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ABSTRACT

Many shallow, groundwater-fed lakes along the Coorong coastal plain of southeastern
South Australia contain sapropelic sediments within their Holocene calcareous mudstone
successions. The deposition of similatly organic-catbon-tich sediments in matine and
deep-lake settings commonly has been linked to times of wetter regional climate.
Increased precipitation boosted surface runoff and tributary flow, theteby increasing the
input of terrestrial organic matter and nutrients to the depocentre and potentially causing
stratification of its water column. The ptincipal effect of increasing the nutrient supply is
to promote aquatic productivity, which can in turn lead to oxygen-depletion of the
bottom waters and enhanced preservation of sedimentaty otganic mattet.

The three lakes of the present investigation, North Stromatolite Lake (NSL), Old
Man Lake (OML) and Lake Amy (LA), are shallow and have become increasingly
ephemeral over time, yet they have continued to accumulate sapropelic intervals with
high concentrations of autochthonous algal and bactetial organic matter within their
sedimentary successions. NSL and OML are chatged by westwatd-flowing saline
continental groundwater that is forced toward the land sutrface as it rises over an
underlying wedge of denset, intruding seawater. In contrast, the more elevated LA is the
surface expression of a local perched water table high in the Robe Range. No petmanent
streams enter these lakes, nor are there any present-day sutface connections with the
marine system. Therefore, they reptresent a distinctly different aquatic environment to
those in which sapropels have previously been studied. This means that traditional
models of sapropel formation cannot explain the Coorong lacusttine examples and this
study adds a new perspective to the dynamics of sapropel genesis.

Lacustrine sedimentaty sequences represent one of the most refined archives of
environmental change presently available for investigation. While bulk sedimentaty
geochemistry has been successfully employed to document palaeoenvironmental changes
in a broad range of settings across the globe, it has not yet been widely used in the study
of shallow, ephemeral lakes in Australia. Nonetheless, the elemental, molecular and
isotopic analysis of sedimentary otganic matter and catbonate can greatly aid
palaeoenvironmental reconstructions. The present study explotes the extent to which the

application of bulk geochemical analyses (TOC, C/N, “c, 8C, ., 8"N, 8"”C_ 8"O

orgd cub carb

"C-NMR) to the sediments of these coastal lakes reveals the Holocene environmental

change that is already established for the region.
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Radiocarbon dating (and cottection for a local resetvoir effect) indicates that sapropel
deposition in NSL took place from ~6000 to ~4700 cal yr BP. Since this time the NSL
basin has been accumulating organically-lean (TOC<1%) carbonate sediments. Episodic
sapropel deposition recorded in the stratigraphic succession of OML ceased as tecently as
~2200 cal yr BP and at LA ~1800 cal yr BP, thereby indicating that nutrient delivety ot
recycling continued to promote sapropel formation in these southern lakes for at least
2500 yeats longet than 200 km to the north, at NSL.

PC-NMR analysis indicates that the sedimentary organic matter preserved in all three
lakes is rich in carbohydrate and protein, and thus largely autochthonous. This agtees
with the findings of previous biomatrker studies of NSL and OMIL which indicated that
their organic matter was detived mainly from lacustrine photoautotrophs, augmented by
minor conttributions from allochthonous terrestrial biomass. Therefore, the elemental and
isotopic signatures of theit organic matter, and that in LA, are considered to ptimatily
teflect lacusttine conditions and ptrocesses, rathet than alterations to the terrestrial
ecosystem of their hinterland. Higher C /N tatios than those typical of algae and bacteria
are interpreted as reflecting conditions of either nitrogen-deficiency or a nutrient
abundance, the latter promoting ptimary productivity in the epilimnion and leading to
oxygen depletion in the hypolimnion and preferential degradation of nitrogen-tich
ptoteinaceous organic mattet. 813Cmg values around —20%o reflect the photosynthetic use
of bicarbonate by these aquatic biota and indicate variations in the extent of lacustrine
productivity and tespiration. A contribution from aquatic macrophytes, such as Ruppia
sp., may account for some of the mixed source affinity suggested by the 813(:0rg values of
these lakes. 8N values provide information on shifts in the phytoplankton and
heterotroph assemblages that may be related to changes in the trophic state of the lake
waters. 8"C

values indicate periods of enhanced microbial contribution to the

changes. 80

carb

sedimentary biomass thus aiding the interpretation of secular 8" O =

values tend to increase up section in line with evaporation of shallowing lake waters in a

progressively drier late Holocene regional environment.
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CHAPTER 1: INTRODUCTION AND AIMS

11 Overview

Lacustrine sedimentary sequences tepresent one of the most refined archives of
environmental change presently available to investigation. In fact, an increasing numbet
of palaeoenvironmental studies on Holocene lacustrine sediments show compatable
vatiability to that which is recorded within polar ice cores (e.g. Barnola et al., 1987; Jouzel
et al,, 1987; Petit et al., 1999) and matine cotes (e.g. Cramp and Sullivan, 1999; Moss and
Kershaw, 2000; Gallagher et al, 2003). However, as lacustrine sediments tend to
accumulate at a faster rate than either polar ice or marine sediments (Ariztegui et al,
2001) and lakes often respond vety rapidly to changing climatic and environmental
conditions, the analysis of lacustrine sedimentary sequences has the potential to reveal
information on the extent of local to regional scale Holocene environmental change at a
high-temporal resolution.

Across the globe, lacustrine sedimentary sequences have been investigated using a
multitude of techniques ovet a wide tange of environmental settings and conditions. The
techniques range from palaeoshoreline reconstruction, lacustrine sediment textute and
trace element analysis, which aim to determine secular changes in water depth and
composition, to palynology and the reconstruction of past biotic assemblages from both
within and around the lake. Whilst palynology is concerned with long-term changes in the
entire lake catchment (and even beyond), not directly with the water body itself, the types
of aquatic and tetrestrial plants that existed within both the lake and its catchment
throughout the lake’s history may be estimated from the elemental and isotopic
composition of lacustrine sedimentary organic matter. Secular variations in these biotic
assemblages reflect both short and long-term changes to a variety of internal and external
conditions and processes. Thus, elemental and isotopic geochemistry has the potential to
aid palacoenvironmental investigations.

All fossil records are incomplete. Indeed, the different degrees of degradation to
variably resistant organic matter components during settling through the water column
and burial can introduce bias to the information that is eventually preserved within
lacustrine sedimentary records. Although this means there is a potential skewing of the

original source information provided by organic geochemical data, by evaluating the type




and extent of active degradation processes one may provide furthet information on the
lacustrine conditions (e.g. oxic state) and thus aid palacoenvitonmental teconstruction.
This chapter provides the necessary backgtound to set the aims of the ptesent
investigation into context. It begins by desctibing the Late Quatetnary environmental
variability that has been established by a gteat many authots through a wide range of
palaeoclimatic analyses (section 1.2). The broad picture of global glacial-interglacial cycles
is summarised before detailing the smaller scale fluctuations that have occurred actoss
Australia during the last 50 ka. Much of the evidence fot small-scale changes in tetrestrial
environmental conditions at the regional scale has come from long and continuous
lacustrine sedimentary sequences. Therefore, it is instructive to outline some of the basic
aspects of lake sedimentology (section 1.3). Particular emphasis is placed on the
formation and deposition of carbonate sediments as the present study is located in an
area underlain by thick marine deposits and the three lakes of the present study comprise
carbonate-rich sedimentary successions (section 1.4). Also, as the present research
involves analysis of lacustrine sedimentary organic matter, the mechanisms of otganic
matter production and degradation are described (section 1.5). The faclors that directly
influence the actual elemental and isotopic composition of lacusttine organic matter and
co-deposited sedimentary carbonate form the basis of Chapter 2. Howevet, in section 1.6
of this chapter, some examples of research that have made use of these parameters are
summarised to illustrate the unique nature of the present reseatch. Finally, the aims of the

present investigation are given.

1.2 Late Quaternary Environmental Variability
1.2.1 Glacial-Interglacial Cycles

The Quaternary epoch (1.8 Ma to present) is charactetised by numerous sea-level
oscillations and fluctuating global climatic conditions. Long and continuous records
derived from ice-cores, deep-sea cores, and deep tertestrial lake and swamp sequences
show that long glacial petiods, charactetised by cool temperatures, expanded icecaps and
reduced global precipitation, have regulatly been interspersed by brief (c. 10% of time)
interglactal periods, with both sea-level and global climatic conditions somewhat similar
to the present day (I'igure 1.1) McGlone et al., 1996; Petit et al.,, 1999). These glacial-
interglactal cycles had a duration of ~40 thousand years between 1.8 and 0.7 Ma, and
~100 thousand years since 0.7 Ma (Williams, 1998). Both of these periods are consistent

with the Milankovitch cycles of fluctuating Northern Hemisphere solar insolation due to




slow variations in the earth’s orbit that result from its 96 thousand year orbit eccentricity,
41 thousand year axial tilt and 22 thousand year equinoxial precession (Lowe and Walker,
1984; Williams et al., 1998). Milankovitch theoty proposes that weaker high latitude
insolation in northern summers triggets ice sheet formation and glacial conditions, and
stronget insolation causes ice sheet retreat and intetglacial warming (McGlone et al.,

1996). This theoty is fundamental to present day explanation of Quatetnaty climate

change.
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Figure 1.1: The repetition of glacial-interglacial cycles over the last 400 thousand
years is shown by the patterns of changing atmospheric carbon dioxide and dust
concentrations within air bubbles trapped in the Vostok ice core, plus the
fluctuations in local temperature inferred from the deuterium isotope composition

of the ice (Petit et al,, 1999).

The last complete glacial-interglacial cycle is typical of the climate change resulting
from Milankovitch forcing. The intetglacial petiod (~120 to 140 ka) was the warmest and
wettest phase of the cycle (Jouzel et al., 1987; Petit et al, 1999). This was followed by a
‘saw-toothed’ decline in global air temperatures toward maximum glaciation between 20
and 15 ka. At the peak of the last glacial maximum (LGM ~18 ka) sea level was ~130 m
lower and glacier ice covered ~17% more of the earth’s land surface than during the

present interglacial (Chappell and Shackelton, 1986; Anderson and Borns, 1997). Land

surface air temperatures were 5° to 10° colder, global precipitation was substantially

lower and the concentration of atmospheric CO, and CH, was at a minimum (Barnola et

al., 1987; Petit et al., 1999).




1.2.2 Smaller Scale Variability
Many variations of a smaller scale in both extent and magnitude are supetimposed on
these long-term global glacial-interglacial cycles. In demonstrating this, the small-scale
climatic fluctuations that have occutted across Australia over the last 50 ka' are
considered in detail. The localities discussed in the following text are shown in Figure 1.2.

e‘l
2%

8

8
11 12 MELEOURNE
el V
1

o] 200
[
{«m)

Figure 1.2: Locations of the studied sites mentioned in the text: 1 — Groote
Eylandte, 2 — Atherton Tablelands, 3 — Lake Gregoty, 4 — Lake Frome, 5 — Boat
Hatbour Creek, 6 - Lake Tysrell, 7 — Marshes Swamp, 8 — Wytie Swamp, 9 — Lake
Leake, 10 — Lake Keilambete, 11 — Lake Terang, 12 — Lake Bullenmerri, 13 — Lake

Wangoom, 14 - Chapple Vale Swamp.

Although the reliability of radiocarbon dating towards its limit (~40-50,000 yeats —
Gillespie, 1986; Bjorck and Wohlfarth, 2001) remains questionable, a number of studies

have used the technique to help establish chronologies for palacoenvironmental

' All ages discussed in this review are radiocarbon years before present, as opposed to calendar years, unless
otherwise indicated.




teconstruction throughout this time petiod. D’Costa and Kershaw (1995) extrapolate
Holocene radiocatbon dates to establish a basal age for sediments from Lake Terang,
Westetn Victotia, of ~51 ka and set the transition from Ewucalyptus to Casuarina dominated
vegetation at ~48 ka. This transition reflects the termination of a local warm/wet phase
that is recorded in a number of lakes and swamps in southern Australia. High lake levels
and a dominance of woody taxa at neatby Lake Wangoom are evident around 50 ka
(Figure 1.3), although again uncettainties associated with radiocarbon dating preclude an
accurate definition of the subsequent shift to cooler and drier conditions (Edney et al.,
1990). The slight inctease in forest cover at ~40 ka reflects a temporaty return to wetter

conditions before the gradual descent toward glacial conditions around Lake Wangoom.

LYNCH'S CRATER LAKE WANGOOM LAKE WANGOOM SE AUSTRALIA
(Kershaw, 1986) (Edney et al, 1990) (Edney, 1987) (Bowler & Wasson, 1984)
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Figure 1.3: A comparison of the long, continuous vegetation records from Lynch’s
Crater and Lake Wangoom, along with the lake level record from Lake Wangoom
and a generalised lake level record compiled for southeastern Australia (primarily
from the Willandra Lakes and Lake Keilambete records). For the palynological
records the x-axis represents the percentage of tree and shrub species out of the
total dryland pollen. Lake depths have been derived from sedimentary texture and

microfossil analysis (modified from Kershaw, 1989 and Edney et al., 1990).

Uncertainties in dating beyond 30,000 years at the Willandra Lakes, southwestern
New South Wales, are recognised but it seems that lake levels remained high here until
~37 ka (Bowler and Wasson, 1984). At Lake Leake, southeastern South Australia,

Dodson (1975) documents the period from 39 to 35 ka as a shallow water lacustrine




phase bracketed by drier conditions. Similatly, neatby Wytie Swamp records a shallow
water phase from 40 to 30 ka, followed by gradual drying (Dodson, 1977). Regardless of
the uncertainties associated with some of these examples of radiocatbon dated sediments
the petiod of approximately 50-30 ka is thought to be a major wet phase, with a large
expansion of lakes across the globe (Bowler, 1981). This phase seems to coincide with
the occurrence of an interstadial period with slightly elevated global tempetatutes as
suggested by deutertum data from Vostok ice core analysis, Antarctica (Jouzel et al.,
1987).

From 30 ka the climate began to cool and become more arid in the lead up to the
LGM. In southeastern Australia a general temperatute dectease is suggested by the
transition from Eucalyptus forest with a scrubby undetstory to more open woodland
surrounding Lake Leake at ~26 ka (Dodson, 1975). The pollen study of Wyrie Swamp
suggests that the driest petiod of last 50 ka occurred from 26 to 11 ka (Dodson, 1977).
The onset of dry conditions at the Willandra Lakes is also dated at ~25 ka and
widespread aeolian landforms were produced between 18-16 ka (Bowler, 1976). The
transition to cooler climatic conditions seems to have occurred earlier in northeastern
than southeastern Australia. At Lynch’s Crater on the Atherton Tableland, northern
Queensland, the transition is evident in the coincident reduction of rainforest and
expansion of sclerophyll vegetation that is recorded at ~38 ka (Kershaw, 1986). This
difference exemplifies the variable timing and extent of palacoclimatic changes recorded
across the Australian continent, which result from regional wind regimes (proximity to
monsoonal or high-latitude storm tracks) and other local influences, such as vegetative
cover and the effects of altitude and humidity on cloud formation.

During the height of the LGM low atmospheric CO, concentrations disadvantaged
C3 plants and trees were excluded from 85% of the Australian continent (Hope and
Kilpatrick, 1988). Lake levels at this time were generally low (Hatrison and Dodson,
1993). As evaporation is reduced under the cool temperatutes of glacial petiods these low
lake levels result primarily from reduced precipitation during this time.

At approximately 15 ka there was a sustained rise in both sea level and mean annual
temperatures  (McGlone et al., 1996). However, much evidence points toward
maintenance of relatively dry continental conditions duting the eatly stage of this
transgression. Between 15-10 ka Lake Bullenmerri, Western Victoria, was at its lowest
levels of the last 16,000 years (Dodson, 1979). Nearby, Lake Wangoom records extremely

dry condttions between 19 and 10 ka (Edney et al.,, 1990). In general, lake level data from




actoss Australia indicate that aridity reached its maximum at approximately 12 ka
(Hatrison and Dodson, 1993), and that lake levels began to tise eatlier in the south
(Tasmania ~11 ka — Hattison, 1993) than in more northern parts of the continent.
Radiocatbon dating of gasttopods in a sedimentary study of Lake Gregory,
northwestern Australia, suggests that the Australian ménsoon, which all but ceased
operation during the LGM, reactivated around 14 ka (Wywroll and Miller, 2001). An
increase in the delivery of summet rains to the intetior of the continent through
monsoonal activity at this time is also suggested by a palynological study at Lake Frome,
South Australia, which shows the first appearance of subtropical/tropical taxon at 13 ka
(Singh and Luly, 1991). Indeed, an inctease in the influence of monsoonal rains actoss
the Australian continent seems a ptobable component of the regional climatic

amelioration leading out of the LGM.

1.2.3 The Holocene in Australia

By 10 ka precipitation levels were not yet at those of today, however there is much
evidence for a general climatic amelioration from the beginning of the Holocene.
Summer insolation in the northern hemisphere was at 2 maximum around 12 ka (Berger
and Loutre, 1991). The résultjng atmospheric warming and glacial retreat caused eustatic
sea-level sise and flooding of continental shelves that had been exposed duting the LGM.
Seas had begun to enter the gulfs of South Australia by ~9 ka (Belperio, 1995). In a
marine core taken off the coast of northern Queensland an increase in rainforest and
mangtrove vegetation and decrease in herbaceous taxa between 9 and 5 ka exemplifies the
positive relationship between sea-level and precipitation during this transgression (Moss
and Kershaw, 2000). Ash and elemental data from a peat record at Lynch’s Crater also
suggest that the climate in northern Queensland was relatively wet during the early
Holocene (Muller et al., 2000).

The expansion of woody taxa (Kershaw et al, 1991) and rising lake levels (e.g.
Dodson, 1977, Bowler, 1981; Edney et al,, 1990) in southeastern Australia indicate an
increase in absolute precipitation beginning at around 10 ka. These studies are evidence
for a transition from the semi-arid conditions that followed the LGM to mote humid
conditions during the eatly Holocene. This climatic amelioration incorporated a shift to
less extreme temperatute variations and weaker wind regimes across the continent.

A period of the eatly to mid-Holocene (8-6 ka) is considered by numerous authors

(e.g. Chivas et al, 1993; Dodson and Ono, 1997) to be a prolonged warming event with




rainfall in southeastern Australia possibly 5-10% higher and tempetatures 1-2°C warmer
than today (McGlone et al., 1996). In western Victoria there was a majot tise in lake level
from 10-7.5 ka at Lake Keilambete and this raised level was maintained until ~6.5 ka
(Bowler, 1981). Pollen studies at neatby Lakes Tetang and Bullenmerti indicate the
development of wetter conditions between 8-6.2 ka (D’Costa and Ketshaw, 1995) and 8-
5.5 ka (Dodson, 1979), respectively. In South Australia, Lake Leake was at its deepest
watet phase of the last 50 ka from 8 to 3 ka (Dodson, 1974). High levels of peat
formation at Boat Harbour Creek suggest that wet conditions also ptevailed in the Mount
Lofty Ranges of South Australia from around 8 to 5 ka (Bickford and Gell, 2005).

In southern Australia, the peak of the Holocene matine transgtession was reached at
~6 ka (Belperio, 1995). Since this time there has been a change to generally cooler and
drier conditions across the region. Vegetation change recotded in the sediments of Lake
Frome suggests that summer precipitation in this part of South Australia had significantly
decreased by ~4.5 ka (Singh and Luly, 1991). Playa conditions were re-established at Lake
Frome by 3 ka (Bowler and Teller, 1986). A similar two-phase dtying is recorded at
Chapple Vale Swamp, in the Otway Region of Victoria, where pollen analysis suggests
that a reduction in effective precipitation began at 4.6 ka and was further accentuated
around 3.8 ka (McKenzie and Kershaw, 1997). Also at ~3.8 ka, a shift to drier conditions
in the Mount Lofty Ranges is implied by a reduction in organic content and humification
of the Boat Harbour Creek sediments (Bickford and Gell, 2005). Minimum effective
precipitation seems to have been slightly later at Lake Keilambete, which was at its lowest
Holocene level from ~3.5 to 2.5 ka and has returned to slightly wetter conditions since
then (Bowler, 1981). There has been no such return to wetter conditions in semi-arid
northwestern Victoria, where permanent Lake Tyrrell dried to a playa environment at
around 2.2 ka (Luly, 1993).

Whilst there is much evidence for reduced effective precipitation in southern
Australia during the late Holocene, in northern Australia the transition seems to be
manifested not so much as a simple shift to drier conditions but as the change to a more
variable climate system. At least three phases of dune activation across northern Australia
are thought to represent periodic climatic fluctuations during the late Holocene (Lees,
1992) and a number of studies on plunge-pool and alluvial sedimentology suggest a
reduction in monsoonal intensity during this time petiod (Wywroll and Miller, 2001). A
sharp reduction in the organic content of sediments from Four Mile Billabong on Groote

Fylandt, Arnhem Land, suggests that there was a significant decrease in effective




precipitation at around 3.7 ka (Shulmeistet, 1992). A similar decrease is also evident in the
pollen record from Lynch’s Cratet at around this time (Ketshaw, 1976). Pollen evidence
then implies a precipitation increase at ~1 ka in Armhem land and at 1.4 ka on the
Atherton Tablelands, tespectively (Shulmeister and Lees, 1995).

The different timing that is suggested by Hartison and Dodson (1993) and
Shulmeister and Lees (1995) for changing Holocene climatic conditions across Austtalia
may be an artefact of the uneven spatial study site distribution considered within the two
reviews. However, the theory of a mid-Holocene ‘palacoclimatic optimum’ is well
accepted and it was duting the eatly to mid-Holocene (~8 to 5 ka) that there was both
maximum expansion of tropical rainforest in northern Queensland (De Deckker et al,
1988) and in southeastern Australia effective precipitation was at a maximum (e.g.
Chappell, 1991; McKenzie and Kershaw, 1997).

Although much of the above outlined data provides compatable information on
Holocene climate change there are often discrepancies between sites in the timing and
extent of changes in effective precipitation as implied through palynology. These
differences reflect the influences of factors such as study site proximity to refuge areas
for particular vegetation types during the LGM and different expansion rates for various
vegetation types after the LGM.

The information on local to regional scale palacoclimatic change across Australia that
is summarised above has predominantly been determined through the use of palynology,
trace element analysis, and through studies that infer past lake levels from
palaeoshotelines and secular variations in lacustrine sediment textures. However, there
are other methods of approach to palaeoenvironmental reconstruction through the
investigation of lacustrine systems. The use of elemental and isotopic geochemical
analysis is one such approach (outlined in Chapter 2) that can yield significant
information on past biotic assemblages, and therefore environmental conditions, within

the lake and its catchment.




13 Lake Sedimentology

The accumulation of lacustrine sediments is affected by a wide vatiety of processes
both within and atound the lake basin. In effect, lake sediments ate natural atchives that
teflect the history of these natural processes and, thetefore, record changes to the
environmental conditions within the lake and its surrounding catchment (refer to four
volume set: W.M. Last & ].P. Smol (Eds.), 2001. “T'racking Envitonmental Change Using
Lake Sediments’). This section discusses the ptrocesses that influence the
formation/delivety of lacustrine sediments and which may therefore be evaluated
through sedimentary analysis.

Whilst material that was actually produced within the lake will hold information about
internal lake conditions, sediments that originated from beyond the lake will integrate
information about processes acting within the entire lake catchment and even beyond.
The importance of either sediment group vaties depending on each individual lake
setting. Lakes that are fed by numetous tributaries receive a greater proportion of
externally derived sediments than lakes that are groundwatet-fed, which ate dominated by
internal sediment formation and receive only minor conttibutions via local runoff and
aeolian delivery (Figure 1.4).

Water depth influences the nature of lacustrine sedimentation in a number of ways.
For example, under stratified conditions a vatiety of different ecological niches will exist
at different water depths. The absence of benthic fauna under conditions of hypolimnic
anoxia will reduce bioturbation at the sediment-water interface and therefore enhance
preservation of sedimentary laminations. Depth dependent sedimentation effects still
exist in the absence of stratification. For sediments delivered from beyond the lake, the
rapid settling velocity of coarse particles results in deep-water sediments being finer than
shallow-water sediments. This hyd_rodynamic sorting is also influenced by the proximity
of any sedimentation point within a lake to the initial site of sediment delivery. A higher
proportion of coarser particles will be deposited near a ttibutary mouth, although the
actual point of particle deposition will depend on the tributary flow velocity. Wind
induced surface water mixing causes settling sediments to remain in the water column for
a longer time than would occur under still conditions. In shallow waters, where the wind-
mixed layer is deep enough, this turbulence can promote resuspension of already settled
sediments. A consistent prevailing wind direction will lead to the downwind

accumulation of these sediments, plant and animal remains on the lakeshore.
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In shallow ephemeral lakes, periodic drying of the lake watets can lead to aeolian
reworking of the lake floor sediments and accumulation of these sediments on the
leewatd shote of the lake. Lunette formation eventually tesults from the repetition of this
process and can subsequently influence the lakes hydrology. Lunettes and beach dune
ridges that bordet ot surround a lake can retain freshwater and may thetefore act as a
small local aquifer that contributes freshwater via seepage at the lake margin (De
Deckker, 1988). The presence of these seepage zones can influence the nature of the
lacustrine sediments by providing the envitonmental conditions in which patticular biota

will thrive and/or sediments may form.

Precipitation \
)

Figure 1.4: Schematic illustration comparing two lake types. As Lake A is fed by a
system of tributaries, its sediments will incorporate information from the entire lake
catchment. Lake B is groundwater-fed and its sediments will primarily reflect

internal lake processes.
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13.1 Allogenic Sediments

In a lacusttine setting, allogenic sediments are those detived from beyond the lake.
These sediments are transported into a lake by aeolian and/ot fluvial processes, and may
thetefore provide information on the local and regional mechanisms of atmosphetic
fallout, stream and surface flow and shore erosion (Hikanson and Jansson, 1983).

In arid areas, or during arid petiods, aeolian processes dominate and ate capable of
shifting fine material over great distances (e.g. Hesse, 1994; Simonson, 1995; Zhao et al,,
2003). Under arid conditions, sparse vegetation covet does little to stabilize the landscape
and therefore irregular and occasionally extreme rainfall events can bring about
significant fluvial transport of arid zone sediments (e.g. Jacob et al., 2004). In pluvial
areas, ot duting pluvial phases, a denser cover of vegetation stabilizes the landscape and,
therefore, sediments tend to be transported by fluvial rather than aeolian processes.
Under these conditions it is generally the small regular rainfall events that are responsible
for the majority of sediment transport. However, as in the arid landscape, large

infrequent rainfall events can shift significant sediment loads.

1.3.2 Endogenic Sediments
Endogenic sediments are those that are fotmed within the lake, precipitating in the
water column and accumulating on the lake floor. The natute of these sediments depends
predominantly on the physiochemical nature and biological conditions of the water at the
time of precipitation. Therefore, stratigraphic vatiations in the abundance and/or
composition of endogenic sediments can hold information regarding temporal changes in
lake water properties, such as salinity, alkalinity, temperature, chemical composition and
nutrient loading (Hikanson and Jansson, 1983). Common examples of endogenic
patticulates ate:
= Diatomaceous silica, which often occurs after a spring bloom of diatoms in temperate
lakes (Engstrom and Wright, 1984; Ariztegui et al., 2001);
' Iron and manganese precipitates, which are influenced by changing pH and redox
conditions (Davison, 1993; Boyle, 2001); and,
*  CaCO;s precipitates in calcareous lakes, which often result from a pH increase caused by
algal photosynthesis (Stabel, 1986; Talbot and Kelts, 1990).
Formation of these precipitates in the epilimnion does not always lead to preservation
within the lacustrine sediments. The possibility of dissolution in the hypolimnion or the
upper sediment layers must be recognised when drawing any conclusions on the

environmental history of a lake from the analysis of its endogenic sediments.
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14 Lacustrine Carbonates

In lakes with calcareous bedrock, catbonates are often the markedly dominant
sediment fraction. Not only does the etosion of calcareous rocks and soils from the lake
surrounds contribute allogenic catbonates, but also, as the surface runoff, soil water and
groundwater entering the lake are entiched with Ca®" and HCO, from weatheting of the
calcateous bedrock, the formation of endogenic carbonates can be significant under the
approptiate physiochemical lake water conditions (Hakanson and Jansson, 1983).

Extreme loading of calcium and carbonates in lake waters of calcateous regions can
have a negative effect on productivity through the physical interactions of carbonate
precipitates with essential nuttients, which effectively teduce the photosynthetic
availability of those nutrients (Wetzel, 1983). However, authigenic carbonates are
commonly precipitated as a result of photosynthetic use of CO, inducing HCO;
supersaturation in the water column. Although carbonate precipitation can be brought
about under specific physicochemical conditions (pH, temperature), metabolically

induced carbonate precipitation is by far the most tapid and most important formation

mechanism (Dean, 1981). Consequently, carbonate precipitation tends to coincide with

periods of maximum phytoplankton productivity (leng and Marshall, 2004). The
photosynthetic removal of CO, produces disequilibrium in the bicarbonate-carbonate
system, which causes a rise in pH (Figure 1.5). The solubility of calcite is pH dependent,
decreasing with increasing pH; therefore, the photosynthetic removal of CO, induces
catbonate precipitation. As the solubility of calcite also decreases with increasing
temperature, watmer water temperatures will promote catbonate precipitation (Hakanson
and Jansson, 1983). By the same token, catbonate precipitates can be redissolved duting
settling through the water column, as the deeper waters will be cooler and potentially
have a lower pH resulting from CO, build-up during decomposition of settling organic
matter. Indeed, this carbonate dissolution is the reason why the inverse relationship that
often exists between the concentrations of carbonate and organic matter eventually
preserved within lake sediments is not simply the dilution of one component by the other

(Dean, 1999).
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Figure 1.5: Relationship between solution pH and the proportions of dissolved
inorganic carbon species for pure water (solid and dashed lines) and seawater with a
salinity of 35%o (dotted lines) at 1 atm pressure (IDean, 1981). Photosynthetic use of
COs produces a telative increase in the HCOs and an increase in pH. Watets tend
to resist changing pH as long as the CO, <> HCOy > CO3?* equilibria operates.
Therefore, the use of CO; promotes CaCO; precipitation until equilibtium is re-

established.

Photosynthetic activity is not the only mechanism that promotes carbonate
precipitation through initiating adjustments to the CO, & HCO, « CO, equilibria.
Groundwater that flows through carbonate bedrock will become heavily enriched in
HCO,. Under reduced pressure upon surfacing much of this bicatbonate is released as
CO, to the atmosphere, thus inducing carbonate precipitation (Wetzel, 1983). Similatly,
the precipifation and cementation of carbonate plates often occurs as a result of rising
catbonate-rich groundwaters mixing with fresh water seepage at a lake margin. This is
most likely to occur in a region that experiences strong annual climatic contrasts, such as
the Coorong, where fresh winter rains recharge aeolian or beach dune aquifers
sutrounding the lake and seepage subsequently mixes these freshwaters with saline
catbonate groundwaters (De Deckker, 1988).

Authigenic carbonate mineralogy is to some extent determined by the Mg/Ca ratio of
the lake waters; however, it may also be influenced by salinity, pH and dissolved sulphate
and phosphate concentrations (Talbot and Kelts, 1990). As a broad generalisation, calcite
tends to form in freshwaters, but with increasing evaporation other carbonate minerals,
such as aragonite and dolomite, will precipitate from the water column (Talbot and Kelts,
19806). In this study it is not the mineralogy of the carbonate precipitates, but the isotopic

composition, that is considered in most detail.
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1.5 Otganic Matter in Aquatic Environments

Much of the above discussion on sedimentology has focussed on lacustrine systems
but could equally be telated to the marine environment. The description of some
elemental and isotopic studies on sedimentary organic matter in marine and deep-lake
settings forms the final section of this chapter. Thus, although the present study is an
investigation of lake sediments, it is nonetheless useful to point out some important
differences between the sedimentaty organic matter of lakes and oceans.

Lake basins receive propottionally mote tetrigenous sediment influx (clastic particles
and nutrients) than deep ocean basins. Thetefore, both sedimentation rates and aquatic
productivity are significantly greater in lakes than in the oceans (Meyers, 1997). Otganic
matter presetvation can be enhanced by these higher sedimentation rates, which cause
more rapid butial of the organic matter that reaches the sediment-water intetface. The
high rates of sedimentation and the extent of otganic matter preservation in lacustrine
settings means that their sedimentary records provide information on short-term
palacoenvironmental processes of a local to regional scale at a high temporal resolution.
Marine sediments are more suited to the investigation of long-term palaeoenvironmental
changes at a regional to global scale.

