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We investigated the Holocene palaeo-environmental record of the Tuggerah Lake barrier estuary on the
south-east coast of Australia to determine the influence of local, regional and global environmental
changes on estuary development. Using multi-proxy approaches, we identified significant down-core
variation in sediment cores relating to sea-level rise and regional climate change. Following erosion of
the antecedent land surface during the post-glacial marine transgression, sediment began to accumulate
at the more seaward location at �8500 years before present, some 1500 years prior to barrier emplace-
ment and �4000 years earlier than at the landward site. The delay in sediment accumulation at the land-
ward site was a consequence of exposure to wave action prior to barrier emplacement, and due to high
river flows of the mid-Holocene post-barrier emplacement. As a consequence of the mid-Holocene reduc-
tion in river flows, coupled with a moderate decline in sea-level, the lake experienced major changes in
conditions at �4000 years before present. The entrance channel connecting the lake with the ocean
became periodically constricted, producing cyclic alternation between intervals of fluvial- and marine-
dominated conditions. Overall, this study provides a detailed, multi-proxy investigation of the physical
evolution of Tuggerah Lake with causative environmental processes that have influenced development
of the estuary.
� 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

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

Barrier estuaries on the New South Wales (NSW; Australia)
coastline developed following the sea level rise that accompanied
the transition to the present interglacial climate [54]. In Tuggerah
Lake, a barrier estuary on the mid-NSW coast, sediments began to
accumulate at �9000 cal. years BP, behind relict Pleistocene barri-
ers inundated during the post-glacial marine transgression [54].
Continued sea level rise, accompanied by the reworking of shelf
sand bodies, supplied abundant marine sand to the estuaries dur-
ing the early Holocene [61]; tidal sand bodies developed within
the incised portion of the relict barrier, while a composite barrier
system developed from the accumulation of contemporary sand
on top of a relict, Pleistocene core (e.g. Lake Macquarie; [52]).

The supply of marine sand decreased abruptly at �6000 radio-
carbon BP (�6800 cal. years BP) shortly after the sea level high-
stand was reached [61,55]. Subsequently, the barrier heights have
been increased by the development of storm ridges and dunes,
while rivers have been the dominant supply of clastic material to
the estuaries. Estimates of the timing and elevation of sea level
at highstand vary; while the model of Thom and Roy [62] has high-
stand occurring between 6800 and 6400 radiocarbon years BP
(7600–7200 cal. years BP), with a sea level within ±1 m of present
mean sea level (msl), results from other studies (e.g. [2]) suggest
that high-stand, at perhaps 2 m above present msl was achieved
as early as 7000 radiocarbon years BP (7800 cal. years BP) and that
sea-level has exceeded the present value for much of the mid- to
late-Holocene.
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The goal of this study was to provide the first detailed, multi-
proxy palaeo-reconstruction of the Holocene history of Tuggerah
Lake. Through analysis of a suite of geochemical, sedimentological,
and magnetic proxies, we have been able to provide new insight
into how the estuary developed, and, importantly, the causative
environmental processes (e.g. sea-level fluctuations) and regional
development (urbanisation) that have influenced the development
of the Lake.

2. Methods

Study site.

2.1. Modern environment and geology

Tuggerah Lake is a shallow (max depth <4 m) brackish to saline
barrier estuary; the largest of the Tuggerah–Munmorah–Budgewoi
lake system (Fig. 1). The lake lies behind a Holocene and Pleistocene
coastal sand barrier complex that stretches between headlands
located at the northern and southern margins. Tidal exchange cur-
rently occurs through a shallow, ephemeral inlet, ‘‘The Entrance’’,
located at the southern limit of the Holocene barrier. Tidal exchange
is restricted to�1% of total lake volume and shoaling has closed the
inlet completely on nine occasions in the last 100 years. The inlet
restriction currently prevents the influx of marine sand to the lake;
however, wave action is responsible for the southerly-directed
transport of reworked sand from the flood-tide delta.

Freshwater enters the lake mainly from Ourimbah Creek and
the Wyong River; fluvial sediment is currently accumulating in
bay-head deltas and within the central estuarine basin [20]. The
average annual rainfall of �1200 mm (30-year average; Common-
wealth of Australia, Bureau of Meteorology) is biased towards the
months January–April and is strongly modulated by ENSO-band
variability [59]. In eastern Australia, lower than average rainfall
is associated with the negative phase (EI Niño) of the Southern
Oscillation Index (SOI), while higher rainfall accompanies the posi-
tive phase (La Niña) [48]. Rainfall (and stream-flow) is further
enhanced when a La Niña event is concurrent with the negative
Fig. 1. Map of Tuggerah Lake (NSW, Australia) showing the two study site locations (sta
Black-dotted areas indicate the location of Zostera muelleri seagrass.
phase of the Interdecadal Pacific Oscillation (IPO) [48]. During
floods water salinity can fall to 5 ppt, while drought conditions
can produce salinities of 45 ppt [57].

Seagrass beds (Zostera capricorni, Halophila ovalis, Ruppia mega-
carpa) are distributed around the margins of the lake today, where-
as prior to recent urban development of the lake catchment,
seagrass also occupied the centre of the lake [30]. Polychaetes
and bivalve communities dominate macrobenthos and vary in com-
position according to the substrate type. Much of the immediate
catchment has been cleared for urban development, leaving only
residual areas of closed forest, scrub, sedgeland/grassland and open
heath [57]. The rock units surrounding and underlying Tuggerah
Lake comprise sandstone, siltstone and shale of the early Triassic
Narrabeen Group and the mid-Triassic Hawkesbury Sandstone [59].

2.2. Core collection

Sediment cores were collected at two sites; core PI was collect-
ed from the distal margin of the flood-tide delta, immediately
south of Pelican Island, while core CB was collected on the south-
ern margin of the Ourimbah Creek bay-head delta in Chittaway Bay
(Fig. 1). Cores were collected in 90 mm diameter, 6 m long plastic
tubes, pushed into the sediment using a hammer system. At site
PI the core barrel penetrated to 434 cm (534 cm below sea level)
before meeting excessive resistance associated with penetration
of Pleistocene stiff clay. At site CB, only 251 cm of sediment
penetration was achieved (331 cm below sea level), reflecting the
shallower location of the Holocene–Pleistocene boundary at this
site. Cores were returned to the laboratory (University of Tech-
nology, Sydney) where they were split vertically for sub-sampling
and lithological description. Subsequently, all cores were stored
frozen to minimise sediment alteration.

2.3. Magnetic measurements

Magnetic sub-samples (8 cm3) were collected every two cen-
timetres and analysed immediately (to prevent time-dependent
sample alteration) for low- and high-frequency magnetic
rred) where sediment cores were taken; Chittaway Bay (CB) and Pelican Island (PI).
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susceptibility (vLF and vHF) using a Bartington MS2B dual-frequency
sensor. Samples were then stored at �5 �C prior to the analysis of
isothermal and anhysteretic remanent magnetisation (IRM and
ARM) at the CSIRO magnetic laboratory at North Ryde. The ARM
(acquired using a 100 mT alternating field with a 79.6 Am�1 bias
field) and IRM (acquired using a 1T pulsed field) measurements
were performed on a 2G cryogenic magnetometer positioned with-
in a low-field environment. The interpretation of the magnetic data
was supported by SEM (Philips XL30 SEM with Oxford ISIS EDS)
and TEM (JEOL JEM-1200EXII TEM) images of magnetic separates
collected from a recirculating system that pumps a water/sediment
slurry (<63 lm fraction) past two NdFeB magnets.

2.4. Geochemistry

Samples for major and trace element geochemistry were col-
lected every 5 or 10 cm in core PI and every 10 cm in core CB. Sam-
ples were oven dried at 60 �C overnight and then ground to a fine
powder. For the PI core, analyses were performed on a Philips 1404
WO-XRF spectrometer (University of Newcastle) using fused beads
with a sediment:flux ratio of 1:5. For the CB core, analyses were
performed on a Spectro X’Lab 2000 Polarised EO-XRF (University
of Newcastle), using a fused bead for the major oxides and a
pressed pellet for the trace elements.

2.5. Grain size

Grain size analysis was performed using a Malvern Mastersizer/
E set (1.2–600 lm range setting) at the University of Technology
Sydney (UTS). Approximately 2 cm3 of wet sample was collected
every 10 cm and washed briefly with a hydrogen peroxide solution
to disperse faecal pellets. Larger shell fragments and organic frag-
ments were removed at this stage. Samples were then washed
through a 500 lm sieve into the Mastersizer dispersion tank. Sedi-
ment retained in the sieve was dried and then further charac-
terised using 707 lm and 1000 lm sieves. The sieve data was
then combined with the Mastersizer results.

2.6. Radiocarbon dating

Conventional and AMS radiocarbon dating was carried out at
the Waikato Carbon Dating Laboratory (University of Waikato,
New Zealand) and at the AINSE AMS facility at Lucas Heights,
Table 1
Results of radiocarbon 14-carbon age dating.

