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Abstract

Environmental evolution of the Gulf of Carpentaria region, the world’s largest tropical epicontinental seaway, through the last glacial

cycle has been determined from a series of six sediment cores. These cores form the focus of a multi-disciplinary study to elucidate sea

level, climate and environmental change in the region. The sedimentary record reveals a series of facies including open shallow marine,

marginal marine, estuarine, lacustrine and subaerial exposure, throughout the extent of the basin during this period.

The partial or complete closure of the central basin from marine waters results from sea level falling below the height of one or both of

the sills that border the Gulf—the Arafura Sill to the west (53m below present sea level (bpsl)) and Torres Strait to the east (12m bpsl).

The extent and timing of these closures, and restriction of the shallow waterbody within, are intrinsic to local ocean circulation, available

latent heat transport and the movement of people and animals between Australia and New Guinea.

Whilst the occurrence of the palaeo-Lake Carpentaria has previously been identified, this study expands on the hydrological conditions

of the lacustrine phases and extends the record through the Last Interglacial, detailing the previous sea-level highstand (MIS 5.5) and

subsequent retreat.

When sea levels were low during the MIS 6 glacial period, the Gulf was largely subaerially exposed and traversed by meandering rivers.

The MIS 5 transgression (�130 kaBP) led to marine then alternating marine/estuarine conditions through to MIS 4 (�70 ka BP) when a

protracted lacustrine phase, of varying salinity and depth/area, and including periods of near desiccation, persisted until about 12.2 cal ka

BP. The lake expanded to near maximum size (�190 000 km2) following the intensification/restoration of the Australian monsoon at

14 ka BP. This lake-full phase was short-lived, as by 12.2 cal ka BP, marine waters were entering the basin, coincident with the progressive

sea-level rise. Fully marine conditions were restored by about 10.5 cal ka BP by westward connection to the Arafura Sea (Indian Ocean),

whereas connections to the Pacific Ocean (Coral Sea) did not occur until about 8 cal ka BP.

r 2007 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

1.1. The importance of the Gulf of Carpentaria

The Gulf of Carpentaria, northern Australia, presents
myriad opportunities for the palaeogeographer. The
shallow nature of this large basin (900� 600 km) allows
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identification of the local extent of the major global
transgressive and regressive marine phases, with the sills
that separate the Gulf from the open ocean acting as height
markers (Fig. 1). Being located within the relatively stable
portion of the Australian continental plate, the record of
sea-level change in the Gulf is more readily deciphered than
some other areas, such as the Huon Peninsula of Papua
New Guinea, which have experienced significant tectonic
activity. In addition, being the site of a junction of the
Pacific and Indian Oceans, at least at times of high sea
level, a record of local ocean mixing may be obtained.
The proximity of the Gulf to the Indo-Pacific Warm

Pool (IPWP), where the greatest exchange of temperature
served.

dx.doi.org/10.1016/j.quaint.2007.11.019
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Fig. 1. Bathymetric map of the Gulf of Carpentaria (from Grim and Edgar, 1998), showing the location of the cores presented in this study (MD-) and

those of previous studies (GC-) referred to herein. The �53m contour represents the maximum possible extent of Lake Carpentaria. This is the current

depth of the Arafura Sill, whereas Torres Strait is 12m deep, at its shallowest point.
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and moisture between the ocean and the atmosphere occur,
also implies that the climatic fluctuations during the last
glacial cycle registered in the sediments of the basin are of
great significance to the region as a whole (Fig. 2). In
addition, the Gulf record provides a link to the terrestrial
sites of inland Australia. Lake Eyre, today a playa lake
situated in central Australia, although fed by a very large
catchment area extending north to the drainage divide with
the Gulf, and the Gregory Lakes, a terminal system in the
inland of the Kimberley region, northwestern Australia,
provide useful comparisons. These basins are filled by
monsoonal rain and have well-established climatic records
extending beyond the last glacial cycle.
1.2. Location of the study area

The Gulf of Carpentaria is an epicontinental sea located
between Australia and New Guinea (Fig. 1). It is bordered
to the north by the south coast of West Papua, Indonesia,
and by Papua New Guinea and to the south by the
north coast of Australia from Arnhem Land, Northern
Territory in the west around to Cape York Peninsula,
Queensland, in the east. This broad, shallow embayment
reaches a maximum depth of 70m toward the eastern
margin. Below 50m water depth, the seabed is essentially
flat with a gradient of about 1:13 000 (Edgar et al.,
2003).
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Fig. 2. Regional location map of northern Australia, showing areas named in the text. The dashed line represents the southern margin of the Indo-Pacific

Warm Pool. The dotted lines represent the approximate boundaries of the Carpentaria and Lake Eyre drainage divides.
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The Arafura Sill is a sedimentary feature that separates
the Gulf from the Indian Ocean to the west, 53m below
present sea level (bpsl). Beyond the sill, the Arafura Sea
reaches depths of 40–80m, descending to 120–200m
beyond an ill-defined shelf, and abruptly into the
43000m deep trough that divides the Sahul Shelf of
northwestern Australia from the island of Timor. Seismic
profiling has identified numerous channels that have been
cut and refilled, crossing the Sill (e.g. Jones and Torgersen,
1988).

Torres Strait is a shallow platform extending from Papua
New Guinea to the tip of Cape York Peninsula and
separating the Gulf of Carpentaria from the Pacific Ocean.
The Strait is generally between 15 and 25m deep and is
bounded on the eastern side by a sill only 12m deep. To the
east of the sill, the shelf edge is around 70–80m deep,
beyond which the seabed descends to depths of44000m in
the Coral Sea.

1.3. Modern sedimentation in the Gulf

Modern sedimentation in the Gulf has been examined by
Jones (1986, 1987), Jones and Torgersen (1988), Somers
and Long (1994) and Preda and Cox (2005), and may be
divided into three categories. The nearshore zone on the
east and west coasts, to a water depth of 20m, is a region of
active sedimentation, comprising deltaic and nearshore
sand and offshore prodelta sandy mud (Somers and Long,
1994). Expansive sand sheets and bars have developed
around the mouths of the rivers, whilst supratidal mudflats
extend behind beach ridges. Beyond these zones, deposition
rates are considerably lower. An offshore relict sand of
medium- to coarse-grained iron-stained quartz charac-
terises the central and southern Gulf (Jones, 1986, 1987).
The remainder of the sediment comprises Holocene sandy
mud and muddy sand, with variable components of
biogenic carbonate detritus, which are particularly high
in water depths greater than 60m (Jones, 1986; Yassini
et al., 1993).

1.4. The modern environment

The Gulf of Carpentaria fills a broad, shallow basin,
spanning 9–181S from the tropical climate of the north, to
the arid Australian interior. The maximum extent of the
modern Gulf covers a surface area of approximately
500 000 km2 with a catchment area of 1 200 000 km2. Such
a vast expanse encompasses a wide range of climatic
conditions, from wet tropical in the north to semi-arid
grassland in the south.
Mean air temperature measured at stations around the

Gulf is reasonably uniform, �33/21 1C (maximum/mini-
mum). During summer, stratification of the water column
occurs in the north of the Gulf. A slight salinity gradient is
apparent over the extent of the Gulf, ranging from 34.8%
at Albatross Bay in the northeast to 36.2% at Karumba, in
the southeast (Rothlisberg et al., 1994).
Rainfall is dominated by the summer (December–-

March) Australian monsoon. The subsequent dry season
varies from 2 to 3 months in the north, to 6 to 8 months in
the south. Mean annual rainfall is highest in the south of
New Guinea, exceeding 2500mma�1, brought by the
northwestern monsoon. The precipitation gradient de-
creases steeply across the Gulf, registering only 500mma�1

in the southwest of the basin. This is achieved predomi-
nantly by southeast trade winds, with some contribution
from irregular cyclonic activity. Average evaporation rates
across the basin are 1650mma�1 (Newell, 1973).
The tidal range of the Gulf is on average 1–2m, reaching

up to 4m during spring tides at Karumba, with circulation
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in a slow clockwise pattern, and tides vary from semi-
diurnal to diurnal throughout the year (Church and
Forbes, 1981; Wolanski, 1993). A pronounced seiche effect
occurs in the water level, due to the low gradient of the
basin (Woodroffe and Chappell, 1993). Strong, dry south-
easterly winds dominate in the winter, whilst weaker, moist
northeast to northwest winds occur during the summer
monsoon and generate long-period waves (Woolfe et al.,
1998). Cyclonic activity is also common.