Organic matter is genetally a small, but important constituent of lake sediments. It is
a mixture of biochemical fractions contributed from the (potentially wide) array of
organisms formerly living both within the lake and its catchment, and derived from
diagenetic alteration of these matetials (Tyson, 1995). The composition and amount of
organic matter preserved within lacustrine sediments vaties in tesponse to the types and
abundance of organisms in and around a lake basin. As this biota varies with changing
environmental conditions, lacustrine sedimentaty otrganic matter has the potential to
reveal information on secular variations in those relevant and influential conditions at the
local to regional scale throughout the sedimentation period. There ate a number of
indicators, or proxies, that can be used to infer these environmental conditions and
changes. As alteady indicated, the principles behind the application of proxies used in the
present investigation ate described in Chapter 2, whilst the remainder of this chapter is
devoted to outlining the broad aspects of organic matter production and degradation
within the aquatic environment.

As the more labile components of organic matter are preferentially degraded before
the more stable components, diagenetic processes have the potential to alter the original

composition of bulk organic matter and therefore mask the information that would be
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inferred from un-degraded otganic matter. These alterations ate also environmentally
dependent and therefore a comprehensive grasp of otganic matter diagenesis can

enhance the researcher’s understanding of past envitonmental systems.

1.5.1 Organic Matter Production

Although detritus from tertestrial plants can be an important contribution to the
sedimentary organic matter of many lakes and coastal matine areas, phytoplankton
produce the dominant proportion of pritnary otganic mattet that reaches the sediments
of most aquatic systems (Meyers, 1997). Secondary otganic matter detived from microbial
and bacterial activity can also comptise a major pottion of the organic matter that is
preserved within the sedimentary record. The ptimaty organic matter sources and
processes of modification are shown in Figure 1.6.

Phytoplankton uses the energy available in sunlight to convett dissolved inorganic
catbon into organic matter. This process is restricted to the waters that sunlight can
penetrate, the photic zone, as it is sunlight that energizes aquatic photosynthesis. The
photic zonc can cxtend to depths of up to 200 m in exceedingly clear waters, though is
typically only a few tens of meters in depth (Killops and Killops, 2005). In deeper watets,
the chemical energy produced through oxidation of reduced substrates can be utilised in
chemosynthesis, but this process is generally not a significant contributor to the overall

aquatic organic mattet pool.
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Figure 1.6: Schematic illustration of organic matter sources in an aquatic setting and

Re-suspension and
microbial breakdown

the degradation that occurs prior to complete burial within the sediments. In most
instances the aeolian contribution from beyond the lake catchment will be minor
and the majority of sedimentary organic matter arrives via fluvial delivery from
within the catchment and/or originates from algal production in the lake. Organic
matter degradation occurs both within the water column and at the lake floor.

(adapted from Meyers and Ishiwatari, 19932).
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Nutrient availability is also ctucial to organic matter production. As nitrogen and
phosphorous levels are often limited in natural waters, primary productivity in aquatic
systems is often highly dependent on the terresttial runoff that supplies these essential
elements (Meyers, 1997). The dependence on nuttient supply makes lakes and coastal
areas mote productive than the open ocean, and has important implications in the field
of palaeoenvironmental teconstruction. Periods of enhanced aquatic productivity evident
in the sedimentary sequences of many marine and deep-lake settings have consistently
been related to an influx of terrestrial nutrients during wetter climatic conditions (as
discussed below, section 1.6).

Nutrients can be delivered to the photic zone not only from external terrestrial
sources, but also through internal aquatic recycling. As biota utilize these nuttients in the
formation of organic matter, the settling and deposition of organic matter removes these
nutrients from the photic zone. Burial in the sediments subsequently removes these
nutrients from the system. However, the decomposition of organic matter that occurs
during settling through the water column and at the sediment-watet interface re-teleases
nutrients to the hypolimnion. Recycling of these nuttients to the epilimnion can be
brought about through turbulent mixing of the water column, which is enhanced during
periods of strong winds (Meyers and Lallier-Verges, 1999). For example, an increase in
clastic particle delivery, which suggests a period of strong winds, coincides with an
increase in the flux of diatom frustles to the sediments of Elk Lake, Minnesota, between
7.5 and 4 ka (Bradbury and Dietetich-Rurup, 1993). The authors interpret the apparent
increase in diatom productivity to the occutrence of stronger winds enhancing turbulent
mixing of the lake waters.

Although the maintenance of density stratification in many matine and deep-lake
settings will inhibit the recycling of nutrients from deep watets (e.g. Luz, 1979; Rossignol-
Strick, 1985; Nolet and Corliss, 1990), the increase in density of the surface-waters
associated with either an increase in salinity or decrease in temperature can promote
annual or semi-annual overturn, thereby mixing the water column, returning nutrient-rich
waters to the photic zone and enhancing aquatic productivity (Meyets, 1997).

In strongly stratified water bodies, organic matter production from microbial and
bacterial activity can be significant. However, microbes and bacteria ate responsible for
the secondary modification, rather than primary production of organic matter (Meyers

and TIshiwatari, 1993a). Generally, bactetia do not create new biomass but instead catalyse
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the recycling of essential nutrients and compounds (Hikanson and Jansson, 1983). These

processes of organic matter breakdown and diagenesis ate discussed below.

1.5.2 Otrganic Matter Breakdown and Diagenesis

During the time between organic matter production in (ot delivety to) the epilimnion
and eventual burial in the underlying sediments, degradation processes can both dectease
the amount, and modify the original structure/character of the otganic mattet. The extent
of this degradation depends primarily on the natute of the watet column (depth, oxic
state). However, as degradation continues in the bottom sediments, conditions at the
sediment-watet intetface and within the sediments themselves also influence the amount
and type of organic matter that is finally preserved within subaqueous sediments.
Microbes and benthic organisms preferentially utilize the more labile organic
components; therefore degradation processes inctease the relative proportion of
recalcitrant components of lacustrine organic matter.

The carbon in organic matter is in a reduced state and therefore, organic matter is
inherently unstable in oxidising environments (Tyson, 1995). The dissolved oxygen
content of most natural waters is replenished through exchange with the atmosphere at a
greater rate than it 1s removed through the respiration and oxidation of organic matter
(Meyers, 1997). Therefore, in marine and deep-lake settings where sinking organic matter
is exposed to an oxygenated water column for extended periods of time, typically only a
small amount of the originally produced organic matter will actually be buried in the
sediments (e.g. Suess, 1980; Fadie et al, 1984; Emerson and Hedges, 1988). The
remainder is remineralized and recycled through the water column. In shallower lakes,
shorter sinking times for the settling organic matter reduce the length of exposure to
oxidation in the water column. Consequently, the extent of diagenetic alteration during
sinking is limited, which enhances the phenomenon of shallower lakes sediments usually
being organically richer than those of marine or deep-lake settings (Meyers and
Ishiwatari, 1993Db).

Organic matter degradation continues at the sediment-water interface, where
tesuspension of the surface sediments and bioturbation re-expose the otganic matter to
oxidation. The extent of these two processes varies depending on lake conditions
(resuspension is more significant in large, well-mixed lakes than in smaller lakes), but can
be significant. For example, in Lake Michigan, the resuspension of sedimented organic

matter into the hypolimnion is neatly ten times the rate of sedimentation through the
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water column (Meyers and Eadie, 1993). Further to extending the oxidation of
sedimented otganic matter through re-exposure at the sediment-watet intetface,
biotutbation also indicates the presence of benthic micro-organisms, which degrade
organic matter through nuttitional consumption. Many benthic fauna requite oxygen for
respiration (Hikanson and Jansson, 1983); therefore, the abundance of benthic fauna is
mote substantial, and bioturbation mote significant, in oxic waters. Indeed, the absence
of biotutbation recorded by the presetvation of finely laminated sediments is generally an
indication of hypolimnic anoxia (e.g. Ariztegui et al., 2001; Liicke et al., 2003). So, not
only will a highet propottion of aquatic organic matter survive sinking through anoxic
watets, but also the reduced bioturbation undet conditions of anoxia further aids organic
matter preservation. Anoxia develops in strongly stratified water bodies or during petiods
where productivity is elevated to the extent that dissolved oxygen is being utilized more
rapidly than it is replenished (Cramp and O’Sullivan, 1999). The preservation of
organically rich sediments has often been associated with either, or both, of these
citrcumstances.

Although the aerobic breakdown of organic matter will continue for as long as there
is dissolved oxygen available, it is not the only possible oxidising agent and thus,
diagenesis continues under anoxic conditions. Even in the absence of hypolimnic anoxta,
the low rate of oxygen diffusion into saturated sediments and its rapid use within the
sediments mean that the breakdown of organic matter within sediments follows
anaerobic processes (Wetzel, 1983). Once the dissolved oxygen supply is exhausted,
decomposition proceeds via a progression of .alternative electron acceptors: nitrate
(NO;), manganese (IV) and iron (II) oxides, sulphate (SO,?), and CO, (Hikanson and
Jansson, 1983; Shultz et al., 1994). Nonetheless, below the zone of bioturbation organic
matter is degraded at a much slower rate than it is through oxidation within the water
column and at the sediment-water interface.

Regatdless of the potential for breakdown and diagenesis to significantly reduce the
actual amount of organic matter that is eventually incorporated into the sediments of
aquatic systems, the original information that is retained by bulk geochemical parameters
can be presetved (e.g. Meyers and Eadie, 1993). Thus, the geochemical analysis of
lacustrine sedimentary organic matter has the potential to yield important information
pettaining to the investigation and reconstruction of secular changes in environmental
conditions within the lake and its catchment. As described below, the presence of

particularly organic-rich intervals within marine and lacustrine sedimentatry successions
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has often been interpreted as tresulting from a combination of enhanced primaty
productivity in nutrient-rich sutface waters and reduced otganic mattet breakdown in

sub-oxic or anoxic bottom-watets.

1.6 Saptropels and Sapropelic Sediments

Distinct sedimentary layers that are entiched in otganic catbon have been deposited
and are preserved in numerous marine and deep-lake settings across the globe. In the
Mediterranean Sea, repeated organically tich layers were first identified in cotes collected
duting the 1947/1948 Swedish Deep-Sea Expedition (Kullenberg, 1952, as cited in
Rohling and Thunell, 1999). Since that time much research has been devoted to the
formation of these layers, which have been termed sapropels. The term sapropel
originates from the Greek sapros (rotten) and pelos (soil) following the work of German
chemist, Wasmund (Cramp and O’Sullivan, 1999) and has been widely applied to
describe aquatic sedimentaty deposits rich in otganic matter. In 1978, Kidd et al.
proposed the quantitative definition of sapropels as being: “A discrete layer, greater than
1 em in thickness, set in open marine pelagic sediments containing greater than 2%
organic carbon by weight.” Furthermore, Kidd et al. (1978) defined sapropelic sediments
as being similar marine deposits that contain between 0.5 and 2% organic catbon. In the
past, the term sapropelic had been applied to a much broader array of organic rich
sediments, including those from lacustrine settings (Livingston, 1984; Cramp and
O’Sullivan, 1999). The terms sapropel and sapropelic have been interpreted differently by
numerous authors. For example, Korde (1960) desctibed sapropels as organic catbon rich
deposits containing abundant recognizable remains of mictoscopic organisms. More
recently, Hilgen (1991) proposed a much simpler definition of sapropels as being
“brownish, often laminated interbeds.” Although the 1978 definitions proposed by Kidd
et al. have been widely adhered to in the study of marine sedimentary deposits, in
lacustrine environments the terms sapropel and sapropelic continue to be used somewhat
loosely to this day.

Regardless of continuing differences in the use of sapropel nomenclature, studies on
a wide vartety of organic rich sediments have consistently concluded that their deposition
and preservation result from palacoenvironmental conditions that promoted an increase
in aquatic productivity (e.g. Calvert et al., 1987, 1992; Martinez-Ruiz et al., 2000) and/or a
decrease in organic matter degradation (e.g. Rossignol-Strick, 1985; Tolun et al., 2002).

In marine and lacustrine systems that receive fluvial input, periods of wetter climate will
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generally enhance aquatic productivity through an increase in the wash-in of soil
nutrients. In Lake Carajas, Brazil, the influx of both tetresttial nutrients and materials
(macroscopic plant fragments) causes organic carbon mass accumulation rates to be up to
four times larger in times of wettet climate than during dry periods of the last 60 ka
(Siffeddine et al., 1994 as cited in Meyers and Lallier-Verges, 1999). This pattetn extends
even further into the past in Lake Biwa, Japan, where organic carbon mass accumulation
rates are up to nine times larger in the interglacial than the glacial intervals over the last
340 ka (Meyers and Takemura, 1997). More recently, at Lake Bosumtwi, Ghana, a
sapropelic intetval deposited from ca. 9 to 3 ka cotresponds to a relatively stable petiod
of wet climate and high lake levels (Talbot and Johannessen, 1992), as does a saptropel
deposited from ca. 5.3 to 3.9 ka in Swan Lake, Nebraska (Hassan et al., 1997).

The sapropels of the Mediterranean Sea exhibit 19-23 kyr cyclicity and have been
associated with intensified monsoonal circulation and increased precipitation in the
Mediterranean region duting precessional minima (Rossignol-Strick, 1985; Hilgen, 1991;
Bouloubassi et al., 1999). A comparison of matine and lacustrine sedimentary records in
the Mediterranean region documents the coincident deposition of organic rich sediments
in the both marine and terrestrial realm at the time of sapropel S1 formation (ca. 9 to 6.8
ka; Atiztegui et al., 2000). The authors suggest that an increase in freshwater discharge
from tributaries across the region enhanced productivity in both the lacustrine and
marine systems, and may have also led to stratification and deep-water anoxia in the
latter, which impeded otganic matter degradation and aided in preservation of the organic
rich sedimentary layets. Evidence for an Faily Holocene warm, wet climate in the
Mediterranean is also found in the sediments of Lac du Bouchet, France, where a
significant increase in organic catbon of both aquatic and tetrestrial origin was deposited
between 9 and 8 ka (Siffeddine et al., 1996). These sediments also contain a smaller
proportion of clastic minerals than those sediments deposited during the preceding
glacial period, which reflects the diminished erosion of lake catchment soils as the
vegetation cover expanded. Indeed, the glacial age sediments of temperate lakes are
generally poor in organic catbon and have accumulated rapidly (Meyets and Lallier-
Verges, 1999).

In all of the examples desctibed above, a climatically induced increase in the amount
of nutrients delivered to the system caused an increase in aquatic productivity and has
been recorded by the deposition of organically rich sediments. However, an increase in

the rate of otrganic matter burtal within sub-aqueous sediments is not always indicative of
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an increase in aquatic productivity. For example, agticultural use of tiver water diverts it
away from reaching terminal lakes, and has caused a lowering of the water levels in Mono
Lake, California (Jellison et al., 1996) and Pyramid Lake, Nevada (Meyets et al., 1998).
This lowering of water levels increased the salinity and decreased algal productivity in the
two lakes, yet contrary to expectations, increased the sedimentary otganic catbon mass
accumulation rates. The explanation for this obsetvation is that the lowetr water levels
exposed sediments at the lake margin to tutbulent re-suspension by wave action. Re-
deposition of these sediments increased the rate of organic matter accumulation in the
deeper parts of the lake basin (Meyers et al., 1998). This gives the appearance of an
apparent productivity increase even though algal productivity actually declined as a
consequence of the increased water salinities at this time (Jellison et al., 1996). This is a
prime example of the reason why palacoenvironmental teconstructions from matrine and
lacustrine sedimentary sequences require the analysis and interpretation of multiple

geochemical proxies.

1.7 Rationale

Many shallow, groundwater-fed lakes along the Cootrong coastal plain of southeastern
South Australia contain sapropelic sediments within their Holocene calcareous mudstone
successions (e.g. von der Borch and Altmann, 1979; Rosen et al., 1988; Warren, 1988,
1990, 1994; Hayball et al., 1991; McKirdy et al., 1999, 2002; Mee et al., 2004, 2007;
Edwards et al., 2006: Appendix I). As described above, the deposition of similatly otganic
carbon rich sediments in marine and deep-lake settings has ptredominantly been linked to
times of wetter regional climates. During these times, increased precipitation boosted
surface runoff and tributary flow, thereby increasing the input of tertestrial organic
matter and nutrients to the aquatic systems and potentially causing stratification of the
water column. The increased nutrient supply primarily has the effect of promoting
aquatic productivity, which can in turn lead to oxygen-depletion of the bottom watets
and enhanced preservation of organic mattet.

The three coastal lakes of the present investigation represent a distinctly different
aquatic environment to those in which sapropels have primatily been studied in the past.
The lakes of the present study are shallow and have become increasingly epheimeral over
time, yet also contain sapropelic intervals with high concentrations of autochthonous
algal and bacterial organic matter within their sedimentary successions. Thus, this study

adds a new perspective to the dynamics of sapropel genesis.
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Sedimentation in these coastal Coorong lakes spanned the mid-Holocene transition
from generally warmer and wetter to coolet and drier (or more seasonal) conditions that
is documented in many Australian palynological and palaeolimnological studies. At a
number of sites near Lake Albett, close to the mouth of the River Murray (Figure 3.A),
sapropel deposition (5.8 - 6.9 yr BP; von der Borch and Altmann, 1979) coincides with
this eatly to mid-Holocene palaeoclimatic optimum of generally warm, wet conditions.
Similatly, sapropel in the carbonate mudstone successions of two unidentified alkaline
lakes adjacent to the southern Coorong Lagoon were radiocarbon dated at 6.6 £ 0.2 and
8.0 £ 0.5 yr BP (von der Botch and Altmann, 1979). Indeed, it seems that sapropel
deposition beneath an extensive freshwater lake system along the Coorong coastal plain
was associated with a petiod of humid conditions in the region. Geochemical analysis of
both the sapropel deposits and sutrounding sediments in the three lakes of the present
study should help elucidate the palacoenvironmental conditions that existed during
sapropel deposition.

While the use of bulk sedimentary geochemistry has been shown to record
palaeoenvironmental changes over a wide range of settings across the globe it has little
been applied to the study of shallow, ephemeral lakes in Australia. Nonetheless, the
elemental, molecular and isotopic analysis of sedimentary organic matter and carbonate
can greatly aid palacoenvironmental reconstructions. The present study explotes the
extent to which the application of this geochemical approach to the sediments of these
coastal lakes reveals the Holocene envitonmental change that is already established for

the region.

1.8 Aims
There are a number of aspects to the present investigation on the Holocene
carbonate successions of three shallow, ephemeral lakes from the Coorong coastal plain.

These are most easily addressed as the following list of aims and questions:

> To determine the timing of the sapropel ‘events’ (deposition of the
sapropel layers) in the three lakes. Naturally, this requires clarification of
which sediments are actually considered sapropel within the present
environmental setting. Was sapropel deposition continuous ot

punctuated (variable) in each laker
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3  To determine the origin of the sapropelic otganic mattet and evaluate
any changes in the natute of the organic matter (autochthonous,
allochthonous) throughout deposition of these lacustrine sedimentary
sequences. What do the presence and composition of the sapropels
indicate about the evolution of each host lake?

> To establish whether sapropel deposition in these shallow, coastal lakes
primarily reflects increased organic matter delivery to the sediments
during periods of enhanced terresttial input and/or aquatic productivity,
or results predominantly from the existence of conditions that
significantly improved organic matter preservation. This requites
investigation and hypothesis of the possible triggers to shallow lacustrine
sapropel formation. Are the triggers different to those in marine settings?

>  To relate sapropel deposition in these three coastal lakes to both regional
and global palacoenvironment reconstructions. What does this study add
to our present understanding of Holocene environmental conditions in

Australia? Where docs this study fit in a global context?

The overviews of Holocene environmental variability, lacustrine sedimentology,
organic matter in aquatic environments, and sapropel deposition wete included in this
introductory chapter so as to give context to the aims of the present investigation.
Chapter 2 outlines the principles behind the elemental and isotopic geochemical analyses
that are primarily used to address these aims. Following this, chapter 3 describes the
chronological techniques used in the present investigation and chapter 4 provides detail
on the methods of fieldwork and geochemical analysis. The environmental setting of the
study area and complete stratigraphic descriptions are included in Chapter 5. Chapter 6
reports the results of elemental, isotopic and spectroscopic analysis of the lacustrine
organic matter and co-deposited sedimentary carbonate. The chronological framework
for sedimentary deposition in the three lakes is discussed in chapter 7. The origin of the
lacustrine organic matter is discussed in chapter 8. In chapter 9, discussion ensues on the
evolution of each lake as suggested by isotope chemostratigraphy of carbonate and
organic carbon. The implications of these findings on our current understanding of
Holocene climate change are discussed in Chapter 10. Finally, conclusions ate

summarised and suggestions for future research made in Chapter 11.
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CHAPTER 2: PRINCIPLES OF ORGANIC AND INORGANIC GEOCHEMISTRY

Elemental and isotopic geochemical analysis of lacustrine sediments has the potential
to yield significant palaeocenvironmental information if used in combination with a
thorough understanding of elemental cycling and the associated effects of isotope
fractionation. For example, by recognising the difference in elemental composition and
isotopic signatute of organic matter synthesised from an aquatic or atmosphetic inotganic
carbon source, atomic C/N ratios and organic catbon isotope (813C0tg) values aid in
evaluating whether the otganic matter preserved in a lacustrine sedimentary sequence
originated from within the lake itself (aquatic) or externally (terrestrial). The identification
of genetically different types of sedimentary organic matter is fundamental to interpreting
the organic geochemical trends recorded in lacustrine successions. For example, in
systems whete ptimary production is a principal source of otganic mattet, secular
variations in organic catbon isotope values can provide information regarding changes in
past productivity rates and in palaeoenvironmental factors, such as water temperatute and
alkalinity.

This chapter outlines the principles that guide the application of the geochemical
parameters employed in this study of lacustrine organic mattet and sedimentary
carbonate. The manner in which a wide vatiety of natural processes influence the record
of these geochemical parameters have been generalized through numerous lacustrine
investigations. The importance of using multiple proxies in palaeolimnologic studies is
illustrated by desctibing the potential for bias and post-depositional alterations of each of
the parametets. Such alterations can obscure the original environmental information and
must therefore be taken into consideration in any palaeolimnologic investigations.

The first section of this chaptet describes the elemental analysis of bulk organic
matter. The geochemical uses of stable isotopic analysis of both organic mattet and
sedimentary catbonate are then considered. The final section of the chapter briefly details
the principles behind PC - nuclear magnetic tesonance spectroscopy, a technique that is
used in the ptresent study to reinforce inferences made via elemental and isotopic

geochemical analysis.
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21 Elemental Distribution
211 Total Otganic Catbon

Total organic carbon (TOC) content is an essential patameter for evaluating and
describing the abundance of organic matter presetved in sediments. Catbon comptises
approximately 50% of the total elemental composition of typical otganic mattet, and thus
the concentration of organic matter in any sample is approximately twice the measuted
TOC content (Meyers and Teranes, 2001). TOC concentration teptesents the amount of
organic matter that has sutvived remineralization since sedimentation. Thetefore, it is a
function of both the initial production (ot influx) of biomass to the system and the extent
of its subsequent degradation.

Because TOC concentrations are expressed as weight ratios telative to the total
sample mass they are influenced by variations in other sedimentary fractions. When the
rate of supply of one fraction increases telative to that of the other fractions then its
concentration increases whilst the others decrease (Boyle, 2001). For example, an influx
of siliclastic mineral matter will be preserved as a TOC dectease even though the total
amount of carbon within thc system at that time may have remained constant.
Conversely, the dissolution of carbonate minerals will be presetved as a relative increase
in TOC (e.g. Dean, 1999).

Mass accumulation rates of organic carbon expressed as mass of TOC per unit of
lake bottom atea per unit time (typically on the order of mg cm-2 y') are potentially a
more useful measure of organic matter delivery and preservation than TOC
concentrations (Meyers and Lallier-Verges, 1999). However, accurately dated sediments
are fundamental to determining truly representative accumulation rates. The interpolation
that is often required between the (sometimes few) dated sample points can add
unknown biases and result in accumulation rate data that is considerably less precise than
the measured concentration data (Boyle, 2001). Further complexity if added by the
calibration process when using radiocarbon dates in the calculation of accumulation rates.
Calibration is required to convert radiocarbon years into calendar years, and produces age
ranges, rather than specific dates, with levels of statistical uncertainty (see section 3.1.2).
Also, as mass accumulation rates are area dependent their calculation requires knowledge
of how the area of the lake floor has changed through time. This effect will be relatively
more important for smaller than for larger lakes.

Although organic matter may have been subjected to various degrees of post-

depositional degradation, even subtle changes in the initial supply of organic matter to
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sub-aqueous sediments can be recorded by TOC variations (Jasper and Gagosian, 1990;
Meyers, 1997). In this study of lacustrine sediments, the abundance of otganic matter is

represented by TOC values, rathet than carbon mass accumulation rates.

2.1.2 Catbon/Nitrogen Ratios

Many researchers have used atomic catbon/nitrogen (C/N) ratios to aid in
characterising lacustrine sedimentary organic matter, in particular to distinguish otganic
matter of aquatic and tetresttial otigin (e.g. Prahl et al., 1994; Silliman et al., 1996; Talbot
and Letrdal, 2000; Tolun et al., 2002). This distinction is a result of the high lignin and
cellulose contents of land plants, and the high protein and nucleic acid contents, but
absence of cellulose, in non-vascular plants such as phytoplankton. Typically, organic
matter of algal origin will have an atomic C /N ratio between 4 and 10, wheteas vascular
land plants produce otganic matter with C/N ratios of 20 and greater (Meyets, 1994;
Tyson, 1995). Exceptions to this include certain types of green algae (c.g. Botryococcus
braunii) and some ripatian and aquatic emergent plants which have higher C/N ratios and
are therefore more similat to terrestrial organic matter (Lamb et al., 2004).

Compating C/N data with these generalised ranges will not necessatily provide the
researcher with a completely accurate indication of the source of organic matter in an
aquatic setting. C/N ratios can be influenced by several environmental conditions, and

| these may need to be considered. For example, during times of abundant nuttient supply
some algae synthesise patticularly lipid-rich organic matter with C/N ratios that may be
as high as 18 (Meyets, 1997). Also, algae grown in nitrogen deficient settings (e.g. Lake
Victotia, Africa) will have higher C/N ratios than those grown where the nitrogen supply
is not physiologically limiting (e.g. Healey and Hendzel, 1980; Hecky et al.,, 1993; Talbot
and Lardal, 2000). Nonetheless, in lakes that receive significant amounts of vascular plant
debtis from the surrounding watershed (e.g. Lake Bosumtwi and Lake Tilo), C/N ratios
are higher than in lakes whete the influx of terrestrial organic matter is small relative to
that produced within the water-column (e.g. Walker Lake and Lake Biwa: Table 2.1).

Selective degradation of different components of organic matter has the potential to
modify C/N ratios (Meyets, 1997). Microbial denittification of abundant proteinaceous
material increases the C/N ratios of aquatic organic matter during sedimentation and
burial (Talbot and Lardal, 2000; van Mooy et al, 2002). This suboxic microbial
degradation can be btought about under conditions of high productivity (Meyers and

Bernasconi, 2005). Conversely, the degradation of buried vascular plant material, such as
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wood, involves the breakdown of carbon-tich catbohydrates and lipids and will thetefote
decrease C/N ratios (Meyets and Teranes, 2001).

The C/N dectease that commonly occuts in the sediments of oligotrophic lakes and
the oceans (e.g. Miiller, 1977) is not simply an indication that catbon-rich components of
organic matter are degrading, but rathet results from the intetaction of the sediments
with the products of organic matter degtadation. Ammonia that is teleased duting
decomposition is absorbed and remineralized, whilst catbon dioxide and methane can
escape the sediments, which results in a relative increase in nitrogen and decrease in
carbon (Meyers and Lallier-Verges, 1999). Clay minetals have latge negatively charged
surface atreas that readily adsortb ammonia. Therefore, the impact of inotganic nitrogen
uptake on C/N ratios is accentuated in the fine sediment fraction (Meyers, 1997). On the
other hand, the coarser fraction is likely to contain larger proportions of tettestrial plant
debris (e.g. Dickens et al., 2006) and therefore have elevated C/N ratios. These factors
highlight the influence of sediment grain size, and thus hydrodynamic sotting on C/N

ratios.

Table 2.1: Some examples of tepresentative atomic C/N values of bulk organic matter in

Holocene lake sediments.

Location Atomic C/N Reference

Lake Bosumtwi, Ghana, Africa 14 - 34 Talbot and Johannessen (1992)
Lake Tilo, Ethiopia, Africa 12-29 Lamb et al. (2004)

Mono Lake, California, USA 8 Jellison et al. (1996)

Walker Lake, Nevada, USA 8 Meyers (1994)

Lake Biwa, Honshu, Japan 6 NMeyers and Horie (1993)

Generally, post-depositional alteration of the elemental composition of sedimentary
organic matter is not large enough to obscure the distinction between aquatic and
terrestrial sources (Meyers, 2003). A more significant point of potentially misleading
information in the use of C/N ratios comes from the procedure of measuring carbon and
nitrogen contents after removal of sedimentary carbonate. This results in comparison of
a nitrogen value that incorporates both organic and inorganic nitrogen with a carbon
value representing only the organic fraction, thus systematically lowering apparent C/N
values (Meyers and Lallier-Verges, 1999). In most lake sediments organic carbon is >1%

and organic nitrogen is much mote abundant than inorganic nitrogen. Therefore use of
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bulk nitrogen measutements in C/N ratios produces a reliable indication of otganic
matter source (Meyets, 1997). Howevet, more accurate information would be obtained

from a C /N, thana C

org

also be approximated through a ctoss-plot of the TOC and TN values (Talbot, 2001). A

org/ Npui 1atio. The amount of inorganically bound nitrogen can
positive intercept of the regression line along the TN axis implies that some of the total
nitrogen is not associated with the organic catbon (Figure 2.1). The N-intercept value can
then be used to correct the TN values so that they only reflect the organic component of
the nitrogen and thus mote accurately tepresent the C/N ratio of the otganic matter

source (Talbot, 2001).
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Figure 2.1: Total organic carbon (TOC) versus total nitrogen (TN) for core M98-2P
from Lake Malawi and core F from Lake Albert. The positive intercept of the
regression lines at the TN axis (indicated with arrows in the lower left hand corner

of the plot) implies that some of the nitrogen is inorganically bound (Talbot, 2001).

/s Stable Isotope Geochemistry

The difference in mass between two stable isotopes of an element leads to
fractionation effects during vatious natural processes. This fractionation produces small
vatiations in the ratio of the two isotopes within different reservoirs of the element in
question. Biochemical effects are responsible for the majotity of observed isotopic
variations, although physical effects associated with processes such as freezing/melting,

evapotation/condensation, adsorption and diffusion can also influence Isotopic ratios.
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The fundamental cause for fractionation during all processes is the lower bond strength
of the lighter isotopes, which makes them mote biochemically reactive than the
corresponding heavier isotopes and allows for mote rapid diffusion and evapotation
(Talbot, 2001).

To accurately determine isotopic composition requites highly precise measurement of
the isotopic ratios using mass spectrometry. As the absolute amounts of each isotope ate
difficult to measure these results are most commonly expressed as delta (8) values pet mil
(%), calculated relative to the appropriate synchronously measured international standard

as follows:

H'Y g B 8 /‘:%
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where X is the element in question and A and B are the mass numbers for the two

SPX_ (%)= %1000

sample

isotopes, with X being the heavier and less abundant isotope. For carbon and oxygen
the standard is the Vienna Pee Dee Belemnite (V-PDB) and for nitrogen it is ait.

The successful application of isotope geochemistry requires an undetstanding of
elemental cycling and the extent of fractionation caused by processes within these cycles.
In order to use the 8°X wvalues of lacustrine sediments as an indicator of
palacoenvironmental changes within the lake basin, catchment ot tegion the effects that
have the potential to modify or influence isotopic signals need to be identified and
evaluated (Lucke et al.,, 2003).

The effects and processes that should be considered when interpreting results from
isotopic analysis of sedimentary organic mattet and carbonate form the basis of this
section. The carbon cycle is the simplest and most easily undetstood of the cycles
relevant to this study and is therefore addressed first. For the purposes of simplification
the discussion herein is grouped into organic and inorganic carbon isotopic components.
Following this, the factors that influence oxygen isotopes in sedimentary carbonates ate
described. Finally, nitrogen isotopic trends and effects are summarised. However,
fractionations within the nitrogen cycle are numerous and complex and the interpretation

of nitrogen isotopic data can be difficult.
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2.2.1 Otrganic Catbon

There are two stable isotopes of carbon, 2C and ™C. In nature, the relative
abundances of these two isotopes ate approximately 98.89% and 1.11%, respectively
(Boutton, 1996). The catbon isotopic composition of otganic mattet (8"°C,, ptincipally
reflects the composition of the inotganic carbon source utilised duting photosynthesis
and the dynamics of catbon assimilation (Meyers, 1997). Autotrophic processes favour
incorporation of the lighter isotope, which is more weakly bound and has a higher
diffusion velocity than the heavier isotope (Deines, 1980; Killops and Killops, 2005).
Consequently, surface CO, reservoits (the ocean, the atmosphere) are relatively depleted
in 2C and have more positive 8°C values than biologically produced material. The
photosynthetic pathways used by C3, C4 and CAM (crassulacean acid metabolism) plants
have different degtees of isotopic disctimination and therefore produce organic mattet
with different 8”°C values (Park and Epstein, 1961; Deines, 1980; Boutton, 1991).