Core sample
code

Laboratory sample
code

C14 age Error Calibrated ages
(year BP)

2r

Pelican Island
PI225 Wk-12464 6670 60 7500 90
PI231 Wk-8741 3170 250 3350 580
PI243 Wk-13401 2260 50 1880 200
PI247 Wk-12465 4560 50 5180 80
PI318.5 OZG208 2990 40 3100 110
PI328 Wk-10406 3650 100 3550 280
PI347.5 OZG209 4130 40 4670 130
PI364.5 Wk-8742 5840 330 6650 670
PI374 OZG211 7780 50 8560 110
PI404 Wk-8743 8130 160 9000 400

Chittaway Bay
CB107 Wk-12461 1100 50 980 110
CB108 Wk-8744 1860 230 1800 110
CB117 Wk-13391 1640 50 1470 120
CB172 Wk-12462 2369 50 2380 180
CB213 Wk-16725 3354 40 3190 210
CB229 Wk-10407 3950 70 3950 230
CB242 Wk-8745 5300 200 6000 240
Sydney. Conventional dates were obtained from bulk mud samples
collected at lithological and magnetic boundaries (the latter
defined by abrupt changes in the magnetic susceptibility charac-
teristics); these initial results were supplemented by twelve
AMS14C dates on whole shells and wood/charcoal fragments col-
lected at various depths in both cores. Calibration of the radiocar-
bon dates was performed with Oxcal3.10 using the calibration
curves shCal04.14c for the wood and charcoal samples and Mari-
ne04.14c for the shell samples; in the latter case, a local correction
of 3 ± 70 was applied. We have used the same calibration curves to
match those used by Roy and Thom [54]. Table 1 provides informa-
tion about each sample that was age dated. Several samples (three
from PI and one from CB site) gave age dates that were inconsistent
with the age model. These inconsistent dates were not associated
with any bioturbation features; however, grain size and geo-
chemical data (see below) suggest that these inconsistent dates
were caused by reworking of tidal-delta sand at the PI site and
delivery of old organic matter by the river at the CB site.

3. Results

3.1. Lithostratigraphy

Both cores have a tripartite lithostratigraphy (Fig. 2), consisting
of an upper muddy sand unit (unit 1), a sandy mud unit (unit 2),
and a basal clay unit (unit 3). The top 10 cm of the cores contained
seagrass fragments, roots and a larger proportion of mud. In the PI
core, unit 1 has a yellow hue (7.5Y 4/4), varies from fine- to coarse-
grained sand and is heavily bioturbated; the mud-lined Skolithos
burrows are clearly defined. In unit 1 of the core CB, the transition
between the sandy mud and muddy sand units is located between
115 and 85 cm, with a gradual increase in a grey-hued (9Y 3/5),
medium grain-sized sand component. A small cluster of broken
and whole shells occurs at the base of the unit, with only a minor
content <2%) of shell fragments above this point. Bioturbation in
the muddy sand unit is extensive, producing poorly preserved ich-
nofabrics in which the mud component produces a mottled
appearance; mud occurs dominantly as faecal pellets. Small,
sand-sized fragments of charcoal are dispersed throughout, with
occasional larger fragments.

In both cores, the sandy mud unit 2 (411–210 cm in PI: 244–
100 cm in CB) is largely a drab, grey to olive-grey (1 GY 3/2) unit
with a varying content of whole and fragmented shells; the shell
error Depth (cm) Material Lab Comment

225 Wood/charcoal Waikato Not used in age model
231 Mud Waikato Not used in age model
243 Shell Waikato
247 Wood/charcoal Waikato Not used in age model
318.5 Wood/charcoal ANSTO
328 Shell Waikato
347.5 Wood/charcoal ANSTO
364.5 Mud Waikato
374 Wood/charcoal ANSTO
404 Mud Waikato

107 Wood/charcoal Waikato
108 Mud Waikato Not used in age model
117 Wood/charcoal Waikato
172 Wood/charcoal Waikato
213 Shell Waikato
229 Shell Waikato
242 Mud Waikato



Fig. 2. Lithostratigraphy of sediment cores from Pelican Island and Chittaway Bay (Tuggerah Lake, NSW, Australia) showing variation in mean grain size, shell assemblages,
and calibrated ages. A description of sedimentary and bioturbation features is provided in the right hand panel.
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assemblage is dominated by the bivalve Notospisula trigonella,
with rare occurrences of the gastropod Nassarius jonai. In CB, shells
are present throughout most of the unit, but with notable shell
accumulations occurring between 229–197 cm. 183–180 cm.
178–175 cm. 168–163 cm, 138–132 cm. 126–119 cm and 108–
102 cm. Most shells are disarticulated, many fragmented, and
the proportion of fragmented shells increases upwards. The most
significant shell accumulation in CB (229–197 cm) is characterised
by an abrupt base, a more diffuse upper-boundary, larger shells
towards the base and an increasing proportion of shell fragments
towards the top of the deposit. The overlying shell layers contain
a large proportion of fragments and some contain large fragments
(up to cm-scale) of wood and/or charcoal. In the PI core, the lower
75 cm of unit 2 are almost barren of shells, with the exception of
one juvenile conjoined specimen of Notospisula at 388 cm and
one or two small shell fragments above that point. The interval
398–350 cm shows a colour transition from olive-grey, to
brownish-grey (9.7Y 4.5/4; most apparent between 394 and
374 cm) and back to olive-grey. Accumulations largely composed
of shell fragments occur between 359 and 356 cm. 349–332 cm
(also a few complete Notospisula valves and gastropod shells),
323–320 cm. 301–297 cm. 294–291 cm and 288–284 cm: the
interval between 280 cm and the top of unit 2 has shell fragments
disseminated throughout, with rare intact individuals near the
top of the unit, including pyritized specimens of Ammonia
beccarii.

Wet sieving of samples for grain-size analysis shows that the
sand fraction in unit 2 of both the CB and PI cores is dominated
by sub-rounded to sub-angular quartz grains, with a minor lithic
component (<2%). Part of the quartz fraction shows iron staining,
giving an orange hue (6Y 6/7) to the sand in the lower part of
the unit. This iron staining is lost by 170 cm in CB1 and by
340 cm in PI, with the sand above these levels assuming a greyish
hue (9Y 8/2). In core PI, the uppermost part (245–205 cm) of the
sandy mud unit contains long (�20 cm), vertical sand-filled bur-
rows. This interval represents the transition to the upper muddy
sand unit (unit 1) that starts between 200 and 190 cm.
In both cores, unit 3 (434–411 cm in PI, 251–244 cm in CB) con-
tains fine quartzose sand and lithic fragments and is discriminated
from unit 2 on the basis of colour and competency, rather than tex-
ture. The clay in CB is grey (1 GY 7/2) with oxidised patches (6Y/R
6/7); it is sticky to the touch and can be readily moulded. In PI the
basal 8 cm appear identical to the clay in CB, but from 426 to
411 cm the clay becomes dominantly oxidised (7Y 4/5.S), with grey
mottles and dispersed fragments of black organic matter. In the CB
core, we have only the soil C horizon, which in both cores shows
colour variation consistent with gleying. In addition, the PI core
has a partial soil B horizon, with organic fragments that may be
root material. In both cores, the contact between unit 3 and 2 is
irregular; core PI shows an accumulation of angular ironstone frag-
ments and small pebbles immediately above the contact (411–
408 cm: 6.7Y 4/3) whereas in the CB core the contact is overlain
by an accumulation of shell fragments that show evidence of sig-
nificant dissolution.

3.2. Grain size

The down-core grain size variation is presented in Fig. 3 as
sand–silt–clay percentages, with the phi-size volume distribution
shown for selected samples. All samples displayed a minimum of
two grain-size modes (e.g. PI 000), with the majority having poly-
modal distributions (e.g. PI 230). Each sample analysed corre-
sponds with material taken from a �1 cm slice; in chronological
terms, 1 cm represents between 10-years (unit 1) and 100-years
(unit 2) of accumulation and polymodal samples are therefore
expected.

The flood-tide delta sediment of PI unit 1 is characterised by a
well-sorted, coarse to medium sand (modal size 1.2–1.6 /; see
samples PI 000 and Pl l00 in Fig. 3), whereas the bayhead delta
sand of CB unit 1 is a well-sorted, medium to fine sand (modal size
2.1–2.3 /; see samples CB 000 and CB 040 in Fig. 3). These charac-
teristic flood-tide and bay-head delta sands also occur, respective-
ly, within samples PI 320 and CB 230. In CB, the majority of unit 2 is
dominated by clay and silt components, with minor contributions



Fig. 3. Down-core variation in sediment grain size classes for cores taken from Pelican Island (PI) and Chittaway Bay (CB) (shaded, left hand panels). Selected representative
grain size distributions shown in graphs on right side of each core. The presence of polymodal grain-size distributions in the samples is consistent with changing modes of
deposition and the potential for both fluvial and marine contributions, with the dominant mode switching between coarse grain size in the upper half of both cores and fine
grain size in the lower half.
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from fine to very-fine sand, but there is a clear increase in the
medium sand content at the base of the unit (below 230 cm;
�4000 cal. years BP). In core PI the lower part of unit 2 (below
335 cm: �3800–9100 cal. years BP) is texturally similar to the
main part of unit 2 in core CB (225–125 cm; �3600–1600 cal. years
BP). However, the upper part of unit 2 in core PI (above �335 cm;
�3800 cal. years BP) fluctuates between sandy mud and muddy
sand (influxes of sand centred at 315 cm, 280 cm and 250 cm)
and shows reduced silt content in comparison to unit 2 of CB.