1.5. Previous studies of the Gulf region

Previous palaeoenvironmental studies in the Gulf region
have noted the possibility of an earlier Lake Carpentaria in
the basin (Phipps, 1970; Nix and Kalma, 1972; Smart,
1977). Subsequent research defined the extent of the lake
through the period �36–12 ka BP, and the succeeding
marine transgression (Torgersen et al., 1983, 1985, 1988;
De Deckker et al., 1988; Jones and Torgersen, 1988;
McCulloch et al., 1989). The lake facies has been identified
in the present study, and the record extended through the
previous marine phase. Records of past fluvial activity in
the Gulf have been determined by Nanson et al. (1991,
2005) and Jones et al. (1993, 2003) who suggest an
increased intensity of fluvial sediment transport occurred
during the marine isotope stages (MIS) 5, 3 and 1. These
fluvial periods have also been detected in the core
sediments from the centre of the Gulf in the present study.

2. Methods

Six sediment cores, from 4.2 to 14.8m in length, were
collected from water depths of 59–68m bpsl, ranging from
the near bathymetric centre of the Gulf to shallower areas
to the northwest (Fig. 1). The strategy for the selection of
the core locations was to provide a transect across the
central Gulf that would intersect older lacustrine sediments
and the underlying units. Although the lateral extent of
Lake Carpentaria has previously been established, the
duration and prior Late Quaternary environments
have not.

As outlined previously (Chivas et al., 2001), each of the
cores underwent geophysical investigation and preliminary
description onboard the Marion Dufresne. More detailed
observations were made in the laboratory where the cores
were sliced into 1 cm thick vertical intervals. Particle-size
analysis and water content of the sediment were also
determined for each of the core samples at 5 cm intervals
(Chivas et al., 2001). Microscopic investigation of the
463 mm fraction was performed every 10 cm. Sedimento-
logical (lithic fragments, quartz roundness and sorting,
secondary mineralisation) and microfaunal (ostracods,
foraminifers) analysis of the coarse fraction forms the
basis of the study presented herein. Further details of the
methodology employed for each of the techniques have
been previously described in Chivas et al. (2001). Detailed
palaeoenvironmental interpretations of the longest core
(MD-32) based on ostracods (Reeves et al., 2007) and
coccoliths (Couapel et al., 2007) are available.

3. Results

The main depositional facies identified primarily from
analyses of the sediments and microfossil content of the
coarse fraction (463 mm) of the sediment cores from the
Gulf of Carpentaria are outlined in Table 1. These have
been extrapolated from studies of sediments and micro-
fauna of the modern Gulf (e.g. Jones, 1986, 1987; Yassini
et al., 1993) and similar palaeoenvironmental studies in the
Gulf of Carpentaria (Torgersen et al., 1985, 1988; Jones
and Torgersen, 1988), Joseph Bonaparte Gulf (Yokoyama
et al., 2000, 2001; Clarke et al., 2001) and Sahul Shelf
(Loeblich and Tappan, 1994) (Fig. 2).
Most of the facies subdivision has been ascertained from

core MD-32, retrieved from 64m water depth. This was the
longest of the six cores collected and appears to have the
best preserved sedimentary sequence. The facies have been
named numerically from the top of the cores down and do
not represent the MIS, although in many cases the numbers
are similar. Lower case letters have been assigned to sub-
units within the facies.
The sedimentary logs, with observations of the differ-

entiated units and interpretation of the depositional facies
represented within each of the cores are presented in
Figs. 3–8, and a comparative interpolation between the
cores is in Fig. 9. Accelerator Mass Spectrometry (AMS)
14C age determinations obtained from calcareous fossils
within the cores are listed in Table 2. Fig. 10 shows the
correlation between the facies identified from the core and
the global sea-level curve, showing the MIS.

3.1. Unit 7

The basal unit 7 (14.84–13.95m) of core MD-32, dated
to around 125715 ka BP by both optically stimulated
luminescence (OSL) and thermoluminescence (TL) meth-
ods, appears to be unique to this core and may represent
the oldest of all material extracted. The unit comprises
yellow-greenish-grey silty clays and fine sands. Iron
mottling is clearly evident in the core sediment. The coarse
fraction is quartz-rich with minor lithics and mica,
decreasing upwards. The unit is barren of microfauna.

3.2. Unit 6

Unit 6 comprises dark grey-green silty clays with
scattered shell material, marine microfauna and rare
gypseous laminae. The unit is best represented in core
MD-32 (13.9–9.4m) and is also present in cores MD-31
(13.6–7.9m) and MD-30 (8.2–5.8m), which were retrieved
from water depths of 60 and 59m, respectively. The unit
may be divided into six sub-units, based on the microfaunal
assemblages and changes in sedimentology; the complete
sequence is present in the longest core (MD-32).
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Table 1

Diagnostic characteristics of the sedimentary facies of the Gulf of Carpentaria cores

Facies Foraminifers Ostracods Other Fauna Other Particles Comments

Marine

Open Miliolids Bairdiids Coccoliths Fine-grained Well-preserved,

abundant faunaRotaliids Cytherella Pteropods

Bolivina Echinoid spines

Planktics

Shallow Miliolids Bairdiids Coccoliths Fine-grained Well-preserved,

abundant faunaRotaliids Pectocytheriids Bryozoans Some quartz

Benthics Echinoid spines

Marginal Miliolids Loxoconcha Coccoliths Quartz Commonly abraded,

lower diversity faunaRotaliids Neocytheretta Molluscs Terrigenous matter

Textulariids Scaphopods Broken shell

Coarse matrix

Estuarine

Tidal channel Miliolids Loxoconcha Coccoliths Quartz Low diversity,

low abundance,

poor preservation

Textulariids Foveoleberis Broken shell Terrigenous matter

Coarse matrix

Shell layer Ammonia Broken shell Coccoliths Coarse matrix Abundant shell

commonly disarticulatedBivalve molluscs

Lagoon Ammonia Cyprideis Coccoliths Pyrite High abundance,

low-diversity faunaBivalve molluscs Organic matter

7Gypsum

Fine-grained matrix

Mudflat Ammonia Absent Absent Gypsum Rare microfauna,

dwarfed, sugary texturePyrite

Organic matter

Fine-grained matrix

Lacustrine

Saline Ammonia Cyprideis Bivalve molluscs Pyrite Low diversity,

high abundanceHelenina Leptocythere Charophytes Fine-grained matrix

Oligohaline- Helenina Limnocythere Charophytes Pyrite High diversity ostracods,

rare foraminifersFresh Cypridopsis Gastropods Fine-grained matrix

Terrestrial

Fluvial Rare Rare Rare Quartz Rare microfauna

Terrigenous matter

Coarse matrix

Sub-aerial Rare Absent Absent Iron-oxide Rare microfauna

Carbonate

concretions

Mottling
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3.2.1. Sub-unit 6f

Sub-unit 6f is only present in core MD-32 (13.9–13.1m).
This is a dark grey, silty clay, with quartz, pyrite,
glauconite and rare pumice (13.4–13.3m). Diverse and
abundant open shallow marine microfauna, including
planktic and benthic foraminifers, ostracods, pteropods
and coccoliths are present and well preserved.

3.2.2. Sub-unit 6e

Sub-unit 6e is also only identified from core MD-32
(13.0–12.0m). The sedimentology of the sub-unit is broadly
similar to that of 6f, although more quartz is present here.
There is, however, a marked change in the microfauna. A
lower diversity assemblage, dominated by miliolid and
rotaliid foraminifers and shallow marine ostracods occurs,
with abundant shell, bryozoan and fish fragments. The
fauna is generally well preserved.

3.2.3. Sub-unit 6d

Comprising dark-grey-green clayey silt with some quartz
and abundant pyrite, sub-unit 6d occurs only in MD-32
(11.9–11.3m). More abundant and diverse benthic marine
microfauna are present, although planktic forms are
absent. The fauna is characteristically shallow-marine,
including textulariid foraminifers, pectocytherid ostracods
and scaphopods.

3.2.4. Sub-unit 6c

Sub-unit 6c is identified in core MD-32 (11.2–10.7m) by
the presence of gypseous laminae and the absence of
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MD-28

Fig. 3. Stratigraphic log and interpretation of core MD-28. The mean grain size is in F-scale units. The numbers listed in the interpretation column refer to

subunits identified across each of the cores. The position of the dated samples from within each core are labelled by technique and age (Figs. 3–9), where

AMS=14C accelerator mass spectrometry (calibrated radiocarbon years before present, Table 2); AAR ¼ amino acid racemisation; OSL ¼ optically

stimulated luminescence; TL ¼ thermoluminescence.

MD-29
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6

Fig. 4. Stratigraphic log and interpretation of core MD-29 (see Fig. 3 caption for further details).
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microfauna, other than rare dwarfed forms of the
foraminifer Ammonia sp. The sediment matrix is a fine-
grained green-grey clay, with abundant pyrite. The basal
layer of core MD-31 (13.6–12.0m), comprising large
carbonate concretions overlain by dark grey clays with
gypseous lenses and recrystallised planktic foraminifers, is
correlated with sub-unit 6c.