Most plants incotporate catbon using the C3 Calvin-Benson photosynthetic pathway.
In fact, approximately 85% of all known terrestrial plant species are classified as C3
(Ehleringer et al., 1991). The photosynthetic pathway used by these plants leads to an
isotopic discrimination of approximately -20%o with respect to the inorganic carbon
source, although this can vary significantly in response to environmental factors, such as
water stress (Farquhar et al., 1989; Tieszen, 1991) and soil salinity (Walker and Sinclair,
1992). For tertestrial plants using atmospheric CO,, which has a 8"C value of around
—~7%o, this leads to the production of organic matter with 8YC values ranging from
approximately —32 to —22, with a mean of —27%o (O’Leary, 1981).

C4 plants (many, but not all grasses) make up approximately 5% of the cutrent
terrestrial plant population and ate generally restricted to warm, arid or semi-arid
environments (Ehleringer et al., 1991). These plants use the Hatch-Slack photosynthetic
pathway, which creates an isotopic discrimination of —4 to —6%o and therefore leads to
the production of organic matter with 8°C values of around —13%o (O’Leaty, 1988;
Meyers and Lallier-Verges, 1999).

The remaining 10% of the global population of plant species use the CAM pathway
for photosynthesis. These are mostly desert plants and succulents (Winter and Smith,
1995), but also include some freshwater aquatic macrophyte species (Keeley, 1990).
Freshwater macrophytes display a wide range of 8"”C values, predominantly between
about =30 and —12%o (Boutton, 1991). Obligate CAM species open their stomata to fix

carbon at night using mechanisms similar to C4 plants and close their stomata during the
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day to minimise water loss (Boutton, 1996). These species ptoduce otganic matter with
8"C values similar to those of C4 plants. Under particular environmental conditions
facultative CAM species can switch to C3 photosynthesis in daytime, and can therefore
produce organic mattet with §°C values coveting the full range between values typical
for C3 and C4 plants (O’Leary, 1988; Boutton, 1991).

Although CAM plants are present in a wide array of ecosystems, they are generally
only a minor component of the total biomass. Thus, the carbon isotopic distinction
between C3 and C4 plants has often been used to aid in evaluating the proportional
contribution of these plant types to soil organic matter (e.g. Attouays et al, 1995;
Boutton, 1996; Martinelli et al., 1996; Pessenda et al., 1996; Krull and Skjemsted, 2003).

In subaqueous settings, carbon isotope ratios can be used to distinguish between
terrestrial and aquatic soutces of organic matter. Freshwater phytoplankton (C3 algae)
utilize dissolved CO,. If this is in isotopic equilibtium with atmospheric CO, the organic
matter produced will have §"°C values of approximately —27%o (Meyers, 1994). Thus,
although these values are different from those of C4 plants, they will be indistinct from
C3 vegetation of the surrounding watershed. The isotopic distinction between aquatic
and terrestrial organic matter more cleatly prevails in systems where dissolved CO, is in
equilibrium with bicarbonate ions (HCO,). These ions are ’C-entiched by 7 to 12%o in
compatison to aqueous CO, (Keeley and Sandquist, 1992). Thus, typical §"°C values for
algal organic matter that has used dissolved HCO, as its catbon source are between —20
and —22%o0 (Meyers, 1994). The isotopic difference between this aquatic organic matter
and that of continental plants has been widely used to assess otrganic matter sources in
marine (e.g. Fontugne et al, 1989; Ariztegui et al., 2000) and lacusttine settings (e.g.
Talbot and Johannessen, 1992; Qiu et al., 1993).

In systems dominated by autochthonous organic matter, 8°C values primarily
provide information on the dissolved inotganic catbon (DIC) teservoit. This can aid in
reconstructing past productivity rates (e.g. Tolun et al, 2002) or suggest
palacolimnological conditions (e.g. Hassan et al., 1997). Consider the carbon cycle within
a small lake (Figure 2.2). As phytoplankton preferentially remove "“C from the DIC
reservoir the remaining DIC becomes relatively “C-enriched. This is followed by a
progressive increase in the 8YC values of newly produced organic matter. Therefore,
increased productivity is evident in an increase in 8"°C values of both the organic and
carbonate carbon in lacustrine sediments (Meyers, 2003). During periods of extremely

elevated productivity high rates of photosynthesis can reduce the availability of dissolved
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CO, to the point where algae begin to utilize dissolved HCO; as theit main carbon
source, thus producing significantly PC-enriched otganic matter (Meyers and Lallier-
Verges, 1999; Talbot and Laetdal, 2000). Similarly, the production of PC-enriched organic
matter can occut in alkaline waters where the ratio of HCO; to CO, is kept high (Hassan
et al, 1997). In other systems, the influx of isotopically light soil-detived DIC
(8°C = ~12%o) can lead to the production of PC-depleted otganic matter (Meyers, 2003).
Finally, because the isotopic disctimination that favouts biogenic incorporation of 2C
increases when the concentration of CO, is high (Fogel and Cifuentes, 1993), 8°C values
can yield information regarding surface water temperatures during photosynthesis. The
solubility of a gas in water increases with decreasing temperature. At 0°C the solubility of
CO, is roughly 2.5 times greater than at 30°C (Nakai, 1972). As a result of increased
isotopic discrimination under conditions of higher CO, availability the organic matter
ptoduced in cold waters will be "C-depleted in comparison to that produced similarly in

warm watets (e.g. Rau et al., 1989).
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Figure 2.2: Idealized carbon cycle within a small lake showing the principle factors
that control the isotopic composition of organic matter buried in the sediments.
These factors are: the proportions of terrestrial and aquatic organic matter; the
dissolved inorganic carbon isotopic composition; and, the amount of primary
production and respiration in the water column. As inorganic catbonate precipitates
in isotopic equilibrinm with dissolved inotganic carbon its isotopic composition is

also influenced by these factors (modified from Meyers and Teranes, 2001).
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Photosynthetic catbon fixation tends to be the most important factor controlling the
8°C values of organic matter within subaqueous sediments (Hodell and Schleske, 1998).
Howevet, organic matter is a mixtute of variably tresistant compounds that have different
isotopic signatures (Figure 2.3). Selective degradation of specific otganic compounds has
the potential to modify bulk §"°C values (Herczeg, 1988). Generally, diagenetic loss of the
mote labile components of sedimentary organic matter during sinking and sedimentation
will produce a shift of <2%o in bulk isotopic composition (Meyets, 1997; Prattono and
Wolff, 1998).

During periods of significantly elevated ptimaty productivity, such as that arising
from increased nutrient availability, oxygen concentrations can reduce to the point of
anoxia. Under these conditions mictobially mediated catbon cycling can lead to distinct
modification of 8”C values (e.g. Hollander and Smith, 2001). The biogenic methane
(CHy) produced by anaetobic respitation of organic matter is markedly “C-depleted, as is
the microbial biomass synthesised as a result of this diagenetic process (Hetczeg, 1988).
Therefore, eutrophic conditions and the subsequent development of water column

anoxia can impatt a significantly ”C—dcpl_ctcd signature to the sedimentary organic mattet.
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Figure 2.3: Carbon isotope values of isolated biochemical plant fractions relative to
the carbon isotope values of the whole plant from which they were extracted
(compiled and modified from Deines, 1980; Meyers, 1997; Krull and Skjemsted,
2003).
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2.2.2 Inotganic Carbon

The stable isotopic tatio of inorganic carbon (8°C,) in a lacusttine sedimentary
sequence is a function of the lake’s chemical and environmental history. As desctibed
above, the carbon cycle is complex and involves many inter-related processes. The majot
factors that may alter the isotopic composition of DIC, and therefore influence that
which is recorded by ptimary catbonate precipitates, are water residence time, exchange
with atmosphetic CO,, influx of isotopically different DIC, the rate of organic mattet
production and the extent of otganic matter breakdown (Kelts and Talbot, 1990; Talbot
and Kelts, 1990). These vary in relative impotrtance in different environmental settings.
For example, whilst the carbon isotopic signature of carbonate sediments is genetally a
key indicator of productivity rates in open water bodies (McKenzie, 1985), changes in
productivity seem to have little impact on the DIC composition of closed watet bodies
with long-residence times (Talbot and Kelts, 1990). This relationship is discussed further
when considering the oxygen isotopes of aquatic carbonates (section 2.3.3).

As described above with reference to organic catbon, the progtessive removal of 2C
that accompanies elevated rates of photosynthesis and sedimentation of organic mattet
leads to an increase in C content of the DIC pool. Similatly, BC-entichment can occur
when the lake productivity remains unchanged and elevated evaporation preferentially
removes °C from the lake waters (Kelts and Talbot, 1990; Li and Ku, 1997). In both
cases, C-enrichment of the DIC pool causes the precipitation and deposition of
increasingly "’C-enriched carbonates over the petriod of intensified aquatic productivity
and/or evaporation (e.g. Dean and Stuiver, 1993; Kolodny et al., 2005). The effects of
evaporation and productivity are certainly closely linked. The increase in surface water
salinity that results from either strong evaporation or decreased freshwater input can
promote vertical mixing of the water column, which brings deep-watet nutrients up into
the photic zone and therefore enhances aquatic productivity (Li and Ku, 1997).
Conversely, freshwater input to saline lakes suppresses vertical mixing through stabilising
stratification, and yet, by inctreasing nutrient availability, freshwater inflow also promotes
aquatic productivity.

Whilst the conditions of elevated aquatic productivity and/or evaporation are
recorded by “C-enrichment in both the organic matter and the sedimentary carbonate,
post-depositional breakdown of organic matter can cause opposing trends in the isotopic
values of these two carbon pools (Hollander and Smith, 2001). Methanogenesis via

acetate fermentation splits organic carbon into CH, and HCO, (Figure 2.4). This reaction
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is accompanied by strong isotopic fractionation wheteby biogenic methane is
preferentially enriched in the lighter catbon isotope. Consequently, the HCO; that is also
produced is significantly “C-enriched. Therefore, conditions favourable for intense
methanogensis can tresult in extreme "“C-entichment in the carbonates associated with

organic-rich sediments (Talbot and Kelts, 1990).

I: Methanognesis - carbon dioxide reduction

HCO3 + 4Hp + HY  —— 4  CHy4 + 3H0

51W 513C
-20 to -25 %e -50 to -100 %

Il: Methanognesis - acetate fermentation

ma”c +ve

CH3COO™ + HoO ——»  CHg + HCO3

$13C §13C
-20 to -25 %o -50 to -100 %«

Figure 2.4: Carbon isotope fractionation duting methanogenic breakdown of

organic matter (modified from Talbot and Kelts, 1990).

2.2.3 Oxygen

The two isotopes of oxygen measuted in stable isotope studies, ‘O and 'O, exist at
natural abundances of 99.76 and 0.20%, respectively (Hoefs, 1987). The 8O values of
primary catbonates depend on the isotopic composition of the lake water and the
temperature at which precipitation occurred (Talbot and Kelts, 1990). Variations in lake
water 8O values are caused mainly by alterations in the composition and/ot amounts of
input water, or by changes in the balance between inflow and losses resulting from
evaporation. Evaporative removal of the lighter oxygen isotope causes lake waters to
become '"“O-enriched relative to the inflow waters (rainfall, surface runoff, river flow,
groundwater seepage). The rate of evaporative removal of YO depends on environmental
factors such as wind speed, temperature and relative humidity with windier and/ot more
arid conditions increasing evaporation rates (Ito, 2001).

As the oxygen isotopic composition of lake water is primarily a function of the
hydrological balance between inflow and evaporative losses, isotopic analysis of

sedimentary carbonates may be useful in evaluating the extent of these fluctuations in the
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past. Arid petiods, duting which evaporation exceeds freshwater input, are recorded by
the deposition of progressively 8O-enriched carbonates. Conversely, in fluvially active
systems freshwater input is telatively more influential than evaporation on the isotopic
composition of the lake waters. Under these conditions there is a shift toward lighter
80O values of the lake water and hence the deposition of relatively '"O-depleted
catbonates (Li and Ku, 1997). Indeed, numerous studies have used the 8'*0 signatures of
sedimentaty catbonates to evaluate fluctuations in lake water volume, with decteasing
8O values interpreted to indicate tising lake levels and vice versa (e.g. Mayer and
Schwark, 1999).

The isotopic evolution of lake waters through vapour exchange across the watet-
atmosphere interface causes the 80 values of lake watet to be directly influenced by
water tresidence times (Talbot, 1990). Lakes with short residence times have less
oppottunity to move towatds isotopic equilibrium with the atmosphere and therefore
differ little from the isotopic composition of the inflow. In humid environmental
settings, some lakes with short water-residence times have 8"*O values matching that of
local precipitation, although this is rare under most environmental conditions (Ito, 2001).
Isotopic evolution proceeds further, principally through evaporation, in lakes that have
longet residence times (Talbot and Kelts, 1990). Covariance of 8"*0 and 8"C values is
common in these systems (e.g. Stuiver, 1970; McKenzie, 1985; Talbot and Kelts, 1986,
Gasse et al., 1987) and is thought to indicate hydrologically closed conditions (Talbot and
Kelts, 1990). The isotopic covariance obsetved in these lakes distinguishes them from
hydrologically open lakes, which display relatively invariant 8"* 0 values (Talbot, 1990).
Therefore, ptimary lacustrine carbonates have the potential to yield information on the
past hydrologic status (open versus closed) of the lake in which they precipitated.
However, when the CO, concentration in the lake watet is high, the input of "*O- and
3C-depleted freshwaters leads to a smaller change in 8°°C than in 8O (Li and Ku, 1997).
Therefore, isotopic covatiance is reduced under hyper-alkaline conditions and the true

hydrologic nature of the lake may be masked by this effect.

2.2.4 Nitrogen
The two stable isotopes of nitrogen, "N and "N, exist in abundances of 99.63 and
0.37%, tespectively (Talbot, 2001). The isotopic composition of biologically fixed
nitrogen depends on the composition of the inorganic nitrogen source and the metabolic

assimilation pathway (Talbot and Lzrdal, 2000). The difference between 8"N values of
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the inorganic nitrogen reservoits available to plants on land (atmospheric nitrogen, N,
3N ~ 0%0) and in water (dissolved nitrate, NO,: 8"°N ~ 7-10%o) is generally preserved
in the organic matter that is produced in each setting (C3 land plants: 8N ~ 1%o,
plankton: 8°N ~8%o) (Peterson and Howarth, 1987; Meyers and Lalliet-Verges, 1999).
Thus, 8N values can help identify the source(s) of subaqueous sedimentary organic
matter. However, the complex dynamics of nitrogen recycling and isotopic disctimination
during biological assimilation can complicate the interpretation of 8N (Meyers, 1997,
2003).

In an aquatic setting, discrimination against N during uptake of dissolved inorganic
nitrogen (DIN) leads to the production of organic matter that is "N-depleted and a DIN
teservoir that is consequently "N-entiched (Hassan et al., 1997). Similar to the trend in
8"C during periods of enhanced primary productivity, the selective uptake of the lighter
isotope, "N, is recorded as an increase in the 8N value of newly produced organic
matter. In situations where the DIN concentration gradually decteases this isotopic
fracdonation effect is reduced and there is less discrimination against "N (Fogel and
Cifucentces, 1993). On the other hand, duting periods of enhanced nitrate availability there
will be a greater isotopic disctimination against '’N, which may lead to the production of
otganic matter with considerably lower 8N values than those typical of algal matetial
(Calvert et al., 1992).

At very low DIN concentrations the nitrogen cycling process can shift from
favouring plants that assimilate nitrate, nitrite or ammonium to those which are capable
of fixing molecular nitrogen, such as cyanobacteria (Fogel and Cifuentes, 1993; Brenner
et al., 1999). As the processes of both nitrogen dissolution and fixation involve minimal
1sotopic fractionation the assimilation of nitrogen via this metabolic pathway leads to the
production of organic matter with 3N values close to those of atmospheric nitrogen
(Talbot and Lerdal, 2000). Therefore, shifts in the phytoplankton and heterotroph
species assemblage may influence the 8N values of organic matter preserved in
sediments (Peterson and Fry, 1987). For example, as summer blooms of the species that
use nitrogen-assimilating metabolic pathways deplete the DIN pool, species that are
capable of molecular nitrogen fixation will become mote important. The resultant bulk
scdimentary organic matter may therefore be derived from nitrogen reservoirs that have
very different isotopic compositions (Talbot, 2001).

The 1sotopic fractionation associated with changes in the composition and abundance

of organic matter produced n an aquatic setting exemplifies the complex nature of the
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nitrogen cycle (Figute 2.5). Indeed, there are a many biogeochemical processes that
complicate source identification through nitrogen isotope analysis and these must be
considered during palaeolimnological studies. Delivery of isotopically heavy nitrate can be
important in some cases whete inputs from farm runoff and sewage are responsible for
an increase in 8"°N values preserved in recent sediments (e.g. Teranes and Bernasconi,
2000). In most cases, howevet, diagenetic alteration of the original isotopic signature is a
mote impottant consideration during interpretation of 3°N data. This is patticulatly true

as nitrogen-rich proteins and lipids are more labile than carbon-rich cellulose and lignin.
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Figure 2.5: Idealized nitrogen cycle in a small lake showing the principle factors that
control the isotopic composition of organic matter buried in the sediments. These
factors are: the source of the nitrogen; the amount of primary production and
respiration in the water column; and, denitrification. The importance of these

factors can vary greatly between lakes (modified from Meyers and Teranes, 2001).

Larger fractionation effects result from microbial breakdown of organic matter
through denitrification, nitrification and ammonia volatilisation than from the processes
of nitrogen dissolution and fixation (Table 2.2). In oxygen-depleted waters bactetial
denitrification of dissolved nitrate to gaseous nitrogen selectively releases the lighter
isotope, which leaves the remaining DIN pool enriched in "N (Fogel and Cifuentes,

1993). Long periods of bottom-water anoxia resulting from seasonally increased lake
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productivity may consequently be recorded by an increase in the 8"°N values of organic
matter preserved within the sediments (Macko et al., 1993; Hodell and Schelske, 1998). In
alkaline lakes (pH>8.5), the preferential loss of “N through ammonia volatilisation may

lead to strong "N-entichment in the remaining DIN (Talbot and Johannessen, 1992).

Table 2.2: Isotopic fractionation factors (o) for immportant inotganic and biochemical
nitrogen cycling processes in lacustrine systems. An o value of 1.02 for indicates that the

reaction product is 1’N-depleted by ~20 %o with respect to the reactant (T'albot, 2001).

Reactant — Product Fractionation factor (o)
Inorganic Processes
Nitrogen dissolution: Nz — Napg 1.00085
Ammonia volatilisation: NHy* () — NHs g 1.034
Biochemical Processes
Nitrogen fixation: Nz — Cell-N 0.996-1.0024
Nitrate assimilation: NO; — Cell-N 1.011-1.023
Ammontum assimilation: NIL* — Cell-N 0.993-1.013
Remineralisation: Cell-N — NHy* 1.001
Nitrification: NH,;* - NOy 1.02
Denitrification: NO; — N» 1.02

23 "C- Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) is a spectroscopic technique that provides
information on the chemical structure of matter and is therefore a valuable aid in
characterising organic matter (Kégel-Kcnabner, 1997; Mathets et al., 2000). The technique
i1s based on the magnetic dipole and associated spin of an atoms nucleus, and the
interaction of the magnetic fields produced by this spin on neighbouring nuclei (Veeman,
1997). These interactions produce a specttum of resonance lines characteristic of
chemical structure and can thus be used to detetmine the presence or absence and
identity of specific molecules within a sample.

In studies of soil and sedimentary organic matter, "C-NMR is used to identify broad
classes of organic chemical structure (e.g. alkyl, aromatic and catbonyl catbon) within a
sample based on the specific frequencies or ‘chemical shift’” of the NMR tesonances

used to investigate properties such as nutrient avatlability {e.g.
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Randall et al., 1997) and soil structute (e.g. Skjemstad et al., 1996; Baldock and Skjemstad,
2000) as well as the analysis of chemical structural changes duting otganic matter
degradation (e.g. Knicker et al., 1996) and burning (e.g. Krull et al.,, 2003). For example,
the degradation and tremoval of catbohydrates is evident in a decreased signal intensity in
the O-alkyl chemical shift region of increasingly degraded sedimentaty organic matter
(Knicker et al., 1996). Similarly, a loss of intensity in the catboxylic/amide chemical shift
region reflects the degradation of labile proteins during decomposition.

Integration is used to determine the relative contributions of each carbon type to the
total catbon pool (see section 4.2.6). Therefore, interpretation of the appatent increases
and decreases of different functional groups must be made with care. For example,
selective concentration, and the appatent inctease, of aliphatic carbon results from the
decrease in the carboxylic/amide chemical shift region associated with the degtadation of

labile proteins.

Table 2.3: Catbon structural type for the chemical shift (8) ranges in solid state '*C-NMR

spectra (referenced to the methyl resonance of hexamethyl benzene — see section 4.2.6)

Chemical shift range m Carbon assignment
220 - 190 aldehyde/ketone C
190 - 165 catbonyl C
165 - 140 O-aryl C )
} aromatic C
140 - 110 aryl C
110 - 45 O-alkyl C
45-0 alkyl C

Similatly to the manner in which organic carbon isotopes can be used to indicate the
contribution of C3 and C4 plants to a soil profile, C-NMR spectral data can be used to
investigate the proportion of aquatic and terrestrially detived otganic matter in the
sediments of lacustrine and coastal environments (e.g. Dereppe et al., 1980; Golding et
al., 2004; Dickens et al., 2006). Degradation-tesistant compounds, such as lignin (Figure
2.6 A) and tannin, are characteristic of vascular plants. Thus, terrestrial organic matter 1s
typically rich in aromatic carbon groups and poor in nitrogen-containing compounds,
such as amino acids and proteins (Golding et al., 2004). In particular, charcoal (Figure
2.6 B) produces a single dominant broad resonance with a peak at ~130 ppm and a
smaller resonance indicative of methylene groups in aliphatic rings and chains (45-25

ppm: Kogel-Knabner, 1997), with little else over the remainder of its "C-NMR spectrum.
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On the contrary, aquatic organic mattet is primarily bactetial and planktonic in otigin
(Figure 2.6 C, D). It is produced and recycled by nitrogen-tich micro-otganisms and is,
therefore, characteristically rich in nitrogen-containing compounds, which resonate at

higher chemical shift fields (Hedges et al., 1997, 2002).
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Figure 2.6: “C-NMR spectra for A) lignin, B) charcoal, C) matine bacteria and D)
plankton from the Arabian Sea (modified from Hedges et al., 2002 and Dickens et
al,, 2006). Chemical shift ranges indicative of I) aldehyde/ketone, II) carboxyl, I1II)
aromuatic, IV) O-alkyl and V) alkyl carbon structures are labelled. A clear distinction
is evident between the dominant functional groups present in the terrestrially (A, B)

and aquatically (C, D) derived samples.
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CHAPTER 3: CHRONOLOGICAL TECHNIQUES

In order to employ geochemical analyses, such as those described in the previous
chapter, in palaeolimnologic investigations it is essential to establish a thorough
understanding of the televant lacustrine depositional history. A detailed chronological
framewotk is fundamental to this endeavour. Although annually laminated (varved)
sedimentary sequences ate found in a wide range of environments (Lamouteux, 2001),
mote often than not Quaternary sediment age determinations are based on the systematic
decay ot accumulation of some sedimentary constituent. This chapter describes the
principles of two techniques used to establish a sound chronological framework for the
lacusttine successions of the present investigation: radiocarbon dating and optically
stimulated luminescence dating. Radiocarbon dating is dealt with in considerably mote
detail, as it is widely applied to geological and archaeological materials over timescales in
the order of thousands of years, and is the primary dating technique used in the present

investigation.

31 Radiocarbon Dating
3.1.1 Principles

The radiogenic isotope of cartbon, radiocarbon, HC, s produced in the upper
atmosphere through the secondary neutron bombardment generated by cosmic ray flux
that displaces protons from “N atoms (Bjorck and Wohlfarth, 2001). The oxidised
isotope (*CO,) then diffused throughout the atmosphere and hydrosphere where it is
integrated into living biomass. Whilst an organism is alive the carbon that it incorporates
during growth is in isotopic equilibrium with the reservoir in which it exists (atmosphere,
ocean or lake). Once the organism dies, uptake of this carbon stops and radioactive decay
of "*C shifts the ratio of '*C to '*C away from isotopic equilibrium with the sutrounding
reservoir.

Radiocarbon decays back to "N by B-emission with a half-life of 5730 * 40 years
(Polach and Golson, 1968; Williams et al, 1998). Because this radiogenic "N is
indistinguishable from common nitrogen it is not possible to calculate the radiocarbon
age of a material through measurement of the present day ratio between the parent and
daughter product in that material. Instead, radiocarbon dating is founded on the principle

. . . ] . . . .
that if the original ‘C concentration is known and the present concentration is measured,
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then the amount of time required for radioactive decay to have decteased the original
concentration accordingly is the amount of time lapsed since carbon uptake ceased. The
initial "*C concentration used in radiocarbon age calculation is assumed to be that within a
modern specimen of the same type of material (Williams et al., 1998).

Although the actual half-life of radiocarbon is now known to be 5730 years, the
original estimate of 5568 years (Libby, 1952) has been the basis fotr so many radiocarbon
dates that, to avoid confusing the tesults calculated from these two different values the
Libby half-life is still internationally used in the geological and atchaeological
determination of ‘conventional tadiocatbon ages’ (Mook, 1986). The length of the "‘C
half-life allows for reasonable calculation of radiocatbon ages extending back to ~40,000-
50,000 years (Gillespie, 1986). Samples older than this have already lost most of their
original "“C and therefore decay too slowly for reliable or meaningful measurement
(Bjorck and Wohlfarth, 2001). On the other hand, younger samples may not have
decayed sufficiently for a radiocarbon age to be apparent and will be defined simply as
‘modern’. Also, anthropogenic alteration of the natural atmospheric concentration of "“C
prevents meaningful application of the radiocatbon dating technique for materials
formed during the last 150 or so years. The release of large amounts of “CO, through
continual combustion of fossil fuel since 1850 AD effectively diluted natural '“C
concentrations; and massive increases of atmospheric '*C resulted from nuclear weapons
tests that commenced at 1950 AD (Williams et al., 1998).

In recognition of the huge perturbation to the natural *C system that resulted from
nuclear weapons testing, radiocarbon dates ate reported as yeats before 1950 (yr BP).
Ages are generally reported with one standard deviation (o) of statistical uncertainty,
which implies that there is 68% chance that the true age of a sample falls within the
interval bound by the upper and lower values of the reported age range (i.e. age + o). At
two o this becomes the 95% confidence interval, and at three o there is 99.5% confidence
(Gillespie, 1986). These levels of statistical uncertainty must be taken into consideration
during data analysis and interpretation. Attempts to fit age-depth curves through as many
as possible, or all, of the reported or calibrated ages forget that at the one o level only

~10 of any 15 dates must statistically fit the curve (Bjorck and Wohlfarth, 2001).
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3.1.2 Calibration

The atmospheric concentration of '*C has not always been stable. Natural vatiation
results from both a long-term dectease in cosmonuclide production and century-scale
fluctuations in solar magnetic activity (Bard, 1998). These variations are usually expressed
as A™C values, representing deviation from the present day ratio in %eo.

The natural vatiability in atmosphetic *C production leads to differences between the
true age of a sample and that calculated through radiocarbon dating. This must be
cortected to obtain radiocarbon ages in calendar years, which can then be accurately
compared with dates determined through other techniques or used to calculate
meaningful tates of environmental change or sedimentary processes.

Past fluctuations in the atmospheric “4C/2C ratio have been reconstructed through
measuring the "C concentrations of independently dated samples. This has been
achieved with exceptionally high-resolution through dendrocalibration (comparison of
"C levels and annual growth ting counts from age ovetlapping fossil pine and oak logs)
for the period from 0 to neatly 12,000 yr BP (Stuiver et al., 1986; van der Plicht, 2004;
Fairbanks et al., 2005). Coral samples analysed with paired uranium-thorium and "“C age
determination techniques have been used to extend the radiocarbon calibration curve
beyond the Holocene to 50,000 y+ BP (Bard et al., 1990; Fairbanks et al., 2005).

Calibration programs utilise this atmospheric “C curve derived from extensive
analysis of tree and coral samples to convert measured radiocarbon ages into statistically
likely calendar year time spans (Figure 3.1). Most calibration programs use a Bayesian
statistical methodology to incorporate both the ‘wiggles’ in the calibration curve and the
uncertainty in the measured radiocatbon age (Telford et al., 2004). The outcome of this
complicated process is that any given radiocarbon age corresponds to multiple calendar
age ranges with a vatiety of levels of statistical certainty. The results of the calibration
procedure depend not only on the confidence intervals of the originally reported
radiocarbon date and the confidence intervals of the data set for the relevant period of
the calibration curve, but also the actual shape of the curve itself (Bjorck and Wohlfarth,
2001). For example, samples from periods of rapidly changing atmospheric “C
concentrations will be more precisely calibrated than those from more stable periods.

Several calibration programs atre available for downloading from the websites of
radiocarbon dating laboratoties, such as Oxford (OxCal) and Columbia (Fairbanks)

Universities. Use of these programs is relatively simple, but should be done with care.
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Some of the environmental considerations that may need to be taken into account ptiot

to, ot in combination with, calibration of radiocarbon-dated samples ate desctibed below.

\
V\\ Example : 3150:50BP

< \/\\—\ 68.2% probability
-2 3400BP |- o
g /\”\’ =\ 3380BP (68.2%) 3250BP
5 L W\ 95.4% probability
E ~— \i- 3450BP (92.2%) 3200BP
B 3200BP |- —— 3190BP ( 3.2%) 3160BP
: - AL
£ " ¥
S 3000BP [
I
5]
[~

2800BP |

| i 1 I [ S S— 1 : I L

3800CalBP 3600CalBP 3400CalBP 3200CalBP 3000CalBP 2800CalBP
Calibrated date

Figure 3.1: Calibration output for an example radiocarbon date (3150 £ 50 yr BP)
using the OxCal calibration program (Bronk Ramsey, 1995, 2001) and Southetn
Hemisphere atmospheric data (McCorrmac et al, 2004), the relevant section of
which is shown hete as the blue ‘wiggle’. The bell-shaped curve on the y-axis
represents the conventional radiocarbon date and the solid, irregular curve on the x-
axis represcents the probability distribution of the calibrated date. The upper and
lower bars below the probability distribution indicate the calibrated age tanges,
which may be discontinuous, at 1 and 20 levels of statistical certainty (ot 68 and

95 % probability), respectively.

3.1.3 Considerations

The complex nature of the carbon cycle and the effects of numerous environmental
conditions and processes influence, and have the potential to significantly hinder the
accuracy of, radiocarbon dating in lacustrine settings. The isotopic fractionation
processes that occur during photosynthesis and dissolution/volatilisation (as desctibed
above) naturally influence the ratio of "“C to “C in the hydrosphere, atmosphere and
biosphere. This effect is taken into account through normalising the "“C concentration of
a sample submitted for radiocatbon dating against the 8"C value for that sample
(Gillespie, 1986). The derivation of this fractionation coefficient allows a truly

. . v 4 . . . . . .
representative initial "C concentration to be determined, which is then used in calculating

the radiocarbon date.
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Addition of ‘old’ ot ‘young’ catbon can occur through a variety of avenues and has
the potential to be a significant soutce of error in radiocarbon dating. In a lacustrine
setting, the addition of rewotked chatcoal, pollen or soil organic matter to the lake basin
will act to increase the radiocarbon age of a bulk sediment sample. This effect will be
most noticeable in lakes of low aquatic productivity that receive a significant contribution
of allochthonous otganic mattet from the surrounding catchment. Younger catbon can
be introduced by the respitation of roots that penetrate the sediments and through
bioturbation by metazoan (Bjorck and Wohlfarth, 2001). Bacterial activity recycles in situ
catbon atoms and therefore introduces little ettor to radiocarbon dating (Hedges, 1991).

Diffetences in the nature and soutce of the DIC in a water body can also introduce a
significant etror to the tadiocatbon dating of samples from aquatic settings. Organic
matter produced through photosynthetic utilization of a DIC reservoir that has a “C to
"2C ratio lower than that of the atmosphere at the time will appear older than its true age.
This reservoir effect results from preferential partitioning of the lighter carbon isotope
into the hydrosphere. Ptiot to atmospheric bomb testing, the concentration of "C in
ocean waters was 5-10% less than in the atmosphere (Williams et al., 1998). This means
that organic matter produced from the shallow marine DIC resetvoit appeated older than
organic matter produced from atmospheric CO, at the same time. As deep ocean watets
are more isolated from the atmosphere than are shallow ocean waters, they have even
lower "“C to '*C ratios and give tise to more pronounced reservoir effects. Upwelling of
these deep ocean waters reduces the "C to "*C ratio of the overlying sutface waters and
contributes to the global distribution of marine surface water reservoir effects that is
incorporated into calibration programs for marine samples (Hughen et al., 2004).