3.3. Magnetic properties and electron microscopy

The down-core behaviour of the concentration-dependent mag-
netic parameters (v, SIRM, ARM) and interparametric ratios (vARM/
v, ARM/SIRM and SIRM/v) are summarised in Fig. 4, accompanied
by the down-core variation in mud content <63 lm sediment frac-
tion). For the PI core, the ARM/SIRM plot comprises two data sets;
the first obtained shortly after the core was collected and the sec-
ond obtained after four years of cold (�4 �C) storage. Both PI data
sets show a remarkable degree of consistency (a scatter plot of
the two data sets yields a slope of 1.02 with an r2 value of 0.91),
which suggests that cold storage was an effective means of min-
imising the alteration of remanence-bearing ferrimagnets in the
PI core.

In both cores, the v data provide a 3-fold subdivision of Holo-
cene sediment; v values drop significantly from the core maximum
values that are achieved in the lowest �60 cm of Holocene
sediment and then decrease again with the change from a mud-
dominated to sand-dominated lithology at the unit 2/unit 1 boundary.
This pattern in the v data is to some extent replicated by
the variation in the mud content of both cores, implying that the
change in v values is driven by underlying lithological change.
The remanence (ARM and SIRM) data show an equally abrupt
reduction in magnitude at the lower v boundary, but a relatively
small change accompanies the unit 2/unit 1 transition. The inter-
parametric ratios indicate the nature of the change at the lower
magnetic boundary; increased values of ARM/IRM and vARM/v
indicate that the basal Holocene sediment is dominated by an ultra
fine ferrimagnetic component that is absent from the remainder of
the unit-2 sediment. The enhanced ARM/SIRM values of this com-
ponent are consistent with published values for intact chains of
magnetosomes [42].

High ARM/SIRM values are present within two regions of unit 1
in the PI core, although the values are somewhat lower than in the
basal Holocene sediment, implying that magnetosomes exert a les-
ser influence on magnetic parameters than is the case at the base of
unit 2. The presence of magnetosomes in the high ARM/SIRM
regions of both unit 1 and unit 2 was confirmed by TEM images
(Fig. 5) obtained from magnetic separates. Equant magnetosomes
are dominant, occurring often as intact chains; with occasional
teardrop-shaped examples also observed. SEM images from CB
samples (Fig. 5) indicate the presence of euhedral and framboidal
pyrite within both the weakly (112 cm) and strongly (230 cm)
magnetic unit-2 sediments. None of the pyrite framboids exceed
a diameter of 12 lm, and some framboids appear to be partly in-
filled; euhedral pyrite is consistently less than 5 lm in size and
is the more common form of pyrite in these samples.

In the CB core, the ARM/SIRM ratio suggests little change in the
character of the remanence-bearing ferrimagnets in the upper
178 cm of the core. However, the SIRM/v and vARM/v ratios show
a distinct increase in values that starts at �130 cm, within the
upper part of unit 2. This different behaviour of ratios involving
v can be explained by an upward-decreasing paramagnetic contri-
bution (provided by clay and/or pyrite) or by a decrease in the rela-
tive contribution of SP-sized ferrimagnets. The inverse correlation
of SIRM/v with the mud content (Fig. 4) suggests the influence of a
paramagnetic clay component. In the Pleistocene clay, the concen-
tration-dependent parameters indicate a magnetic content that is
similar in magnitude to the equivalent Holocene material, whereas
the interparametric ratios indicate a much-reduced proportion of
ultra fine magnetic particles. The sharp peak seen near the base
of the PI core corresponds with the ironstone fragments that occur
at the Holocene–Pleistocene boundary.

The IRM acquisition data for selected samples are shown in
Fig. 6. Samples from the basal Holocene sediment (CB 200; PI
362), dominated magnetically by magnetosomes, exceed 90% of
their saturation value following the 100 mT-acquisition step. Con-
versely, the samples from the magnetically coarser regions (CB 88;



Fig. 4. Magnetic properties of estuarine sediment cores from Pelican Island and Chittaway Bay in Tuggerah Lake (NSW, Australia). Shading indicates lithostratigraphic
subdivisions as shown in Fig. 2. While magnetic susceptibility (k) shows a distinct relationship with mud content, those parameters and interparametric ratios that are
sensitive to magnetic grain-size show a more complex signature that can be linked to variations in the contribution from bacterially generated ferrimagnetic material. Single
domain magnetic minerals are most common in sediments immediately overlying the Holocene transgression surface, but are abruptly replaced by ferromagnetic material
towards the top of Unit 2. In the case of the Pelican Island core, this can be equated with the first influx of fluvial derived muds at �2700–2400 cal year BP. Our interpretation
is that although muddy sedimentation remained dominant until �1500 cal year BP, the replacement of single domain grains by ferromagnetic material at �2500 cal year BP
heralded the first influx of fluvial material at this time (see discussion in text).
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CB 140; PI 280) show a more gradual increase in IRM at lower
applied field and acquire �20% of their total IRM at fields above
100 mT. The sample taken from one of the upper zones of increased
ARM/SIRM values in the PI core (PI 180) shows behaviour interme-
diate between these two patterns; IRM acquisition occurs initially
at a rate similar to that displayed by the magnetosome-dominated
samples, but by 100 mT the behaviour of PI 180 is identical to the
magnetically coarser samples.

Thermomagnetic data from bulk samples (Fig. 7) indicates that
the zones of high ARM/SIRM in the PI core are dominated by a fer-
rimagnetic component with a Curie temperature close to 600 �C (PI
70; PI 190) which, after heating, is reduced in magnitude. However,
the Curie curves of samples from PI unit 2 (PI 250; PI 350; PI 400),
irrespective of the sample ARM/SIRM value, are dominated by the
formation of a ferrimagnetic phase that is initiated at �400 �C,
behaviour that is consistent with the oxidation of pyrite to mag-
netite [66]. The Curie curves of two magnetic separates (CB 170;
CB 190; Fig. 7) helps to discriminate the ferrimagnetic mineralogy
of unit 2 samples. Sample CB 190 was collected within the zone of
high ARM/SIRM values at the base of CB unit 2, while CB 170 was
collected from immediately above the same zone. In CB 170, the
heating curve shows an inflection with a major decrease in mag-
netisation between 350 �C and 450 �C and a Curie temperature
(TC) of �620 �C. On cooling, the �620 �C Curie temperature is
retained while the inflection seen in the heating curve is lost and
the room temperature magnetisation is reduced by �80%. In con-
trast, sample CB 190 shows a smaller decrease in magnetisation
on heating up to 450 �C, after which the magnetisation decreases
abruptly and provides a Curie temperature of �590 �C. On cooling,
the �590 �C Curie temperature is retained, the minor inflection
seen in the heating curve is lost and the room temperature mag-
netisation is reduced by �35%.

The change in magnetisation seen below 450 �C in both heating
curves, together with the considerable loss of magnetisation after
heating, are compatible with published thermomagnetic curves
for fine-grained maghemite [16], where the decrease in magnetisa-
tion results from the inversion of maghemite to haematite. Maghe-
mite is the most commonly formed ferrimagnetic mineral during
pedogenesis [56] and we consider that it represents primary catch-
ment input. In the case of CB 190, the thermomagnetic data



Fig. 5. Transmission electron microscope (TEM) showing the presence of single-domain magnetosomes in Pelican Island (PI) and Chittaway Bay (CB) cores from Tuggerah
Lake (NSW, Australia). Intact chains of equant magnetosomes are observed in both TEM images, together with isolated, teardrop-shaped examples.

Fig. 6. Isothermal remanent magnetisation (IRM) acquisition data for selected
samples (depths) taken from Pelican Island (PI) and Chittaway Bay (CB) sediment
cores. Acquisition curves can be interpreted in terms of the presence of two
magnetic phases. The difference in the shapes of the curves for PI362 and CB200
confirm the paramagnetic origin of the magnetism seen in the lower sections of the
two cores.
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suggest the presence of an additional, magnetite phase, which we
ascribe to the bacterial magnetosome component identified in the
TEM images (Fig. 5) and inferred from interparametric magnetic
ratios (Fig. 4). Greigite magnetosomes, which are synthesised by
magnetotactic bacteria under sulphidic conditions [38], would be
identified through decomposition on heating above 200 �C [65].

We therefore have evidence that diagenetic pyrite and single
domain magnetosomes coexist in the basal Holocene sediment of
CB, indicators of sulphidic (anoxic) and sub-oxic conditions,
respectively. As noted above, the bulk samples PI 70 and PI 190,
taken from the upper zones of enhanced ARM/SIRM values, also
display magnetite Curie temperatures; these PI samples lack, how-
ever, clear evidence of the maghemite phase that undergoes inver-
sion during the heating of CB 190. We believe that this lack of
maghemite in the PI 70 and PI 190 samples, both of which come
from the sandy flood-tide delta unit, is consistent with fluvial
delivery of the maghemite component seen in the unit-2 samples.