3.2.5. Sub-unit 6b

Sub-unit 6b has been identified in cores MD-32
(10.6–10.2m), MD-31 (12.0–10.7m) and at the base of
MD-30 (8.2–7.6m). Grey-green silty clays, with abundant
and diverse shallow marine fauna are characteristic. Within
MD-31, this facies alternates with quartz-rich silts, barren
of microfauna. A shell-rich layer, comprising articulated
bivalves, occurs at the top of this sub-unit in each of the
three cores. Well-preserved Ammonia sp. is also present in
core MD-31, whereas MD-30 contains a layer of small
carbonate concretions, underlying the shells.

3.2.6. Sub-unit 6a

Sub-unit 6a is best expressed in cores MD-31
(10.7–7.9m) and MD-30 (7.6–5.8m), where it occurs as a
dark grey clay, with abundant pyrite, scattered shell
material and abraded marginal marine microfauna. Above
the shell layer in core MD-32 (10.1–9.4m), the microfauna
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Fig. 6. Stratigraphic log and interpretation of core MD-31 (see Fig. 3 caption for further details).
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Fig. 5. Stratigraphic log and interpretation of core MD-30 (see Fig. 3 caption for further details).
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present are poorly preserved and decrease in abundance
and diversity up through the sub-unit. Carbonate concre-
tions are also present.

3.3. Unit 5

Unit 5 has only been clearly delineated from MD-32
(9.3–9.0m), where it occurs as a dark grey clay, with
abundant pyrite and a bloom of the ostracod Cyprideis

australiensis and the foraminifer Ammonia sp., known as
the ‘Lake Carpentaria’ facies. Bivalved mollusc shells and
fish fragments are also abundant. The sediment in MD-31
from 8.9 to 7.9m is considered to be the lateral equivalent
of unit 5, with quartz, primary dispersed gypsum crystals
and recrystallised Ammonia sp. and planktic foraminifers.

3.4. Unit 4

Unit 4 is present in all of the cores to varying degrees
(MD-32, 8.9–5.6m; MD-33, 6.5–3.6m; MD-31, 7.8–4.1m;
MD-30, 5.7–3.5m; MD-29, 6.2–4.5m), except MD-28.
High sedimentation rates are recorded in the deeper parts
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Fig. 7. Stratigraphic log and interpretation of core MD-32 (see Fig. 3 caption for further details).
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Fig. 8. Stratigraphic log and interpretation of core MD-33 (see Fig. 3 caption for further details).
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of the basin, in cores MD-32 and MD-33, where this unit is
particularly well represented. Quartz is a dominant feature,
particularly in the shallower cores, and microfauna are
rare. Iron-oxide mottling of the sediment is the character-
istic feature shared by each of the cores. The unit has been
divided into four sub-units, again based on the sequence of
core MD-32. Not all of the sub-units may be discerned
from each of the cores.

3.4.1. Sub-unit 4d

The basal sub-unit (4d) is identified in core MD-32
(8.9–8.1m) as a grey silty-clay with fine laminae of equant
and euhedral gypsum and micritic calcite between
8.8–8.6m and 8.3–8.1m. No dissolution features have
been noted in the individual laminae (Playà et al., 2007).
This is the only core in which such laminae are present.
Pyrite is abundant and rare, dwarfed Ammonia sp. is the
only fauna present. This unit may be considered transi-
tional between units 5 and 4.

3.4.2. Sub-unit 4c

Sub-unit 4c within core MD-32 (8.0–7.0m) is similar to
4d, although iron-oxide mottling is evident. Gypsum
occurs more dispersively through the sub-unit, alternating
with organic-rich material. Pyrite is rare and oxidised and
quartz is absent. In addition to Ammonia sp., rare planktic
foraminifers are present, both with a ‘sugary’ appearance.
The equivalent sub-unit in core MD-31 (7.0–4.8m) is
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Fig. 9. Interpolated correlation of sedimentary logs for each of the cores. The vertical placement of each of the logs correlates with the water depth from

which the cores were extracted. Solid sub-horizontal lines represent strong correlations between units; dashed lines are more tentative relationships. Note

that compaction has not been taken into consideration.
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marked by a crystalline layer (7.02–6.90m) of cemented
Ammonia sp. Above this is a mottled grey-green clayey silt,
with abundant quartz and carbonate concretions, with
increasing iron-oxide content up-unit.

3.4.3. Sub-unit 4b

Sub-unit 4b is differentiated in core MD-32 (6.9–6.7m)
on the basis of microfauna and the increase of quartz in the
sediment. A mixed, abraded fauna including both Cyprideis

and marine ostracods, along with Ammonia sp. are present.
Similarly, core MD-30 (5.7–5.10m) comprises abundant
quartz, abraded rotaliids and broken shell material. The
basal sediment of core MD-33 comprises a dry, hard,
ochre-coloured clayey-silt with abundant quartz
(6.58–6.4m), overlain by a grey clayey-silt, with large
carbonate concretions, gypsum and quartz (6.3–4.7m).
Sugary and abraded marine microfauna are also present,
including planktic and rotaliid foraminifers, bairdiid
ostracods and echinoid spines, above 5.5m. There is no
evidence of mottling in this material; however, core MD-33
is located near the depocentre of the basin. The basal 20 cm
of core MD-29 also comprise dark grey, quartz-rich clay
with Ammonia sp. and planktic foraminifers.

3.4.4. Sub-unit 4a

Abundant quartz and iron-oxide mottling are character-
istic of sub-unit 4a, with both calcite and siderite
concretions present in core MD-32 (6.6–5.7m). Micro-
fauna are rare, dominated by Ammonia sp., although
abraded rotaliids are present from 6.3–6.1m. Only one date
has been established for this unit, by TL methods, of
464.7 ka BP at 5.8m. Within core MD-33 (4.6–3.6m),
mottling is evident and quartz abundant. The microfauna
present are bleached and have mixed marginal marine and
non-marine origin. Rare, bleached microfauna are present
in this sub-unit in core MD-31 (4.8–4.2m), including
Cyprideis, Ammonia sp. and Elphididae. A thin shell layer
is present in core MD-30 (5.05–5.03m), overlain by
mottled, green-grey clays with abundant quartz, gypseous
lenses and laminae and rare sugary Ammonia sp. This is
also seen in core MD-29 (6.0–4.5m), along with evidence of
bioturbation.

3.5. Unit 3

Unit 3 is represented in each of the cores (MD-33,
3.5–2.2m; MD-32, 5.6–3.8m; MD-31, 4.1–2.0m; MD-30,
3.5–2.1m; MD-29, 4.5–3.5m; MD-28, 4.2–1.8m) by
mottled grey-green clays. It has been divided into two
units primarily on the basis of a shift in microfaunal
assemblage.

3.5.1. Sub-unit 3b

Sub-unit 3b is characterised by mottled grey-green
clayey silts bearing the ‘Lake Carpentaria facies’, excepting
MD-28. Carbonate concretions are also present in
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Table 2

AMS 14C ages from carbonate microfossils from the Gulf of Carpentaria, utilising the ANSTO facility (Lawson et al., 2000)

Core no/depth (cm) ANSTO no. Material dated d13CV�PDB (%) Conventional 14C age (a BP)71s Calibrated 14C age (a BP)