Where groundwater flows into a lake basin through carbonate systems (limestone
aquifers) it can catry in dissolved carbonates with no "C content (‘dead’ catbon). The
photosynthetic incorporation of this, along with ‘fresh’ carbon, leads to older apparent
radiocarbon ages being determined for the autochthonous organic matter preserved
within the lake’s sediments (e.g. Andrée et al., 1986, Tornqvist et al., 1992). This hatrd-
water reservoir effect can introduce significant errors (in the order of 100s of years),
which vary in magnitude throughout lacustrine sequences (e.g. Barnekow et al., 1998 as
cited in Bjorck and Wohlfarth, 2001). For groundwater-fed lakes in which the mean water
residence time is long, '“C exchange between the dissolved HCO, and atmospheric CO,
shifts the "C activity of the dissolved HCO, toward equilibrium with atmospheric CO,,

thus minimising the effect of “C dilution from ‘dead’ carbon (Leaney et al, 1995).
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Convetsely, for lakes with short mean water residence times, the '*C activity is dominated
by the groundwater HCO, and the effect of '“C dilution is maximised.

Parallel dating of bulk sediment and tetrestrial macrofossils seems a teliable way of
ascertaining the presence and magnitude of any hard water effect (Totnqvist et al., 1992;
Geyh et al.,, 1998), but is limited in its application as tertesttial macrofossils are absent
from many lacustrine sedimentary sequences. In the present study an attempt is made to
quantify the possible hatd water effect in two lakes through comparison of *C dates on
the bulk organic matter with those obtained from optically stimulated luminescence

dating of the quartz and fine grains.

3.2 Optically Stimulated Luminescence Dating

Luminescence dating, either optically ot thermally stimulated, can be used to establish
the amount of time that has passed since quartz or feldspar grains within wind-or watet-
borne sediments were last exposed to light or heat (Stokes, 1999). Exposute to
sufficiently high temperatures (ca. 400 °C; Lian and Huntley, 2001) or sunlight empties
electron (raps within individual grains and irradiation after burial causes these electron
traps to gradually become repopulated (Huntley et al.,, 1993a). Natural irradiation of the
buried grains results from alpha, beta and gamma radiation emitted during decay of
uranium, thorium, potassium, rubidium and their daughter products, plus cosmic ray
activity.

Optically stimulated luminescence (OSL) dating uses infrared excitation of quartz
grains in the laboratory to again empty these electron traps. This process yields
luminescence, the intensity of which is a measure of the number of electrons trapped
since burial. Providing that the natural radiation dose (‘environmental dose rate’) is
accurately determined, the stimulated luminescence is a measure of the time elapsed since
the sample was last exposed to sunlight (Prescott and Hutton, 1995). Calculation of the
environmental dose rate requires that the concentration of radioactive elements within
the mineral grains and the sample sutroundings is accurately determined. The depth of
sample burial is also required, as the intensity of cosmic ray activity decreases with depth.
Finally, as water and organic matter absorb radiation differently to the minetal matter, the
quantities of these substances must also be evaluated in dose rate calculations.

Luminescence dating is most applicable to quartz-rich samples deposited between ~1

to 150 ka (Lian and Huntley, 2001).
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CHAPTER 4: MATERIALS AND METHODS

4.1 Fieldwork
411 Sliphammer Core Collection

In eatly December 2003 a single core was collected from each lake using the
sliphammer technique (Figute 4.1). The act of manually driving the PVC pipe (50 mm
internal diameter) into the sediment through repetitive hammering causes the sediment
within the core to compact to vatying degtees, depending on the initial sediment density.
Once the PVC pipe has reached the basal unit or cannot further penetrate the sediment,
the space between the internal compacted sediment-water interface and the upper end of
the pipe was filled with watet and sealed off using a rubber bung and gaffa tape so that

the core could be extracted under vacuum.

Figure 4.1: The sliphammer technique proceeds by repeatedly lifting the upper
handled ring and ‘hammeting’ it down onto the lower clamped ring, thus driving
the PVC tube vertically into the lake sediment. The core is extracted manually using

a levered set of handles (two persons required).

The cores were taken to depths of 130 cm (36% compaction), 144 cm (40%
compaction) and 165 cm (21% compaction) in Old Man Lake, Lake Amy and Notth
Stromatolite Lake respectively. Upon teturn from the field, the cores were split in half by
using a circular saw to cut the PVC and then slicing the sediment through with a piece of
wire. After removing approximately 2 mm of the freshly exposed sediment face by

careful cross-core scraping, each complete core was photographed and its stratigraphy
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described in detail. Sediment colours wete identified quickly upon temoval of the sutface
layer so as to avoid the impact of oxidation on these stratigtaphic desctiptions. The
halved cores were then individually wrapped in Alfoil, matching halves wrapped in thick
clear plastic and stored at 4°C in the cold toom of the School of Geogtaphical and

Environmental Studies, University of Adelaide.

412 D-Section Core Collection

Also in December 2003 a continuous and uncompacted half core (50 mm intetnal
diameter) was taken from each of the three lakes using a modified Russian peat (D-
section) corer (Figure 4.2). The core was taken in 50 cm sections to depths of 2.0, 2.5 and
3.0 m, respectively in Old Man Lake, Lake Amy and Notth Stromatolite Lake. Each 50
cm section was placed into a half-section of PVC pipe, covered in clingwrap and stacked
between layers of cardboard in a large chilled esky for transportation out of the field. The
cores were photographed and stored (ptior to sampling for analysis) in the same manner

as the sliphammer cores.

Figure 4.2: The D-section coret is driven into the lake sediment by using attachable
control rods (1 m length). Once at the approprdate depth a handle at the lake
surface is used to rotate the D-shaped chamber with respect to the plate (hatched).
This captures the undisturbed sediment adjacent to the plate surface. Note: Image

scale is in millimetres.
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413 Vegetation and Water Sampling
In June 2005 a shott ttip to the field area was undertaken to photograph and sample
the present-day vegetation surrounding each lake and to sample the modern lake watets
for radiocarbon analysis. Twelve tree and shrub species were deemed representative of
the vegetation around the three lakes. These were sampled using clean household
secateurs and stored in loosely closed brown papet bags to minimise sweating duting
transpott back to the Univetsity of Adelaide where Nathan Reid (School of Harth and

Environmental Sciences) identified the species.

4.2  Analytical Procedures

This section details the sample pteparation and analyses that were used to determine
the elemental, isotopic and specttoscopic parameters described in Chapter 2, and for the
dating techniques desctibed in Chapter 3. All analyses wete carried out on samples taken
from the uncompacted D-section cores, with the lone exception of optically stimulated
luminescence dating, for which the fully cylindrical cotes that were collected using the

sliphammer technique are better suited.

4.2.1 Mineralogy

Dried and crushed sediment samples were sent to CSIRO Land and Water (Waite)
for X-Ray diffraction (XRD) analysis by Mark Raven. 1g sub-samples were ground for 10
minutes in a2 McCrone micronizing mill under ethanol. The resulting slurries were oven
dried at 60°C then thoroughly mixed in an agate mortar and pestle before being lightly
pressed into aluminium sample holders for analysis. XRD patterns were recorded with a
PANalytical X'Pert Pro Multi-putpose Diffractometer using Co Ka radiation, vatiable
divergence slit, post diffraction graphite monochromator and fast X'Cellerator Si strip
detector. The diffraction patterns were recorded in steps of 0.05° 26 with a 0.5 s
/counting time pet step, and logged to data files for analysis. Quantitative analysis was
performed on the XRD data using the commercial package SIROQUANT from
Sietronics Pty Ltd. The tesults are normalised to 100%, and hence do not include

estimates of unidentified or amorphous materials.
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4.2.2 ‘Total Organic Cartbon (TOC)

Approximately 1g of each .crushed sample was treated with 5% w/w sulphurous acid
(H,SO,) to remove catbonate ptior to analysis. Carbonate-free fractions were incinerated
at 1300°C in a LECO C 144 catbon analyser. Duplicate analyses of one in five samples
gave results differing by <0.5%. This technique determines petcent total organic catbon

(TOC) through measuring the amount of catbon dioxide released duting incineration.

4.2.3 Isotopic Analysis of Organic Matter (5°C,,_, 6" N)
Sediment samples were dried at 50°C, finely ground and treated with 0.5 M HCI to

org?

remove carbonates. For each sample a mass estimated to contain 300-800 pg of organic
carbon and 40-150 pg of nitrogen was measured into a tin capsule and sealed. These
samples were combusted using a 20-20 Europa Scientific Automated Nitrogen Carbon
Analysis — Mass Spectrometer (ANCA-MS) to determine their stable organic carbon
(813Cmp) and nitrogen (8'°N) isotope values and their percent total nitrogen (TN). The
isotopic results are reported in the conventional 8 notation, expressed in parts per mil
(%o0) relative to the standard Pee Dee Belemnite (PDB) for carbon and to ait for nitrogen.
Every fifth sample was analysed in duplicate yielding an average standard deviation of
1 0.19%o0 for S'SC“(K and * 1.1%o for 8"”N. Sample AMY 19 was an exception (8“’Cmg sy
1.31%0).

Vegetation samples were oven-dried at 40°C and crushed to a fine powder in a steel
mill. Aliquots (1-1.5 mg) were weighed into tin capsules, sealed and analysed for 8]‘7’Cm_g as

above. Every sample was analysed twice with a precision of £ 0.1%o.

4.2.4 Isotopic Analysis of Carbonate (6"C_,,,, 6°0)

Dried and crushed bulk sediment samples were sent to Waikato Stable Isotope
Laboratory (New Zealand) and analysed by Steve Cooke on a GEO 20-20 Dual Inlet
Mass Isotope Ratio Spectrometer with an attached Carbonate Automated Preparation
System. Samples were treated with H,O, to remove organic matter prior to the isotopic
analysis. Currently opinion within the scientific community is divided on whether organic
matter present in sediment samples interacts with the CO, liberated via the reaction of
CaCOy with orthophosphoric acid during the isotopic analysis procedure. Hence, an
additional suite of untreated samples was analysed to assess the impact of the pre-
treatment method on the tsotope values obtained. Results are reported in conventional &

notation and expressed in parts per mil (%oo) relative to the PDB standard.
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4.2.5 Radiocarbon Dating
Radiocarbon dating of bulk otganic matter (n = 25), one charcoal sample and two
lake water samples was completed at the Australian Nuclear Science and ‘l'echnology
Otrganisation (ANSTO) Accelerator Mass Spectrometry (AMS) facility in 2005 (Fink et al.
2004). All conventional radiocatbon dates (1o) received from ANSTO were converted to
calendat yeats by calibration against the atmospheric “C cutve for the Southern

Hemisphere (McCotmac et al.,, 2004) using the internationally ratified online calibration

ptogtam, OxCal v.3.1 (Bronk Ramsey, 1995, 2001). Carbon isotopic values, 8"C, are
reported in patts per mil (%o) telative to the PDB standard. Replicate analyses of

labotatory standatds typically showed a precision of + 0.1%eo.

4.2.6 Optically Stimulated Luminescence Dating

Seven samples (5 cm thickness) were collected under red light from the sliphammer
cores. Frances Williams undertook sample prepatation and OSL analysis in the School of
Physics and Chemistty at the Univetsity of Adelaide: Samples were treated with 20% HCI
to remove carbonate and then with H,O, to remove otganic matter and leave behind
only the minetal fraction. This was split into two parts: quartz (90-125 pm), and ‘fine
grains’ (4-11 pm), which consist of quartz and smaller quantities of other minerals
(usually feldspats: F. Williams pets. comm.). OSL measurements were made using the
single aliquot regeneration method (e.g. Murray and Roberts, 1997) and five to six
aliquots of each sample were measured. Environmental dose rates were calculated from
bulk sediment samples using uranium and thorium contents measured at AINSE by
delayed neutron analysis and neutron activation analysis respectively; potassium content
measured at Adelaide University by X-ray fluorescence analysis; water content
determined by loss on weight upon drying at 110°C; and the cosmic ray contribution

calculated by the procedure of Prescott and Hutton (1994).

4.2.7 “C - Nuclear Magnetic Resonance Spectroscopy
Wet sediment samples wete treated with 1.0 M HCI to remove carbonates and then
treated with 2% HF (5 x 1 hr treatments, 3 x overnight treatments, 1 x weekend
treatment) to remove patamagnetics and increase the organic matter content. Acid-
treated samples were then freeze-dried and finely ground prior to analysis. The 50.309
MHz cross-polarisation with magic angle spinning (CP/MAS) "C-NMR spectra were

obtained on a Varian Unity 200 spectrometer with a 4.7 T wide-bore Oxford super-
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conducting magnet housed at CSIRO Land and Water, Urtbrae. Samples wete spun at 5
kHz in 7 mm diameter zirconia rotors with Kel-F caps in a Doty Scientific MAS probe.
All spectra were obtained using a contact time of 1 ms, a recycle delay time of 500 ms, 50
Hz Lotentzian line broadening and 0.01 s Gaussian broadening, Chemical shift
assighments (8) were externally referenced to the methyl resonance of hexamethyl
benzene at 17.36 ppm. The proportional conttibution of the following functional groups
were calculated by integrating the signal intensities within each of the given chemical shift
tegions: ketonic/aldehyde (220-190 ppm), catbonyl (190-165 ppm), O-aryl (165-140
ppm), aryl (140-110 ppm), O-alkyl (110-45 ppm) and alkyl (45-0 ppm). Individual spectral
regions were calculated by dropping vertical lines to a baseline defined by the Varian
operating software between 300 and -100 ppm (Appendix II).
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CHAPTER 5: THE STUDY AREA, SAPROPELS AND STRATIGRAPHY

The three shallow, coastal lakes that are the focus of the present study represent a
distinctly diffetent envitonmental setting to those in which similar geochemical studies
have hitherto been cartied out (i.e. marine and deep-lake settings). As for those studies on
much deepet aquatic settings, a thorough understanding of the local lacustrine system is
fundamental to the complete and accurate interpretation of results obtained through bulk
geochemical analysis in the present investigation.

This chapter desctibes the Late Quaternary evolution of the study region and
summarises the Holocene development of the three studied lakes as presently understood
from the work of eatlier researchets in the area. Summaries of the present-day climate
and vegetation tegimes ate also provided. Following this, a sapropel nomenclature
apptoptiate for the present investigation (as distinct from that previously used for marine
settings) is defined, and then employed in the subsequent detailed descriptions of the

stratigraphic successions in each lake.

5.1 Environmental Setting
5.1.1 Regional Landform Evolution

Numetous transgtessions and regressions of the wotld’s oceans associated with
Quaternary climate change have resulted in the construction, destruction, and reworking
of Pleistocene and Holocene beach-batrier complexes along exposed coastal areas of
southeast South Australia (Figure 5.1: Cook et al., 1977; Belperio, 1995). Here uplift of
the coastal plain has caused these phases of beach-dune accumulation to be physically
sepatated and preserved as a sequence of sub-parallel NW-SE trending topographic
ridges (Schwebel, 1983). There ate thirteen stranded coastal ridges between Robe in the
west and Naracoorte in the east, each of which has been frelated to specific Pleistocene
sea-level high-stands (Huntley et al., 1993b; Belperio, 1995). The modern coastal Robe
Range and the adjacent Woakwine Range, situated 10-15 km inland, are the youngest of
this beach-dune ridge sequence. The Woakwine Range formed during the last interglacial
petiod (~125 ka: Huntley et al., 1993b; Musray-Wallace, et al.,, 1999).

As described in section 1.2.1, sea-level during the Last Glacial Maximum (21 £ 3 ka)
was up to 130 m lower than during the present interglacial. By ~7000 yr BP the post-

glacial matine transgtression had flooded the Robe-Woakwine corridor, resulting in the
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formation of a shallow back-barrier lagoon, which was open to the Southern Ocean near
the present towns of Robe and Beachpott (Cann et al., 1999). Sea-level stabilised close to
its present position at ~6700 cal yr BP (Belpetio, 1995). Since this time, sand transport
associated with a combination of ocean swell, wave action and tidal movement has
isolated the Robe-Woakwine back-batrier lagoon from the open ocean.

To the north lies the Coorong Lagoon (Figute 5.1). At the peak of the Holocene
marine transgression, this water body extended continuously for more than 200 km from
the Mutray mouth to Kingston. Subsequent landward migration of the coastal dunes of
the Younghusband Peninsula has broken the lagoon south of Salt Creek into a seties of
ephemeral lakes (Wartren, 1990). Evidence of rapid change from marine to lacustrine
conditions is evident within sediment cotes tettieved from these modetn lakes. For
example, beds of fossil marine fauna, such as oysters, mark the base of the lacustrine
sedimentary sequence within lakes Eliza (Burne and Ferguson, 1983) and Robe (Cann et
al., 1991).
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5.1.2 The Three Lakes of the Present Study

North Stromatolite Lake (NSL), Old Man Lake (OML) and Lake Amy (LA) are three
small, shallow coastal lakes found in southeastern South Austtralia. NSL and OML are
charged by westwatd-flowing saline continental groundwater that is forced toward the
land surface as it rises over an undetlying wedge of dense, intruding seawater (Holmes &
Watethouse 1983; Warren 1990). In contrast, the more elevated LA 1is the surface
expression of a local petched water table high in the Robe Range (A.J. Brenchley, pets.
comm.). No permanent streams enter any of the lakes, nor are there any present-day
sutface connections with the marine system. Other than groundwater inflow, lake water
levels are augmented by seasonal precipitation (section 5.1.3), surface runoff and vadose
zone throughflow from the sutrounding dunes. The Holocene evolution of each lake is

unique and is described below.

NSL is part of the Salt Cteek lake chain, situated at the northern end of the
ephemeral Coorong Lagoon and within the Coorong National Park, approximately
230 km SSE of Adelaide (Figute 5.2). Duting the early Holocene this group of four lakes
existed as a narrow extension of the Coorong Lagoon, connected via the southern end of
NSL. Dune migration and sediment deposition eventually blocked this access cortidor
and isolated the embayment from the Coorong Lagoon. The resulting restriction of water
movement led to the build up of sandy estuarine sediments within the interlake corridors
effectively converting the water body from an estuarine/marine environment into the
chain of isolated schizohaline lakes that exist today.

The Salt Creek lakes are designated Type 2 lakes by Warren (1990) to distinguish
them from others like Milne Lake (Type 1) that were not initially connected to the
Coorong Lagoon. The subsequent evolution of water chemistry and therefore
sedimentology is unique to each lake and has been well documented by Rosen et al
(1988) and Watren (1990). Typically, the upward-shoaling calcareous mudstone
succession of the Salt Creek lake chain contains three distinct Holocene lacustrine
catbonate units (sapropelic mudstone; laminated pelletal mudstone; massive pelletal
mudstone/packstone) that ovetlie Pleistocene siliciclastic-carbonate grainstone to
wackestone and beach-dune sands. This textural transition from laminated to massive
sedimentary units has been interpreted as a change from perennial to ephemeral
lacustrine conditions in a setting of relatively low energy (Warren 1990). Analysis of the

sedimentary sequence in Notth Stromatolite Lake carried out by Hayball (1990) showed 1t
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to represent a progression from estuatine, through density stratified lacustrine and

perennial lacustrine, to ephemeral lacusttine settings (Hayball et al., 1991).

Milne Lake

Pellet
Lake

B|nsuiuad puegsnybunox

0 1 / North Stromatolite
km N / Lake

Figure 5.2: The Salt Cteek lake chain. Shading indicates where the now infilled
inter-lake corridors connected the modern lakes to each another and to the

Coorong Lagoon during the Eatly Holocene (modified from Warren, 1994).

Both LA and OML ate shallow (<4 m watet depth) perennial lakes nestled within
topographic lows of the Robe Range (Figure 5.3). These two lakes ate located just south
of the Robe township, approximately 100 km further south than NSI. As a result of
differential neotectonic uplift, the coastal bartier deposits of the Last Glacial Maximum in
this area are now ~2 m higher than those at Salt Creek (Murray-Wallace & Belpetio,
1991). LA 1s situated on “The Hermitage’ (private property owned by Mt. John Enright)
and OML within Little Dip Consetvation Park.

OML has evolved in a manner similar to that desctibed above for NSIL. Duting the
early Holocene, OML existed as a restticted embayment of the back-bartier lagoon that
formed via transgressive flooding between the Robe and Woakwine ranges. Progressive
landward migration of the dune sands of the Robe Range isolated the lagoon and
eventually cut OML off from its surface connection to what is now known as Lake Eliza.
This transition of environmental settings is recorded in the sediments of OML. A
siliciclastic-carbonate lagoonal unit containing humic organic matter is associated with the
rising groundwater table that preceded the early Holocene transgressive matine flooding
and was deposited unconformably on the basal Pleistocene aeolianite. The upward-

shoaling transition from matine to lacustrine conditions is apparent in the three
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subsequent and distinct catbonate units: lagoonal silts and muds with abundant temains
of shallow marine fauna, laminated lacustrine mudstone with sapropel intervals, and
massive pelletal mud with abundant remains of the gastropod Coxiella striata (McKitdy et
al., 1999).

LA was never directly connected to the marine system. Thus, its sediments ate an
expression of changes in the local perched groundwater table. A massive biotutbated
pelletal carbonate mudstone ovetlies a laminated lacustrine mudstone with sapropel
intervals, hardpans and variable amounts of ostracod and gastropod temains. This
sequence teptesents an upward shoaling lacustrine system analogous to the Type 1 lakes
near Salt Creek. In the absence of an estuarine connection to the ocean there is no
lagoonal unit. A humic unit, similat to that observed in OML, formed as a result of tising
local groundwatets in association with the marine transgtession and unconformably

ovetlies the basal Pleistocene aeolianite.
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Figure 5.3: The southern study area showing the locations of Lake Amy and Old

Man Lake within the modetn Robe Range.

5.1.3 Present Day Climate
Today southeastern South Australia has a cool temperate, mesothermal climate with
cool, wet winters (June — September) and warm, dry summers (December — Martch). The
prevailing winds in the area are westerlies and southetlies that result from the west to east
passage of anticyclones (high pressure systems), which are stronger in summer, and the

winter influence of mid-latitude depressions (low pressure systems). The latitude of the
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anticyclone tracks varies seasonally, from 37-38°S in summer to 27-32° in winter (Shott

and Hesp, 1980). Afternoon seabreezes tend to reach <100 km inland and are strongest

in January and February (Gentilli, 1971). Evaporation tates estimated from measured pan

evaporation rates tise from ~2 mm/day in wintet to ~7 mm/day in summer (Shott and
Hesp, 1980). A strong latitudinal vatiation in the annual distribution of rainfall in
southeastern South Australia exists (Figure 5.4). This is a result of the increasingly
oceanic origin of the southern rain-beating airmasses, which ate less affected by land to
the northwest (Kangaroo Island, Yorke and Eytre Peninsulas: Penney, 1983). In general,
annual rainfall is 700 mm in the far southeast and decteases to 500 mm in the northwest.
Thus, evaporation exceeds precipitation for all but a few weeks of the year near Salt

Creek (June-July) increasing to a few months in the far southeast (May-August) (Watren,
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Figure 5.4: Average annual rainfall (mm) in southern South Australia (Australian
Bureau of Meteorology public data, based on standard 30 year climatology, 1961-
1990). In the southeast region a strong latitudinal effect is evident. This results from
the increased oceanic influence on its rain-beating air masses.
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5.1.4 Vegetation

The flora in southeastern South Australia ate limited to those types that thrive in a
temperate Mediterranean-like climate on a flat, low-elevation landscape with minimal
exposed bedrock, and nuttient-poor sandy, clayey and calcareous, often pootly drained
soils (Lange, 1983). Accotdingly, much of this flora seems to have migrated from centtal,
inland Australia since the Southern Ocean withdtew from the ancient Murravian Gulf.
The modern assemblage of native vegetation in the study area is described below. This
has been collated from Lange (1983) and Bonney (1988) and supplemented by new field
obsetvations and sample identifications.

A coastal scrub environment dominates the Cootong region and the present-day
shorelines of calcareous sand dunes and dunefront beaches. Spinifexc hirsutus (spring
rolling grass) binds the coastal dunes, aiding the proliferation of Atriplex cinerea (coastal
saltbush), Calocephalus brownii (cushion bush) and a variety of rushes (e.g. Typha domingensis
— bulrush) and sedges (e.g. Gabnia trifida — cutting grass, Isolepis nodosa — knobby club
rush). Grasses of both C3 and C4 vatieties grow spatsely, rather than as savannah, and
include genera such as Stipa stipoides (coastal spear grass), Distichlis (salt grass), Phragmites
australis (common reed). Succulents are well expressed in association with salty places:
Salicornia guingueflora, Suaeda australis, Halosarcia halocnemoides, Rhagodia candolleana and
Carpobrotus rossii (pig-face). Samolus repens (creeping brookweed) is found near the fringes
of coastal swamps, brackish saline swamps and lagoon areas. Inland of the coastal dunes
is an abrupt transition into a dense scrub of Lewcopogon parviflorus, Olearia axillaris, Acacia
longifolia, Acacia sophorae, and Melaleuca halmaturorum with minor Pimelia serpyllifolia, Thomasia
Dpetalocalyx, Tetragonia implexicoma, Banksia marginata. The limestone bedrock supports some
shrub and tree species closer to the coast than other bedrock is able (e.g. Eucalypins

diversifolia, Melalenca lanceolata, Acacia lignlata, Casuarina stricta).

Prior to the extensive drainage and clearing of the southeast since the introduction of
agricultute to the region, much of the coastal landscape existed as an alkaline freshwater
peat swamp, ot fen. Little of this swampy habitat remains nowadays. However, the three
lakes of the present investigation may have existed as such an environment prior to
FEuropean settling of the area. Therefore, the description of fen at Eight Mile Swamp, a
trough parallel to the coast and just inland in the extreme southeast, by Hardley (1943) is
outlined here as a possible palacoenvironment for the three studied lakes. Eardley

documented a concentric seties of vegetation communities, progressing outwards from
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those of permanent open watets (watermat) to shallow watets (teed-swamp) and swamp
margins (sedge meadow). The watermat that choked the open watets included aquatics
such as Chara, Nitella, Hydrocotyle verticillate, 1 epilaena elatinoides and freshwater algae. The
reed-swamp surrounding this stood mostly clear of the watet (Phragmites australis, Typha
angustifolia, Gabnia clarkes, Scirpus pungens, Juncus sp.) but also included some submerged
species (Iriglochin procerum — water ribbons). The shallower watets suppotted a thick sedge
meadow of Machaerina sp. The damp-decay product of the plants in this habitat, a peat
that varied from coarse and fibrous beneath the swampy watets to fine beneath the tea-

tree thicket at the fen margins, was on average over 1.5 m deep (Lange, 1983).

5.2 Sapropel Nomenclature

The terms sapropel and sapropelic have been widely applied to desctibe aquatic
sedimentary deposits rich in organic matter. Specific definitions of these terms have been
used somewhat inconsistently, both within and between marine and lacusttine settings.
For example, although Taylor et al. (1998) state that the tetm sapropel can be used fot
deep-water and shallow-water lacustrine and marine deposits rich in aquatic otganic
matter, the commonly used definition proposed by Kidd et al. (1978)* applies exclusively
to open marine pelagic sediments. To strip the latter definition of its matine aspect and
define the terms purely on the basis of TOC values would render some lacustrine
successions entirely sapropel. Thus, before describing the stratigraphy of the lacustrine
sediment cores collected in the present study, it is important to define how and why the
terms sapropel and sapropelic are used herein.

The North Stromatolite Lake core contains the most distinct sapropel. In this core
the boundary between the organic-rich interval (IOC > 2%) and the ovetlying laminated
interval (TOC < 1% is marked by an abrupt transition from the lower datk olive grey to
brown, gelatinous textured sediments into light olive brown to grey, pelletal textured
sediments. Whilst this change in sediment colout and texture clearly marks the halt in
sapropel deposition within NSL, the sapropel interval would be equally defined using the
TOC value proposed by Kidd et al. (1978). However, the cotes from both Old Man Lake
and Lake Amy contain >2% TOC throughout their entite lacustrine successions.
Therefore, within the present study, the definition of sapropel is not based on TOC

values alone, but requires consideration of sediment colour and texture.

2 “A discrete layer, greater than 1 cm in thickness, set in open marine pelagic sediments containing greater
than 2% organic carbon by weight.”
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For the present study, sapropels ate defined as: ‘dark olive grey-brown to black
lacustrine sediments with a gelatinous ‘cheesecake’-like texture, variable granular to platy
calcitic structure and containing >2% TOC wt/wt’ (Table 5.1). In OML, a sapropelic
interval is defined on the basis of containing intermittent bands of ‘sapropel’ as per this
definition whilst the mottled intervals in both OML and AMY contain similatly darkly
coloured and gelatinous sediment in patches rather than distinct bands or layets.
Although these latter definitions are somewhat atbitrary, they are considered sufficient
for the present investigation in that they adequately distinguish between lacustrine

sedimentaty intervals that would otherwise be grouped entirely under the term ‘sapropel’.

Table 5.1: Summary of definition of stratigraphic terms as used in the present investigation.

Terminology Definition

Saptopel Datk olive gtey-brown to black lacustrine sediments with a
gelatinous ‘cheesecake’-like texture, variable granular to platy
calcitic structute and containing >2% wt/wt.

Sapropelic interval Sedimentary intetval containing intermittent bands of sapropel.

Mottled interval Sedimentary interval containing patches of darkly coloured,
organic-rich, gelatinous sediment.

5.3 Stratigraphic Desctiptions

Core details and the general sedimentology of each lake are summarised below. The
sliphammer cotes underwent 21-40% compaction during collection. Compaction may
not have been uniform for each sedimentary unit in a given core and so thicknesses
calculated from the compacted sections retrieved in the sliphammer cores may be
unrepresentative of the true sediment thickness. Therefore, all depths and thicknesses
reported in this chapter are from the uncompacted D-section cores. Detailed
stratigraphic sections of each core are included below. Complete results of XRD

mineralogical analysis can be found in Appendix 1I1.

North Stromatolite Lake

Both the D-section and sliphammer cotes were taken from the lake axis centre and
southern end of NSL (36° 10'05" S, 139° 39'43" E; Figure 5.5). Water depth at the time
of collection was ~12 cm. The D-section core (NSL1) retrieved 300 cm of the lacustrine
sediments (Figure 5.6). The sliphammer core (NSL2) reached a depth of 209 cm.

However, only 165 cm of sediment was retrieved indicating 21% compaction.
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Figure 5.5: Map of North Stromatolite Lake showing the position of the cote site.

The stratigraphy of the Salt Creek lake chain is desctibed in detail by Watren (1988,
1990, 1994) and is summatised here with reference to the cotes collected in the present
study. The upwatd-shoaling calcareous mudstone succession of these lakes typically
contains three distinct Holocene carbonate units: sapropelic mudstone, laminated pelletal
mudstone and massive pelletal mudstone/packstone.

The basal unit of Watren’s Type 2 lakes (such as the Salt Creek lake chain) is an olive
grey siliciclastic-carbonate grainstone to wackestone that was deposited during the eatly
Holocene connection to the open Coorong lagoon. Mineralogy is predominantly quartz
with minor dolomite and Mg-calcite. Presetved macrofauna are marine-type molluscs and
gastropods. This organically lean unit is thicker (up to 2-3 m) in the interdunal cottidors
of the Salt Creek lake chain and thins in the lake centres. In the D-section cote of the
present study (NSL1) the basal unit is intersected at a depth of 286 cm.

The overlying sapropelic mudstone can be divided into two sub-units (Hayball, 1990).
In NSL1 the lower sub-unit (Sapropel A) is 102 cm thick, dark olive grey and has a
gelatinous, ‘cheesecake’-like consistency. The upper sub-unit (Sapropel B) is 34 cm thick,
olive to dark yellowish brown and has a mote clayey texture than the preceding unit.
Gastropods preserved within the entite sapropel unit are indicative of the restricted saline
conditions produced by isolation of the lake chain from the open Coorong lagoon. In
Sapropel A the gastropods are white (ie. bleached duting reworking), whereas in
Sapropel B the gastropods retain their natural colour. Filamentous cyanobacterial

remnants are preserved throughout the whole sapropel interval.
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UPWARD SHOALING LACUSTRINE CONDITIONS

1SOLATION FROM COORONG LAGOON

Gastropods are 'marine’ type

I:I S::f’a%?:ﬁerﬁ‘;‘;l‘?’g;‘mre - gelatinous sapropel E laminaled carbonate muds

siliciclastic-carbonate i . I, ) olive brown organic
grainstone to wackestone ///Z massive calcilic hardpan wip gelatinous motiles

Figure 5.6: Stratigraphic log of the D-section core from North Stromatolite
Lake (NSL1). Vertical line thicknesses indicate the relative abundance of

macrobiota present through core depth.
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The organically-lean pelletal laminated unit ovetlying the sapropel is 112 cm thick in
NSL1 and is volumetrically the most important sedimentary unit in most Type 1 and 2a
lakes (Warren, 1990). Its minetalogy is dominated by aragonite, magnesite and
hydromagnesite. Organic content is low (TOC < 1%) and no significant macrofauna are
preserved. Laminae are up to 1 cm thick and their colouts range across the grey scale but
beneath the 3 mm-thick calcitic hardpan® at 124 cm depth there are more browns and
greens.