In summary, the ferromagnetic content of both cores is provid-
ed by one or both of two components; maghemite, derived from
the catchment soil profile, and SD-sized authigenic magnetite gen-
erated by assimilatory microbial processes. Lithic fragments do not
appear to make a significant contribution to the core magnetic
properties (except within the lag layer of the PI core), consistent
with the dominant supply of coarser material from the sandy Tri-
assic units.
3.4. Geochemistry

3.4.1. Major oxides
The down-core variation of the major oxides is shown in Fig. 8,

with all data normalised to the average shale value [67,69]. As a
reference for the sandy units, in each graph we also plot (as a ver-
tical line) the equivalent value obtained from sandstone geostan-
dard GSR-4 [26], normalised to the average shale value. The
horizontal broken line in the PI data represents a significant textu-
ral boundary, with a large increase in the sand content between
350 and 320 cm (see Fig. 3); this boundary is used to subdivide unit
2 for the purposes of the CVA analysis (see below). Where a graph
has missing data points, this reflects samples (depths) for which
the particular oxide was below the detection level of the XRF
instrument.

The pattern of variation in the major oxides is dominated by a
marked shift associated with the transition from the sand-
dominated unit 1 to the mud-dominated unit 2. In broad terms,
the trend displayed by SiO2 is in anti-phase with the trends of
the other major oxides (except CoO; see below). The geochemical
data provide an example of compositional, or ‘closed’ data (data,
which sums to unity, or to 100%; [1], in which interdependence
is inherent between the compositional parts (here major oxides)
of each sample.
3.4.2. Trace elements
In both cores, the pattern of variation displayed by the majority

of the trace elements broadly correlates with the down-core beha-
viour of the Al content, consistent with the known linear relation-
ship between trace element content and the fine-grained
component of sediments (e.g. [17]. Exceptions are Sn (PI core)
and Se and Ge (CB core), which instead correlate with the beha-
viour shown by SiO2 In addition, in both cores CaO and Sr content
strongly covary, indicating that both are mainly derived from the
shell content. Therefore, down-core trends in major oxides and



Fig. 7. Thermomagnetic data from bulk samples taken from Pelican Island (PI) sediment cores. Heating curves (solid symbols) for the four deeper samples show the
generation of a ferrimagnetic phase when the temperature exceeds �400 �C; this new phase is retained on cooling.
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trace elements mainly reflect changes in sediment grain-size and
provenance (marine versus fluvial), with some additional variation
provided by authigenic and redox-related effects (see below). The
presence of ironstone nodules at the unit 2/unit 3 boundary in
the PI core produces extreme values of Fe2O3 in the sample taken
from 410 cm. Analysis of a separated nodule gave a Fe2O3 content
of 42%.

3.4.3. Geographic variability
Based on the location of both sites, supported by their lithos-

tratigraphy and grain-size data, we expect that units 1 and 2 at
the CB site are dominated, respectively, by fluvial-sand and flu-
vial-mud components, whereas at the PI site, unit 1 is dominated
by marine sand and unit 2 comprises fluvial mud with an
upward-increasing contribution from marine sand. To determine
whether this simple model is supported by the geochemical data,
we have applied canonical variates analysis (CVA) to the major
oxide data from the CB core. We excluded CaO and NaO2 from
the analysis because of, respectively, the influence of shell content
and salt (some samples showed salt crystals after drying), factors
that do not reflect clastic sediment supply. To obviate the constant
sum constraint (data sum to 100%; [1], the data was transformed
prior to analysis using the centred log-ratio transformation (CLR;
[1]).

The CB and PI sample scores for the two canonical variates are
shown as a bivariate scatter plot in Fig. 9, with PI unit 2 subdivided
into two sub-units (Fig. 8); 220–335 cm (unit 2a) and 340–385 cm
(unit b). CVA has readily separated the CB samples into the three



Fig. 8. Down core variation in the weight percent of major oxides within sediment cores from Pelican Island (PI – upper panel) and Chittaway Bay (CB – bottom panel)
sediment cores. With the exception of SiO2, the pattern of variation is directly related to mud content; SiO2 is inversely related. The distribution of elements shown supports
the 2-fold subdivision of the sequence into an upper unit (dominated by SiO2) and a lower unit dominated by fine-grained aluminosilicates (Al2O3, MgO, K2O. Additionally, the
distribution of SO3, Fe2O3 and MnO further supports the switch from a single-domain paramagnetic subunit of Unit 2, to fluvially derived clays, preceding the influx of
coarser-grained sediment.
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lithological groupings (units). Importantly, the plotting position of
the samples from 90, 100, 110 and 120 cm suggest a geochemical
trend between units 2 and 1, consistent with the gradual change
in sediment character observed in the core. The location and with-
in-group scatter of the PI data are very informative. The two basal
unit-3 samples (425 cm; 430 cm) plot close to the two CB unit-3
samples, consistent with our interpretation that the bases of both
cores represent a soil C horizon (gleyed Pleistocene clay). Although
the majority of the PI unit-2b samples plot within the cluster of CB
unit-2 samples, an observation that supports the geochemical
Fig. 9. Canonical variates scores for Chittaway Bay and Pelican Island (NSW,
Australia). The canonical variates provide a means of sample discrimination, based
on the major oxide content of the samples (with the exception of CaO and NaO2).
The process of discrimination attempts to assign to each sample the relative
importance of each of two sediment sources.
similarity of these two groupings, the lower most unit-2b samples
plot on a trend between the CB unit-2 samples and the unit-3 Pleis-
tocene samples. The delineation of this trend is consistent with our
earlier observation that the basal unit-2 sediment in the PI core
(394–374 cm) has a brownish hue that is consistent with the inclu-
sion of material eroded from the underlying unit-3, material that
represents the upper part of the Pleistocene-early Holocene soil.
Notably, the upper two PI unit-3 samples (415 cm; 410 cm) plot
away from this trend, consistent with the grain-size and geo-
chemical data which shows that the upper part of unit 3 has the
highest clay and iron content for the core and may represent the
remains of the soil B horizon (the sample from 410 cm also incor-
porates material from the lag deposit that sits at the unit 2/unit 3
boundary).

The two oldest unit-Z samples from the CB site also show a
slight deviation towards the plotting position of the unit-3 sam-
ples, suggesting that the basal Holocene sediment at the CB site
also includes a proportion of Fe-worked Pleistocene material. The
majority of the PI unit-2a samples are clustered between samples
CB110 and CB120 lone exception is the sample from 310 cm, which
plots close to the margins of PI unit-l and CB unit-I; this sample
corresponds to a layer of muddy sand, which has the lowest mud
content of unit 2, and define a trend that runs subparallel to the
trend between CB units 1 and 2. This trend suggests that the PI
unit-2a samples contain a mixture of fluvial mud and fluvial sand.
However, we note that the PI unit-1 samples plot close to the CB
unit-l samples and therefore the location of the PI unit-2a samples
might equally represent a mix of fluvial mud and marine sand; this
seems the more likely interpretation because of the proximity of
the PI site to the flood-tide delta. While the PI and CB unit-l sample
groups show considerable overlap (some geochemical similarity
between the fluvial and marine sand is expected, since both units
are quartz-dominated and sourced, to varying degrees, from the
Hawkesbury sandstone), the majority of the PI unit-l samples plot
to the right of, and above, the CB unit-l samples. Where overlap of
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the groups occurs, at the base and the top of PI unit-l, it can be
ascribed to mixing of the marine sand with fluvial mud. To clarify
this point, the samples from the top and the base of unit-l are
marked with leaning- and upright-crosses, respectively. The slight
offset between the CB unit-l grouping and the majority of the PI
unit-l samples is mostly a reflection of a slightly increased K20
and AIP3 content in the former and slightly increased SiO2 content
in the latter, suggesting that the CB unit-l sand contains a minor
feldspar component.
3.4.4. Redox conditions
A number of the oxides/elements are sensitive to redox condi-

tions; their contribution to the initial fluvial or marine input can
be modified in response to the location of the redox boundary
and the consequent exposure of the oxide/element to oxic or anox-
ic diagenesis (e.g. [58,6,64]). Redox conditions respond to changes
in water salinity and in the rates of clastic and organic sediment
accumulation; therefore the redox-sensitive components provide
supplemental information regarding these environmental variables.
In Fig. 10, we show the down-core variation of the Al-normalised
elements Fe, S, Mn, V, U, Cr, Ni. Cu, Zn, As, Mo and Se (the last
two are not available for the PI core). Since a significant fraction
of the trace element load to coastal sediments is delivered sorbed
to clays, normalisation by Al content is used to compensate for
variable sample clay content. Element enrichment is determined
relative to the unit and by comparing our Al-normalised data with
the equivalent Al-normalised value from the relevant geostandard;
GSR-4 in the case of the sandy units (broken vertical line in Fig. 10)
and the average shale value (solid vertical line) for the muddy
units. These enrichment estimates need to be interpreted with
caution, since enrichment may be primary (changes in the
characteristics of the fluvial or marine source material) rather than
secondary (produced by authigenic processes linked to sediment
diagenesis). Secondary enrichment processes include the down-
ward diffusion of elements from seawater and their immobilisation
through valency change and/or sedimentation of organic matter
enriched in trace elements through the process of bioaccumula-
tion. A significant enrichment of trace elements by such redox
reactions requires that the vertical location of redox boundaries
Fig. 10. Down core variation in the presence of selected major elements, total organic car
and Chittaway Bay (bottom panel) sediment cores. Ratios of redox-sensitive elements (
history of sediment accumulation in Tuggerah Lake. To compensate for varying mud co
be maintained for a significant period of time, which requires slow,
or intermittent, accumulation.
3.4.5. Iron diagenesis
Fig. 10 also shows the behaviour of %TOC, %S, %Fe and the ratios