MD28/0-1 OZE263 Marine molluscs 0.11 750760 350a

MD28/15-16 OZE260 Marine ostracods 0.0b 2935745 2610a

MD28/15-16 OZE261 Marine molluscs 1.44 2600740 2210a

MD28/35-36 OZG379 Marine mollusc �1.2 9920760 10 810a

MD28/50-51 OZE257 Marine mollusc �2.19 9520780 10 340a

MD28/60-61 OZG374 Non-marine mollusc 0.0b 10 260780 12 050c

MD28/66-67 OZE254 Non-marine molluscs 0.0b 14 350790 17 200c

MD28/70-71 OZG373 Non-marine mollusc 0.0b 14 960790 18 290c

MD28/75-76 OZG375 Non-marine mollusc 0.0b 14 280790 17 080c

MD29/5-6 OZF283 Marine molluscs �0.3 820745 400a

MD29/20-21 OZE259 Marine molluscs 0.16 9810790 10 710a

MD29/325-326 OZI053 Non-marine mollusc 0.0b 40 60072000

MD30/0-1 OZF284 Marine mollusc �1.6 8270760 8760a

MD30/5-6 OZG230 Marine mollusc 0.0b 1655750 1150a

MD30/30-31 OZG381 Marine mollusc 0.0b 4860750 5160a

MD30/60-61 OZF285 Non-marine molluscs 0.0b 9330770 10 450d

MD30/65-66 OZE255 Marine molluscs 0.0b 4310760 4360a

MD30/70-71 OZE250 Non-marine molluscs 0.0b 10 410780 12 310b

MD30/80-81 OZG231 Non-marine mollusc �2.2 10 430780 12 360c

MD30/90-91 OZG382 Non-marine molluscs 0.0b 10 680770 12 740c

MD30/150-151 OZF286 Non-marine molluscs 0.0b 11 8807170 13 730c

MD31/0-1 OZE262 Marine molluscs 0.0b 6840750 7320a

MD31/0-1 OZE262U2 Non-marine mollusc 0.0b 7790760 8510d

MD31/5-6 OZG220 Marine mollusc 1.3 3770740 3650a

MD31/10-11 OZF287 Marine mollusc �9.7 10 020760 10 910a

MD31/30-31 OZG383 Marine mollusc 0.0b 2290745 1840a

MD31/55-56 OZE256 Marine mollusc �0.18 6910780 7420a

MD31/55-56 OZG221 Marine mollusc 1.8 1930740 1420a

MD31/60-61 OZG377 Marine mollusc 0.0b 735735 380a

MD31/65-66 OZE251 Non-marine mollusc 0.0b 10 3507100 12 220a

MD31/70-71 OZG222 Non-marine mollusc �2.0 10 320760 12 180a

MD31/140-141 OZI054 Non-marine mollusc 0.0b 10 9907110 12 930a

MD31/180-181 OZG232 Marine molluscs 0.0b 38107100 3700a

MD31/320-321 OZG233 Non-marine mollusc 3.4 46 10072000

MD31/330-331 OZG234 Non-marine molluscs 0.0b 45 80071700

MD32/0-1 OZF289 Marine mollusc �1.3 9705745 10 500a

MD32/10-11 OZG235 Marine mollusc 0.0b 9700780 10 560a

MD32/20-21 OZG384 Marine mollusc 0.0b 1820750 1360a

MD32/35-36 OZF290 Non-marine mollusc �0.3 10 380770 12 260c

MD32/40-41 OZF291 Non-marine mollusc 0.0b 11 440780 13 290c

MD32/70-71 OZF292 Non-marine mollusc 7.3 12 390780 14 480c

MD32/75-76 OZG378 Non-marine mollusc 0.0b 14 390780 17 260c

MD32/100-101 OZG385 Non-marine mollusc 0.0b 14 1907130 16 950c

MD32/120-121 OZG386 Non-marine mollusc 0.0b 14 330790 17 160c

MD32/145-146 OZG388 Non-marine mollusc 0.0b 14 3307100 17 170c

MD32/150-151 OZF293 Non-marine mollusc 0.3 15 3907110 18 740c

MD32/234-235 OZI055 Non-marine mollusc �4.4 18 3207170 21 720c

MD32/445-446 OZI056 Non-marine mollusc �1.3 44 90072400

MD33/0-1 OZF294 Non-marine mollusc 0.0b 2010780 1580a

MD33/0-1 OZG236 Marine mollusc 1.0 2575745 2180a

MD33/10-11 OZG237 Marine molluscs 1.0 1310740 800a

MD33/20-21 OZE258 Marine mollusc 0.0b 470750

MD33/20-21 OZF295 Marine mollusc 0.4 700730 320a

MD33/30-31 OZG389 Marine mollusc 0.0b 820750 400a

MD33/77-78 OZE252 Non-marine ostracods 0.0b 15 760790 18 970c

MD33/77-78 OZE253 Non-marine molluscs �1.82 14 5507100 17 500c

MD33/200-201 OZI057 Non-marine mollusc �0.3 39 8407980

MD33/210-211 OZG224 Non-marine mollusc �1.5 40 0007600

The conventional ages have been rounded following Stuiver and Polach (1977). Dates have been calibrated using the CALIB (version 5.0) program of

Stuiver and Reimer (1993).
aMarine04 (Hughen et al., 2004) calibration used for marine samples (26–0ka BP), the regional marine reservoir correction for Torres Strait of 52731

years has been applied (Reimer, 2004).
bAssumed d13C, measured data not available.
cIntCal04 (Reimer et al., 2004) calibration used for non-marine samples (26–11 ka BP).
dSHCal04 (McCormac et al., 2004) calibration used for non-marine samples (11–0kaBP).
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Fig. 10. Composite relative global sea-level curve for the past 140 ka after Waelbroeck et al. (2002). The solid horizontal lines represent the approximate

depth of the Arafura Sill, with possible channel depths marked by the dotted line below, and the stippled line above indicates the depth of Torres Strait.

The various shadings refer to the environments pertaining to the Carpentaria region through this time period. The numbers within the figure refer to the

MIS, whereas the numbers and letters at the base of the figure axis refer to the units delineated from this study. A brief description of the environment of

the region is included.
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most of the cores (MD-28, MD-30, MD-31, MD-32),
as well as barite in MD-30 and gypseous lenses in
MD-33. The cores from the shallower sections of the
basin (MD-28, MD-29, MD-30, MD-31) contain a large
abundance of quartz, which occurs only rarely in the
deeper cores (MD-32, MD-33). The centre of this unit
has been dated in core MD-31 by AMS 14C methods to
�46 ka BP.

3.5.2. Sub-unit 3a

A shift in microfaunal assemblage to include estuarine
fauna denotes sub-unit 3a. This is best represented in the
deeper cores (MD-32, 4.7–3.8m; MD-33, 2.5–2.2m) where
abundant shell material and fish fragments are also present
and the sediment is more greenish in colour. Carbonate
concretions are absent; however, bioturbation is evident in
the top of the sub-unit in MD-32. This sub-unit has been
dated to 44.9 ka BP by AMS 14C methods in core MD-32.

3.6. Unit 2

Unit 2 is represented in each of the cores (MD-33,
2.1–0.5m; MD-32, 3.7–0.4m; MD-31, 1.9–0.6m; MD-30,
2.0–0.7m; MD-29, 3.4–1.4m; MD-28, 1.9–0.6m) by dark
grey silty-clays predominantly bearing the ‘Lake Carpen-
taria facies’. Again the unit is best recorded in core MD-32
and has been divided here into three sub-units, based on
shifts in microfauna and sedimentology. Whereas the cores
toward the centre of the basin preserve a variable lacustrine
fauna, the cores from the shallower regions are quartz-rich
and much of the microfauna is abraded, including
estuarine forms at the base of the unit. Peaks in the
relative abundance of quartz are apparent in MD-33.

3.6.1. Sub-unit 2c

Sub-unit 2c has been differentiated in cores MD-32
(3.7–2.5m), MD-33 (2.0–1.6m) and MD-29 (3.5–2.3m) on
the basis of well-preserved ‘Lake Carpentaria facies’ and
the abundance of pyrite. Authigenic calcite laminae are
also present in cores MD-32 (3.73–3.35 and 2.77–2.55m)
and MD-33 (1.8–1.6m) and scattered carbonate concre-
tions in MD-29.

3.6.2. Sub-unit 2b

There is a slight change in sediment colour to a more
greenish-grey in sub-unit 2b of MD-32 (2.5–1.1m),
accompanied by a decrease in organic matter and pyrite.
This has been dated from 2.34m to 21.8 cal ka BP. Also
evident between 2.2 and 1.7m is a decrease in the
abundance and preservation of non-marine microfauna
and the inclusion of some reworked marine forms. Small
flakes of iron-oxide are also present. Reworked marine
material from comparable depths in cores MD-31, MD-30
and MD-28 has also been identified; however, MD-29
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is barren of fauna (1.4–0.9m). A shell layer, with a
bundant articulated bivalves is common to cores
MD-32 (1.6–1.3m), MD-33 (0.77–0.75m) and MD-28
(0.78–0.70m), which has been dated to 19.0–17.1 cal ka BP.

3.6.3. Sub-unit 2a

The occurrence of freshwater microfauna (ostracods and
charophytes) within dark grey silty-clays denotes sub-unit
2a. This sub-unit has only clearly been identified from the
deeper two cores (MD-32, 1.3–0.6m; MD-33, 0.6–0.3m).
An increase in abundance and preservation of non-marine
fauna is also evident in the upper sediment of unit 2 in each
of the other cores.

3.7. Unit 1

The uppermost unit, 1 (from MD-32, 0.38m; MD-33,
0.30m; MD-31, 0.60m; MD-30, 0.65m; MD-29, 0.25m;
MD-28, 0.45m), is perhaps the most distinctive in each of
the cores, as a pale green calcareous ooze. The first clear
evidence of marine material being deposited in the Gulf is
most commonly as reworked shell hash, dated to around
12.2 cal ka BP. This is identified in cores MD-30 (0.45m)
and MD-31 (0.65m) as a concentration deposit of shells
and core MD-32 (0.38m), MD-33 (0.45m), MD-29
(0.65m) and MD-28 (0.56m) as fragments of shell
material. Fossil material and sediment, transitional be-
tween the non-marine and marine environment, is evident
in most cores, dating between 11.8 and 10.5 cal ka BP.
Well-preserved marine material, including a diverse assem-
blage of marine microfauna considered to have been
deposited in situ, dates from 10.4 cal ka BP. Some clearly
reworked, relict non-marine microfauna have also been
found in this top unit.