The transition into the overlying massive unit is gradual and comprises an indistinctly
laminated zone of olive brown mottles. This textural transition from laminated to
massive sedimentary units is typical of a change from perennial to ephemeral aquatic
conditions in a relatively low energy setting (Warten, 1990). The massive unit is an
organic-poor pelletal mudstone, light grey in colour and makes up the sutficial 38 cm of
the NSL1 core (including the 10 cm thick mottled transition zone). This unit has
predominantly aragonite and hydromagnesite mineralogy, although dolomite also

presently forms on the lake margins (von det Botch and Lock, 1979).

Old Man Lake

Cores were taken from the eastetn side of the OML, just south of the carpatk and
west of the widest area of lake beach (37° 15'40" S, 139° 49'16" E; Figure 5.7). Water
depth was ~50 cm. The D-section core (OML1) reached 200 cm depth (Figure 5.8). The

sliphammer core (OML2) compressed 211 cm of sediment to 130 cm (36% compaction).

The stratigraphy of OML as described by Mazzoleni (1993) and McKirdy et al. (1999)
is observed in the cores of the present study although neither reaches the basal sandy unit
or ovetlying humic unit reported by previous researchers. A siliciclastic-carbonate
lagoonal unit containing humic organic matter is associated with the rising groundwater
table that accompanied the eatly Holocene marine transgression. This unit was deposited
unconformably on the basal Pleistocene aeolianite. The subsequent progression from
marine to upward-shoaling lacustrine conditions is apparent in three distinct carbonate
units: lagoonal silts and muds, laminated lacustrine mudstone with sapropelic intervals,

and massive gastropod-rich pelletal mud (McKirdy et al., 1999).

* In the present investigation the term ‘hardpan’ is used to describe an accumulation of either variably
consolidated calcareous nodules or well-consolidated calcareous laminae.
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Figure 5.7: Map of Old Man Lake showing the position of the core site.

The lagoonal unit is a datk greyish brown silty mud containing abundant molluscan
remains (whole and fragmented) characteristic of a shallow marine setting. The major
conttibution of shelly fauna to the sediment is also evident in the calcite and aragonite
dominated mineralogy of the unit. Quartz content is minor and decreases toward the top
of the unit, which may reflect the reducing matine influence as connection with the local
back-battier lagoon became restricted and eventually ceased. In OMLI the transition
between the lagoonal unit and the overlying lacustrine unit occurs abruptly at 106 cm
depth.

The laminated lacustrine unit can be separated into three sub-units. The lowest unit is
an olive brown mud that has a gritty texture atising from the presence of abundant
nodules of fine-medium grain size carbonate. Gastropods and ostracods are absent. The
unit contains three distinct thin (<3 cm) bands of datk brown sapropel. Filamentous algal
and/or cyanobactetial remains appear within the first sapropel band and are present over
the remainder of the laminated lacustrine unit. Transition into the middle sub-unit occurs
gradually at a depth of ~86 cm. This 35 cm-thick very dark brown sapropel has a
gelatinous consistency that is interrupted by variable amounts of carbonate nodules and
the presence of two fragmented calcitic hardpan layers. These calcitic features are
attributed to supersaturation of the lake waters with respect to calcium that results from
the uptake of dissolved CO, by aquatic flora and fauna (McKirdy et al,, 1999). Ostracods

are preserved only in this sub-unit, between 55 and 73 cm depth. An abrupt colour
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Figure 5.8: Stratigraphic log of the D-section core from Old Nan Lake
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change at 51 cm marks the transition into the uppermost sub-unit of the laminated
lacustrine mudstone. These light yellowish brown fine pelletal carbonate muds featute
datk olive brown gelatinous otganic-tich mottles. There is a 2 cm-thick massive platey
hardpan at 41 cm and a thin fragmented hardpan at 31 cm depth.

The sutficial unit of OML is 19 cm thick and comptises light brownish grey massive
pelletal mud with abundant remains of the gastropod Coxiella striata, indicative of
testticted saline conditions. Its mineralogy is dominated by aragonite with minor calcite.
Gastropod remains are white indicating that they have been subject to bleaching and

rewotking since deposition. This unit represents the shallow water lacustrine phase.

Lake Amy

Both cores were taken from the southetn end of Lake Amy, approximately 5 m out
from the lake beach, at a water depth of ~72 ¢cm (37° 12'51" §, 139° 47'05" E; Figure 5.9).
The D-section technique rettieved 250 c¢cm of sediments (LLA1; Figure 5.10). The
sliphammer technique could not break through a massive hardpan near the base of these
sediments and therefore sampled only 240 cm (LA2). These sediments underwent 40%

compaction during the coring process.

I:l Lake Amy

- Thrombolite \
! Beach sediments -
\:I Pleistocene aeolianite

Core location

37°12'51 S
139° 4705 E

Figure 5.9: Map of Lake Amy indicating the site of sediment core collection.
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Figure 5.10: Stratigraphic log of the D-section core from Lake Amy (A1), Vertical
line thicknesses indicate the relative abundance of macrobiota present through core

depth.
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Lake Amy was nevet ditectly connected to an open marine system and is therefore
analogous to the Type 1 lakes near Salt Creek (Warren, 1990). Its sedimentary sequence
represents an upwatd-shoaling lacusttine system and consists of a massive biotutbated
pelletal carbonate mudstone ovetlying a laminated mudstone with sapropel intetvals,
hardpans and vatiable amounts of ostracod and gastropod remains. Previous wotkets
have observed a humic transgtressive unit, similat to that in OML, overlying the basal
Pleistocene aeolianite (McKitdy et al., 2005). However, in the present study the coting

did not reach these older units.

The laminated mudstone unit makes up the majotity of the lacustrine sedimentary
succession in LA1. Tts mineralogy is ptedominantly aragonite and variably Mg-rich calcite.
The unit varies in colour from light olive gtey and brown through to dark olive grey and
brown. There ate five distinct intetvals of vety datk brown to black gelatinous sapropel.
The oldest sits at 243-246 cm depth beneath the fragmented massive calcitic hardpan that
halts at 241 cm depth. Above this is a 15 cm-thick intetval of organic-rich mud with
minor Coxiella striata, which at 223 cm depth passes abrubtly into the overlying 12 cm
thick sapropel. This transition is coincident with a large increase in the amount of
gastropod remains, which ate abundant within the sapropel and peter out gradually over
the following 24 cm. This intetval includes the third sapropel at 195-199 cm depth.
Above this is 2 more finely laminated zone of mudstone that includes a 1 cm thick
sapropel at 146 cm depth. The thickest sapropel (64-119 cm depth) overlies this
laminated zone and includes two weakly cemented hardpan intervals (67-73 and
105-108 cm depth). Minot C. striata are present between the hardpans. Ostracods that
have been present through the entire sequence thus far disappear at the base of the upper
hardpan. A 22 cm thick-mottled zone with moderately abundant C. striafa ovetlies the
uppermost sapropel and makes up the remainder of the laminated lacustrine mudstone
unit.

A massive mudstone comptises the upper 42 cm of LA1 and, as with both NSL and
OML, represents a shallower phase of the lake than the underlying laminated unit. The
massive unit has two zones, each 21 cm thick. The lower zone is light grey and contains
minor gastropods and filamentous organic remains, whereas the upper one is light
brownish grey and has a pelletal texture that decreases moving up-section. Throughout
the entire massive unit the propottion of high-Mg calcite increases upwards toward the

present-day sediment-water interface.
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CHAPTER 6: ORGANIC AND INORGANIC GEOCHEMICAL DATA

This chapter presents and summarises the geochemical data obtained from analysis of
lacustrine organic matter and co-deposited sedimentaty catbonate in the cotes from
North Stromatolite Lake, Old Man Lake and Lake Amy desctibed in Chapter 5.
Discussion of the resulting data is kept to a minimum hetein, and focuses ptimatily on
the potential sources of etror within specific analyses. Integration and intetpretation of
the geochemical results presented herein follows in the subsequent chapters whete

detailed discussion focuses on addtessing the aims of this study.

6.1  Total Organic Catbon
The TOC data for all three lakes are listed in Table 6.1 and plotted against the core
stratigraphy in Figure 6.1.

The basal estuarine unit of NSL has a TOC content of less than 1%. In the ovetlying
sapropelic mudstone, TOC values range from 6 to 16% in sapropel A and ate ~4% in
sapropel B. These values then decrease to less than 1% in the pelletal laminated and
massive units that comprise the remainder of the lake’s sedimentary succession.

The lagoonal unit in the lower section of the OML core has a TOC content of less
than 0.5%. In the overlying lacustrine unit TOC content varies widely between 3 and
17%, the lower values coinciding with the ptresence of vatious catbonate accumulations
(ostracods, gastropods and calcitic nodules and hardpans). Similatly, the massive unit,
with its abundant remains of C. striata, is relatively otganic-poor at only 2-3% TOC.

In the LA core, TOC contents remain above 10% (max. 21.5%) throughout the
lacustrine laminated mudstone unit. As described in the previous chapter this mudstone
comprises four intervals. The TOC contents are as follows: lower sapropel, 14-20%;
laminated interval, 10-13%; upper sapropel, 18-21.5%; and mottled interval, 7.8%. The
sediments of the overlying massive unit contain just 2-3% TOC and are thus similar to

the equivalent unit in OML.
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Table 6.1: Results of geochemical analyses (percent CO3, TOC and TN, C/N and stable isotopes of

nitrogen and organic catbon) for samples from North Stromatolite Lake, Old Man Lake and Lake Amy.
Note that although the TN values are listed for Lake Amy these have been reduced by the amount of

inotganic nitrogen present prior to calculation of the listed C/N ratios (see section 6.2).

Lake Sample Depth CO3 TOC ™ CIN 8N 8"Cpun
cm % % Std Dev % Std Dev (mass) (atomic) %o Std Dev %o Std Dev

NSL NS1 7 86.1 0.5 0.07 0.03 16.9 19.8 10.99 -22.26

NS2 40 90.3 0.6 0.02 0.001 23.3 27.2 16.17 132 -19.61 0.28

NS3 52 89.2 0.8 0.03 30.5 35.6 13.50 -19.93

NS4 76 81.8 0.5 0.02 23.5 27.4 13.44 -19.39

NS5 95 74.5 0.4 0.01 0.0004 25.3 29.5 13.76 0.14 -18.36 0.07

NS6 124 771 0.7 0.04 18.2 21.3 10.20 -19.61

NS7 143 69 0.8 0.04 19.2 22.4 11.67 -19.20

NS8 155 73 3.9 0.07 0.32 0.02 121 14.1 4.44 1.46 -17.01 0.27

NS9 166 74.3 4.2 0.29 14.2 16.5 6.88 -16.39

NS10 179 77.8 4.1 0.30 137 16.0 6.51 -17.53

NS11 190 48.1 10.9 0.77 14.2 16.6 6.81 -18.05

NS12 214 59.9 5.9 0.05 0.46 12.9 15.0 6.36 -18.60

NS13 238 43.6 16.4 1.11 14.8 17.3 1.48 -18.59

NS14 260 34.5 15.4 1.13 13.7 15.9 1.89 -18.96

NS15 283 48.9 9.5 0.56 0.41 16.9 19.8 3.39 0.16 -18.42 0.19

NS16 293 29.6 0.74 0.06 0.02 12.6 14.7 2.42 3.87 -19.14 0.51
OML OM1 4.5 96.4 2.4 0.15 15.6 18.2 -3.55

OoM2 19.5 89.4 3.4 0.41 8.2 9.5 0.54 -17.49

OoM3 28 71.7 16.7 0.91 0.04 18.4 21.5 1.25 023 -18.41 0.37

OoM4 39 93.4 2.5 0.03 0.22 11.2 13.1 3.03 -18.82

OM5 52.5 55.8 4.0 1.71 0.07 2.3 2.7 4.99 0.09 -22.58 0.02

OM6 59.5 53.1 16.0 1.96 8.2 9.6 1.98 -21.08

Oom7 65 62.2 13.4 1.68 0.02 8.0 9.3 1.35 1.77  -19.19 0.18

OoM8 74.5 58.2 4.6 1.68 2.7 3.2 1.59 -20.42

omM9 84.5 64.9 15.9 1.03 15.4 18.0 3.88 -19.95

OM10 88 92.6 2.8 0.07 0.17 0.001 16.8 19.5 4.25 0.26 -19.89 0.12

OM11 94.5 64.6 9.1 1.25 7.3 8.5 3.63 -21.28

OM12 101.5 78 5.8 0.44 13.3 15.6 5.95 -22,20

OM13 105.5 67.2 3.1 0.47 6.6 7.7 4.39 -21.00

OoM14 123.5 63.2 0.3 0.04 7.3 8.5 1.85 -18.94

OM15 182.5 65.2 0.4 0.002 0.02 0.003 17.2 20.1 2.10 2.65 -19.72 0.002
LA A1 12.5 93.7 2.6 0.18 0.20 20.7 242 5.67 -19.17

A2 32 88.1 3.4 0.32 13.5 16.7 4.72 -18.31

A3 54 75.1 6.9 0.55 14.3 16.7 0.80 -17.44

A4 70.5 80.6 8.1 0.31 0.91 9.7 11.3 1.62 -17.14

AbS 85.5 61.5 215 1.76 12.7 14.8 3.30 -15.91

A6 97 54.4 18.4 1.52 0.14 12.6 14.7 3.14 1.04 -18.19 0.10

A7 103.5 62 16.8 1.64 10.7 12.5 2.26 -17.35

A8 109.5 74.5 16.4 1.08 0.04 16.2 18.9 1.62 1.30 -17.88 0.07

A9 120.5 66.3 18.7 1.35 14.6 17.0 3.36 -16.20

A10 136.5 79 13.2 0.77 0.03 18.8 22.0 -0.32 0.75 -18.68 0.25

A11 152.5 73.1 10.4 1.09 10.2 11.9 -0.34 -17.13

A12 173 72.5 11.5 0.89 13.9 16.2 1.50 -17.24

A13 187.5 79.8 11.2 0.66 18.9 221 1.78 -17.53

A14 201.5 72.7 10.5 0.94 12.0 14.0 3.36 -17.40

A15 210.5 60 14.3 1.37 0.01 11.0 12.8 2.88 0.54 -19.13 0.25

A16 222 58.1 20.6 1.49 14.5 16.9 4.72 -20.51

A17 225 60 17.7 1.32 0.07 14.1 16.4 3.88 1.68 -19.56 0.08

A18 236.5 57 16.4 1.25 0.06 13.9 16.2 3.00 1.18 -20.31 0.23

A19 244 48.6 17.4 1.77 10.2 11.9 3.67 1.25 -22.11 1.31

A20 249 78.7 7.8 0.11 0.65 0.02 13.3 15.6 3.61 0.62 -23.18 0.15
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Figure 6.1: Depth profiles of total organic cathon (TOC) concentradons (%) in the
sediments from NST,, OML and LA.

6.2 Carbon/Nitrogen Ratios

Sediment samples, especially those with an organic carbon content <1%, can produce
misleading C/N ratios because their organic catbon value is compared with a value that
incorporates both organic and inorganic nitrogen (Meyers, 1997). However, as desctibed
in section 2.1.2, the amount of inorganically bound nitrogen can be approximated
through a cross-plot of sedimentary TOC and TN values (Talbot, 2001). All lacustrine
sediment samples from the present investigation, with the exception of the laminated and

massive units of NSL, contain TOC contents >1% and can thus be presumed to provide
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meaningful C/N ratios. The TOC vs. TN cross-plot approach was used to detetrmine
whether the organically poor sedimentaty units of NSL (TOC<1%) contained significant
ptoportions of inotrganically bound nitrogen (Figure 6.2). The significant cotrelation
(R*=0.99) between TOC and TN, and an N-intercept value of approximately zero
suggests that inotrganic nitrogen is negligible. Therefore, regardless of the low organic
content of these NSL sediments, C/N ratios have been calculated.

C/N ratios have not been calculated for the lagoonal unit of OML as the TOC
contents are <1% and thete ate not enough samples from within this organically poor
unit to validate a cross-plot approximation of inorganic nitrogen.

All C/N mass tatios wete multiplied by 1.167 to convert them to atomic C/N tatios®
for direct compatison with other published atomic C /N data (e.g. Table 2.1). Both sets of
ratios are listed in Table 6.1 and the atomic C/N tratios ate plotted against the lacustrine

stratigraphy in Figure 6.3. All values discussed within the text ate atomic C/N ratios

unless otherwise specified.

TN

15 2,0 - 20
A y = 0.0699x - 0.0043 B C 2 &
Fe = 0,9906 oo o
15 15
1.0 -
1.0 1.0
o ° y = 0.0765x + 0.067
05 A y = 0.075x + 0.3074 o R=08356
’ R =0.4128
05 05 -
0.0 - - - v 0.0 B - ' : 0.0 - - -
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
TOC TOC TOC

Figure 6.2: Total organic catbon (TOC) versus total nitrogen (TN) for A) NSL, B)
OML and C) LA. The positive intercept of the regression line at the TN axis is the

implied amount of nitrogen that is inorganically bound in the Lake Amy sediments.

In NSL, the basal unit has a C/N ratio of 14.7. In Sapropel A, C/N ratios (n=5)
range from 19.8 at 283 cm depth to 15.0 at 214 cm and in Sapropel B (n=3) from 16.0 at
179 cm depth to 14.1 at 155 cm. The entire sapropelic mudstone interval has a mean
C/N ratio of 16.4 * 1.7. There is a marked increase in C/N through the overlying

laminated unit (mean = 27.2 + 5.2), and a further decrease in the massive unit (19.8).

4 Mass numbers: C = 12, N = 14 Therefore, conversion from mass to atomic ratios requires multiplication
by 14/12 = 1.167 (Meyers and Teranes, 2001).
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Figure 6.3: Depth profiles of atomic C/N ratios in the sediments of NSIL., OML
and LA.

The lagoonal unit of OML is too lean to calculate meaningful C/N ratios.
Throughout the remainder of the sedimentary succession C/N values (n=12) fluctuate
dramatically (maximum 21.5 at 28 ¢m; minimum 2.7 at 52 cm). However, lower values
(2.7-9.6) are consistently evident in sapropelic sediments, particularly the 35 cm-thick
sapropel that dominates the laminated lacustrine unit.

TOC is greater than 1% over the entire LA core and therefore C/N ratios can be
calculated and presumed meaningful for all samples (n=20). However, the linear

)
2

correlation (R™ = 0.84: Figure 6.2 C) of these samples on a TOC versus TN cross-plot
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has a positive intercept (y = 0.068). This implies that this proportion of the TN is
inotganically bound and should be corrected for ptiot to calculation of atomic C/N. The
corrected C/N values fluctuate throughout the sedimentary succession, although mostly
within the range 11-17. Notable excutsions are those of samples A10 and A13 (22.0 at
136 cm and 22.2 at 187 cm, respectively) located immediately below finely laminated
zones of the lacustrine mudstone. The mean C/N values calculated for the two sapropel
intervals (uppet, 14.4 * 2.9: lower, 14.7 £ 2.1) are notably lower than those of the
intervening laminated interval (17.8 £ 4.3). Sample A1, from the massive unit, also has a
relatively elevated C/N ratio of 24.2, thus precluding calculation of an average C/N ratio

for the relatively organic-poor sediments of the mottled interval and massive unit.

6.3  8"Cand 8"N of Otganic Matter

Stable carbon isotope analysis of the sedimentary organic matter returned a similar
range of 813C0rg values for each lake: NSL —22.3 to —16.4%0, OML —22.6 to —17.5%,
LA —23.2 to —15.9%o (Table 6.1). These values are plotted against the core stratigraphy in
Figure 6.4.

In NSL, 8"°C,,, displays a clear variation with stratigraphy. The basal unit is markedly

org

more ""C-depleted (3"°C,, = -20.9%0) than the ovetlying sapropelic mudstone
(A, = —18.5 % 0.3%0; B

hAY

. = —17.0 £ 0.6%0). An abrupt shift to more PC-depleted values

avg
occurs at the transition into the laminated unit (5"°C average = —19.4 * 0.5%o), followed
by a further negative offset in the massive unit (8PC = —22.3%).

Stratigraphic distinctions are also evident in OML. However, 8"C_ shows a greater

org
degree of variability within the sapropelic sediments in OML (range: 3.4%o) than in NSL
(range: 2.6%o). The lagoonal unit of OML has a mean 813(:01,g value of —19.3 * 0.6%o,
whereas the overlying sapropel-tich zone of the laminated lacustrine mudstone is

isotopically lighter (mean §"°C,,, = —20.8 + 1.1%s). There is no cotrelation between SHCmg

org
and TOC in the laminated lacustrine mudstone unit (R* = 0.11), which incorporates the
sapropel-tich zone and the overlying moderately BC-enriched mottled zone (mean 8" Coug
= —18.2 £ 0.7%0). Complete carbonate removal was difficult for the organically-lean
massive unit of OML (catbonate mud with abundant C. Jﬂiﬂld) and was not achieved
during initial and repeated sample treatment with 0.5M HCL. As the use of any stronger

acid has potential to also remove some of the labile organic matter and therefore produce
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an inaccurate result (Midwood and Boutton, 1998) no 8"°C data are reported for the
massive unit of OML.

The 8"C profile of the laminated mudstone unit in LA exhibits a well-defined
positive excursion. Through the lowet saptopel values climb from —23.1 to —17.4%o. The
temainder of sedimentary succession is comparatively “C-enriched with an average
813C0rg of —17.6 £ 0.9%o. The laminated interval between the two sapropels is telatively
uniform (—17.4 £ 0.9%eo), as is the upper sapropel (—~17.3 £ 0.9%o). 817’C0rg then gradually

declines through the mottled interval and into the massive unit (—18.7 % 0.6%o).
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Figure 6.4: Depth profiles of organic carbon isotopes (8'3C.y, %0) in the sediments
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The results of nitrogen isotope analysis ate presented in Table 6.1 and plotted in
Figure 6.5. 8N falls in the range of ~0 to 6%o for both OML and LA, but extends to
considerably higher values in NSL (maximum: 16.2%o). In NSL, the organic matter in the
basal unit has a 8N value of ~2.4 + 3.9%¢°. Above this, 3°N progtessively increases
from 2.3 £ 1.0%o in the lower half of Sapropel A, through 6.2 £ 1.0%o across the upper
half of Sapropel A plus Sapropel B, to 10.9 £ 1.0%o in the pelletal laminated unit beneath
the hardpan at 125 cm depth and 13.6 £ 0.2%o in the remainder of that unit. The mottled

zone of the massive unit and the massive unit have single 8N values of 16.2 and 11.0%e,

respectively.
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Figure 6.5: Depth profiles of nitrogen isotopes (8'°N, %o) in the sediments from

NSL, OML and LA.

5 This value is quoted cautiously as it is calculated from only two duplicates and those differed by ~5%.
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Otganic matter in the lagoonal unit of OML has 8"°N values of 2.0 £ 0.2%o. In the
ovetlying lacusttine unit, organic matter is relatively “N-enriched in the sapropelic
interval (4.4 * 0.9%o), and 15N—depleted through the ovetlying 35 cm-thick sapropel (1.64
+ 0.3%0). A 8"N value of 5.0%0 matks the upper boundary of this sapropel. Thereafter,
8N steadily declines to ~0%o at the top of the mottled interval, and —3.5%o in the
massive unit.

The three lower intervals of the Jaminated lacustrine mudstone in the LA core can be
distinguished by their 8"°N profiles. The lower sapropel interval has 8°N values of 3.6 +
0.6%o. 8"°N then gradually decreases (toward ~0%o) through the laminated interval. The
upper sapropel makes a return to heavier 8N values of 2.6 * 0.8%o, a trend that
continues until ~87 cm depth. Theteafter, 8°N drops to 0.8%o at 54 cm depth in the
mottled interval before rising again in the shallower sediments of the ovetlying massive

unit (5.2 £ 0.7%).

6.4  8"Cand 6”0 of Carbonate

Two sets of results from the isotopic analysis of the bulk carbonate fraction of the
cored sequences are displayed in Table 6.2. The first data set is from sediment samples
that were treated with H,O, to remove organic matter prior to isotopic analysis. The
second set of results is from an untreated portion of the same samples. A comparison of

the two data sets is shown in Figure 6.6.
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Table 6.2: Results of isotopic analysis of sedimentaty catbonate (carbon and oxygen) for H>O;

treated and untreated samples from North Stromatolite Lake, Old Man Lake and Lake Amy.

Lake Sample Analysis Depth H,0, treated Non-H,0, treated
cm 813cvpdb 51aovpdb &' 3cvpdh swovpdb
%o Yoo %o %o
NSL 1 AM-NO1 12.5 2.69 4.96 2.58 4.24
2 AM-N02 30.5 3.80 5.51 3.72 4.82
3 AM-NO03 44 4.98 5.08 4.79 4.68
4 AM-N04 79 4.80 4.02 4.94 3.88
5 AM-NO5 98 3.87 3.57 3.75 3.32
6 AM-NO06 109.5 4.26 3.98 4.31 3.81
7 AM-N0O7 127 4.30 4.24 4.15 3.60
8 AM-N08 147.5 4.50 4.42 4.37 3.97
9 AM-N09Y 168 2.42 3.87 2.39 3.43
10 AM-N10 184.5 -0.84 2.24 -0.04 2.32
11 AM-N11 198.5 -2.18 1.71 -0.98 1.38
12 AM-N12 207.5 -0.44 321 -0.34 3.06
13 AM-N13 226.5 0.00 2.76 -0.09 2.63
14 AM-N14 244.5 - - 1.18 1.93
15 AM-N15 263.5 - - 0.05 1.45
16 AM-N16 284 -0.57 1.96 -0.03 1.49
OML 1 AM-OMO01 11 3.80 3.10 4.64 2.87
2 AM-OMO02 23.5 7.39 2.69 7.49 2.81
3 AM-OM03 44 0.78 3.77 0.66 3.25
4 AM-OM04 56 2.29 2.92 2.76 2.55
5 AM-OMO05 86.5 0.38 3.94 0.62 3.58
6 AM-OMO06 96.5 3.26 3.58 3.09 3.1
7 AM-OMO7 106.5 1.30 2.15 1.51 1.98
8 AM-OMO08 124 1.34 1.80 1.49 1.97
9 AM-OMO09 145.5 1.39 1.86 1.48 1.71
10 AM-OM10 166 1.46 1.58 1.65 1.71
LA 1 AM-A01 31.5 1.96 4.55 1.89 4.66
3 AM-A03 69.5 3.14 4.56 2.84 4.54
4 AM-A04 82.5 1.06 3.47 1.26 2.78
5 AM-A05 95.5 0.97 4.18 1.22 2.82
6 AM-A06 110.5 1.40 3.26 1.34 2.62
7 AM-AO7 122.5 5.25 6.97 1.97 2.73
8 AM-AO8R 137.5 2.69 4.33 1.49 1.00
9 AM-A09R 151 3.58 4.39 3.76 3.73
10 AM-AT0 164.5 4.46 7.10 4.44 3.85
11 AM-A1? 179 3.74 5.27 3.82 3.80
12 AM-A12 191.5 4.83 5.46 5.01 3.98
13 AM-A13 204 3.21 4.95 3.50 3.57
14 AM-A14 215 2.90 6.23 1.09 3.24
15 AM-A15 226.5 1.08 5.61 1.13 3.04
16 AM-A16 237.5 1.08 5.21 1.35 3.40
17 AN-ATT 247 1.01 4.60 1.23 3.48
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Both NSL and OML show a high degtee of cotrelation between the treated and
untreated samples for 8"°C_, (R*> = 0.87) and §"*O (R* = 0.97). Therefore, the treatment
process did not significantly alter the isotopic results for these two lakes. While most of
the LA samples have returned similar 8"°C_, values from the treated and untreated
aliquots, the overall cotrelation is significantly reduced (R* = 0.58) by three samples that
fall away from this trend. As these three samples (A07, A08, A14) are neither significantly
different in mineralogy to the rest of the LA samples, not all similar to each other in
terms of stratigraphic position, TOC content ot 813C0,g value it is difficult to suggest why
only they were affected by the treatment process. Moreover, all §'°O values from LA
show no correlation (R* = 0.04) between the treated and untreated sample suites. It may
be that ostracods, which atre present through most of the LA profile and not the other
two lakes, have been dissolved by the H,O, treatment resulting in different treated and
untreated isotopic values. Most importantly, as the treatment process unequally affected
the §"°C and 8"O results from across the three lakes, the treated samples are omitted
from further discussion in favour of the untreated samples, which are plotted against the
core stratigraphy in I'igures 6.7 and 6.8.

In NSL, 8”C,,, is close to zero in both the basal unit (-0.03%0) and Sapropel A

carl

(average: —0.04 £ 0.7%0). 8"C_,, increases through Sapropel B (2.4%0) and into the

carb

laminated unit (mean 8"C_, = 4.4 * 0.4%o). Thereafter, the massive unit exhibits a

carb
slightly negative trend (mean 8"”C,,, = 3.2 £ 0.8%o). A progressive '*O-enrichment of the
NSI. carbonates is evident up-section from a 8" of 1.5%o in the basal unit as follows:
Sapropel A, 2.1 £ 0.7%o; Sapropel B, 3.7%o; laminated unit, 3.9 & 0.5%o; massive unit 4.5
* 0.4%o.

In OML there 1s a clear isotopic distinction between the lagoonal and lacustrine
catbonate sediments. The lagoonal unit is remarkably uniform with average 8”C_,, and
8O values of 1.5 £ 0.1 and 1.8 £ 0.2%o, respectively. In the lacustrine sediments, 8"°C_,,
fluctuates within the range 0.7 to 7.5%o0 with no discernible stratigraphic trend. 8O is
much less variable, averaging 3.0 * 0.4%o0. Thus, OML lacustrine carbonates show
broadly similar "*O enrichment to that observed up section in NSL.

The 8O profile of LA is notably different. Over the lower half of the LA core 8O
values are uniform and have an average of 3.6 £ 0.3%o. Approximately 15 cm below the

transition into the upper sapropel there is a sharp ISO-depletion to 1.0%o. Although this

negative excursion is most evident in a single data point it is presumed to reflect an actual
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change to the lacustrine system, rather than a measurement errot, because 5"°O values in
the ovetlying uppet sapropel interval (2.7 £ 0.1%o) are consistently lower than those in
the underlying sediments. Up section "*O entichment, similar to that in NSL and OML, is
evident in the sutficial organically lean sediments (average = 4.6 £ 0.1%o). 8°°C values ate
1.2 £ 0.1%o within the lowet sapropel unit, and increase in the overlying laminated unit
(average = 4.1 £ 0.6%o) until a sharp depletion to 1.5%o that occurs coincident with the
aforementioned '*O-depletion. Above this point, 8"°C values ate telatively steady.
However, sample A03, from a weakly cemented hardpan at the top of the upper sapropel
(70cm depth), is isotopically distinct (2.8%c). On the grounds of its stratigraphic
distinction from the remainder of the mudstone it has been omitted in calculation of the

average 8"°C value for the upper half of the LA cote (1.5 £ 0.3%o).
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Figure 6.7: Depth profiles of carbonate carbon isotopes (8"Ceup, %o) in the

untreated sediments from NSL, OML and LA.
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8180carb vpdb (%o)
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Figure 6.8: Depth profiles of carbonate oxygen isotopes (3'*O, %o) in the untreated

sediments from NSL, OML and LA.

6.5  “C-Nuclear Magnetic Resonance Spectroscopy

Major tesonances of the "C-NMR spectra from all three lakes are centred around 31,
53, 72,102, 130 and 173 ppm. All spectra are dominated by alkyl (0-45 ppm) and O-alkyl
(45-110 ppm) carbon with only minor signals in the remaining chemical-shift ranges. The
relative proportions of each carbon type were determined by integration of the signal
intensity observed for each chemical-shift range in comparison with the total signal
intensity (Appendix II). These propottions ate listed in Table 6.3, displayed in Figure 6.9
and summarised below. Original "C-NMR spectra for each individual sample are located

in Appendix IV.

&4



Table 6.3: Carbon type percentages as determined from the relative proportion of total signal intensity represented within the six major chemical-shift ranges of

their #C-NMR spectra. Geochemical data (C/N, 8%C.yy) and the percent of total catbon observed using the CP /MAS technique (Cobs, see text) are also listed.