of Mn:Fe and Feav:S; the Mn:Fe plot also shows the relevant geo-
standard values as vertical lines, while in the Feav/S plot, the verti-
cal lines represent the stoichiometric Fe:S ratio for iron
monosulphide and for pyrite. If the bacterially-mediated reduc-
tions of Mn and Fe oxides are important processes within the sedi-
ment column, Mn reduction will occur at a higher redox potential
and therefore precede Fe reduction. Liberated Mn2+ that diffuses
upwards into the oxic zone will be precipitated as an oxide; liber-
ated Fe2+ will also diffuse upwards, but may precipitate immedi-
ately below the oxic boundary through oxidation pathways
involving nitrate or Mn-oxides [45,46]. The Mn:Fe ratio can there-
fore identify the depth at which the transition from oxic to anoxic
sediment occurs. The ratio of iron to sulphur is used here as an
indicator of the degree to which the available iron content of the
sediments has been transformed to iron sulphide. The abiotic
reduction of Fe-oxides by sulphide occurs within sulphidic sedi-
ments, where sulphide is produced during sulphate reduction,
and within anoxic sediments when free sulphide is available
through diffusion from the sulphidic zone (e.g. [3]). Here we use
total sulphur as an indicator of iron sulphide content (assuming
a minimal contribution from organic sulphur and other metal sul-
phide phases) and Feav as an estimate of the proportion of reactive
iron in the sediments that is available for bacterial reduction and/
or exposure to sulphide. The Feav (reactive iron content) values are
calculated using the sample Fe and Al content; the calculation
assumes that the ratio Fe:Al in silicate minerals is �1:4 and that
the Al content of the sediments is exclusively retained within these
silicate minerals [18]. The Feav values are then obtained by sub-
tracting from the total Fe content one quarter of the Al content.

In the PI core, the pattern of variation in Fe, S and TOC are
strongly correlated, confirming the link between organic content
and sulphate reduction and indicating that much of the iron in
the core occurs as a form of sulphide. In the CB core, the Fe:S cor-
relation is equally well developed, suggesting again that most iron
bon and major element ratios within sediment cores from Pelican Island (top panel)
S; Fe; Mn) are used to infer the influence of changing redox conditions during the
ntent, Al has been used as a normalising factor for the majority of the elements.
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occurs as sulphide. However, in the CB core the correlation of Fe
and S with TOC is less certain; here the importance of terrestrial
organic content is significant, as this poorly-reactive material does
not readily drive sulphate reduction. The Fe/S plot has significance
for the magnetic results: in regions of the core where the Fe/S value
exceeds that of stoichiometric iron monosulphide (1.74), samples
yield the strongest magnetic measurements (Fig. 4) and have inter-
parametric magnetic ratios which indicate that single domain
magnetosomes dominate the ferrimagnetic content (Fig. 4).

In the CB core, the Mn:Fe ratio exceeds the geostandard value
(GSR-4; broken line in Fig. 10) for the majority of unit 1, suggesting
that oxidising conditions dominated during the accumulation of
unit 1. Oxidising conditions are supported by the presence of
well-preserved agglutinated foraminifera, which use ferric iron
cement to stabilise their tests [40]. The sample from 10 cm depth
shows a local minimum in the Mn:Fe ratio; this sample occurs
directly beneath the surface layer, which has an enhanced mud
and organic content, and we interpret the decrease in the Mn:Fe
ratio as reflecting the dissolution of Mn-oxides associated with
anoxic conditions. Coincident with this Mn:Fe minimum, we see
an abrupt decrease in the Al-normalised U, Cr. Ni, As and Se
content, with the sample from the core top having the lowest
Al-normalised values in unit 1. The increase in mud (and therefore
Al) content is largely responsible for these decreases in Al-nor-
malised values, but the behaviour of Se and U is consistent with
in situ enrichment through the downward diffusion of these ele-
ments and their immobilisation below the oxic/anoxic boundary.

Of the redox-sensitive trace elements, only the Al-normalised
As content replicates the preceding, broad maximum in the Mn:Fe
ratio, while the %S data shows an upward increase through the
equivalent section. The Mn:Fe minimum at 205 cm is replicated
by Al-normalised values of V, U, Cr, Ni, Cu and Zn and coincides
with the onset of a 25 cm zone of lowered %S values. The pattern
of behaviour in redox-sensitive components below 200 cm (and
including the zone of reduced %S values, which extends to
185 cm) suggests that post-depositional modification of the basal
Holocene sediment has occurred; the behaviour does not appear
to be significantly driven by lithological factors as it occurs inde-
pendently of Al (or Si) content.

In the PI core, a 40 cm zone at the top of the core shows enhance
levels of sulphur that correspond with an increased iron content
and with increasing levels of organic carbon and mud (see
Fig. 10). These data imply that an increased delivery of reactive
iron and organic matter, probably due to catchment urbanisation,
has lead to increased pyrite content within this zone. At the bottom
of this zone, there are narrow peaks in the Al-normalised values of
Fe, V, Cr. Zn and Mn; this pattern is consistent with the upward
migration of reduced Fe and Mn species (and trace elements
sorbed to the precursor oxide phases) and their immobilization
at the oxic/anoxic boundary. Potential immobilization mechanisms
in response to sediment and porewater anoxia include valency
change and precipitation from pore-water (V, Cr: [6]) and pre-
cipitation as a sulphide phase (Fe, Zn; [41]). At 180–190 cm there
is a zone of low Mn:Fe values (produced by an abrupt decrease
in Mn) and enhanced As/Al values, located just above the unit
2/unit 1 transition. The abrupt decrease in Mn is consistent with
the dissolution of Mn-oxides through exposure to reduced sulphur
species diffusing upwards from the organic-rich unit 2.

3.4.6. Geochemical signature of provenance
In common with the CB core, the Mn:Fe ratio in PI unit 2 shows

a distinct maximum in the lower part of the unit (380–325 cm).
However, in the PI core this lower region of enhanced Mn:Fe values
coincides with core-maximum values of organic matter, sulphide
and Al-normalised Mn content while the other redox-sensitive
trace elements do not show any significant change. This region of
enhanced Mn content corresponds with the finest-grained section
of the PI core; however, a major change in sediment provenance is
not implicated because of the absence of a significant change in the
other Al-normalised elements. Core-maximum pyrite content is
indicated for this interval (note the Fe and S content; Fig. 10)
implying that sulphate reduction is a significant factor. Conse-
quently, alternative pathways for the enhancement of Mn content
include the precipitation of a Mn-carbonate phase, as a response to
the increased alkalinity that accompanies sulphate reduction
[8,60], or the formation of a Mn-sulphide phase [60], a process that
can occur in strongly-reducing sediments. However, Mn-sulphides
ore favoured only when the supply of reactive iron is exhausted
(Lepland and Stevens, 1998), which is not the case here. A narrow
peak in the Al-normalised Cu content sits just above this region of
pyrite-rich sediments; the peak occurs within a narrow interval
(310–315 cm) that corresponds to the first significant influx of
flood-tide delta sand at the site. Cu levels are low in the flood-tide
delta sands of unit 1, suggesting that the Cu originates from the
mud content; the enhanced permeability of the sandy layer at
310–315 cm may have acted to facilitate the downward migration
of dissolved Cu. Precipitation of a Cu sulphide phase can occur
when dissolved sulphide is present within the pore water [15].
At a higher level in unit 2, a second peak in Al-normalised Cu also
coincides with a second layer of increased sand content, lending
some support to this suggested mechanism.
4. Discussion

4.1. I Evolution of Tuggerah Lake

4.1.1. The early-to mid-Holocene sediment record (�9000–7000 cal.
years BP)

Our knowledge of the early Holocene comes only from the more
seaward (PI) site, where wave ravinement has removed the soil A
and (partial) B horizons and the Pleistocene–Holocene boundary
at 407 cm is marked by a transgressive lag comprising ironstone
nodules (of unknown origin). Here our oldest radiocarbon dates
(Fig. 2) indicate that accumulation started at �9000 cal. years BP
and that the sediment below 374 cm accumulated more rapidly
than at any time prior to 2300 cal. years BP (sediment accumula-
tion curve – Macreadie et al. under review). However, according
to the sea-level model of Thom and Roy [63], any sediment accu-
mulating at 9000 cal. years BP would have done so prior to marine
flooding. This is illustrated graphically in Fig. 11, in which the PI
age model (plotted as uncalibrated ages, for consistency with the
model of Thom and Roy [63]) intersects with the sea-level envel-
ope in the depth range 496–472 cm below sea level (396–372 cm
core depth), equivalent to an age range �8900–8200 cal. years BP.