A conspicuous feature of the uppermost few tens of
centimetres of each core is the presence of near-spherical
magnetic spherules. These have Fe:O ratios (by analytical
SEM; oxygen by difference) appropriate to magnetite, and
have glassy melt-like surfaces, reminiscent of impact
spherules. The recovered samples range from 100 to
350 mm across, although we did not search in the o63 mm
fraction.

4. Discussion

The sedimentary record preserved in the core material
extracted from the Gulf of Carpentaria presents an
environmental history spanning the last glacial cycle;
however, hiatuses are indicated by pedogenic intervals.
The sequence of marine and non-marine deposition
recorded in the cores provides sea-level data for the region
to allow comparison with the global record. As the Gulf is
located in a tectonically relatively stable portion of the
continental plate and far removed from glacial activity,
tectonic and glacio-isostatic influences are minor. Owing to
the large, shallow embayment of the Gulf, the effect of
subsidence due to water loading is minimal; hence
deciphering broad sea-level variation is comparatively
straightforward.
As outlined above, the data retrieved from the Gulf of

Carpentaria do not provide a complete range of sea-level
variability through the last glacial cycle; however,
trends within the broad context of transgression and re-
gression across the Arafura Sill and Torres Strait are
clearly discernable. These may be compared with global
sea-level reconstructions for this period, such as the
composite curve of Waelbroeck et al. (2002). The MIS
are used as a temporal reference. The system of units
defined for cores are compared with the global sea-level
curve (Fig. 10).

4.1. MIS 6

Prior to the onset of the Last Interglacial, conditions
during the sea-level lowstand of MIS 6 were drier and
cooler than present. The Gulf region would have been
largely subaerially exposed at this stage. As such, river
channels crossing the exposed margins transported oxi-
dised material, depositing into the basin.
The basal unit 7 of core MD-32 has been dated to

around the timing of the MIS 6/5 transition. The extensive
quartz and iron-oxide material are indicative of dry
surrounds, due to exposed and poorly vegetated Gulf
margins. Intervals of coarser fraction sediment are
indicative of periodic flooding events, associated with
fluvial activity. This unit may have been deposited by
sheetwash flooding across the Arafura Sill at the initiation
of the transgression; however, the complete lack of marine
microfauna favours a terrestrial origin for this material, by
fluvial activity. Alternatively, an aeolian source may be
attributed to this material, however, the fining-up sequence
and the gradual reduction of mica and lithic content
through the unit support a fluvial origin. Pedogenesis
subsequent to deposition is also evident from the orange-
mottling of the sediment. As such the level of the sea is
considered not to have breached either of the sills (i.e. been
below 53m bpsl) at this stage. It is postulated that unit 7
was deposited during MIS 6, and that the dates obtained
represent a minimum age.

4.2. MIS 5—environmental setting

The rise in sea level associated with the MIS 5
interglacial resulted in a marine environment in the Gulf,
which is clearly evident through unit 6. At least three
periods of relatively high sea level may be noted through
this unit, separated by periods of lower relative sea level.
This sequence follows the global sea-level fluctuations
throughout MIS 5 (128–74 ka BP). It should be noted,
however, that modern sedimentation rates in the Gulf,
below water depths of 40m, are very low. Therefore,
extensive deposition of marine sediment does not necessa-
rily correspond with the highest sea-level phases, rather
periods of transgression and infilling.



ARTICLE IN PRESS
J.M. Reeves et al. / Quaternary International 183 (2008) 3–22 15
4.2.1. MIS 5.5

Open shallow marine conditions were rapidly established
in the deeper regions of the Gulf (sub-unit 6f), following
the transgression of the Arafura Sill by seawater around
125 ka BP. The occurrence of in situ planktic microfauna
indicate that Torres Strait may also have been breached at
this stage enabling more open marine conditions in the
Gulf, suggesting sea level to be greater than 10m bpsl.
Maximum sea level in the Gulf may have been at least
+3m, extrapolated from the surrounding shoreline ridges
(Rhodes et al., 1980; Rhodes, 1982) and a coral reef (Nott,
1996) from the south of the Gulf, dating to the last
interglacial. This is consistent with the regional sea-level
curve, which records heights of up to 6m greater than
modern sea level for MIS 5.5.

4.2.2. MIS 5.4

A restriction of marine conditions to a large embayment,
open only to the Arafura Sea is identified (unit 6e) by a
change in microfauna to more marginal types. A regression
of sea level to about 45m bpsl is suggested, allowing about
10m water above the height of the Arafura Sill, in
association with the sea-level regression of MIS 5.4
(116–103 ka BP).

4.2.3. MIS 5.3

A return to open shallow marine conditions, although
more distal from fluvial sources, is apparent (subunit 6d),
implying a sea-level rise. The lack of planktic foraminifers
indicates conditions were not restored to those present
when subunit 6f was deposited. Torres Strait is likely to
have remained emergent at this stage. A rise in sea level
from that of the underlying subunit is supported. Findings
from the Huon Peninsula identify the MIS 5.3 high-
stand (103–93 ka BP) to have been around 20m bpsl
(e.g. Chappell et al., 1996; Lambeck and Chappell, 2001;
Chappell, 2002).

4.2.4. MIS 5.2

Restriction of marine waters is evident (subunit 6c), by
the paucity of marine fauna and occurrence of gypseous
laminae. This suggests a semi-enclosed lagoonal environ-
ment, extending at least to the �60m contour, indicating
that sea level had dropped to around the level of the
Arafura Sill. This subunit is correlated with MIS 5.2
(93–85 ka BP) and is in support of sea level of this substage
being lower than that of MIS 5.4, at around �50m, as
illustrated by Waelbroeck et al. (2002). It is also possible
that the sill was higher at this stage, thus further restricting
the marine influence.

4.2.5. MIS 5.1

Renewed marine contact (subunit 6b) is associated with
the MIS 5.1 (85–74 ka BP) highstand. Whereas open
shallow marine taxa are present in the deeper regions of
the Gulf, pulses of terrigenous silts are intercalated with the
marine sediments, including planktic species, around the
modern �60m contour, indicating episodic fluvial influ-
ence. Sedimentation rates are considerably higher in these
more marginal regions, as seen in the modern environment.
There is no definitive evidence, such as Pacific microfauna,
of a renewed inundation through the Torres Strait. A sea
level similar to that of unit 6d, of at least 20m bpsl or
perhaps slightly higher is suggested.
A shell layer, present in the three cores with unit 6

represented, is identified as a lag deposit formed during
marine regression. High-energy conditions, as noted by
poor preservation of calcareous material, with ever
decreasing marine influence, are evident above this layer.
Sea level had fallen to below the level of the Arafura Sill
during this time, associated with the regression during the
MIS 5.1/4 transition (around 74 ka BP), but channel
connection may have been maintained. There is also
evidence of exposure around the margins of the basin,
including mild pedogenesis and iron-oxide staining, sug-
gesting that the remaining waterbody had retreated to
within the modern �60m contour.

4.3. MIS 5—climatic indicators

Variation in fluvial activity in the Gulf region through-
out MIS 5 is evident from the sedimentology, including
fluctuations in the amount of quartz and microfauna, with
apparent peaks during MIS 5.4 and 5.1, which are
indicative of both a decreased evaporation/precipitation
ratio and potentially the influence of the Australian
monsoon. The monsoon is recorded to have been active
during this period at Lake Eyre, central Australia. Lake
Eyre approached full conditions (i.e. up to 25m deep)
through much of the period 130–90 ka BP, indicating
enhanced monsoon conditions (Magee et al., 1995; Croke
et al., 1996). Similarly, Lake Gregory recorded a mega-lake
phase around 100–90 ka BP, where the extent of the lake
was around four times greater than present (Bowler et al.,
2001).
The evidence for fluvial activity in the Gulf is based

primarily on the position of the cores in relation to the
shoreline. During the lowstand of MIS 5.4, rivers are
considered active, as identified by quartz-rich, high energy
units in the sedimentological record. A shallow, restricted,
low-energy environment represents the lowstand of MIS
5.2, in comparison, and a decrease in surface water may be
postulated. Episodic fluvial input is apparent through MIS
5.1, represented by pulses of terrigenous silt through
subunits 6b and 6a, within core MD-32.
An extensive sand body has been identified by Nanson

et al (1991, 2005) underlying the Gilbert fan delta
in the southeast of the Gulf, dating to older than
85 ka BP, and most likely around 120 ka BP, which is
consistent with the fluvial units identified from the
present study. This is representative of a major fluvial
period that has not been replicated in the region
since. Other positive evidence for enhanced fluvial
activity during MIS 5 is derived from the Lake Eyre
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catchment, dating between 110 and 100 ka BP (Nanson
et al., 1992; Croke et al., 1996). These dates are in broad
support of the increased fluvial influence described from
the Gulf cores, and suggest increased monsoon activity
during this period.