Sample Depth %C CIN Cobs 8 Corg
cm aldeh/ket carbonyl o-aryl aryl (aromatic) o-alkyl alkyl (alkyl + unsat) % %o
ppm 220-190 190-165 160-145 145-110  (160-110) 110-46 46-0  (46-0 + 160-110)

NSL 1 65-72 1.1 9.2 2.0 8.1 10.1 30.7 48.9 58.9 14.3 68 -19.4
NSL 2 145-152 0.5 1.2 1.6 71 8.7 37.7 41.8 50.5 10.5 52 -19.2
NSL 3 178-181 0.8 8.1 1.7 7.3 8.9 38.8 43.3 52.2 13.7 77 -17.5
NSL 4 220-224 0.4 8.1 1.6 7.6 9.3 39.8 42.4 51.7 13.5 74 -18.6
NSL 5 233-237 0.5 7.3 2.2 8.4 10.6 39.8 41.7 52.3 13.4 81 -18.6
OML 1 15-19 1.1 9.7 1.9 8.3 10.2 40.1 39.0 49.2 11.6 70 -17.5
OML 2 35-39 0.8 9.0 3.0 8.7 11.7 36.6 41.8 53.6 11.3 79 -18.8
OML 3 60-63 0.3 8.1 2.8 8.1 10.9 35.8 45.0 55.9 1.7 71 -21.1
OML 4 80-83 1.1 8.2 2.5 8.0 10.4 38.5 41.8 52.2 13.8 75 -20.0
OML 5 98-101 0.5 8.7 She) 10.9 14.2 35.8 40.7 54.9 11.8 79 222
OML 6 133-139 7.3 4.8 4.2 13.7 17.9 325 37.5 55.5 11.0 60 -19.7
LAA1 20-24 0.5 9.8 1.9 4.6 6.6 33.9 49.2 55.7 12.8 73 -18.3
LA2 60-64 0.6 10.3 1.7 8.6 10.3 36.5 42.3 52.6 9.8 70 -171
LA3 86-90 0.6 9.0 1.7 7.6 9.3 31.7 49.4 58.7 10.7 60 -15.9
LA 4 121-125 0.8 8.7 2.8 8.4 11.2 328 46.3 57.6 104 77 -16.2
LAS 174-178 0.3 9.4 1.6 9.4 11.1 35.6 43.7 54.7 11.0 71 -17.2

LA 6 211-214 1.1 8.8 1.9 9.9 11.9 34.8 43.4 55.2 10.6 76 -19.1
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Figure 6.9: Percent of the total signal intensity represented by each carbon type,
showing aromatic carbon, rather than the individual resonances of aryl and O-aryl
carbon, for the chemical-shift range 160-110 ppm. Sample ID and depth are

displayed for each lake.

In the laminated unit of NSL (represented by sample NSL1), the relative proportions

of alkyl and O-alkyl C are 49 and 31%, respectively. Samples from the undetlying

sapropel units display a relative decrease in alkyl and increase in O-alkyl signal intensity to

an average of 42 * 0.7 and 39 * 1.0% carbon, respectively. Resonance in the aromatic

region (110-165 ppm) accounts for approximately 10% of the total signal intensity

throughout the entire sedimentary succession.
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The spectra from the laminated lacustrine mudstone of OML have 39-45% and 36-
40% of their total signal intensity in the alkyl and O-alkyl regions, respectively. In
compatrison, the lagoonal unit (teptesented by sample OMLG) displays slightly lowet
signal intensities in these regions (alkyl 38%, O-alkyl 33%) and a higher signal intensity in
the aromatic region (lagoonal 18%, lacusttine 11%). Along with this change in aromatic
resonance strength between the lagoonal and lacustrine units of OML there is a notable
difference in the shape of the atomatic peak centred at 130ppm (Figure 6.10). Whilst
sample OMLG6 displays a teasonably symmetrical aromatic peak, all the remaining
samples from this core exhibit an asymmetrical peak with a ‘shoulder’ on the higher
chemical shift side. Sample OMLS5 is from the base of the lacustrine mudstone and its

intermediate aromatic resonance (14%) reflects the transition between the two units.

T I | T

T T T
250 200 150 100 50 0 -50 ppm
Figure 6.10: *C-NMR spectra of lacusttine organic matter of A) OML3, which is
representative of the truly lacustrine samples and B) OMLG, from the lagoonal unit

of OML, which differs most particulatly in the atomatic region (~130 ppm).

The sedimentaty succession in LA displays the least vatiation in its PC-NMR spectra
throughout the sedimentaty succession. There is no significant shift in the position or the
shape of any of the peaks. Alkyl and O-alkyl carbon account for 43-49% and 32-37% of
the resonance signal, respectively. The massive unit (AMY1) has a lower proportion of
aromatic carbon (6.6% of the total signal intensity) than the sediments of the laminated

unit (mean 10.7%).
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CHAPTER 7: DEPOSITIONAL CHRONOLOGY

A thorough understanding of lacustrine stratigraphy (preferentially both litho- and
biostratigraphy), and the application of a detailed chronological framewotk to it, are
essential requitements in establishing the depositional history of any lake. Detailed
stratigraphic descriptions of the three lakes investigated in this study have been given in
Chapter 5. The present chapter reports the results of radiocarbon dating of their
sedimentary organic matter with the intention of addressing the following questions:

" When did sapropel deposition begin and cease in the three lakes?
Was sapropel deposition continuous or punctuated (variable) in
each lake?
Some of the information contained in this chapter has been reported elsewhere (Mee

et al, 2004; 2007). However, the discussion presented herein is more detailed and

therefore the final interpretation slightly different.

7.1 Radiocarbon Chronology

Conventional radiocarbon ages for 25 samples taken from the D-section cores are
shown in Table 7.1. The oldest ages (yr BP) on bulk organic matter are 6210 + 60 for
NSL, 4550 £ 150 for OML and 4140 % 50 for LA. The age for a single charcoal sample
from the lagoonal unit of OML (OZH208) is 6890 * 50 yr BP. Two futrther samples
from OML plus a sample from the basal unit of NSL were submitted for radiocarbon
analysis of their charcoal fraction for comparison with bulk organic matter from the
same depth. Unfortunately, there was insufficient charcoal in the sedimentary samples so
the three paired dates are all from bulk organic matter only. Whilst the absence of more
charcoal or macrofossil dates 1s regrettable, it is encouraging to see that all paired samples
returned comparable radiocarbon dates.

The three lakes of the present study are fed by groundwater that flows through the
unconfined Gambier Limestone aquifer and the permeable and calcareous Pleistocene
beach ridge arenites (Bridgewater Formation) that dominate the surficial geology of the
Coorong and Robe-Naracoorte coastal plains (Schwebel 1983; Cann et al. 1999).
Therefore, it is likely that some portion of the DIC in the continental groundwaters that
charge these lakes will be inert carbon entrained from the host limestone aquifers.
Photosynthetic incorporation of this inert carbon by aquatic biomass causes the apparent

radiocarbon ages of lacustrine organic matter to be somewhat older than the actual time
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of deposition. Thus, the radiocarbon ages from their sedimentary organic mattet are
likely to have been influenced to some extent by the hard-water resetvoir effect. This
effect is always difficult to quantify. Although parallel dating of bulk sediment and
tetrestrial macrofossils can be used to ascertain the magnitude of any hard-water reservoir
effect (Totnqvist et al., 1992; Geyh et al., 1998), such fossils are absent from the ptesent

lacustrine sedimentary sequences and this comparative dating technique cannot be used.

In the following discussion, two apptroaches are taken. The first approach
(calibration) ptesumes that, as all lakes in the present study have been shallow (<4 m)
from their inception, rapid equilibration of their dissolved inorganic carbon with
atmosphetic radiocarbon has minimised the reservoir effect (to 100s not 1000s of yeats).
Using the assumption that the lacusttine organic matter was produced via photosynthesis
of DIC that was in radioactive equilibrfium with atmospheric CO,, the radiocarbon ages
of the bulk otganic matter ate calibrated against the atmospheric radiocarbon cutve.
However, in the present lacusttine settings, radioactive disequilibrium is more probable
than not, and the radiocarbon ages of the bulk organic matter are no doubt influenced to
some extent by the hard-water resetvoir effect. Therefore, the calibrated radiocarbon ages
discussed below should be considered as maximum ages.

Indeed, modern water samples from OML and LA confirm radioactive
disequilibrium and the existence of a reservoir effect in these lakes. Carbonate dissolved
in the lake waters comprises less than 100 percent modern carbon (90.35 and 94.26 pmC,
respectively), giving tise to radiocarbon ages of 815 and 475 yr BP (Table 7.1). The older
of these two ages teflects the larger catchment area for the groundwater entering OML
and NSL from the coastal hinterland and hence its longer interaction with the
Bridgewater Formation. The much smaller local catchment of the perched water table at
LA means that its water has had less contact with the calcarenite of the surrounding Robe
Range. Accotdingly, a higher proportion of its DIC is modern carbon.

In the absence of mactoscopic tetrestrial plant remains or the availability of
palynological analyses from the lacustrine sediment cores, the apparent ages of
contemporaty water in OML and LA provide the best available constraints on the
magnitude of the hard-water effect on the radiocarbon dates obtained in this study. Thus,
in the second approach (reservoir correction), the activity of these water samples
(A pmC) have been used to recalculate the radiocarbon age (7, yr BP) of each bulk

organic matter sample, using the equation:
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A
t=-80331n mensure%
( Alake )

where A,,,,,.; 15 the activity each radiocarbon sample has (pmC) as per method 1
described by Leaney et al. (1995, p.128).

As this approach acts to remove the influence of radiocatbon input via groundwatet,
it can be assumed that the reservoit cotrected radiocarbon ages reflect equilibtium with
atmospheric radiocarbon (R. Gillespie, pers. comm.). Subsequently, calibration of these

corrected ages against the atmosphetic radiocatbon cutve can be used to convert the

radiocarbon years into calendar years for comparison with other reported data sets.

7.1.1  Calibration

Conventional radiocarbon dates wete calibrated against the Southern Hemisphere
atmosphetic “C curve (McCormac et al., 2004) using the internationally ratified online
calibration program OxCal v3.10 (Bronk Ramsey, 1995, 2001). The raw output from
calibration of a single radiocarbon date using OxCal is regulatly in the form of multiple
age ranges, each with an associated statistical probability (Appendix V). The calibration
program rounds dates for the upper and lower limits of each age range to the nearest
decade. For the radiocarbon samples that yield multiple age ranges, when the lower limit
of the older age range and the upper limit of the younger age range differed by only 10
years, the two age ranges were combined. For example, calibration of sample OZH207
from OML produced two raw age ranges, 5320-4950 cal yr BP (relative probability 0.88)
and 4940-4870 cal yr BP (relative probability 0.12), which are combined into the one age
range, 5320-4870 cal yr BP for the purpose of discussion. Where multiple age ranges
remain, discussion refers to the age range with the highest statistical probability. For
example, where radiocarbon sample OZH370 from NSL yields two age ranges, 7160-
6850 cal yr BP (relative probability 0.98) and 6820-6800 cal yr BP (relative probability
0.02), discussion in the text will refet to the former age (7000 + 150 cal yr BP). For the
(few) input dates that give a single calibrated age range, no additional data processing was
required and discussion is straightforward. Calibrated ages are shown in Table 7.1.
Sedimentation rates calculated using these (maximum) ages must be considered as

minimum (Table 7.2).
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Table 7.1: Conventional and calibrated radiocarbon ages for the two depositional scenarios described in the text: no lacustrine reservoir effect (maximum ages), and a

reservoir effect calculated using modern lake water samples (reservoir corrected ages). * denotes modern lake water samples, ** denotes charcoal sample.

Lake ANSTOcode  Depth 5'%c Conventional '*C Age Calibrated **C Age Reservoir Corrected Age Calibrated '*C Age
{Maximum) (Reservoir Corrected)
cm %o yr BP 10 error cal yr BP 10 error yr BP 10 error cal yrs BP 10 error

NSL OZH369 118 -19.0 5470 +/- 180 6200 +/- 200 4650  +- 220 5280 +/- 330
0ZH213 152 -17.1 5120 +/- 50 5820 +- 80 4300 +~ 90 4730 +/- 150
0zZH214 183 -18.6 4980 +/- 50 5650 +- 60 4160 +/- 90 4620 +- 110
0zH215 237 -18.6 5980 +/- 50 6740 +/- 65 5170 +/- 80 5840 +/- 100
0OZH216 282 -21.1 6310 +/- 50 7210 +/- 60 5500 +/- 80 6250 +- 75
0ZH370 297 -19.5 6150 +/- 90 7000 +/- 150 5340 +/~ 130 6070 +- 150
OZH371 297 -17.6 6210 +/- 60 7070 +- 95 5400 +- 100 6110 +/- 110

OML 0zi264* - 0.1 815 +/- 40
0OZH204 52 -20.8 3120 +/- 50 3290 +/- 70 2310 +/- 90 2250 +- 110
0OZH365 69 -21.9 3830 +/- 50 4160 +- 80 3020 +- 90 3130 +- 140
0ZH205 85 -19.6 4420 +/- 50 5030 +- 20 3610 +- 90 3840 +/- 140
0OZH366 104 -22.2 4330 +/- 50 4850 +- 40 3520 +- 90 3730 +- 120
0ZH206 105 -22.7 4170 +/- 50 4620 +- 100 3360 +/- 90 3530 +~ 115
0OZH367 131 -19.2 4250 +/- 80 4730 +/- 120 3440 4~ 120 3620 +/- 150
0OZH368 131 -17.7 4290 +/- 55 4700 +/- 65 3480 +/- 100 3700 +/- 140
0ZH207 182 -25.0 4550 +/- 160 5100 +/- 225 3730 +/- 200 4000 +/- 300
0zZH208** 182 -24.0 6900 +/- 50 7670 +/- 60 - =

LA 0z1263* - 1.1 475 30
OZH360 66 -17.7 2430 +/- 40 2400 +- 65 1950 +- 70 1830 +/- 100
OZH361 76 -16.9 2640 +/- 40 2730 +/- 35 2160 +- 70 2290 +- 20
0OZH362 101 -18.5 3060 +- 50 3200 +- 65 2580 +/- 80 2620 +- 130
0ZH208 109 -18.0 3120 +/- 50 3290 +- 75 2640 +/- 80 2640 +/- 140
0ZH363 146 -19.3 3340 +/- 50 3510 +- 70 2860 +- 80 2900 +- 110
0ZH364 197 -17.6 3620 +/- 40 3890 +/- 70 3150 +- 70 3300 +- 90
0ZH210 211 -19.2 4070 +- 50 4490 +/- 80 3590 +/- 80 3800 +- 120
0OZH211 223 -20.9 4170 +- 50 4620 +/- 95 3700 +/- 80 3980 +/- 120

0zH212 245 -23.0 4160 +/- 40 4590 +- 65 3680 +/- 70 3920 +- 90




Table 7.2: Sedimentation rates calculated from calibrated radiocarbon dates. The given
ranges tesult from omitting and including a reservoir cotrection, with the maximum
rates being given by the reservoir corrected dates. No sedimentation tate can be
calculated for the NSL basal unit as there is no data available from deeper within the

sedimentary succession.

Lake Depositional Unit Thickness Sedimentation Rate
cm cm/100 yrs

NSL Massive 38 25.32

Pelletal Laminated 112

Sapropel B 34 ~10-11

Sapropel A 102

Basal 14 -
OML Massive 19

Laminated Lacustrine 1.5-2.2

* Mottled 32

* Sapropel 35 ~4

* Sapropelic 20

Lagoonal 94 ~12-17
LA Massive 42

Laminated Lacustrine 28-3.6

* Mottled 22

* Upper Sapropel 53 58-6.7

* Finely Laminated 77 11.2-11.6

* Lower Sapropel 56 8.1-9.0

North Stromatolite Lake

There 1s an inversion in the radiocatbon ages (both conventional and calibrated) with
depth 1 the NSL core (Figure 7.1). Organic matter from the pelletal laminated unit
(sample OZH369)" appears to be appreciably older than that within the underlying
sapropel unit, Sapropel B (OZH213 and OZH214). Either the two radiocarbon ages
from the sapropel are somewhat too young, or the single radiocatbon age from the
laminated unit is too old for chronostratigraphic consistency. This is likely to be a result
of a secular change in the magnitude of the hard-water reservoir effect. However, as
calibration assumes the absence of any such reservoir effect, discussion of this possibility

is reserved for the following section.

% The relatively large error (£ 200 yr) in the age of this sample may be attributed to the low TOC content of
the laminated unit (<1%) and the small sample size (U. Zoppi, pers. comm.).
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Figure 7.1: Calibrated radiocarbon ages of NSL sediments. In-filled citcles (®)
indicate maximum possible ages and open squares (0) show the ages after reservoir
correction (see text). A cross (x) indicates the single OSL sample age. For all
samples etror bars represent one standard deviation.

Both the basal unit and the sapropel immediately overlying it are dated at
c. 7100 cal yr BP. This similarity in ages could be attributed to the downward infiltration
of organic matter from the sapropel into the basal unit. However, the age similarity could
equally exemplify the recognised uncertainty associated with radiocatbon dating, while
also reflecting a rapid onset of sapropel deposition at this time.

For the purpose of discussing NSL sedimentation rates sample OZH216 (sapropel),
rather than OZH370 or OZH371 (basal), is chosen as the true onset of sapropel
deposition (c. 7070 cal yr BP). Its cessation is marked by sample OZH213 at
c. 5800 cal yr BP where the base of the laminated unit indicates a transition to shallower
and less productive lacustrine conditions. The two contiguous organic-rich sapropel units
(total thickness 140 cm) were deposited in ~1300 years at approximately four times the
rate (~11 ¢cm/100 yeats) of the organic-poor laminated and massive units (150 cm in
~5800 years; ~2.5 ¢m/100 years). This decrease in sedimentation rate may in part reflect
a reduced contribution of autochthonous organic matter to these organically lean

sediments but is also a result of the “fill and spill’ sedimentation process operating in the
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lake (Warren, 1990). This may be summatised as follows. Once the sutface connection
with the Coorong lagoon was severed, vertical accretion of lacusttine sediments gradually
filled deeper parts of the interdunal depression. At this stage, the lake was perennial and
carbonate mud was precipitated in response to summer evaporation. As the lake basin
filled with sediment the same volume of annual inflow was forced to spill out ovet the
otiginal lake margins so that the same amount of precipitated catbonate was spread over
a wider area, theteby decreasing the vettical sedimentation rate. The transition from

perennial to ephemeral conditions in NSL is not yet accurately dated.

Old Man Lake

The OML core in this study did not reach the basal Pleistocene aeolianite nor
intersect the transgressive humic unit that in places ovetlies it. Radiocarbon dates from
the lagoonal unit indicate its rapid deposition around 4700 - 5100 cal yr BP (Figure 7.2).
However, the relatively large etror (+ 225 yr) associated with the lower sample
(OZH207) means that the sedimentation rate is difficult to calculate accurately (Table
7.2). The charcoal sample (OZH208) from this unit has a radiocatbon age ~1500 years
older than the bulk sedimentary organic matter from the same depth. This indicates that
the charcoal (1 cm®) was burnt earlier and later carried into the lagoonal system of the
Robe-Woakwine corridor by runoff, high onshore coastal winds ot, possibly, by human
activity (Cann et al., 1991) and deposited at c. 5100 cal yr BP.

A minor radiocarbon age inversion is apparent in the transition from the lagoonal
unit to the overlying lacustrine unit and, as for NSL, is discussed in the following section
with regard to a possible change in the magnitude of the reservoir effect at this time. On
the assumption of there being no reservoir effect in OML, the transition from lagoonal
to lacustrine conditions in OML, marked by samples OZH366 and OZH206, occurred at
c. 4700 cal yr BP. Thereafter, the sapropel and sapropelic intervals of the laminated
lacustrine mudstone record 55 cm of sediment accumulation in ~1400 years (Table 7.2).
The uppermost 51 cm of the core (mottle interval plus massive unit) was deposited in
~3300 years, which is approximately half the rate of sapropel accumulation. Thus, the
rate of sapropel deposition here is one third of that in NSL. The halt in deposition of
these organic-rich sediments in OML occurs some 2500 years later than the equivalent

palaeolimnological event in NSL.
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Figure 7.2: Calibrated radiocarbon ages of OML sediments. In-filled citcles (o)
indicate maximum possible ages, open squates (O) show the dges after reservoir
correction (see text), and crosses (x) indicate OSL ages. No reservoir correction is
required for the single charcoal sample (+). All error bars represent one standard

deviation.

Lake Amy

This core represents ~4600 years of lacustrine sedimentation (Figure 7.3). ‘The nine
tadiocarbon dates over the lower 185 cm of the core indicate a variable rate of
accumulation of organic-tich mudstone for some 2200 years (Table 7.2). Within this
succession two sapropel intetvals (14-22% TOC: dated at c. 4600-3900 and
3300-2400 cal yr BP) are separated by an interval of more rapidly accumulating, variably
laminated and pelletal mudstone (119-196 cm depth in core) that is also relatively
organic-rich (10-12% TOC) but lacks the characteristic gelatinous texture of a typical
Coorong lacustrine sapropel.

The transition into the organically leaner (2.5%<TOC<6.9%) massive unit at 66 cm
marks a two-thirds reduction in sedimentation rate (Table 7.2) and is dated at
c. 2400 cal yr BP (sample OZH360). This is some 800 years later than a similar reduction

in sedimentary OM content in nearby OML.
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The two lowermost samples (OZH211 and OZH212) yield similar ages of
c. 4600 cal yr BP despite being separated by a 2 cm-thick massive hardpan. This implies
that the formation of hardpan.intetvals, either massive or fragmented, within this

lacusttine setting can be a rapid process.
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Figure 7.3: Calibrated radiocarbon ages of LA sediments. In-filled citcles (e)
indicate maximum possible ages and open squares (0) indicate reservoir corrected

ages (see text). Error bars represent one standard deviation.

7.1.2 Reservoir Correction

In applying the reservoir correction, the following assumptions were made:

1) There has been no significant secular change in the volume/sutface ratio
of each lake, and hence in the relative proportion of the two principal soutces of
"C entering its water column (viz. atmospheric CO, and DIC in groundwater and
runoff) during growth of the aquatic biomass that was eventually preserved in the
sediments; and

2) That as NSL and OML are charged by the same westward-flowing saline
continental groundwater, the activity of the modern OML water sample can be

used for NSL.
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It is unlikely that the reservoir effect in each of the three lakes has been constant over the
entire period of deposition teptresented by these sedimentary sequences. This is
particularly true for NSL and OML, which have each evolved from an estuatrine setting
into isolated lacustrine systems. As the initial estuatine waters are likely to have had a
different radiocarbon activity than the groundwater that subsequently fed the lakes, the
first assumption (above) is less likely to be accurate in NSL and OML than in LA, which
has been chatged primarily from a local perched water table over the entite course of its
sedimentary deposition. However, the assumption of a constant reservoir effect based on
the activity of the present-day water samples is the best available approach to quantifying
the possible magnitude of the reservoir effect in all three of these shallow hard-water
lakes.

Reservoir-corrected radiocarbon ages are shown in Table 7.1 and plotted in Figures
7.1-7.3 for each of the three lakes. The range of ages has been determined through the
combined use of uppet and lower (1o error) activities of the modern water samples and
sedimentary organic matter. The oldest reservoir corrected radiocarbon ages result from
the combination of the ‘oldest’ organic matter (lowest activity) in combination with the
lowest reservoir effect (highest water sample activity). Conversely, the youngest reservot-
corrected radiocarbon ages result from the combination of the ‘youngest’ organic matter
(highest activity) in combination with the highest reservoir effect (lowest water sample

activity).

North Stromatolite Lake

Applying a constant reservoir correction does not remove the radiocarbon age
inversion that was noted in section 7.1.1. The organic matter of the pelletal laminated
unit (OZH369) has a resetvoir corrected radiocarbon age of 5280 + 330 cal yr BP, whilst
that of two samples from the undetlying sapropel unit (OZH213 and OZH214) has ages
of 4730 £ 150 and 4620 * 110 cal yr BP, respectively. This radiocarbon age inversion
must be due to a change in the reservoir cotrection with depth, as radiocarbon cannot be
lost from organic mattet other than by radioactive decay (Geyh et al., 1998). Either the
reservoit-corrected ages from the sapropel are somewhat too young, or from the
laminated unit too old, to be chronologically consistent. This suggests that the magnitude
of the reservoir effect may have been either lesser during deposition of the sapropel B
unit and/or greater during deposition of the laminated unit than the value implied

through using a present-day water sample to approximate the past activity of the lake.
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Generally, in a lacustrine setting subject to some resetvoir effect, the activity of the
lake water will approach 100 pmC as eithet the lake shallows ot the mean water residence
time increases (Leaney et al, 1995). In these situations, as the telative fraction of
atmospheric CO, exchange to groundwater derived catbon increases, the 8"C_,
becomes more positive and the reservoir effect decreases (Leaney et al., 1995; Geyh et al.,
1998). Moving up section, 8°°C_,, values increase from ~0 in Sapropel A to ~4%o in
Sapropel B and the laminated unit (Table 6.2). This indicates that a higher propottion of
lacustrine radiocarbon was indeed in equilibrium with atmosphetic CO, during the
deposition of Sapropel B and the laminated unit than during deposition of Saptropel A,
which suggests that there should be a reduction in the magnitude of the resetvoir effect
associated with the latter sediments. However, this does not aid in evaluating the
difference in reservoir correction that must apply actoss the Sapropel B - laminated unit
boundary.

Further interpretation of the radiocatbon age inversion across this boundary is made
possible through comparison of the tesetvoir-corrected ages with the tesults from OSL
dating of seditnentary quartz grains. Only a single sample from NSL contained sufficient
quartz for OSL measurement. Stratigraphic correlation between the D-section cote and
the sliphammer core from NSL (incorporating the calculated extent of sliphammer core
compaction) shows that this OSL sample would approximate a depth of ~142 c¢m in the
D-section core, nearing the base of the pelletal laminated unit. With only one exception
the repeated quartz aliquots produced consistent deposition dates that averaged at
4.6 £ 0.2 ka, which renders this sample more closely associated with the reservoir-
cotrected radiocarbon age of Sapropel B than of the laminated unit (Figure 7.1). This
suggests that the radiocarbon age inversion is more likely a reflection of an enhanced
reservoir effect during deposition of the laminated unit than a temporatily reduced
reservoir effect during deposition of Sapropel B.

The apparent increase in the reservoir effect during deposition of the laminated unit
in NSL is somewhat contrary to expectation, as the effect generally tends to decrease,
through increased exchange with atmospheric CO,, as a lake shallows. This exemplifies
the complexities associated with the application of resetvoit cottections to radiocarbon
ages on lacustrine sediments. One explanation may be that duting deposition of the
laminated unit under ephemeral water conditions, petiodic evaporation of the water body
acted to concentrate the reservoir of relatively old carbon in the lacustrine basin. This

effect is seen in the sediments of brackish Laguna Lejia, Chile, where the radiocarbon
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dates on lacustrine organic matter tequired an increased reservoir correction with
dectreasing water depth (Geyh et al., 1998).

Alternatively, it may be that the over the entire course of deposition of the upward-
shoaling sedimentary sequence in NSL the reservoir effect was generally decreasing, as is
typically expected in a shallowing water body, but showed a brief and much more matked
reduction duting deposition of the Sapropel B unit. Indeed, it may have been that this
particular reduction was not due so much to an increase in exchange of atmosphetic CO,
across the lake surface, but rather to a highet input from rainfall and/or surface runoff in
radioactive equilibtium with the atmosphere than during any time either before or after
this time petiod. While it seems that the reservoir correction was diminished during
deposition of the Sapropel B unit, it nonetheless existed to some extent at all other times

of lacustrine deposition, probably requiring a correction of <1000 years.

Old Man Lake

Although of a much smallet scale than that seen in NSL,, it appears that there is also
an inversion in the treservoit-cottected radiocatbon ages between the lagoonal unit of
OML and the ovetlying lacusttine unit (Figure 7.2). The organic matter of the sapropel
interval within the laminated lacustrine mudstone (OZH205) has a reservoir-corrected
radiocatbon age of 3840 £ 140 cal yr BP, whilst that of two samples at the transition
between the lacustrine and the lagoonal units (OZH366 and OZH206) has ages of
3730 £ 120 and 3530 + 115 cal yr BP. Another two samples from ~25 cm beneath this
transition (OZH367 and OZH368) have ages of 3620 * 150 and 3700 X 140 cal yr BP,
respectively. These ages may indicate that a smaller reservoir effect was associated with
the estuarine watets that initially flooded this basin than with the groundwater that
subsequently charged the lacustrine system. The radiocatbon age of the modern OML
water sample is 815 yr BP, wheteas seawater along the coast of southeastern South
Australia currently has a tesetvoit effect of only ~250 years (Figure 7.4). The application
of this lesser resetvoir cottection to the lagoonal unit of OML would effectively remove
the slight radiocatbon age inversion that is otherwise evident across the stratigraphic
transition from lagoonal to lacustrine settings by shifting the radiocarbon ages towatd

those indicated as the maximum ages in Figure 7.2.
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Figure 7.4: Model estimates of radiocatbon reservoir ages for the marine waters
surrounding Australia (Butzin et al.,, 2005). Green squares indicate locations where

these reservoir ages have actually been measured.

Although this consideration amends a somewhat minor inconsistency in the
radiocarbon ages, it should by no means suggest that the remainder of the reservoir-
corrected radiocarbon ages are entirely accurate. Indeed, a sample taken for OSL
measurement near the transition from lagoonal to lacustrine conditions returned ages of
2.7+ 04 and 2.4 = 0.1 ka for the quartz and fine grained fractions, respectively. These
OSL ages are some 1000 years younger than the reservoir-cotrected radiocarbon ages
from approximately the same depth, thus suggesting that the contribution of old
radiocatbon from groundwater may have been much more significant at this time than it

is at present. Sediment infilling and shallowing of the lake could have gradually reduced
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the treservoir cotrection from ~1800 yeats at the initiation of lacustrine deposition (as
implied by the OSL dating) to ~800 yeats (as implied by the radiocarbon activity of the
present-day water samples). An OSL sample from within the mottled intetval of the
laminated lacustrine mudstone returned a btoad range of ages (Figure 7.2) and therefore
does not help constrain the magnitude of the secular change to the resetvoir effect in

OML.

Lake Amy

No OSL dating has been completed on the LA core at this stage, and thus the
present-day water sample provides the only available means of estimating teservoir-
cotrected radiocarbon ages for these lacusttine sediments. Any variation in the magnitude
of the teservoir effect would typically have been a gradual decrease as the lake filled and
shallowed. If this is the case, the teservoit-cotrected radiocarbon ages shown in
Figure 7.3 would in actual fact be even younger toward the base of the LA core than the
present estimate. Therefore, the sedimentaty sequences may have accumulated at an even
more rapid rate than that implied herein. This cannot be quantified from the presently
available data. However, LA is charged by a perched water table with only a small local
catchment. Thus, its water has had only minimal contact with the surrounding Robe
Range and is unlikely to have entrained considerable quantities of old radiocarbon from
the Pleistocene calcarenite. Therefore, the reservoir-cotrected radiocatbon ages calculated
using the activity of the modern lake water are considered the best estimate of LA’s
depositional chronology and indicate ~3900 years of lacustrine sedimentation. The
application of a constant teservoir correction to the LA core brings the ages of its two
sapropelic intervals to c. 3900-3300 and 2600-1800 cal yr BP and places the transition

into the organically leaner massive unit at c. 1800 cal yr BP.

7.2 Synthesis

Small shallow lakes could be presumed to equilibrate rapidly with the atmosphere,
particulatly where located in the windy coastal zone. However, modern water samples
from OML and LA show that these two lakes are not at radioactive equilibrium with the
atmosphere and that they are therefore subject to a reservoir effect resulting from the
inflow of old radiocarbon in the groundwater of this limestone-dominated landscape.
Calibrated radiocarbon dates based on the assumption of an absence of this reservoir

effect provide maximum age estimates for samples from throughout their sedimentary
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sequences. Taking into account the modern water activities and assuming that the
reservoir effect within these lakes has remained constant over time provides a younger
and relatively more tealistic estimate of theit radiocatbon ages. As radiocatbon cannot be
lost from otrganic matter other than through radioactive decay, the ptesence of age
inversions with depth in the sedimentaty sequences of NSL, and to a lesser extent OML,
indicates that there have been secular changes in the magnitude of the reservoir effect in
these lakes. While acknowledging this, the radiocatbon chronologies outlined below
(Figure 7.5) are considered to provide the best possible estimates for the timing and

duration of sapropel deposition within the three lakes of the present investigation.