Our data indicate that significant changes in core properties
occur at �380 cm (�480 cm below msl; �8600 cal. years BP)
because: (a) the geochemical data suggests that core material
below 380 cm incorporates sediment that was reworked from the
land surface (see Section 4.6); (b) there is a slightly increased sand
content at 380 and 390 cm, which coincides with a diminished
magnetosome component, with low values of manganese, iron
and sulphur; (c) the first shell fragments appear at 380 cm; and
(d) the sulphur content starts to increase rapidly above 380 cm.
The sediment below �380 cm represents a mix of reworked soil
material and contemporaneous sediment that was rapidly deposit-
ed following the transgression. The basal date of �9000 cal. years
BP was obtained from a mud sample collected at a core depth of
404 cm; the date therefore reflects an average age of the
reworked/fluvial mix and is consistent with the incorporation of
plant material from the pre-flooding Holocene land surface. Sup-
porting this interpretation, we note that sieving of the 380 cm



Fig. 11. Core sediment age (in radiocarbon years)-depth pairs from the Chittaway
Bay and Pelican Island cores plotted against the sea-level envelope of Thom and Roy
[63]. The Tuggerah data are consistent with sea-level flooding occurring after
9000 cal year BP.
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sample yielded wood fragments and plant fibres. The origin of the
contemporaneous sediment within the 380–390 cm interval
appears different to the fluvial mud that dominates above; in terms
of iron and manganese content, the geochemistry of the sample
from 385 cm is significantly different to the samples immediately
above, a difference that seems out of proportion with the slightly
increased sand content. It is our view that this interval includes
material reworked from a gleyed soil horizon, from which iron
and manganese oxides had been removed by diagenetic processes.

The co-occurrence of pyrite and fine-grained (bacterial) mag-
netite in the basal Holocene sediments (extending to 344 cm) is
unexpected. Pyritisation involves the abiotic reduction of iron
(oxyhydr)oxides by contact with sulphide, where the reactivity of
iron (oxyhydr)oxides to dissolved sulphide is directly proportional
to specific surface area. Therefore, magnetosomes should be pref-
erentially dissolved in comparison to detrital ferrimagnetic miner-
als. However, pedogenesis can produce significant quantities of
amorphous iron (oxyhydr)oxides, the reactivity of which is one
to two orders of magnitude faster than crystalline forms of iron
such as magnetite [11,47]. A supply of pedogenic iron is consistent
with the high iron content of the earliest Holocene sediments and
is supported by our identification of maghemite in the muddy core
intervals. Furthermore, we note that iron staining persists on the
quartz grains within this earliest Holocene interval, but is absent
from quartz grains above the zone containing magnetosomes, con-
sistent with an excess of iron in the former interval. Consequently,
we believe that the muddy basal Holocene sediment has sufficient
amorphous iron (oxyhydr)oxides to exhaust the supply of sulphide
and to provide a source of iron for magnetotactic bacteria.

The high Mn:Fe values found in much of the earliest Holocene
sediment are also significant: if the high iron content of the basal
Holocene sediments is derived from the erosion of the weathered
Pleistocene clay that formed the land surface, then the high Mn
levels could be similarly derived. However, we have argued that
iron dissolution occurs within this core interval, which means that
Mn dissolution is also favoured and should have preceded iron
reduction, unless the Mn occurs as a detrital phase within lithic
fragments. The dissolution and diffusion of Mn can produce high
levels of authigenic Mn in the surficial (oxic) deposits of coastal
sediments [7], particularly when accumulation rates are low. How-
ever, the retention of enhanced levels of authigenic Mn in the sedi-
ments requires that the Mn is prevented from diffusing out of the
sediment when accumulation continues and the sediment
becomes anoxic. As noted earlier, sulphate reduction can convert
Mn oxyhydroxide phases to Mn carbonate phases, fixing them
within the sediment. Possibly, then, the enhanced Mn content in
the earliest Holocene sediments occurs as a diagenetic Mn carbon-
ate or as a residual detrital phase; the latter would be resistant to
redox processes.

4.1.2. The mid-Holocene sediment record (�7000–4000 cal. years BP)
The PI core records a major change in geochemistry and in mag-

netic properties within the mid-Holocene. The interval 365–
335 cm (�7000–3800 cal. years BP) displays the highest average
content of sulphur, iron, and mud for the core; the start of the
interval is approximately coeval with age estimates for the
emplacement of barriers along the NSW coast [61,55]. The core
maximum sulphur value is achieved at 340 cm, coincident with
the upper boundary of the dramatic drop in magnetic parameters
(Fig. 5), a factor-of-two reduction in the Mn:Fe ratio (Fig. 10) and
the loss of iron staining from the sand fraction. The decrease in
the ferrimagnetic content and in the interparametric magnetic
ratios resulted from the complete loss of magnetosomes. This loss
occurs over the interval 350–340 cm, equivalent to a sediment age
of �5000–4100 cal. years BP.

At the CB site, the Thom and Roy [63] sea-level curve suggests
that inundation occurred between �8400 and 8100 cal. years BP;
however, a radiocarbon date of 6000 (±450) cal. years BP, from a
sample collected 2 cm above the Holocene–Pleistocene boundary,
indicates that the onset of Holocene accumulation at the CB site
was approximately coincident with termination of the transgres-
sion and �1500 years after inundation. Considerable reworking
occurred at the site prior to the onset of sediment accumulation,
reflecting the exposure of the core site to appreciable wave ravine-
ment during the marine transgression. The mid-Holocene sedi-
ments at the CB site (244–229 cm) are notably coarser than the
overlying sediments containing a mix of medium/fine sand and
clay, poorly-preserved shell fragments and rare, pyritized speci-
mens of A. beccarii; the sediment also accumulated extremely
slowly, with only 13 cm of sediment between �6000 and
4000 cal. years BP. The sediment characteristics and slow rate of
accumulation suggest that following the transgression, higher
energy conditions continued at the site until some time shortly
before the shell layer began to accumulate at �4000 cal. years
BP. The delay in the onset of sediment accumulation, together with
the character of the earliest sediment, indicates that the site was
exposed to significant wave action and/or water currents for a con-
siderable period following marine flooding. Without taking into
account any potential reservoir effects in the carbon dating, this
would explain the apparent shell lag in the 14-carbon age dates.
Furthermore, in common with the PI core, the earliest Holocene
sediment in the CB core contains both magnetosomes and pyrite;
this co-occurrence, which continues in to the late Holocene sedi-
ments, is discussed below.

4.1.3. The late-Holocene sediment record (4000 cal. years BP –
present)

At the PI site, the iron and sulphur contents are approximately
halved between 340 and 320 cm, the slightly larger decrease in
iron content leading to a drop in the Fe av:S ratio to values that fall
between the Fe:S ratio of stoichiometric pyrite and that of iron
monosulphide. We interpret the above behaviour as evidence that
the system has become iron limited; above 340 cm, the majority of
the reactive iron has been converted to pyrite and the total sul-
phide content decreases in response to the decline in available
iron. The availability of reactive iron, labile organic material and
dissolved sulphate are controlling factors in iron sulphide forma-
tion [4]. Most iron within silicate minerals will not be available
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for reduction or pyritisation on the time scales pertinent to this
study [51]. Iron limitation will result in an excess of dissolved sul-
phide in the sediment, which is consistent with the narrow peak in
Cu that occurs within the interval 310–315 cm. The onset of iron-
limited conditions coincides with a large decrease in mud content
(particularly the silt component). These changes are consistent
with a decline in fluvial influence at the PI site. The grain-size data
indicate episodic influxes of marine sand, centred at depths of 320,
280 and 250 cm; following each of these sand pulses there is a brief
recovery in the mud content, suggesting that the interval �330–
230 cm (�3600–1700 cal. years BP) sees the periodic migration
of tidal channel sands in response to waxing and waning river
flows or to episodes of enhanced tidal currents through the
entrance channel. Subsequently, the interval 230–190 cm sees a
gradual transition to the flood-tide delta of unit 1.

Towards the top of unit 2 in the PI core (�1800 cal. years BP),
and partly coincident with the zone of bioturbation, a distinct drop
in ferrimagnetic content (SIRM, ARM) corresponds with the cou-
pled decrease in iron and mud content. The loss of ferrimagnetic
material is followed in the unit 2/unit 1 transition zone by a small
increase in the ferrimagnetic content and by a significant decrease
in ferrimagnetic grain size (increase in the interparametric ratios).
We suggest that the production of magnetosomes in the lower part
of unit 1 was facilitated by the migration of Fe2+ from the upper
part of unit 2. This mechanism requires that bacterially mediated
iron reduction, rather than sulphate reduction, is occurring in the
top of unit 2; macrobenthic bioturbation has been shown to
increase the rate and depth penetration of organic matter degrada-
tion and to inhibit sulphate reduction, thereby diminishing the abi-
otic reduction of iron by sulphide (pyritisation) in favour of the
bacterial reduction of iron [24,33].

For most of unit 1 (�1800-present cal. years BP), the mud con-
tent of the PI core remains uniformly low, reflecting the proximity
of the entrance channel and the predominant supply of sand from
the flood-tide delta. Mud content increases in the top of the core,
consistent with human activity in the catchment; the extension
of this muddy interval to a depth of �40 cm (�300 cal. years BP)
suggests that human activity of the last �150 years has produced
a significant increase in sediment accumulation rate. The magnetic
character of unit 1 alternates between intervals with a significant
magnetosome content (200–150 cm; 120–50 cm) and the remain-
ing intervals that show a lower ferrimagnetic content and coarser
magnetic grain-size. The latter core intervals coincide with zones
of increased sulphur content, indicating a transition to periods of
sulphate reduction and the pyritisation of the available iron. The
lower of these zones (150–120 cm) coincides with a brief interval
of increased clay and organic matter content, while the upper zone,
which corresponds with the muddy core-top, incorporates the
modern redox boundary.