4.4. MIS 5/4 transition

After the regression of marine waters to below the Sill
height, associated with the MIS 5.1/4 transition, a brackish
lagoon (unit 5) remained in the deeper regions of the Gulf,
around the modern �63m contour. There is no direct
evidence from the sedimentology of the cores for fluvial
activity at this time. Again, this material has not been
dated, but relatively rapid deposition during the marine
regression of early MIS 4 (around 74–72 ka BP) is
implicated.

4.5. MIS 4—environmental setting

During MIS 4, sea-level remained below the Arafura Sill,
however, the Gulf record suggests that channel connection
across the Sill may have been active at some time. A saline
mudflat, without permanent water and characterised by
repeated cycles of inundation, evaporation and later
exposure, formed in the central Gulf region (unit 4). This
may have been in the form of a groundwater-dominant
playa. Geochemical analysis of the gypseous and carbonate
laminae deposited at the beginning of this unit indicate
periodic, perhaps annual cycles of freshwater input and
subsequent evaporation within a shallow, permanent
waterbody (Playà et al., 2007). Drying of the basin
occurred subsequent to this, with subaerial exposure, at
least around the basin margins and a fluctuating water
table.

Marine microfauna occur at the base of unit 4, although
the more robust material is most probably reworked from
the surrounding exposed margins. The spherical Ammonia

and planktic foraminifers may have been transported in
suspension some distance during peak high tides. Such taxa
have been reported from as far as 105 km inland along the
South Alligator River (Wang and Chappell, 2001), a tidal
river of the Northern Territory. A similar estuarine setting
is postulated for the Gulf. A brief marine incursion via
channels across the Sill is inferred (subunit 4b), by well-
preserved marine material concentrated in the deepest part
of the basin. This may be associated with rising sea levels of
the MIS 4/3 transition around 60 ka BP.

Briefly more pluvial conditions are also evident through
subunit 4b, by the establishment of a waterbody extending
to at least the modern �63m contour. Enhanced fluvial
activity is suggested (sub-unit 4a), before drying leaving an
exposed basin. The presence of two types of concretions, at
discrete intervals in the same sub-unit, suggests climatic
variation or fluctuating groundwater (Nanson et al., 1991).
This is correlated with a similar facies identified from the
fluvial sequences of the Gilbert and Einasleigh Rivers that
date to 55–40 ka BP (Nanson et al., 2005); however, the
quartz-rich unit near the centre of the Gulf may pre-
date this.

4.6. MIS 4—climatic indicators

Generally drier climatic conditions are evident through-
out MIS 4, insufficient to sustain a large lake within
the Carpentaria basin. An outflow channel through the
Arafura Sill is interpreted to have been active at this
time, thus draining the basin. Such a channel has been
identified in a seismic profile taken across the channel,
extending down to around 75m bpsl (Jones and Torgersen,
1988).
Basin-wide emergence and pedogenesis occurred subse-

quent to the deposition of unit 4. It should be noted that
highly oxidising conditions are characteristic of this humid,
seasonally dry region today (Nanson et al., 2005). A drying
trend in the Gregory basin commenced prior to 70 ka BP,
as noted by longitudinal dunes forming on the basin floor
(Bowler et al., 2001). The Lake Eyre record indicates
deflation, base-level lowering and aridity during this
period (MIS 4), all of which support a weakened monsoon
(Croke et al., 1999).

4.7. MIS 4/3 transition

The establishment of a short-lived perennial brackish
waterbody is evident (sub-unit 3b), extending to at least the
�59m bathymetric contour of the modern Gulf. The
return of water to the basin may be due to renewed fluvial
activity and closure of the sill channel, temporarily filling
the basin to this level around the time of increasing sea
level during MIS 4/3 (around 60 ka). There is evidence of
channel activity in the west and north of the basin, based
on abundant quartz and poor faunal preservation. Con-
traction of the lake, with minor pedogenesis and iron-oxide
staining is implied.

4.8. MIS 3—environmental setting

During MIS 3, global sea level was around the height
of the Arafura Sill, allowing a renewed marine connection
to the Gulf. A minor marine incursion is identified by
estuarine microfauna within the deeper parts of the
basin (sub-unit 3a). This may be an effect of channels
in the west transporting marine material to the depocentre
of the basin. Dry conditions at least surrounding the basin,
perhaps with minor pedogenesis even in the deeper
regions following deposition are also implicated. Marine
material is absent from the more northerly cores, suggest-
ing that the embayment did not extend to the north at
this time.
Comparison with the sea-level curve of Waelbroeck et al.

(2002) (Fig. 10) indicates that the sea level was highest
during the beginning of MIS 3 (�59 ka BP) and a greater
marine influence would have been present in the basin at
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this time. In contrast, data from the Huon Peninsula
(Chappell et al., 1996; Lambeck and Chappell, 2001)
suggest that regional sea level around 52 ka BP may have
been up to 50m bpsl. The sedimentological data and
chronology from the Gulf cores support the latter
interpretation.

This estuarine unit has previously been identified in the
basal sediments of core GC-2 as unit V of Torgersen et al.
(1985, 1988) (Fig. 11). However, Torgersen et al. (1988)
have suggested that the Fly River, Papua New Guinea,
which was thought to have flowed into the Carpentaria
Basin (Blake and Ollier, 1969), may have diluted marine
waters in the basin to establish the estuarine conditions,
diverting to its present course prior to drying of the basin.
The present study shows that the estuarine conditions
appear only to have been short-lived and established in the
deepest parts of the basin, whilst the margins were exposed,
supporting the existence of the outflow channel across the
sill after the marine incursion. There is no evidence in the
MD cores, such as characteristic pollen from New Guinea
(S. van der Kaars, personal communication) to support
inflow of the Fly River.

4.9. MIS 3—climatic indicators

Evidence for precipitation associated with the Australian
monsoon being most effective, although highly variable, in
the period 65–45 ka BP has been obtained from carbon
isotopic analysis of fossil emu eggshells from Lake Eyre
(Miller et al., 1997; Johnson et al., 1999). These data
specify the increase of C4 grasses, which are indicative of
Fig. 11. Comparison between the stratigraphic units defined for core GC-2 by

refer to bulk (b-counting) 14C dates for GC-2 and AMS 14C for MD-32, MD-33

been adjusted to allow clearer comparison among the cores; the vertical depth
summer precipitation or a monsoonal regime, through this
period. Lakes Amadeus (Chen et al., 1990, 1991) and Lewis
(Chen et al., 1995), in central Australia, also indicate wetter
conditions, most likely monsoon-driven. A shift from a
more dominant monsoon in the north during early MIS 3
to more effective precipitation in the south through late
MIS 3 is suggested. The presence of a large non-marine
waterbody with evidence of channel activity within the
Gulf record supports this.

4.10. MIS 3–2—establishment of Lake Carpentaria

Around the timing of the MIS 3–2 transition, lacustrine
conditions were established in the deeper section of the
basin, around the modern �63m contour (sub-unit 2c).
There is evidence of lacustrine material in the northerly
cores that may be contemporaneous; however, the poor
preservation of material and abundant quartz suggest these
localities to be marginal to the lake. A lake of this size
(around 35 000 km2 and 48 km3) would require as little as
one quarter of the effective precipitation of the present
Gulf, based on the equations of Bowler (1986) (Table 3).
The lake may have extended to the modern �59m contour,
before contracting and exposing these more marginal
areas. There is no evidence of marine connection, indicat-
ing that sea level is below the sill height and channel
influence during the waning stages of MIS 3.
The shell-rich layer at the base of this unit, dated to

around 40 ka BP by AMS 14C methods, correlates to unit
IV of Torgersen et al. (1988), which was deposited around
35–26 ka BP as determined by bulk (b-counting) 14C
Torgersen et al. (1988) with those of cores MD-32 and MD-33. The dates

and all are given in conventional radiocarbon years. The vertical axes have

scale in metres is provided for each core.
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Table 3

Varying hydrology and extent of Lake Carpentaria through the lacustrine phase (40–12ka BP)

Contour (m) SAa (km2) Av. depthb (m) Ac/Al
c Fd (E/P)el

e
�Del

f %modE/Pg

53 189 750 4.2 6 0.1 1.5 �71 170

59 107 630 �3 11 0.1 2.0 �127 227

60 92 930 2.5 13 0.1 2.2 �150 250

63 34 630 �2 35 0.075 3.6 �309 409

65 9690 1.0 126 0.025 4.1 �366 466

aSA, surface area; estimates taken from the bathymetry of Grim and Edgar (1998).
bAv. Depth, average depth.
cAc, area of catchment ( ¼ 1 216 202km2); Al, area of lake.
dF, run-off coefficient (from Bowler, 1986).
e(E/P)el, F(Ac/Al�1)+1 (Bowler, 1986); effective evaporation/precipitation ratio required to maintain lake-full steady-state at the given depths.
f
�Del ¼ [E/P�(E/P)el](E/P)

�1
� 100 (after Bowler, 1986); disequilibrium between the modern conditions and those of past lake depths, where modern

E/P ¼ (1650� 0.8)/1500; allowing for conversion from pan evaporation.
g%modE/P is an estimate of the percentage of the modern evaporation/precipitation ratio of previous extents of the lake.
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methods. From these ages, it is inferred that the basin was
closed and the deposit was formed by active, low-energy
currents within the basin.