North Stromatolite Lake

Isolation of NSL from the Coorong Lagoon and the onset of sapropel deposition in
NSL is dated at a maximum of c. 7000 cal yr BP (Figute 7.5). Correcting for the reservoir
effect reveals that this event more likely occurted at c. 6000 cal yr BP. Accotding to the
tadiocarbon dating, and ignoring any reservoit effect, this period of sapropel deposition
ceased at c. 5700 cal yr BP. Howevet, the OSL age at the base of the pelletal laminated
unit suggests that sapropel deposition halted at c. 4.6 ka. A similar timing for this event is
given by two radiocarbon samples in Sapropel B after applying a constant reservoir
correction to the entire organic-rich mudstone in NSL. The radiocarbon sample from the
overlying organic-poor laminated unit is spuriously old, and requites a larger reservoir
correction than that which has currently been applied to make it chronostratigraphically
consistent. This anomaly is interpreted as resulting from petiodic evaporation of
cphemeral NSL, thereby concentrating the tesctvoir of old catbon in the lacustrine basin.
As such, the ages of the Sapropel B radiocatbon samples are taken as a more accurate
reflection of the timing of the transition from otganic-rich to otrganic-poor sediments in
NSL. Therefore, sapropel deposition in NSL lasted for ~1300 years and ceased at
c. 4700 cal yr BP (c.f. c. 4.6 ka as per OSL dating).

Old Man Lake

A single radiocarbon date on a piece of charcoal from the lagoonal unit of OML
provides a maximum age for this (c. 7700 cal yr BP). However, charcoal is known to be
easily transported by water movement, high coastal winds and even human activity. This
makes it likely that the charcoal in question was burnt and later cartied into the lagoonal

system of the Robe-Woakwine corridor. Thus, the other sedimentary organic matter in
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the lagoonal unit of OML is intetpreted to give a more realistic maximum age of
c. 5100 cal yr BP.

Deposition of the lagoonal unit occurred rapidly between ~4700 and 5100 cal yr BP.
Use of the lacustrine resetvoit effect suggested by present-day water sample activity
teduces this age span to ~3500-4000 cal yr BP. However, the existence of a slight age
invetsion at the transition into the ovetlying lacustrine unit suggests that it is possible that
this reservoir cortection is too latge and the resulting age range too young. Application of
a local matine resetvoit cotrection to the radiocarbon ages from these lagoonal sediments
would provide slightly older dates (tentatively suggested as ~4500-4000 cal yr BP), which
would be somewhat mote chronostratigtaphically consistent. An OSL sample from near
the base of the lagoonal unit has an age that is somewhat younger (3.8 + 0.2 ka) than the
radiocarbon age estimated through the use of a marine reservoit correction. However,
OSL can define ages as atbitrarily young if quartz grains from higher in the sedimentary
sequence ate translocated down section. Such movement could have easily occurred in a
high-energy lagoonal envitonment. Therefore, the application of a marine reservoir
cotrection is suggested as the most accurate measure of the lagoonal unit age.

The transition from lagoonal to lacusttine conditions in OML has a maximum
tadiocarbon age of c. 4700 cal yr BP. However, the timing of this event is suggested as
c. 3600 cal yt BP ot c. 4000 cal yr BP by correcting for the reservoir effect implied by the
modern lake water and marine water, respectively.

The episodic saptopel deposition recorded in the stratigraphic succession of OMIL,
ceased at a maximum of c. 3200 cal yr BP, although 1s more likely to have actually been as

recently as c. 2200 cal yr BP.

Lake Amy

The LA core represents a maximum of ~4600 years of lacustrine sedimentation. By
correcting for the reservoﬁ effect implied by the modern lake water, this is reduced to
~3900 years. Applying this constant reservoir cotrection to the maximum radiocarbon
ages of c. 4600-3900 and 3200-2400 cal yr BP obtained for the two gelatinous sapropelic
intervals within the otganic-tich mudstone results in more realistic estimates of
c. 3900-3300 and 2600-1800 cal yr BP, respectively.

The halt in deposition of organic-tich sediments is dated at a maximum of
c. 2400 cal yr BP, but cotrecting for the reservoir effect brings the timing of this event to

c. 1800 cal yr BP.
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Figure 7.5: The calibrated radiocarbon age range (translucent band) suggested most
probable by the present study. Tn-filled circles (@) indicate maximum possible ages

and open squares (O) indicate reservoir corrected ages.
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CHAPTER 8: ORIGIN OF LACUSTRINE ORGANIC MATTER

Lacustrine organic mattet can be a mixture of material derived from multiple soutces,
including terrestrial plants, aquatic macrophytes, algae (both benthic and planktonic) and
bacteria. Each of these biota is influenced by different environmental factors, such as
water availability, seasonality, temperature, and light intensity. Geochemical analysis of
lacustrine organic matter has the potential to reveal information on the natute of these
environmental factors and how they change duting the sediment accumulation history of
the lake. The geochemical parametets so obtained may yield information that is specific
to organic matter type. For example, the catbon isotope composition of terrestrial
organic matter is primarily a reflection of the photosynthetic pathway (C3 or C4)
employed by the precursor biota. As these two pathways are adapted to different
environmental conditions the predominance of one plant type over the other can be used
to infer conditions of water availability and the concentration of atmospheric CO,
(Fatquhar et al, 1989; Tieszen, 1991; Boutton, 1996). When it can be shown that
lacustrine organic matter is primarily allochthonous, a shift in 813(:Org of >2%o generally
reflects a change in the proportion of C3:C4 vegetation in the sutrounding watershed
(e.g. Notdt et al, 2002; Krull et al, 2003). A positive shift indicates an increase in C4
vegetation, which is commonly interpreted as reflecting a transition to drier conditions
(c.g. Ehleringer et al., 1997, Lamb et al, 2004). On the other hand, a negative shift
reflects an increasing propottion of C3 organic matter in the sediments, which could
reflect a transition to motre humid conditions in the watershed. However, as C3
vegetation is isotopically indistinct from freshwater C3 algae, <‘513Cm_g values must be
interpreted differently when the organic matter contains any significant contribution
from autochthonous sources. Accordingly, it is fundamental to establish the origin(s) of
the lacustrine organic matter priot to attempting any palaeoenvironmental reconstruction

from its geochemical analysis.

The present study of these shallow lakes on the Coorong coastal plain employed a
suite of analytical techniques to characterise the organic matter preserved in their
Holocene catbonate sediments. This chapter reports on the origin of the lacustrine
organic matter as interpreted from the resulting data, which were presented against core

stratigraphy in Chapter 6.
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8.1 Atomic C/N ratios

The measurement and comparison of sedimentary organic C/N ratios with those
values typical for aquatic and terrestrial biomass has often been used to help determine
the origin (autochthonous versus allochthonous) of matine and lacusttine organic matter
(e.g- Talbot and Lzrdal, 2000; Tolun et al, 2002). Sampei and Matsumoto (2001)
demonstrate that the relationship between C/N ratios and the relative propottions of
terrestrial and planktonic organic matter is nonlinear. C/N ratios are much less sensitive
to changes in planktonic input when it is propottionately high. For example, increasing
the proportion of planktonic (vetsus tertesttial) organic mattet from 10 to 20% leads to a
decrease in C/N of 8, but increasing the propottion from 80 to 90% only causes a C/N
decrease of 1.2 (Lamb et al., 2006). Therefore, compatison with typical C/N values
should only be used to give a preliminary indication of the relative propottions of aquatic

and tetrestrial contributions to the lacustrine otganic mattet pool.

Atomic C/N ratios from all three lakes fall predominantly between the values typical
for terrestrial vascular land plants and aquatic algal and bacterial organic matter (I'igure
8.1). Therefore, as a C/N based first approximation, the otganic matter pools of these
three lakes comprise a mixture of allochthonous and autochthonous sources. Some
samples from OML have matkedly lower C/N values (<10) and thus seem to have been
derived purely from aquatic (autochthonous) sources (discussed below).

In NSL, C/N wvalues are telatively constant and average 16.4 throughout the
1.3 m-thick sapropel interval (Figure 8.2 A). Therefore, this sapropelic organic matter
appears to be a mixture of vascular land plants and aquatic algae and bacteria. However,
soil organic matter commonly has C/N ratios of between 8 and 15 (Nadelhoffer and Fry,
1988), and is thus indistinguishable from lacustrine organic matter detived from a
combination of aquatic and terrestrial soutces, and could be responsible for the C/N
values of the NSL sapropel. Alternatively, these C/N values could indicate a planktonic
soutrce grown under conditions of either abundant nutrient supply or nitrogen deficiency.
Such conditions could increase planktonic C/N values to as high as 18-20 (Meyers, 1997,
Talbot and Leerdal, 1999).

A marked increase in C/N values within the organically lean pelletal laminated unit of
NSL is masked by the scale of the axes in Figure 8.1 but is cleatly evident in Figure 8.2 A.
This shift to higher C/N values could result from the preferential digestion of nitrogen-

rich proteinaceous planktonic material by grazers, such as brine shrimps, worms and
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gastropods (e.g. C. striatd). Indeed, the pelletal texture of this unit is indicative of the
ingestion of muddy sediments and excretion of faecal pellets that is common to low

enetgy, saline waters (Scoffin, 1987).

2.0
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o OML
o LA

1.0
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0.5
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Figure 8.1: Percent TOC versus percent TN for the cores from NSL, OML and LA.
Boundary lines at C/N = 4, 10 and 20 define the typical ranges for organic matter
derived from terrestrial plant (C/N>20) and aquatic algal and bacterial
(4<C/N<10) sources.

As in NSL, the C/N profiles of OML and LA could simply imply a mixed soutce for
their organic matter. However, C/N values higher than those typical of aquatic organic
matter could equally result from a predominantly aquatic source linked with conditions of
high productivity, nitrogen deficiency or significant degradation of proteinaceous
components. Contrary to the NSL profile, neither OML not LA display a relationship
between C/N and stratigraphy (Figure 8.2 B,C). In OML, C/N values range from 2.7 to
18 within the 35 cm-thick sapropel interval alone. Here, the association of high C/N
values with high TOC contents could be a reflection of selective recycling of nitrogenous
organic components under suboxic conditions (van Mooy et al, 2002). Although
groundwater does supply significant amounts of nitrate to the lakes of limestone-rich
regions (Wetzel, 1983), nitrogen levels can deplete to the extent that such nitrogen
recycling is promoted under conditions of high lacustrine primary productivity.

Although C/N values <10 imply an aquatic origin for sedimentary organic matter,
such values are not consistently associated with any one sedimentary unit, texture or
TOC content in the OML core. Thus, the dramatic C/N fluctuations throughout the

OML profile preclude a simple C/N-based classification of its lacustrine organic matter.
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In the sediments of LA, C/N also varies but less widely. Hete, slightly lowet C/N
values in the sapropel intetvals (uppet, 14.4 £ 2.9; lower, 14.7 £ 2.1) could imply that this
organic matter is either somewhat mote aquatic in origin, or is less degraded, than that in
the remainder of the sedimentary succession.

Cleatly any attempt to identify the source(s) of sedimentary organic matter in these
lakes using the atomic C/N tatio alone is bound to be inconclusive. This exemplifies the
importance of using multiple proxies in palaecoenvironmental investigations, such as the
present study. Indeed, all palacoproxies suffer some degree of uncertainty as a result of
imperfect signal presetvation and the complexities of the natural processes being
investigated (Batd, 2002). The use of multiple palaeoproxies minimises the influence of
any one particular uncettainty on the overall outcome of the investigation. To this aid a
cross-plot of C/N values against organic carbon isotopes (8”(:0([;) can prove useful when
evaluating the telative contribution of different organic matter types to subaqueous

sediments (Figure 8.3). The data points for all three lakes tend to fall between the

atomic C/N
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Figure 8.3: Representative 8C and C/N ranges for major organic inputs to
subaqueous sediments (modified from Lamb et al, 2006). Particulate organic
carbon (POC) encompasses suspended organic matter such as phytoplankton, and
to a lesser extent, zooplankton. Data plotted for NSL sapropel (), NSL organic-
poor sediments (4), OML (0) and LA (@) tend to fall between these generalised
ranges, indicating either a mixed organic matter origin or the influence of a range of

environmental conditions on the formative aquatic organic matter (see text).
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generalised ranges that are indicated for terrestrial plants and aquatic algae, bactetia and
patticulate organic catbon. Therefore, this compatison with 813C0rg data does not enhance
_the organic matter source information provided by the C/N values alone. There appears
to be a greater association of the OML sediments with aquatic bactetial organic matter
and marine particulate organic carbon as well as a greater association of the NSL
organically-lean sediments with terrestrial plant material (a mixture of C3 and C4
species). Overall, the data suggests that the sedimentaty organic matter of these three
lakes has either a mixed aquatic/tertestrial otigin or is dominated by soil organic matter,
which can be a significant contributor to the organic matter pool within tributary-fed
aquatic settings ot whete thete is a large aeolian flux to the lake system. Howevet, as
discussed above, the possibility of a predominantly aquatic organic matter soutrce
produced under atypical environmental conditions (e.g. abundant nutrient supply,
nitrogen deficiency) cannot be discounted. Clearly, additional data are required before the

origin of this lacustrine organic matter can be identified.

8.2  “C-NMR spectra

There ate many proxies available that can aid organic matter soutce identification.
Here, the NMR spectra of these sediments provide valuable information on the chemical
structure of their organic matter. Each of the major resonances in these spectra (Figure
8.4) are herein assigned to a molecular structure of carbon and the distribution of
structures then assigned to a particular organic matter type.

The largest peak in all 17 spectra is at ~31 ppm and is attributed to aliphatic carbon.
These are commonly derived from long-chained lipids and aliphatic biopolymers (Kégel-
Knaber, 1997). Such paraffinic structutres are found in the resistant biopolymers of algae,
and typically resonate at ~32 ppm (Zelibor et al., 1988; Knicker et al., 1996). In contrast,
extensively branched alkyl structures resonate at ~15 ppm (Hedges et al., 2002). A
shoulder at this resonance on the lower field side of the alkyl peak indicates a minor
contribution of branched methyl structutres to some of these samples, and is particulatly
noticeable for those from LA. It may be that this resonance reflects highly branched
isoprenoid hydrocarbons previously identified at NSL and OML and derived from a
significant contribution of diatoms to these sediments (McKitdy et al., 1995).

The peak at ~53 ppm 1s only a third to half the height of the alkyl peak, and is at least
partially obscured by the larger peaks in both the upper (72 ppm) and lower (31 ppm)

chemical shift fields. Nonetheless, the presence of this peak mdicates some contribution

110



from NH,-substituted catbon (45-60 ppm), most probably in the form of amino acids
and proteins (Knicker et al., 1996; Hedges et al., 2002). The broad, rather than shatp,
nature of this peak suggests that it is not attributable to lignin (Figure 2.6A).

The peaks at ~72 and 102 ppm cotrespond to catbohydrate structures, which are
major components of both aquatic and terrestrial biomass (Wilson, 1987). These peaks
fall within the resonance fields of aliphatic catbon single-bonded to one (60-95 ppm) and
two (95-110 ppm) hydroxyl groups, respectively. The former range is typical of pentoses
and hexoses (Hedges et al, 2001) and the (stronger) peak at ~72 ppm represents
glucosidic catbon structures (Deteppe et al., 1980).

The peak at ~130 ppm, along with the peak at ~102 ppm, are the weakest of the six
major resonances in these samples. The field of 110-160 ppm corresponds to unsaturated
carbon atoms, which may be either aromatic or olefinic in structure (Wilson, 1987).
Broad tesonances in this region are often attributed to charcoal (Figure 2.6B). Howevet,
the asymmetry of the peak at ~130 ppm in these lacustrine samples suggests that it
represents unsaturated compounds ot aromatic amino acids, such as phenylalanine,
tyrosine and histidine (Knicker et al., 1996), rather than charcoal.

The absence of much resonance in the higher aldehyde/ketone field (190-220 ppm)
shows that most catbonyl groups occur in acid, ester, amide and quinone structures
(Deteppe et al., 1980). As the major resonance in this field peaks at ~173 ppm it
cottesponds ptimarily to carbon double-bonded to oxygen in amide or ester groups
(Wilson, 1987, Hedges et al, 2001), and is therefore attributable to proteins and
glucosides (Deteppe et al., 1980).

31

T 1 I T I I |
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Figure 8.4: PC-NMR spectrum of lacustrine organic matter (ONL3) representative

of most Coorong samples. Major resonances are indicated (see text).
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In summary, the "C-NMR spectra for all samples from the three lakes are dominated
by alkyl carbon (carbohydrates and proteins), with only minor signals in the unsaturated
region. Sedimentary organic matter of planktonic and bacterial otigin is rich in nitrogen-
containing proteinaceous material, and contains large amounts of alkyl carbon and
relatively little aromatic or olefinic carbon (Dickens et al., 2006). On the contrary,
terrigenous plant material contains a higher propotrtion of aromatic and O-alkyl catbon,
attributed to the higher cellulose content in vascular plant residues. (Hedges et al., 1997,
2002). In particular, there is a notable absence of peaks at ~56, 115 and 148 ppm, which
are usually indicative of lignin and/ot tannin from vascular plants as well as at 145 ppm,
which is attributed to the carbohydrate in cellulose (Golding et al., 2004). Therefore, the
PC-NMR spectra of the Coorong lacustrine sediments are likened to those typical of
planktonic and bacterial organic matetial.

This conclusion suppotts the findings of previous studies on Coorong lacustrine
sapropels (e.g. McKirdy et al., 2002; Edwards et al., 2006) in indicating an organic matter
pool composed largely of lacustrine photoautotrophs (algae and bacteria) and augmented
by minor contributions from allochthonous terrestrial biomass. In fact, the Coorong
lacustrine organic matter has a spectral distribution similar to that of sinking planktonic
patticles from a modetately productive, modetately oxygenated (100-200 pmol/1)
equatorial site in the Pacific Ocean (Hedges et al., 2001, 2002), sediments from the
continental slope off the coast of Washington, (Dickens et al., 2006), and the lower
estuarine sediments from Durras Lake, southern NSW (Golding et al., 2004) (Figure 8.5).

The major resonance positions are almost identical for all 17 of the Coorong spectra.
However, at OML the relative proportions of carbon structures in the lagoonal unit
(OMLOG), and to a lesser extent near the transition out of lagoonal conditions (OMLS5),
differ slightly from those of its truly lacustrine sediments (Figute 8.6). Most significantly,
there is a greater proportion of carbon represented in the unsaturated (110-160 ppm) and
aldehyde /ketone (190-220 ppm) chemical shift ranges, and a lesser proportion of alkyl (0-
45 ppm) and carbonyl/amide (165-190 ppm) catbon, in the lagoonal samples (Table 6.3).
These differences are similar to those between marine and terrestrial end-member
sediments off the coast of Washington, U.S.A. Here, the tetrestrial end-member displays
a relatively higher resonance in the unsaturated, and lower resonance in the alkyl,
chemical shift ranges (Dickens et al,, 2000). Therefore, the lagoonal unit of OML is
interpreted as having received more terrigenous input to its organic matter pool than did

the remainder of the Coorong lacustrine sediments examined in this study.
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Figure 8.5: Comparative PC-NMR spectra for A) OML3, B) sinking particles in the
upper water column (~500-1000 m) of the equatorial Pacific Ocean (Hedges et al,
2001), C) the 2.0-2.5 g/cm? density fraction of Washington coastal slope sediments
(Dickens et al., 2006), and D) lower estuarine sediments at Durras Lake, southern

NSW (Golding et al., 2004 )

The presence of a broad symmetrical peak at ~130 ppm in sample OML6 may
suggest that this terrestrial input is in the form of charcoal that was washed into the
lagoonal system, or alternatively, carried in by high coastal winds. For all other samples,
the asymmetrical peak at ~130 ppm with a ‘shoulder’ on the higher chemical shift side, is
intetpreted as a reflection of unsaturation associated with alkyl carbon or with aromatic
structures, such as certain amino acids, rather than indicating the presence of charcoal.
The interpretation of a higher charcoal contribution to sample OMLG than to all other
samples is reinforced by the lower percentage of catbon that is ‘observed” (C,,,) by NMR

of the lagoonal unit sample (Table 6.3). Charcoal is typically under-represented by cross-
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polatisation (CP) spectra repotted hetein (Skjemstad et al.,, 1996, 1999; Golding et al,
2004). Therefore, it can be assumed that the lowet C, for OMLG6 reflects a higher
propottion of ‘unseen’ charcoal catbon in this sample. This assumption could be tested
by comparison with spectra obtained using the Bloch decay (BD) polatisation technique,
which provides a more quantitative estitnate of total carbon propottions (Skjemstad et al.,
1996). However, longer acquisition times are required for BD spectra and the subsequent
high cost of sample analysis prohibited use of this technique in the present study.
Nonetheless, the CP spectra provide valuable information on the telative disttibution of
carbon structures within these samples, and indicate that the majotity of the sedimented

lacustrine organic matter at all three sites is ptimatily autochthonous in otigin.

1 I
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Figure 8.6: Compatison of C-NMIR spectra for otganic matter representative of
most lacustrine samples (A) and from the lagoonal unit of OMIL (B). The distinct
shoulder on the weaker peak in the aromatic region (~130 ppm) of the lacustrine
samples suggests that this resonance results from unsaturation associated with the
alkyl carbon, whereas the stronger symmetrical peak in this region of the second

spectrumn is attributed to charcoal in the lagoonal system.
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8.3 Carbon isotopes

In a eutrophic lake, whete the otganic matter is shown to be primatily
autochthonous, 8% C, Values will depend on the composition and availability of DIC,
and on both the level and type of ptimary productivity and subsequent organic mattet
ptesetvation (Meyets, 1994; Hassan et al,, 1997; Tolun et al, 2002). The "C-NMR spectra
(described above) teinfotce the findings of earlier workers (e.g. McKirdy et al., 2002;
Edwards et al., 2006) in indicating that the otganic matter pool of all three lakes is largely
autochthonous in origin. Therefore, the é‘)”COrg values ptrimarily reflect in-lake conditions
and processes rather than climate-induced changes in the vegetation communities of the
sutrounding watershed.

The principal control on the 8C signatures of aquatic biomass is the DIC source

org
utilised during photosynthesis (Benedict et al., 1980; Hassan et al., 1997). The DIC of the
water column is controlled by an atray of factors including rates of atmosphetic CO,
exchange, carbonate weathering, watershed vegetation type and lacustrine rates of
photosynthesis and tespiration (Brenner et al, 1999; Leng and Marshall, 2004).
Phytoplankton preferentially take up CO, until it is exhausted. Rapid rates of primary
production can easily deplete dissolved CO, levels in shallow, high pH lakes to the extent
that aquatic biota increasingly utilise bicarbonate as a carbon source (Wetzel, 1983).

The (‘513C0rg values from the Coorong lakes (viz. NSL —22.3 to —16.4%0; OML -22.6 to
—17.5%o0; LA —23.2 to —15.9%o0)’ fall closest to those typical of photosynthetic bicarbonate
uptake by aquatic plants (average —21%o: Figure 8.7). Weatheting of their calcareous
hinterland supplies ample catbonate and bicarbonate to these groundwater-fed lakes.
Moteover, similarly alkaline conditions to the present day (pH ~8: Henderson, 1997) ate
likely to have existed throughout the history of each lake. At pH levels of ~9 the DIC
pool comptises almost entirely bicarbonate (Anderson and Leng, 2004). Organic matter
produced via photosynthetic incorporation of bicarbonate is relatively "C-entiched
because the carbon in bicarbonate is ~8%o heavier than the catbon in aqueous CO,

(Keeley and Sandquist, 1992; Fogel and Cifuentes, 1993). Therefore, the 8§°C

org Signatures
of these three lakes are interpreted as predominantly reflective of lacustrine algae that
used bicatbonate as their source of DIC. Further consideration of the stratigraphic

variation of these signatures is reserved for the discussion on productivity changes that

occurred during the evolution of each lake (Chapter 9).

7These results are from the extensive isotopic analysis completed at CSIRO Land and Water, not the
analysis completed in conjunction with radiocarbon dating at ANSTO.
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Figure 8.7: Percent TOC versus 8'3C,, for samples from NSL (a), OML (O) and
LA (®). The 8'3Cqyy values from all three lakes fall between the values typical of
lacustrine algal and bactetial otganic matter produced using CO; (average —27%o)

and bicarbonate (average —20%o) as its DIC soutce.

A contribution from aquatic macrophytes, such as Ruppia sp. (8”C : —16%o;

-
Appendix VI), may account for some of the mixed source affinity suggested by the 8" Corg
values of these lakes. Indeed, the yoghutt-like consistency of sutface sediments in the Salt
Creek lake chain is associated with the degraded remains of Ruppia sp. plants and
cyanobacterial binding (Wright, 1999). Freshwater macrophytes display a wide range of
8"C values (~ —30 to —12%o; Boutton, 1991). The different carbon sources used by
emetgent and submergent species are reflected by lower 8"C values for the emergent
macrophytes utilising atmospheric CO, and higher 8"C values for submergent
macrophytes that rely on lacustrine DIC (Hoyer et al., 1997).

An additional component of allochthonous terrestrial biomass may contribute to the
lacustrine organic matter pool but remains unquantified. However, a single piece of

charcoal from the lagoonal unit of OML has a 8C, . of —24.0%0", reflecting its likely

org

derivation from C3 land plants. Indeed, the 8”C,  values of modern day lakeside

org

vegetation (Appendix VI) reflect a predominantly C3 isotopic signature. Even Halvsarcia

sp. (saltbush: C4) displays a 8"C,,, value typical of C3 (~27.3%o), rather than C4

org

vegetation.

8 ANSTO analysis.
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8.4  Nitrogen isotopes

8"N data can help identify the source(s) of subaqueous sedimentary organic mattet
because of the differences in the isotopic composition of the inorganic nitrogen
reservoirs available to plants on land and in water. However, the interpretation of this
data is rarely simple. 8"°N values can reveal shifts in both phytoplankton and heterotroph
assemblages by indicating periods when biota capable of nitrogen fixation became
significant conttibutots to an autochthonous organic matter pool (e.g. Calvett et al.,, 1992;
Brenner et al., 1999; Struck et al., 2001; Lehmann et al., 2002; Meyers and Bernasconi,
2005). Alternately, 8"°N values can putely reflect secular changes in the dissolved
inorganic nitrogen (DIN) reservoit, such as increased nitrogen availability ot
photosynthetic nitrogen-drawdown, rather than changes in the biotic assemblage.

8N wvalues range from ~0 to 6%o in both OML and LA, but in NSL reach as high as
16.2%0 (Table 6.1). Also, the sapropel interval in NSL is marginally richer in "N
(8"N 1.5 to 6.9%0) than those in both OML and LA (8N 1.3 to 5.0%o). This suggests
that the overall contribution from nittogen-fixets to the autochthonous organic matter
pool was less in NSL than either of the southern lakes. On the other hand, as 8PN values
generally increase from oligotrophic to eutrophic lakes (Gu et al., 1996; Brenner et al,
1999), these values may indicate that the sapropel in NSL accumulated under relatively
more eutrophic conditions than did those in OML and LA.

Low 8N values (1-3%0) can be a teflection of phytoplankton that grew in a lake
with an abundant supply of DIN (Talbot, 2001). Therefore, the excursion (toward 1.5%o)
in the lower half of Sapropel A could be interpreted as a reflection of phytoplankton
produced under conditions of enhanced nitrate availability in NSL at this time. Inputs of
nitrogen (as nitrate) by groundwater can be a major past of the annual nitrogen loading in
many lakes, especially in regions rich in limestone (Wetzel, 1983). Therefore, the waters
of NSL were most likely rich in nitrate ptiot to its drawdown by excessive photosynthetic
production and the subsequent burial of organic matter that led to sapropel formation.

Alternatively, these relatively "N-depleted values may indicate a period where there
was a significant contribution by nitrogen-fixing biota (e.g. cyanobacteria) to the organic
matter pool in NSL. This could be a reflection of the influence that microenvironmental
conditions within an algal bloom can have on lacustrine element cycling. For example,
nitrogen fixation has been positively correlated with the concentration of organic
nitrogen compounds, such as those secreted by algae, in the water column (Wetzel, 1983).

This is exemplified by a study on the common nitrogen-fixing cyanobacteria, Anabacena,
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which showed that bacterial colonisation of algal blooms created oxygen-depleted
microzones (Figure 8.8) that apparently enhanced the overall nitrogen-fixing capability of
the biota (Paerl, 1978).

Filamentous
algae

. oxygenalted waters
b- g

__---‘_'_"--—

oxygen-depleted
waters surrounding
bacterial colonies

Figure 8.8: Schematic illustration of oxygen-depleted microzones that can be

created by bactertal colonisation within an algal bloom.

The most notable feature of the 8"°N data from NSL is the trend toward significantly
"N-entiched values in the laminated unit (Figute 8.9). These values are interpreted as
reflecting abundant ammonia production in the shallow alkaline waters of NSL, as is also
inferred for Pleistocene Lake Bosumtwi (Talbot, 2001). Subsequent volatilisation of this
ammonia would cause considerable ""N-enrichment in the DIN pool (Table 2.2), and
thus lead to the production of organic matter with such markedly “N-enriched values.
Furthermore, the loss of nitrogen across the lake water surface would be reflected by an
increase in the C/N ratios of organic matter produced under these conditions. Indeed,
the distinctly elevated C/N ratios throughout the laminated intetval of NSL (Figure 8.10)
provide further evidence that ammonia production and volatilisation is responsible for
the "N-enriched values of these sediments.

A shift toward less elevated 8 "N values in the massive unit of NSL may represent an
increase in the impact of cyanobacteria on the isotopic signature of these recent
sediments. Indeed, the presence of cyanobacteria (stromatolites and free-floating
autotrophs) has been recorded in all Jakes of the Salt Creek Lake Chain (Wright, 1999),
and stromatolite occurrence near the margins of NSL is undoubtable evidence of
nitrogen-fixation in this modern lake. As the observed decrease in 8 "N values coincides
with a significant shift of —2.65%0 in 8"”C, across the transition from laminated to

ory

massive units it is likely that an alteration to the organic matter assemblage is responsible
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Figure 8.9: Percent TOC versus 8'°N for samples from NSL sapropel (4), NSL

organic-poot sediments (8), OML (O0) and LA (@) sediments. 31N values tend to

fall between those typical fotr nitrogen-fixing and nittogen-assimilating biota, thus

indicating the likellhood of a mixed conttibution to the predominantly

autochthonous otganic mattet pool of these three lakes.
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Figure 8.10: Atomic C/ N' versus 815N for each of the sedimentary units in NSL.

The pelletal laminated unit is matked by distinctly elevated C/N and 8N values,

thus implying that the process of ammonia volatilisation became important during

this period of sediment deposition.
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Periods of enhanced contribution from photosynthetic nitrogen-fixing bactetia,
including cyanobactetia, to the organic matter pool of OML are suggested by lower §"°N
values within the lagoonal unit (~2.0%o), the sapropel interval (~1.6%o) and the otganic-
poor massive unit (—3.5 to 0.5%o: Figure 8.11). The sapropelic interval and the transition
from the sapropel into the ovetlying mottled interval are comparatively "N-enriched
(815N ~4.4 and 4.0%o, respectively), although still depleted with tespect to phytoplankton
(8°N ~8: Peterson and Howarth, 1987). The apparent shift toward conditions that
favour nitrogen-fixing species during the petiod of sapropel deposition suggests a
progressive reduction in the DIN pool. However, the prevalence of nitrogen-fixers
implied by the sapropel 8N values may not mean that the entire water column was
depleted in molecular nitrogen at this time. Instead, "N-depleted values may be a
reflection of oxygen-depleted microzones within the algal bloom that is eventually
preserved as saptropel. Regardless, 8N values reveal episodes of enhanced and reduced
nitrogen fixation in OML. Here, it seems that nitrogen assimilators were somewhat more
abundant during the periods of transition into and out of sapropel deposition than during

the period of sapropel deposition itself.

In contrast, the organic matter of LA is relatively "N-enriched in the lower and upper
sapropel intervals (8°N = 3.6 and 2.6%o, respectively: Figure 8.11). This suggests that
nitrogen assimilators remained the more dominant autochthonous contributors to the
organic-rich intervals in LA than was the case in OML. Also, in contrast to OML, the
sediments of the massive unit in LA are relatively "N-enriched (8N ~5%o), and thus
represent nitrogen assimilating, rather than fixing, species. A gradual upsection decrease
in 8”N between the two sapropel intervals suggests that nitrogen fixation became
increasingly more significant during the deposition of these moderately organic-rich
laminated sediments. This is likely a reflection of the progtessive removal of DIN from
the water column by the algal bloom (represented by sapropel) and continued throughout
deposition of the laminated unit. A negative excursion in 8N is also evident from
through the upper sapropel into the ovetlying mottled unit, thus reinforcing the
interpretation of progressive photosynthetic DIN uptake promoting nitrogen fixation in
LA. This being the casc there must have been some input/recycling of "N-enriched
nutrients toward the halt in deposition of the laminated sediments to account for the

similar 8N values in both the upper and lower sapropels.
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Figure 8.11: Comparison of 8°N in the sediments of OML and LA. Shifts toward
positive 8'°N values reflect an increase in the proportion of nitrogen-assimilating
biota to the otganic mattet pool whilst shifts toward negative values reflect an

inctease in nitrogen-fixing species.