We also note that the upper 40 cm of unit 1 shows enhanced
values of Al-normalised Mo content. The broad Mo/Al peak in the
upper 20 cm may be associated with anthropogenic input or with
the release of Mo during Mn reduction [6]; however, the large-
amplitude Mo/Al peak at 40 m depth is associated with smaller-
amplitude peaks in %TOC, %Fe and %S content. Scavenging of Mo
by organic matter has been recognised in estuarine sediments,
following which the scavenged Mo may become fixed as a sulphide
phase within anoxic sediment [37]. We do not see a decrease in the
abundance of agglutinated foraminifera at this depth, which
implies that sulphide generation was limited by the low content
of labile organic matter.

In the CB core, the sediment shows the continuation of an
upward increasing trend that began at �235 cm, in both the abso-
lute sulphur and iron content. The increase in S and Fe corresponds
to a trend of increasing mud content; however, while the Al-
normalised Fe remains constant, Al-normalised S increases to a
local maximum between 220 and 210 cm, indicating significant S
enhancement that is unrelated to mud content and must reflect
increased sulphide formation. Within this interval (220–210 cm),
Feav/S drops to a value close to that of stoichiometric iron monosul-
phide, confirming that most of the iron content has been converted
to an iron sulphide. However, although the magnetic data indicates
a small decrease in the ferrimagnetic content of this short interval
(a local minimum in ARM and SIRM from 212–220 cm), the charac-
ter of the ferrimagnetic material is unchanged, with the ARM/SIRM
value remaining consistent with single domain magnetosomes
(ARM/SIRM). Taken together, the data suggest that enhanced sul-
phide formation in the interval �220–210 cm has resulted in a
reduction in the amount of reactive iron that remains available
for the formation of magnetosomes, but that sufficient iron
remains for the magnetosomes to dominate the ferrimagnetic con-
tent. This observation supports our contention that the formation
of magnetosomes occurs after sulphide formation has terminated
but while some reactive iron still remains within the sediment.
As we argued for the PI core, the high iron content of the earliest
muddy sediments will facilitate the exhaustion of sulphide before
the reactive iron is consumed; also in common with the PI core,
this interpretation is supported by the retention of an iron oxide
coating on the sand fraction of the basal Holocene interval. Howev-
er, the behaviour exhibited between 220 and 210 cm by F/AI, S/AI,
Feav/S and the magnetic parameters indicates that an additional
factor is important in determining the extent to which the reactive
iron is consumed by sulphide.

The shell content of the interval may reveal the controlling fac-
tor in modern settings; the biological activity of shelled fauna has
been shown to impact on redox conditions by triggering sulphate
reduction [14]. In support of the influence of the shell layer,
between 225 and 205 cm (�2800 cal. years BP) the Mn:Fe ratio is
halved, with the Mn:Fe minimum at 205 cm being accompanied
by minima in the Al-normalised trace elements V, Cr and Zn (and
to a lesser extent Ni, Cu and U). Sorption of trace elements to Fe–
Mn oxyhydroxides occurs in marine environments [34] and these
trace elements will be remobilised and may undergo diffusion dur-
ing the subsequent dissolution of the Fe and Mn phases [5]. The
iron content does not decrease at this level, which suggests that
dissolved iron became trapped as pyrite or magnetosomes. The
Al-normalised As content shows enhanced values below 205 cm,
similar to the Al-normalised Fe values and suggesting that arsenic
originally adsorbed to iron oxyhydroxides has been released dur-
ing iron reduction and then become trapped in the sediment as
an insoluble sulphide phase [31,44,43]. The subsequent interval
of low sulphur content (�205–185 cm), which extends some 12–
17 cm above the shell layer, corresponds with a small decrease in
the total iron content (which impacts strongly on the Fe/Al ratio)
and with a Mo content that is below instrumental resolution. The
interval also sees a modest increase in the sand content, which dis-
plays an iron coating, and as noted earlier, the interval also has
visible wood and charcoal fragments. We also noted that the upper
part of the shell layer shows an increasing proportion of fragments
and that these fragments fine upwards, consistent with reworking
of the top of the shell layer and conceivably the overlying sedi-
ments. Pyrite oxidation would accompany reworking, leading to
the observed increase in the Feav/S ratio and the loss of sulphide-
hosted trace elements (e.g. Mo, Ni, As).

Immediately above the reworked interval there is an abrupt
increase in sulphur content that coincides with a decline in the fer-
rimagnetic content (between 182 and 178 cm) and with the loss of
iron staining on the sand fraction. Although these changes do not
coincide with a major change in the texture of the clastic material
or in the total iron content, we note that the Fe/Al ratio above the
reworked interval is distinctly lower than the ratio below the inter-
val. This decline in the ratio indicates that there has either been a
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transformation in the type of clay, with a more iron-rich clay found
below the reworked zone, or there has been a change in the distri-
bution of the iron, with a larger part of the iron content associated
with the coarser fraction below the reworked zone. The behaviour
seen above the reworked interval is consistent with the onset, at
�2600 cal. years BP, of conditions suited to the accumulation of
central basin mud.

In the CB core, the transition to unit 1 sees a decrease in mud
content that reflects the encroachment of the bay-head delta. In
common with the PI core, mud content remains at low levels
throughout most of unit 1. Unlike the PI core, ferrimagnetic con-
tent decreases through the transition zone and remains low
throughout the unit; there is also an absence of magnetosomes
and the sand content remains uniformly grey, indicating that the
diagenetic removal of iron staining is persistent throughout the
unit. The modern redox boundary occurs at �10 cm depth, associ-
ated with an increase in mud content at the top of the core.

4.2. Proxy signals of palaeo-environmental change

The previous discussion clearly identifies the imprint of the ris-
ing sea levels associated with the post-glacial marine transgres-
sion. In the context of current concerns over sea level rise, it is
important to consider the sensitivity with which Holocene estuar-
ies have responded to smaller changes in sea level and regional cli-
mate. The CB and PI data allows us to evaluate the mid- to late-
Holocene environmental response at two important sites within
the Tuggerah Lake estuary. At high-stand, sea-level was up to
2 m higher than at present [71], with data from Northern NSW
[22] suggesting that sea level was more than l m above present
level until some time between 3200 and 1800 cal. years BP. An
interpretation of fixed biological indicators from Port Hacking,
�100 km south of Tuggerah Lake [2], has provided a more detailed
chronology of late Holocene sea level. The data suggest that: (a) sea
level was �1.5–1.7 m above present level from at least �4150
radiocarbon years BP (�6000 cal. years BP), and perhaps as far back
as �5200 radiocarbon years BP (�4700 cal. years BP), by inference
from sea level at magnetic Island; [35] to �3500 radiocarbon years
BP (3900 cal. years BP); (b) sea level fell by �0.5 m between �3500
and 2800 radiocarbon years BP (�3900–3000 cal. years BP); (c)
between 2100 and 1800 radiocarbon years BP (2100–1700 cal.
years BP) sea-level may have increased, and then fallen, by
approximately 0.3 m; (d) sea level has fallen by 0.8 m between
1400 radiocarbon years BP (�1200 cal. years BP) and the present.

In terms of regional climate, pollen records from southeast Aus-
tralia [36,39] indicate that effective precipitation reached a Holo-
cene maximum between 7500 and 4600 cal. years BP, after
which drier conditions have prevailed. A marine record from south
Australia supports a switch from generally wetter conditions dur-
ing the early Holocene to a subsequent decrease in temperature
and aridity from �6.5 ka [9]. The interval of maximum effective
precipitation is supported by evidence for maximum lake levels
in the region at �6000 cal. years BP [28], while the subsequent
onset of regional aridity is supported by evidence of declining
flows in the Murray River (South Australia; [12]), between �5800
and 4000 cal. years BP, at which point the river entrance became
constricted. These regional climate indicators are consistent with
evidence for a major change in the ENSO climate system; the onset
of modern ENSO periodicities occurs at �5000 years BP [25,10],
and subsequently, ENSO amplitude increased abruptly at
�2700 cal. years BP, reaching a maximum between �2300 and
1700 cal. years BP [13,70,25].

At the CB site, the characteristics of the mid-Holocene sediment
(slow accumulation, relatively coarse-grained, and shell frag-
ments) suggest an interval dominated by erosion/reworking, con-
sistent with the continued exposure of the site to oceanic
currents and wave action prior to the emergence of the Holocene
barrier system. Conversely, however, the PI site experienced quiet
conditions during the early- to mid-Holocene, with slightly-sandy
mud accumulating between �8600 and 5000 cal. years BP, sug-
gesting that the PI site was protected from the oceanic influence.
The seismic and borehole data of Roy and Peat [53] delineate a ser-
ies of low-stand fluvial channels that coalesce as a broad channel
that exits the current lake some distance to the north of the pre-
sent entrance channel. Low-stand excavation of the Pleistocene
barrier at this location would have acted as the focus of the initial
ingress of ocean water and marine sand during the transgression.
The PI site lies to the south of this breach and the residual section
of the Pleistocene barrier may have protected the PI site from the
full effects of oceanic currents and waves.