Authigenic calcite laminae are evident in the deeper part
of the basin, which Torgersen et al. (1985, 1988) have
tentatively dated to around 29–23 ka BP. Saline conditions
within a confined lake are inferred, with stratification and
periodic anoxia.

4.11. MIS 2—last glacial maximum

A temporary contraction of the lake to around the
�63m contour (base of sub-unit 2b) has been dated to
around the time of the Last Glacial Maximum
(23–19 cal ka BP), during which the sea was at the lowest
level (approximately �125m) covered by these cores
(Yokoyama et al., 2000, 2001). Some fluvial activity must
have continued through this period in order to maintain
the lake in the deeper region of the basin.

4.12. MIS 2—post-LGM

An expansion of the lake to at least to the �59m modern
bathymetric contour with exposed lake margins occurred
following the LGM. A lake of this extent would have had a
surface area greater than 100 000 km2 and a volume of
almost 300 km3 requiring an evaporation/precipitation
ratio more than twice that of today (Table 3). The shell
layer (19.0–17.1 cal ka BP) indicates a highly productive
environment, associated with an influx of fresh water and
increased precipitation.

A significant change to wetter conditions is evident from
the Gulf record around 14 ka BP (sub-unit 2a), with the
establishment of a freshwater lake. The lake at this stage
expanded toward the �53m contour. To support a lake of
this size with the current catchment area, run-off is
approximated to have been around 60% of present values
(Table 3). An outflow across the Arafura Sill is also
considered to have been active at this stage, allowing more
saline waters to be ‘flushed out’. Jones and Torgersen
(1988) have identified a channel cutting down to �62m
across the sill with only a thin veneer of sedimentary infill,
which may correspond to this event.

4.13. MIS 2—climatic implications

In contrast to Lake Carpentaria, Lake Eyre was dry
through much of the period 35–10 ka BP (Magee and
Miller, 1998). Playa deflation and the deposition of a thick
halite crust are associated with aridity during the LGM
(Magee et al., 1995). Low temperatures and reduced
summer precipitation, i.e. no monsoon, are indicated from
the carbon isotopic studies of the Lake Eyre basin during
28–15 ka BP (Johnson et al., 1999). This suggests that
either the monsoon system was completely inactive at this
time, or at least restricted to more northern zones of the
Gulf region.
Evidence of fluvial activity in the north of Australia

generally supports drier conditions through the LGM
(Nanson et al., 1991, 1992). A change in the river regimes
to fan formation, braiding and reduction in activity is
evident in northeast Queensland (Thomas et al., 2001).
Evidence from plunge pools from the north of Australia,
however, suggests major palaeofloods dating to 30–22 ka
BP (Nott and Price, 1999), which indicates pluvial events,
rather than monsoonal. For Lake Carpentaria to have
been maintained, albeit slightly reduced during this time,
pluvial conditions were necessary, supporting the notion
that aridity as witnessed in inland Australia was not as
acute in the tropics.
De Deckker (2001) observed peaks in the coarse

sediment fraction within the lacustrine clays of the earlier
cores (GC-2 and GC-10A), taken from near the depocentre
of the Gulf. He attributes this to an increase in aeolian
activity, occurring in millennial cycles during this time.
This phenomenon was also noted in the recent core taken
in closest proximity to these, MD-33, although a fluvial
origin may also be postulated for this material.
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In contrast to the terrestrial evidence, estimates of the
sea surface temperature at the time of the LGM indicate
only a minor lowering in the tropical oceans (e.g. Barrows
et al., 2000; Sarnthein et al., 2003). The IPWP is thought to
have existed through the LGM, although its extent may
have been reduced. A decrease in temperature of no more
than 1 1C (Barrows and Juggins, 2005) and increase in sea-
surface salinity by about 1% (Martinez et al., 1997) has
been recorded for this region. Wang (1999) suggests that
the discrepancy between the terrestrial and marine tem-
perature records for the tropics may be due to increased
seasonality in the marginal seas, which constitute
a significant portion of the IPWP. The record of
the contracted lake (unit 2b) in the Carpentaria Basin
supports this.

Following the LGM, the greater aerial extent of Lake
Carpentaria and the overall fresher conditions suggest an
increase in the inflow to the lake, at least seasonally, and
more effective precipitation which may be associated with
the most recent onset/expansion of the Australian mon-
soon. Supporting evidence for an active monsoon around
this time is found off the northwestern coast of Australia
(van der Kaars and De Deckker, 2002), the Kimberley
(Wywroll and Miller, 2001) and Indonesia (Grindrod et al.,
1999). De Deckker et al. (2003) suggest this recent onset to
be associated with the flooding of the IPWP region with
post-glacial sea-level rise.

4.14. MIS 1

The transition from MIS 2 to the Holocene is associated
with a sea-level rise of over 120m. The initial transgression
of the Arafura Sill occurred as a relatively rapid event,
commencing around 12.2 cal ka BP. A brief transitional
period followed, during which marine material was
transported to the basin, disturbing the lacustrine sedi-
ment, before establishment of marine conditions within the
Gulf by 10.5 cal ka BP.

The Holocene record is not well constrained for the
Gulf, as the soupy sediment of the upper cores suffered
disturbed recovery. At this stage the Arafura Sill was
clearly breached. Connection across Torres Strait would
have occurred sometime after, around 8 cal ka BP based on
comparisons with the regional eustatic sea-level curve of
Waelbroeck et al. (2002), although this has not been dated
directly. The timing of this event correlates with MIS 1
(12–0 ka).

Chappell and Thom (1986) have summarised the
regional Holocene sea-level history for northern Australia
as occurring in four phases: (i) prior to 8 ka BP, rising sea
level at 12mka�1; (ii) 8–6.5 ka BP, rising sea level at
4.5mka�1; (iii) 6.5–6 ka BP, sea-level stabilisation; and (iv)
6.0 ka BP-present, stable or slowly falling sea level,
typically 0.2mka�1. Local sea-level data indicate the
subsequent Holocene optimum to have reached +2m in
the southern region of the Gulf, (e.g., Karumba) and
+0.5–1.0m in the north, at around 6–5 ka BP (Nakada
and Lambeck, 1989). Gradual recession to the present level
continued through the remainder of the Holocene.
Unfortunately the resolution and preservation of the
Holocene unit of most recent cores, taken from the deeper
regions of the Gulf, is too poor to clearly identify these
trends.
Conditions throughout much of Australia and Indonesia

are generally accepted to have been wetter in the early
Holocene as indicated by fluvial (Nanson et al., 1991;
Thomas et al., 2001), lacustrine (Bowler et al., 1976;
Harrison, 1993; Magee et al., 1995) and pollen records
(van der Kaars et al., 2001; van der Kaars and De Deckker,
2002). The Australian monsoon is considered to be
active through the Holocene, although there are conflic-
ting views as to the date of onset (Markgraf et al.,
1992; Johnson et al., 1999). The climatic conditions
of the Gulf region today were emplaced during the mid-
late Holocene (e.g. Shulmeister, 1992; Shulmeister and
Lees, 1992).

5. Conclusions

The sequence of environmental change in the Gulf of
Carpentaria, through the last glacial cycle has been
presented in this study. In so doing, a local sea-level
record, in comparison with global trends, has been
established for this shallow shelf region of northern
Australia. This low-lying tropical basin is shown to have
been a lake for a large proportion of the time period under
investigation and hence provides a link between terrestrial
and marine records.
The confined waterbody, known as Lake Carpentaria,

formed a permanent feature of the basin until the most
recent marine transgression, spanning around 40–12 ka BP.
The margins of the lake were exposed, with rivers draining
the continent extending up to hundreds of kilometres
across the shoreline flats to reach the lake. An overall
freshening and expansion of the lake is evident through
MIS 3 and 2. The lake may be considered hydrologically
closed through much of this period, balanced between
predominantly surface water cover and groundwater
control around the margins. Fluvial influence is implicated,
as is more effective precipitation.
At all times when Lake Carpentaria was present,

evaporation/precipitation ratios are shown to have been
significantly higher than under modern conditions, imply-
ing a reduction or absence of the Australian monsoon
during these times.
The extent and nature of the varying waterbody of the

Gulf has been postulated. Although the sediments of the
Gulf primarily record the influence of transgressive/
regressive marine water, due to the broad and shallow
nature of the basin, shorter-term variations may obscure
some of the larger-scale change. The data presented
provide a reliable reconstruction of the changing hydrology
and climatic influences of the Gulf, enabling comparison
with other regional records.
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Playà, E., Cendón, D.I., Travé, A., Chivas, A.R., Garcı́a, A., 2007. Non-

marine evaporites with both inherited marine and continental
signatures: the Gulf of Carpentaria, Australia, at �70 ka. Sedimentary

Geology 201, 267–285.

