TOC) and C/N ratios in TTS. €) 8°N (AIR) values and &N
estimated rainfall at TTS. Rainfall was derived from &N using the modern 8"°N rainfall
relationship for Northern Australia from Bird et al., (2019). The uncertainty envelope (light
blue) represents the Root Mean Square Error of Prediction (RN 2EP). f) §°C (VPDB) values
and the 8'*C predicted ratio of arboreal taxa (woody vegetation, to Poaceae (grass) (A/G) in
TTS. The A/G (arboreal/grass taxa) ratio indicates the (~o-ee of ‘woodiness’ of the
vegetation mosaic and was estimated using the modern elat onship between §*C and A/P
from Bird et al., (2019). The uncertainty envelope (light gieen) represents the RMSEP. )
The modelled percentage of C3 vegetation through T1 2 (xvom Eg. 2 and 3). Fully corrected
data incorporate changes to 8*3C values from decon2.ition, changing [8*3Clam, changing
[CO,]am and the effect of rainfall on 8*3C. Nen-iainfail corrected data include the same
corrections, except these were not corrected ©. rainfall. Non-corrected data contains no
corrections. The window of uncertainty (;ink) around the Fully corrected C; values
represents the effect of £20 % rainfall.

Figure 8. Selected variables plotted through TTS during the Holocene. Key physical
parameters and selected previous reczrds 2f ASM activity are also plotted on the figure. For
panel a) description see Fig. 6 captiur. by Aeolian and fluvial flux into Black Springs, central
Kimberly (McGowan et al., 2012). Panels c) to g) show data from TTS including; c) Sand
content, Y/Ti ratios and modeliea ‘Fully corrected) percentage of C3 vegetation. d) Relative
pollen abundance for seleci~a *axa. e) The percentage of pyrophobic trees and pollen
concentration. f) pyrophy!lic wess and log charcoal counts. g) Pollen abundance by
vegetation type.
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Table 1. Vegetation 5"3C data from the Table Top Swamp catchment

Family/type Genus/species Component  C CIN
Proteaceae Grevillea pteridifolia Leaf -32.01 50.0
Myrtaceae Melaleuca viridiflora Leaf -32.90 68.5
Myrtaceae Eucalyptus tetradonta Leaf -30.87 44.0
Proteacae Banksia dentata Leaf -30.88 63.8
Cyperaceae ? Leaf -12.58 132.9
Myrtaceae Melaleuca viridiflora Bark -29.05 54.6
Myrtaceae Eucalyptus tetradonta Bark -29.05 60.0
Myrtaceae Eucalyptus tetradonta Bark -27.23 19.3
Myrtaceae Melaleuca viridiflora Wood -31.46 78.8
Cyperaceae ? Reed -28.56 63.1
Poaceae ? -29.54 35.9
Floating peat 2000 26.8
Mixed Leaf litter 29 09 55.3
Mixed Leaf litter -31.35 54.5
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Wetlands were likely very limited across the Top End and northern Australia before
25 ka with savanna significantly more grass dominated.

The IASM became significantly more effective from 9ka, with ecosystem developing
their current composition and configuration after this time.

There is evidence of human resource use impacting vegetation assemblages in the
Top End from the early to mid-Holocene.

There is evidence of both increasing moisture and aridity in the mid- to late-
Holocene in the Top End.

Sea level appears to be the major control of IASM strength in the Top End over the
past 35 ka.
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