However, there may be an alternative mechanism responsible
for the high-energy conditions seen at the CB site. Entering the
western margin of the lake, the higher river flows of the mid-Holo-
cene (a consequence of the high levels of effective precipitation
noted above) could have generated high energy conditions at the
CB site, while having little influence at the PI site. At �4000 cal.
years BP, conditions at the CB site had changed sufficiently to allow
colonisation by Notospisula, with sedimentation restricted to an
impoverished supply of mud. This date seems too late for the
change in conditions to have been brought about by a major
growth in the barrier complex, but the transition may have result-
ed from barrier emergence, as a consequence of falling sea level.
Our study site lies on the north-eastern corner of a larger zone of
southeastern Australia that underwent major increases in climatic
aridity and decline in river flows after �5000 cal. years BP [12],
which may have also contributed to the change in conditions at
the CB site. The shell layer accumulated gradually over the next
�1000 years, some time after which the upper part of the layer
was reworked. The proximity of the CB site to the source of fresh-
water input is reflected by the supply of finer-grained sediment.
Within the remainder of unit 2, the CB core shows an increased
content of wood and charcoal fragments, the sediment accumula-
tion rate increases and Notospisula is restricted to thin layers that
show an increasingly fragmentary nature as the bay-head delta
sand of unit l is approached. These data suggest that conditions
at the CB site were only intermittently suited to colonisation, per-
haps as a result of the increasing influence of sediment delivered
by Ourimbah Creek; falling sea level would contribute to the
progradation of the bay-head delta, with the unit 2/unit 1 transi-
tion indicating that the delta front reached the CB site at
�1100 cal. years BP.

At the PI site, multi-proxy evidence (see geochemistry sec-
tion) indicates a gradual increase in the proportion of marine
sand after �4900 cal. years BP, reaching a local maximum at
�3100 cal. years BP. It is possible that the increasing marine
sand component is the result of reduced fluvial input, as the
timing is consistent with regional evidence of declining river
flows [12]. Alternatively, the declining fluvial input of sediment
at the PI site may point instead to the growing influence of
marine water at the site, due to the increasing proximity of
the entrance channel. As noted above, seismic and borehole
data [53] suggests that the entrance channel was initially
located further north, whereas the current location of the
entrance channel, at the southern limit of the barrier system,
is bedrock controlled. Therefore, the PI core may record the
southward migration of the tidal entrance, driven by the redis-
tribution of barrier and beach sands by a combination of defla-
tion and longshore drift. The fall in sea level between �3900
and 3000 cal. years BP may also have had a contributory
effect; falling sea level would have lead to incision and
reworking of the flood-tide delta and shoaling of the entrance
channel, perhaps leading to the re-establishment of tidal
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exchange at the location of the present tidal channel.
Encroachment of the relocated floodtide delta towards the PI
site leads to the increasing delivery of sand, culminating in
the arrival of the delta front between 1600 and 1400 cal. years
BP. Evidence in support of barrier reworking is provided by
radiocarbon dates obtained from the interval between 247 cm
and the top of unit 2. The two dates that were obtained from
wood/charcoal fragments (5175 ± 145 at 247 cm; 7505 ± 85 at
225 cm; both cal. years BP) are considerably older than pre-
dicted by the age model and show an age reversal, consistent
with increasing incision of the barrier.

Following the initial increase in marine sand (see geochemistry
section), that occurs between �4900 and 3100 cal. years BP, the PI
core shows the periodic recovery of the fluvial mud component
between �2800–2300, �2200–2000 and �1900–1700 cal. years
BP, with the intervening periods showing a return to the pre-
dominance of marine sand. Instrumental records of precipitation
and river flows from NSW indicate that the climate of the last cen-
tury switched abruptly between flood- and drought-dominated
intervals [21,19], a consequence of ENSO variability interacting
with the Interdecadal Pacific Oscillation [48,23,32,68]. Therefore,
it is reasonable to propose that the interval �2700–1700 cal. years
BP, which as noted above corresponds with the period of maxi-
mum late-Holocene ENSO variability [13,70] would have seen
similar climate variability, with the potential for intervals of
drought to alternate rapidly with periods of intense precipitation
and enhanced river flows.

The first of the fluvial episodes, from �2700 to 2400 cal. years
BP in the PI core, corresponds with an interval of increased sand
content at the CB site. This correlation is consistent with a period
of increased fluvial energy, delivering an increased load of fluvial
mud to the PI site and reversing the trend of increasing marine
sand, while at the CB site reworking the top of the shell layer
and producing a small shift to a coarser fluvial component. The
two subsequent fluvial episodes, centred at �2100 and 1700 cal.
years BP, result in an increased mud content at both the PI and
CB sites, most notably in the episode centred at �2100 cal. years
BP. At the CB site they appear by comparison to be muted events,
because of the generally greater mud content of the CB core. An
increase in hill-slope or riverbank erosion could increase the pro-
portion of fines entering the lake, perhaps in response to a reduc-
tion in hill-slope cover and riparian vegetation. As noted by
Prosser and Williams [50], although erosion rates in Eucalyptus
forests around Sydney (�50 km from the study site) are typically
very low (e.g. [49]), a combination of intense forest fires, followed
by storms, can produce a 1000-fold increase in erosion. The
enhanced ENSO variability of the period �2500–1700 cal. years
BP could produce an increase in drought-triggered fires, with ero-
sion enhanced by the rapid alternation between periods of
drought and intense precipitation. Wetland sediment records
from Indonesia and Papua New Guinea [27] show a peak in
regional fire frequencies between �2300 and 1200 radiocarbon
years BP, which the authors link to the interval of enhanced ENSO
variability.

In addition to enhanced ENSO variability, changes in sea level
would have contributed to the observed variation in fluvial sedi-
ment supply. The fall in sea level between �3900 and 3000 cal.
years BP would have increased the river gradient, leading to flu-
vial incision and the delivery of a greater sediment load, with a
coarser grain size; this process would explain the reworking of
the top of the shell layer, some time after �3200 cal. years BP,
which immediately precedes the small increase in sand at the
CB site and the major increase in mud at the PI site. In terms
of the following fluvial episode, which increases the delivery of
mud to both core sites, the proposed small increase in sea level
between �2100 and 1700 cal. years BP provides a potential
mechanism. Increasing sea-level would cause a landward migra-
tion of fluvial delivery and a seaward retreat of flood tidal
processes; these outcomes would lead to a coeval increase in
mud content at both sites.
5. Conclusions

In this study we have presented multiple data sets obtained
from two sediment cores, which provide a detailed history of the
Holocene evolution of the Tuggerah Lake barrier estuary. Recognis-
ing that traditional lithostratigraphic studies of estuarine sedi-
ments have provided considerable insight into the physical
evolution of estuaries, both on individual and conceptual levels,
here we show that detailed, multidisciplinary investigations have
the potential to extract information that pertains to subtle details
of this physical evolution and, of equal importance, provides a link
between the sedimentary record and the causative environmental
processes that influence estuary evolution.

In terms of a first-order interpretation, the major lithological
changes recognised at the Pelican Island and Chittaway Bay core
sites reflect firstly the transgressive erosion of the early Holocene
soil profile, followed by central basin estuarine deposition and sec-
ondly, the more recent transitions from a central basin setting to
flood tide (PI) and bay head (CB) delta environments. These major
changes are recognised through variations in the texture, geo-
chemistry and magnetic properties of the sediments, and in the
abundance and preservation of shelled fauna.

We have also identified a sequence of more subtle changes
in the late Holocene sediment record that can be attributed
to the onset of modern ENSO periodicities and a strengthening
of the ENSO signal [25,10], perhaps in concert with small sea-
level fluctuations [2], and a stronger East Australian current
and warmer temperatures [29]. These environmental factors
produced periodic changes in the delivery of fluvial mud to
the lake and impacted on the exchange of water through the
entrance channel. As a consequence, the Lake experienced an
increase in mud content and faster sediment accumulation
rates. The burial rate peaked between �2500 and 1700 cal.
years BP, an interval that includes the late-Holocene maximum
in ENSO variability [13,70] and perhaps a �0.3 m increase in
sea level [2].

In terms of the acid sulphate potential of the sediments, as
expected, the pyrite content of the sediments is sensitive to the
availability of reactive iron. Increases in the oxidation of the labile
organic component (slow accumulation rates and/or increased
sediment permeability) produce conditions in which bacterial
iron reduction increases at the expense of the abiotic pathway
(pyritisation), Therefore, the pyrite content of the sediments is
linked to the environmental factors discussed above. Moreover,
while reworking of the antecedent land surface by the marine
transgression has produced basal Holocene sediment that is
richer in iron than at any time since, resulting in the incomplete
pyritisation of the iron content during early infilling of the Lake.
Under these circumstances, the production of biogenic (bacterial)
magnetite has produced a magnetic signature that reveals the
change in iron reduction pathway and the incomplete pyritisation
of the iron content.

The stratigraphies revealed by the CB and PI cores are consistent
with the earlier study of Roy and Peat [53], which showed that only
minor fluvial incision occurred during the last sea level low stand
(see Fig. 1). Such limited low-stand erosion is unusual for NSW
estuaries (Lake Macquarie, a barrier estuary immediately north of
the Tuggerah Lake system – approximately 90 km north of Syd-
ney), experienced up to 27 m of low-stand incision; [52] and
requires further investigation.
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