Preda, M., Cox, M.E., 2005. Chemical and mineralogical composition of

sediments, and relation to their source and transport, Gulf of

Carpentaria, Northern Australia. Journal of Marine Systems 53,

169–186.

Reeves, J.M., Chivas, A.R., Garcia, A., De Deckker, P., 2007.

Palaeoenvironmental change in the Gulf of Carpentaria (Australia)

since the last interglacial based on Ostracoda. Palaeogeography,

Palaeoclimatology, Palaeoecology 246, 163–187.

Reimer, P., 2004. Marine reservoir correction. /http://radiocarbon.pa.

qub.ac.uk//marine/refs/116.htmlS (retrieved 20.12.05).

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Bertrand,

C., Blackwell, P.G., Buck, C.E., Burr, G., Cutler, K.B., Damon, P.E.,

Edwards, R.L., Fairbanks, R.G., Friedrich, M., Guilderson, T.P.,

Hughen, K.A., Kromer, B., McCormac, F.G., Manning, S., Bronk

Ramsey, C., Reimer, R.W., Remmele, S., Southon, J.R., Stuiver, M.,

Talamo, S., Taylor, F.W., van der Plicht, J., Weyhenmeyer, C.E., 2004.

IntCal04 Terrestrial radiocarbon age calibration, 26-0 kaBP. Radio-

carbon 46, 1029–1058.

Rhodes, E.G., 1982. Depositional model for a chenier plain, Gulf of

Carpentaria, Australia. Journal of Sedimentology 29, 201–221.

Rhodes, E.G., Polach, H.A., Thom, B.G., Wilson, S.R., 1980. Age

structure of Holocene coastal sediments, Gulf of Carpentaria,

Australia. Radiocarbon 22, 718–727.

Rothlisberg, P.C., Pollard, P.C., Nichols, P.D., Moriarty, D.J.W., Forbes,

A.M.G., Jackson, C.J., Vaudrey, D., 1994. Phytoplankton community

structure and productivity in relation to the hydrological regime of the

Gulf of Carpentaria, Australia in summer. Australian Journal of

Marine and Freshwater Research 45, 265–282.

Sarnthein, M., Gersonde, R., Niebler, S., Pflaumann, U., Spielhagen, R.,

Thiede, J., Wefer, G., Weinelt, M., 2003. Overview of Glacial Atlantic

Ocean Mapping (GLAMAP 2000). Paleoceanography 18, 1030,

doi:10.1029/2002PA000769.

Shulmeister, J., 1992. A Holocene record from lowland tropical Australia.

The Holocene 2, 107–116.

Shulmeister, J., Lees, B.G., 1992. Morphology and chronostratigraphy of

a coastal dunefield; Groote Eylandt, northern Australia. Geomorphol-

ogy 5, 521–534.

Smart, J., 1977. Late Quaternary sea-level changes, Gulf of Carpentaria,

Australia. Geology 5, 755–759.

Somers, I.F., Long, B.G., 1994. Sediments and hydrology of the Gulf of

Carpentaria, Australia. Australian Journal of Marine and Freshwater

Research 45, 293–316.

Stuiver, M., Polach, H.A., 1977. Reporting of 14C data. Radiocarbon 19,

355–363.

Stuiver, M., Reimer, P.J., 1993. Extended 14C data base and revised

CALIB 3.0 14C age calibration program. Radiocarbon 35, 215–230.

Thomas, M.F., Nott, J., Price, D.M., 2001. Late Quaternary stream

sedimentation in the humid tropics: a review with new data from NE

Queensland, Australia. Geomorphology 39, 53–68.

Torgersen, T., Hutchinson, M.F., Searle, D.E., Nix, H.A., 1983. General

bathymetry of the Gulf of Carpentaria and the Quaternary physio-

graphy of Lake Carpentaria. Palaeogeography, Palaeoclimatology,

Palaeoecology 41, 207–225.

Torgersen, T., Jones, M.R., Stephens, A.W., Searle, D.E., Ullman, W.J.,

1985. Late Quaternary hydrological changes in the Gulf of Car-

pentaria. Nature 313, 785–787.

Torgersen, T., Luly, J., De Deckker, P., Jones, M.R., Searle, D.E., Chivas,

A.R., Ullman, W.J., 1988. Late Quaternary environments of the

Carpentaria Basin, Australia. Palaeogeography, Palaeoclimatology,

Palaeoecology 67, 245–261.

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. Review of Palaeobotany and

Palynology 120, 17–39.

van der Kaars, S., Penny, D., Tibby, J., Fluin, J., Dam, R.A.C., Suparan, P.,

2001. Late Quaternary Palaeoecology, Palynology and Palaeolimnology

http://radiocarbon.pa.qub.ac.uk//marine/refs/116.html
http://radiocarbon.pa.qub.ac.uk//marine/refs/116.html
dx.doi.org/10.1029/2002PA000769


ARTICLE IN PRESS
J.M. Reeves et al. / Quaternary International 183 (2008) 3–2222
of a tropical lowland swamp: Rawa Danau, West-Java, Indonesia.

Palaeogeography, Palaeoclimatology, Palaeoecology 171, 185–212.

Waelbroeck, C., Labeyrie, L., Michel, E., Duplessy, J.C., McManus, J.F.,

Lambeck, K., Balbon, E., Labracherie, M., 2002. Sea-level and deep

water temperature changes derived from benthic foraminifera isotopic

records. Quaternary Science Reviews 21, 295–305.

Wang, P., 1999. Response of Western Pacific marginal seas to glacial

cycles: paleoceanography and sedimentological features. Marine

Geology 156, 5–39.

Wang, P., Chappell, J., 2001. Foraminifera as Holocene environmental

indicators in the South Alligator River, Northern Australia. Quatern-

ary International 83–85, 47–62.

Wolanski, E., 1993. Water circulation in the Gulf of Carpentaria. Journal

of Marine Systems 4, 401–420.

Woodroffe, C.D., Chappell, J., 1993. Holocene emergence and evolution

of the McArthur River delta, southwestern Gulf of Carpentaria,

Australia. Sedimentary Geology 83, 257–275.
Woolfe, K.J., Larcombe, P., Orpin, A.R., Purdon, R.G., Michaelsen, P.,

McIntyre, C.M., Amjad, N., 1998. Controls on inner-shelf sedimenta-

tion, Cape York Peninsula, in the region of 12oS. Australian Journal of

Earth Sciences 45, 611–621.

Wywroll, K.-H., Miller, G.H., 2001. Initiation of the Australian summer

monsoon 14,000 years ago. Quaternary International 83–85, 119–128.

Yassini, I., Jones, B.G., Jones, M.R., 1993. Ostracods from the Gulf of

Carpentaria, northeastern Australia. Senckenbergiana Lethaea 73,

375–406.

Yokoyama, Y., Lambeck, K., De Deckker, P., Johnston, P., Fifield, L.K.,

2000. Timing of the Last Glacial Maximum from observed sea-level

minima. Nature 406, 713–716.

Yokoyama, Y., De Deckker, P., Lambeck, K., Johnston, P., Fifield, L.K.,

2001. Sea-level at the Last Glacial Maximum: evidence form

northwestern Australia constrains ice volumes for oxygen isotope

stage 2. Palaeogeography, Palaeoclimatology, Palaeoecology 165,

281–291.


	The sedimentary record of palaeoenvironments and sea-level change in the Gulf of Carpentaria, Australia, through the last glacial cycle
	Introduction
	The importance of the Gulf of Carpentaria
	Location of the study area
	Modern sedimentation in the Gulf
	The modern environment
	Previous studies of the Gulf region

	Methods
	Results
	Unit 7
	Unit 6
	Sub-unit 6f
	Sub-unit 6e
	Sub-unit 6d
	Sub-unit 6c
	Sub-unit 6b
	Sub-unit 6a

	Unit 5
	Unit 4
	Sub-unit 4d
	Sub-unit 4c
	Sub-unit 4b
	Sub-unit 4a

	Unit 3
	Sub-unit 3b
	Sub-unit 3a

	Unit 2
	Sub-unit 2c
	Sub-unit 2b
	Sub-unit 2a

	Unit 1

	Discussion
	MIS 6
	MIS 5--environmental setting
	MIS 5.5
	MIS 5.4
	MIS 5.3
	MIS 5.2
	MIS 5.1

	MIS 5--climatic indicators
	MIS 5/4 transition
	MIS 4--environmental setting
	MIS 4--climatic indicators
	MIS 4/3 transition
	MIS 3--environmental setting
	MIS 3--climatic indicators
	MIS 3-2--establishment of Lake Carpentaria
	MIS 2--last glacial maximum
	MIS 2--post-LGM
	MIS 2--climatic implications
	MIS 1

	Conclusions
	Acknowledgements
	References