It cannot be established from the present data set whether low 8N values in any of
the three lakes reflect an abundance of nitrate available to phytoplankton or a dominance
of photosynthetic nitrogen-fixing bacteria. However, this information could be obtained
through biomatker analysis. Fot example, the occurrence of isorenieratene in sapropel
intervals of the Mediterranean Sea is indicative of green sulphur bacteria, which atre
obligate anaerobes (Sinninghe Damste et al., 2001). These sapropels are "N-depleted (e.g.
Calvert et al.,, 1992; Struck et al., 2001), so it seems that nitrogen-fixing microbes are
either themselves a significant component of the primary production that is eventually
presetved as sapropel, or play an important role in providing bioavailable nitrogen to the

phytoplankton (Meyers and Bernasconi, 2005).
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8.5 Synthesis

To summarise, C/N ratios do not point unambiguously toward a predominantly
aquatic origin for the lacustrine organic matter, but instead suggest a mixed aquatic and
terrestrial source. However, >C-NMR analysis indicates that the organic matter pool of
all three lakes is very similar to published NMR spectra from plankton, thus implying that
the Coorong lacustrine otganic matter is largely autochthonous in origin. This reinforces
the previous findings that indicated an organic matter pool composed primarily of
lacusttine photoautotrophs. In areas with a high algal contribution to the otganic matter
pool, it can be difficult to distinguish organic matter sources based on 813Cmg values, even
with the aid of C/N (Chivas et al., 2001). This study would have benefited from the use
of additional parameters such as compound specific isotope or biomatker analyses (e.g.
Wilkes et al., 1999; Hollander and Smith, 2001).

The elemental and isotopic signatures of organic matter in the present study are
considered to primarily reflect changes in internal lacustrine conditions and processes,
rather than alterations to the tertestrial ecosystem of theit hintetland. Higher C/N ratios
than thosc typical of algac and bacteria are interpreted as reflecting conditions of either
nitrogen-deficiency or a nutrient abundance, the latter promoting primary productivity in
the epilimnion and leading to oxygen depletion in the hypolimnion and prefetential
degradation of nitrogen-rich proteinaceous organic matter. (‘SHCm.g values of around
—20%o reflect the photosynthetic use of bicarbonate by these aquatic biota and indicate
variations in the extent of lacustrine productivity and respiration. 8"°N values provide
information on shifts in the phytoplankton and heterotroph assemblages that may be

related to changes in the trophic state of the lake waters.
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CHAPTER 9; ISOTOPE CHEMOSTRATIGRAPHY OF CARBONATE AND
ORGANIC CARBON AS A KEY TO LAKE EVOLUTION

In general, organic-tich sediments, such as the sapropels of the present study, are
linked to petiods of relatively high productivity in low-energy, commonly oxygen-
depleted environments. Sufficiently high productivity is essential for organic matter to
reach the sediment in any quantity and subsequently stand a chance of preservation.
Conditions of oxygen depletion that aid organic matter preservation may be either a by-
product of high productivity levels (e.g. Martinez-Ruiz et al., 2000; Meyers and
Betnasconi, 2005), or be untelated to productivity (e.g. result from stratification:
Rossignol-Strick, 1985; Aksu et al., 1995). According to Pedersen and Calvert (1990) and
Calvert et al. (1992) restricted citculation and bottom water anoxia enhance sapropel

presetvation but are not necessatily prerequisites for sapropel formation.

The extent of ptimaty productivity in the epilimnion is by and large considered the
most significant biogeochemical control on the 813Cm.g and 8"C_, values in highly
productive lacustrine systems (e.g. McKenzie, 1985; Schelske and Hodell, 1991; Meyers,
1997; Tolun et al., 2002). Therefote, secular variations in sedimentary 8”Cmg and 8"C_,,
values will, to some degree, reflect changing productivity levels in these shallow coastal
lakes. Howevet, to assume that primary productivity is the principal control on lacustrine
carbon cycling is an oversimplification. A range of environmental factors, such as water
temperature, salinity and turbidity, can influence the isotopic evolution of a lake and its
sediments. Also, as organic matter is a mixture of variably resistant biochemical fractions
that have different isotopic signatures, selective degradation of the more labile

components has the potential to modify bulk 8§°C... values (Herczeg, 1988). Finally,

org
under anoxic conditions, such as those created by the degradation of large amounts of
organic matter in highly productive lacustrine systems, microbially mediated carbon
cycling processes are enhanced (Hollander and Smith, 2001). Because anaerobic
processes such as sulphate reduction and methanogenesis can significantly impact on the
catbon isotopic signature of sedimentary organic matter and carbonate (see section 2.2.2),

the conditions of both productivity and preservation must be considered when

interpreting sedimentary §C values.
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In the present study, isotopic analysis was used to investigate secular changes in
lacustrine environment that may have been linked to sapropel deposition. This chapter
discusses the isotopic data from sedimentary catbonate (8"°C_,, 8'®O) and coexisting

otrganic matter (SHCMB) and their implications for the evolutionary history of each lake.
9.1 Evolution of the Studied Lakes

North Stromatolite Lake

8"C. and 8O, values fall into two distinct groups. Those of the basal and
Sapropel A units are depleted in "“C relative to the remainder of the sedimentary
succession (Figure 9.1). The upsection enrichment in °C and "*O may be attributed to the
progressive evaporative removal of the lighter isotopes from the lake waters and the
subsequent deposition of isotopically heavier carbonates over time. Rosen et al. (1988)
and Edwards et al. (2006) also interpret a similar increase in 8°C_,, and 8"O as evidence
of evaporation in shallowing lakes of the Salt Creek lake chain.

At

Variable levels of lacustrine productivity can be responsible for changes in 8"°C_,.
first glance, Figure 9.1 could be interpreted as evidence for the association of high
productivity with saline conditions brought about by evaporation, and low productivity
with fresher conditions at NSL. Indeed, conditions of increased evaporation can act to
promote lacustrine productivity by both concentrating the available nutrients and raising
lake water temperatures (Mayer and Schwark, 1999). However, this interpretation cannot
explain the apparent association of low TOC contents in the laminated and massive units
with petiods of supposed enhanced productivity in NSL. Li and Ku (1997) provide an
alternative explanation: “As fresh (rain) water is usually more depleted in "C than lake
water, under conditions of evaporation exceeding precipitation, photosynthetic removal
of organic carbon will lead to an increase of lake 8"°C even if the lake productivity
remains unchanged.” Hence, notwithstanding their isotopic signatures, it seems that the
organic-poor carbonate sediments of NSL were not actually deposited during periods of
increased productivity. Rather, they formed within a water column from which the lighter
carbon isotope had been preferentially removed via photosynthetic uptake during the

preceding sapropel event, as well as during continual evaporation of the shallowing water

body.
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Figure 9.1: Cross-plot of 8PCep, versus 880, (vpdb) for A) the organic-rich and

B) the organically-lean sedimentary units of NSL. The apparent association of high
levels of productivity with saline conditions brought about by evaporation, and low
levels of productivity with fresher conditions, becomes weaker when TOC content

is taken into account (see text).

The positive shift in 8"°C_,, through the Sapropel B unit of NSL coincides with a
positive shift in 8" C,, (Figure 9.2). The BC-enrichment of the DIC reservoir that results
from increased lacustrine productivity leads to a progressive 8"°C increase in both newly
produced organic matter and carbonate within a sedimentary succession (Hollander and
Smith, 2001; Meyers, 2003). Therefore, the synchronous increase of 8°C,,, and 8”(:Org
through the sapropel B unit of NSL is here attributed to photosynthetic "2C uptake
during sapropel formation.

This positive carbon isotopic trend appears to have been initiated by a freshening
episode, which is evident in a 1.6%o decrease in 80O values at around 200 cm depth. A
20 cm-thick gastropod-rich layer immediately precedes the depth of this hypothesised
freshening episode. As high salinity levels contribute to the demise of Coxziella (De
Deckker, 1988), the halt in accumulation of significant numbers of these gastropods at
around 200 cm depth supports this theory of a mid-sapropel freshening.

Edwards et al. (2006) observe a similar mid-sapropel decrease in 8'°O and §"C_,, at
approximately this point in the NSL sedimentary sequence and attribute it to enhanced
meteoric input triggering a short-lived decline in productivity. Why such a freshening

would decrease productivity in this system is not considered in that study. An alternative
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Figure 9.2: Comparison of 813Cqy, 83Ce (@) and 88O¢u, (A) in the NSL1 core.
I) A marked negative excursion in 8'30 is interpreted as evidence of a freshening
episode toward the end of Sapropel A deposition. II) The increase of all three
isotopic parameters is attributed to the photosynthetic and evaporitic removal of
12C and SO from the aqueous reservoir during deposition of Sapropel B. III) A
decrease in 813C, suggests an enhanced contribution of bacterial biomass to the
sediments duting deposition of the pelletal laminated unit. See text for further
discussion.

interpretation would be that the 8C_ . decrease results not so much from a drop in

carb
productivity, but rather from an increase in respiration or oxidation of previously
deposited "C-depleted organic carbon. However, enhanced meteotic input typically
induces stratification in a water body, which can promote hypolimnic organic matter

preservation. The 8”C_, and §"O data of Edwards et al. (2006) were obtained from

benthic ostracods, and therefore reflect changes in the hypolimnion. The simultaneous
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decrease of 8°C_, and 8"O recorded in authigenic catbonates of the present study
teflects conditions in the epilimnion. Therefore, in combination the two studies indicate
that the entite watet column freshened at this time. It is here suggested that enhanced
meteotic input was accompanied by wind-induced mixing that returned 2CO, released
via otganic mattet degradation in the hypolimnion back into the epilimnion and thus
caused the slight mid-sapropel decrease in 8”C_, (<0.7%o) (Figute 9.2). Indeed, the
degtee of osttacod vatve ornamentation observed by Edwards et al. (2006) implies that
the bottom watets of NSL were well oxygenated during sapropel deposition, which
suggests that any stratification in the system was weak and could be easily broken down

by a mechanism such as wind shear.

813(:0r

. and 8™0 implies that there was some

The subsequent increase in 8"°C,,,
petturbation to the hitherto apparently steady-state lacustrine system, and closely
cotresponds to the transition from Sapropel A into the organically leaner Sapropel B. At
this transition point in the lake’s history some geochemical threshold was surpassed. The
lowetr TOC values of Sapropel B initially suggest that the isotopic evolution of the lake
waters did not result from increasing productivity. However, TOC content can be diluted
by an increase in mineral matter (Figure 9.3). Therefore, the lower TOC values in
Sapropel B may simply be a reflection of increased carbonate precipitation resulting from
productivity-induced CO, drawdown. They need not preclude enhanced productivity as
the cause of the isotopic enrichment evident in Sapropel B. More accurate information
on the secular vatiability of organic carbon delivery to the sediments would likely be
given by mass accumulation rates, which are expressed as mass of TOC per unit of lake-
bottom area per unit of time, typically mg cm™ y' (Meyers and Teranes, 2001). However,
these are difficult to calculate accurately because of our poor understanding of how the
topogtaphy and atea of the lake floor has changed as this shallow basin gradually filled
with sediment (Warren, 1990).

Within the overlying laminated unit of NSL, 8" °C_,, and 8"O remain approximately

steady at 4.4 £ 0.4 and 3.9 £ 0.5%o, respectively. However, §'°C,, values initially decrease

org
by ~2.5%o across the transition from Sapropel B into the laminated unit before averaging
out at —19.4 + 0.5%o (Figure 9.2). This negative isotopic shift toward the end of sapropel
deposition may be evidence for anaerobic respiration of organic carbon producing g0
depleted methane and CO,. Subsequent incorporation of this YC-depleted carbon by

methanotrophic and chemoautotrophic microbial biomass is recorded by a trend of

§" C,,, depletion in the sediments, whilst the bicarbonate pool and carbonate precipitates
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exhibit the opposing trend of '*C-entichment (Talbot and Kelts, 1990; Hollander and

Smith, 2001). The apparent decoupling of 6”Cmg and 8”C,, in NSL suggests the

catb
existence of a stratified water column in which the contribution of microbial biomass to
the hypolimnion and sediments was significant enough to impart a negative isotopic shift
to the 813C0rg profile whilst the near-vertical §°C_, profile reflects steady state conditions
in the epilimnion.

Regardless of the lack of opposing trends in the 8”Cmg and 8"°C_,, profiles (Figure
9.2), bacterial processes are implicated by the carbon isotopic signature of the laminated
unit. As outlined in section 2.2.2, bacterial methanogenesis is assoctated with strong
kinetic isotope fractionation and results in markedly positive §°C_,, values (Figure 2.4).
On the contrary, bicatbonate formed from the catbon liberated via sulphate reduction
inherits the original isotopic composition of the organic matter (Talbot and Kelts, 1990).
Repeated bands of black sulphide-rich sediment throughout the laminated unit of NSL,
as well as the distinct smell of H,S gas during core extraction, indicate that bacterial
sulphate reduction has taken place in these sediments. However, an elevated mean §°C_,
value of 4.4 * 0.4%o for the laminated unit suggests that baclerial methanogenesis has
been the dominant process of organic matter degradation in this interval. Therefore,
sulphate reduction must have acted, at least periodically, to deplete sulphate levels to the

point where bacterial methanogenesis was triggered.
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Figure 9.3: Cross-plot of percent TOC versus percent carbonate for NSL. In
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matter was diluted as the rate of carbonate precipitation increased.
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The negative isotopic shift recorded by both the organic and inorganic carbon pools
in the massive unit of NSL indicates *C-depletion in the DIC. Such a depletion could
tesult from increased oxidation of biogenic methane at the oxic/anoxic interface, which

by now was located well within the photic zone (Hollander and Smith, 2001).

Old Man Lake

8"*0,,,, and 8"°C_, show a mote significant cotrelation for OML'’s lacustrine
sediments (R?=0.5458) than for the entite sedimentary sequence (R*=0.0043: Figure 9.4).
The former correlation is negative, which indicates that, unlike NSL, periods of higher
evaporation do not coincide with increased levels of productivity in OML. Also, the
slope of the line of best fit is shallow in comparison to that for NSL. Large vatiations in
8"C,,,, are accompanied by only small shifts in 8"0. Clearly, the secular isotopic
variability within the OML sedimentary succession records the impact of driving forces
different from those in NSL. In OML, the obsetved variations of 8O and 8"°C_,,, do not
reflect the continued evapotative concentration of a hydrologically isolated, shallowing
water body because neither isotopic parameter increases steadily up-section. Rather, both
display marked fluctuation. Obviously other environmental factors (e.g. water
temperature, primaty productivity, bacterial activity) have acted to influence the isotopic
evolution of this small, perennial coastal lake. However, the small number of lacustrine
samples (n = 6) taken for §"°O and 8"C,,q, analysis precludes detailed interpretation of
these effects within this system.

The much slower rate of lacustrine sediment accumulation in OML means that a
greater time span is represented by each standard sample thickness’. This artefact of
sampling hinders the detail and/or validity of any subsequent envitonmental
interpretation. Of even more significance in the present study is the mismatch between
depths at which samples wete taken for organic and inorganic isotopic analysis. Even a
slight mismatch could represent 10s to 100s of years. Therefore, comparison of the
sparse carbonate and organic catbon isotopic data sets permits only provisional

interpretation.

Y Here a 1 cm-thick sample size represents ~25 years of sapropel deposition and ~50 years of massive unit
accumulation (refer to Table 7.2).
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Figure 9.4: Cross-plot of 8*Cep versus 88Oqq (vpdb) in OML. The values display
no correlation if considering the entire sedimentary sequence (solid line). The
cotrelation strengthens if consideting only sediments deposited since isolation of
the depocentre from the local back-barrer lagoon and the onset of truly lacustrine
conditions (¢, dashed line). Large 8'3C variations are associated with small changes
in 8130, implying that productivity is a more significant influence on the isotopic
evolution of this lake than is evaporation. Also, in contrast to NSL, the correlation
is negative indicating that in OML high levels of productivity are associated with
fresher conditions, and low levels of productivity with increased evaporation.

The lagoonal unit of OML displays a distinct uniformity in its O and 8"C_,

signatures (Figute 9.5). An increase in 8"*O from 1.8%o in the lagoonal unit to 3.0%o in
the overlying lacustrine sediments is considered primatily a reflection of the isolation of
the depocentre from the marine system (~0%o) and the shift to a groundwater-controlled
hydrology. Stratigraphic changes in isotopic composition can reflect changes in the
relative abundance of carbonate components (Leng and Marshall, 2004). Therefore, the
shift from aragonite to calcite mineralogy across the lagoonal-lacustrine boundary may be
partially responsible for the 8'°O increase. However, subsequent isotopic vatiations
throughout the entire lacustrine succession and within each individual sedimentary unit
do not correspond to mineralogical changes.

A progressive “C-enrichment of epilimnic DIC is indicated by an increase of SI’N’CWg

values through the sapropelic interval. A concutrent rise in 8C_ ., which would identify

carb>

&

. . . . . l} .
mcreased productivity as the cause of the observed increase of 2.3%0 in 87C . is only
l )’ ()1g)

displayed over the lower part of the sapropelic interval. Thus, increased productivity
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duting the build-up to sapropel formation is implied, but not conclusively demonstrated
by the available data. A subsequent decrease of §°°C_,,, at the transition into the sapropel
intetval could denote the impact of organic matter decay and '*C-tecycling in this

inctreasingly productive system.
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Figure 9.5: Compatison of 83C,y, 8*Ceany (@) and 8" Ocn, (A) in the OMLI1 core.
1) An increase in 8'80 likely reflects the isolation of the lake from the marine
system. II) A positive shift in PC,y (and questionably in 8"3Ceup) through the
sapropelic interval may imply an increase in aquatic productivity during deposition
of this unit. TIT) A decrease in 83Cyy, (and questionable 8*Ce,y, increase) suggests
an amplified contribution of anaerobic bacterial biomass to the hypolimnion during
the latter stage of sapropel deposition. IV) This positive shift in 8'3C,, reflects a
return to a largely photoautotrophic biomass as sapropel deposition ceased. See text

for further discusston.

A 3.4%0 decrease in 8"C through the upper half of the sapropel interval is

org

interpreted as an amplified contribution of anaerobic bacterial biomass to the sediments
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during the latter petiod of sapropel deposition, as was noted and discussed previously for

NSL. This inference cannot be substantiated by a concutrent increase in 8”C_. due to

catb
the scarcity of such data for the OML sapropel. Howevet, as §°C_, is ~2%o greatet at
the end of sapropel accumulation than at its start, an enhanced contribution of such
bacterial biomass to these highly organic sediments is not ruled out. A study of
sedimentary biomarkers would need to be undertaken to test this hypothesis (Killops and
Killops, 2005).

The final notable carbon isotopic trend within the sedimentary succession of OML is
an inctrease of ~5%o in 813C0rg upsection beyond the halt in sapropel accumulation. This
increase accompanies the shift to slow accumulation of organically-lean sediments and is,
therefore, not atttibuted to enhanced levels of productivity. Instead, the bulk of the
observed increase in ESUCOrg is thought to represent a diminished eutrophic state in OML
and the return to a predominantly oxygenic photoautotrophic biomass as sapropel
deposition ceased. Indeed, factors such as changes in the predominant algal species,
growth rate and watet temperature have the potential to significantly affect the carbon
isotopic signature of a primarily aquatic biomass (Mayer and Schwark, 1999). Therefore, a
shift in aquatic versus tetrigenous input need not necessarily be responsible for an
increase in 8'3(:mg of this magnitude. A positive shift in 8'3(:(”_g within the mottled and
massive intetvals of the sedimentary succession is likely the result of preferential
photosynthetic uptake of "CO, from the semi-closed DIC reservoir within the
epilimnion. As the 8"C

wn data on these sediments are sparse and fluctuate somewhat
erratically, this interpretation cannot be proven. However, as the massive unit is
comprised almost entirely of C. s#riata remains, there is a high probability of biogenic

calcite contamination of the bulk 8"C_, data, and hence the results from this

sedimentary unit are best omitted from further interpretation.

Lake Amy

LA 1s effectively the surface expression of a perched water table and, as it was never
directly connected to the marine system, secular variations in the isotopic composition of
its carbonates must reflect internal lake processes. The lowermost two-thirds of the lower

values that average 1.2 and 3.3%o,

sapropel interval display steady 8°C_, and 8O
1 p p ) Y carb anlb

respectively. 8"°C_, increases markedly across the transition into the overlying laminated

interval, representing a distinction between the sedimentary units rather than a steady
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increase up-section. As there is no parallel change in 3'°O, this inctease of 8"C,,q, cannot
be due to evaporation alone. Moteover, it coincides with a slight drop in TOC, which
could be interpreted as a result of decreased aquatic productivity. However, the steady
increase in 813C0rg through the lowet sapropel interval precludes the likelihood of bacterial
input to the sediments being responsible for the observed enrichment of BC in the coeval
catbonate (Figure 9.6). Instead, the 8"°C,, increase accords with the process of
photosynthetic rtemoval of ?C from the DIC tesetvoir that accompanies conditions of
elevated aquatic productivity, thus leaving a PC-enriched DIC pool for subsequent
assimilation by ptimary producers (Hayes, 1993; Meyers, 1997). Also, isotopic
disctimination toward "?C decreases with diminishing CO, availability (Laws et al., 1995;
Liicke et al., 2003). Therefore, some of this 813C0rg increase may be a reflection of reduced
isotopic fractionation associated with intense photosynthetic DIC uptake during sapropel
formation.

Such increased levels of productivity cause disequilibrium in the bicarbonate system
and can therefore promote calcite precipitation within the epilimnion (McKenzie, 1985).
As mentioned above, the obsetved drop in TOC need not actually indicate decreased
aquatic productivity during deposition of the laminated interval. Indeed, the significant
inverse correlation between percent TOC and carbonate (R*=0.727) in LA implies that
dilution of one sedimentary component by the other is real (Figure 9.7). This inverse
relationship between otganic and inorganic sedimentary carbon results from conditions
within both the water column and the sediments. Decomposition of buried organic
matter lowers the pH of interstitial waters, thus promoting carbonate dissolution within
organic-rich sediments (Dean, 1999). Therefore, the more rapid rate of accumulation of
the laminated interval relative to the lower sapropel could result from either increased
catbonate deposition within the laminated interval and/or increased carbonate
dissolution within the sapropel.

The different relative amounts of organic matter and carbonate preserved within the
sapropel and the laminated interval suggest some change in lacustrine conditions between
deposition of the two sedimentary units. It could be that organic matter was produced
year-round during sapropel formation, but only seasonally or episodically during
accumulation of the laminated interval. Under the conditions of year-round otganic
matter production and its subsequent degradation, the build up of organic acids may have
reached levels capable of promoting carbonate dissolution within the sediments that

become sapropel. In contrast, the overlying organic-rich, finely laminated sediments may
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Figure 9.6: Comparison of 83Cy, 83Cem (#) and 88Oy, (8) in the LAT core.

I) The 8"C,y, increase through the lower sapropel is here suggested to result from

continued photosynthetic '2C uptake during sapropel deposition. II) An increase in

813Cea through the upper sediments of the lower sapropel reinforces the

interpretation of the preceding trend in 8'3C,y,. III) A freshening episode is implied

by a marked decrease in 8'80, coincident with decreases in 8'3Ceu and 83Cg. IV)

This increase in 8'*Cen, through the upper sediments of the upper sapropel tesults

from photosynthetic '2C uptake. V) A gradual decrease in 813C,y, may reflect the

preferential degradation of '3C-enriched organic matter components. See text for

further discussion.

represent conditions of enhanced seasonality as well as anoxicity at and below the
sediment-water interface. Indeed, the relatively '5N—depleted values of these sediments are
indicative of increased nitrogen fixation and enhanced anoxia during deposition of this

laminated interval (Libes and Dueser, 1988). The anoxic conditions are likely a

134



consequence of the preceding sapropel formation, during which large amounts of otganic
matter degraded beneath a stratified water column. Once anoxia was established, organic
matter degtadation would have decteased, thus contributing to reduced carbonate
dissolution within the laminated sediments.

A ~2.5%0 drop in 8O toward the top of the laminated unit is interpreted as a
significant freshening episode. The concurrent drop in both 8"”C,,,, and 813Cmg at this
depth suggests that the '*O-depletion teptesents an actual event in LA, rather than being
an erroneous data point (Figute 9.6). This interpretation is reinforced by the fact that

80 above this point does not return to the values of the underlying sediments.
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Figure 9.7: Cross-plot of percent TOC versus percent carbonate for LA showing the
inverse relationship between the two sedimentary components. One is clearly diluted

by the other as organic matter and carbonate accumulation rates vary.

The coincident decrease in 8"°C_,, and S'BCMg at this level indicates some recharging
of the lacustrine DIC reservoir with the lighter catbon isotope. This could be via either
an increase in respired '*CO,, or the influx of isotopically light soil-detived DIC. In NSL,
a freshening and mixing of the water column and the return of respired organic carbon to
the epilimnion was invoked to explain a mid-sapropel decrease in 8O and 8"C g A
similar mechanism could be responsible fot the isotopic depletion observed in LA.
Indeed, nitrogen recycling associated with such a mixing of the water column and the
return of nutrients to the epilimnion could have been enough to trigger the subsequent

sapropel deposition in LA.
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Temporary oxygenation of the sediment-water interface is suggested by a 5 cm-thick
band of pelletal sediments at 150 cm-depth in the LA core, implying the presence of
grazers at the lake floor, coincident with the observed isotopic depletion. The prefetential
digestion of nitrogen-rich proteinaceous planktonic matetial by these grazets could
conttibute to the increase in C/N ratios evident at this depth in the sedimentary
succession (Table 6.1). However, such a marked increase (from ~11 to ~20) is typically
related to a change in organic matter source and may thus reinforce the argument for
some influx of soil at this time. Deposition of the uppermost sapropel could have been
initiated by such an influx. Alternatively, it could have been triggeted by the recycling of
nutrients within the lacustrine system. Regardless, the preceding drop in 8"°O, 8"°C_, and
87C,,

. is evidence of a perturbation to the lacustrine system at this time. Either the

delivery of soil organic matter or wind-induced mixing of the water column, in
association with enhanced meteoric input, could have supplied sufficient ’C-depleted
DIC to explain the observed negative isotopic excutsion as well as the nutrients required
to subsequently promote sapropel deposition. The cortect mechanism cannot be
identified from the present data set. In fact it could be combination of the two, yet
another reminder that palaeolimnologic studies are best served by the application of as
many proxies as possible.

Towatds the top of the upper sapropel unit, as at that of the lower sapropel, 8"C,,,,
increases markedly (Figure 9.6). In the lower sapropel interval, a concurtent increase in
813(:“,‘“ cleatly indicates ')CO, drawdown associated with enhanced productivity as the

cause of the observed rise in 8"C However, no such shift in 8C__ is evident in the

carh org

upper sapropel interval. Rather, the upper 80 cm of the LA core displays a steady decline
in 8]3(:“"&, (discussed below). As for the transition out of sapropel deposition in both NSL
and OML, these opposing carbon isotopic trends suggest an enhanced contribution of
bactertal biomass to the sediments during the latter part of sapropel formation.

Regardless, the 8VC

carl

, increase in the upper sapropel of LA is also attributed to
photosynthetic  '*C-uptake ~during sapropel formation. The presence of a
6 cm-thick weakly cemented calcitic hardpan across the uppermost portion of the upper
sapropel 1s indicative of biologically-induced calcite precipitation associated with
enhanced aquatic productivity. An increase of 2%v in 8"0O at the top of the upper
sapropel is interpreted as a result of the amplified influence of evaporation on carbonate

deposition within the increasingly saline waters of this shallowing lake.
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A steady decline in 813C0rg actross the upper 80 cm of the LA sedimentary succession
is interpreted as ptimatily due to the preferential degradation of relatively "’C-enriched
carbohydrates and proteins within a decreasingly productive lacustrine setting. A slight
drop in 8"°C_,, from the uppet saptopel into the ovetlying organically-lean sediments,
could be a reflection of enhanced otganic matter respiration; however this conclusion

cannot be substantiated from the presently available data on these sediments.

9.2 Synthesis

The obsetved secular vatriations in sedimentary SBCO% and 8"”C_,, at least in part,
reflect changing productivity levels in these three shallow coastal lakes. However, changes
in nutrient status and productivity do not necessarily yield linear shifts in 8"C,,
throughout a lake’s history (Brennet et al, 1999). Indeed, variable levels of anoxia,
aerobic respitation and microbially-mediated carbon cycling all seem to have influenced

the isotopic evolution of these lakes, as summarised below.

Notth Stromatolite Lake

The carbon isotopic homogeneity of Sapropel A reflects a steady state system in
which organic matter production and accumulation continued reasonably uninterrupted.
A mid-sapropel freshening episode triggered an increase in aerobic respiration of organic
catbon and the return of ?C from the hypolimnion to the epilimnion via the breakdown
of hitherto weak lacustrine stratification. Subsequent "C-enrichment of the DIC reservoir
teflects continued photosynthetic '?C-uptake during sapropel formation. This CO,
drawdown promoted an inctease in carbonate deposition, thus leading to the lower TOC
content of Sapropel B.

The laminated unit of NSL tepresents the shift to a new steady state, in which the
waters were likely stratified, and productivity was low and dominated by anaerobic
microbial activity, chiefly methanogenesis. Distinctly elevated 80 wvalues reflect an
increased evaporative influence on the sediments of this shallowing lacustrine system. A
negative carbon isotopic shift in the massive unit reflects the oxidation of biogenic
methane and the release of isotopically light CO, back into the photic zone during

deposition of these recent sediments.
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Old Man Lake

Unlike NSL and LA, OML is unique in that conditions of enhanced productivity ate
apparently associated with freshening, rather than with incteased evaporation. This could
be a reflection of the influence of different environmental factors (e.g. water tempetatute,
salinity, turbidity) on the isotopic evolution of this lake. Altetnatively, it could be a result
of the slower sediment accumulation tate in OML.

The available isotopic data clearly record the isolation of the lake from the marine
system and the shift to a groundwater dominated hydrology. Marked *C-entichment of
the DIC teservoir within the lacustrine system is attributed to photosynthetic '*C-uptake
during the build up to sapropel formation. As noted for NSL, a negative carbon isotopic
shift toward the top of the sapropel interval reflects the increased contribution of
“C-depleted anaerobic bacterial biomass to the sediments of this increasingly eutrophic
system. A return to the predominance of oxygenic photoautotrophic biomass and
continued photosynthetic “C-uptake is evident in a marked positive catbon isotopic shift

in the sediments subsequent to sapropel deposition.

Lake Amy

As evident in both NSL and OML, an increase in 8"°C, during sapropel formation

oty
reflects photosynthetic removal of ?C from LA’s DIC reservoir. Here, this “CO,
drawdown apparently produced sufficient disequilibrium in the bicatbonate system to
promote carbonate precipitation. This diluted the organic matter and led to a rapid rate
of accumulation of the finely laminated interval. Large amounts of organic matter
degradation associated with the preceding sapropel formation promoted the development
of bottom water anoxia, which subsequently dectreased organic matter degradation and, in
turn, carbonate dissolution. Generally, anoxia is associated with organic-rich sediments.
Thus, it is significant that the interplay between organic matter and carbonate deposition
and dissolution results in anoxia being associated with the laminated intetval, rather than
the most organic-rich (sapropel) sediments in LA.

A freshening episode is coincident with some "“C recharge of the DIC reservoir. This
could have been the breakdown of lacustrine stratification and the return of '?CO, from
the hypolimnion to the epilimnion, ot could have been an influx of isotopically light soil-

derived DIC. Either possibility would have also recharged the system with available

nutrients, thus promoting deposition of the upper sapropel.
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Toward the cessation of this second phase of sapropel deposition, a dectrease in
8”C,s and the presence of a thick fragmented hardpan indicate that preferential
photosynthetic uptake of 2CO, again reached levels capable of promoting biologically-
induced carbonate precipitation.

The decline of §”°C,,, through the organically-lean mottled and massive units reflects
enhanced degradation of otganic matter in this decreasingly productive, shallowing
lacusttine system. Indeed, mottled intervals overlying sapropel indicate the activity of
butrowing metazoa (Taylor et al., 1998). Such biotutbation implies 2 re-establishment of
oxic conditions at the lake floor, and here reflect the shift to a less productive system and

the breakdown of productivity-induced hypolimnic anoxia.
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CHAPTER 10: IMPLICATIONS FOR HOLOCENE CLIMATE CHANGE

Since the Coorong lakes are wholly groundwater-fed, amplified surface water flow
arising from increased rainfall in the local catchment cannot have carried in the nuttients
that triggered deposition of their sapropel units. In tributary-fed environments a wetter
climate increases the inflow of nutrient-rich freshwater, which enhances aquatic primary
productivity and leads to the deposition of sapropel intervals (e.g. Calvert et al., 1987,
1992; Martinez-Ruiz et al., 2000). It can also result in a significant influx of terrigenous
plant detritus (e.g. Bouloubassi et al., 1999; Tolun et al., 2002; Menzel et al., 2004).
However, the three lakes of the present study receive no fluvial input and probably only
minor surface runoff from the surrounding dunes. The evidence for a mainly aquatic
origin of their organic matter accords with this type of environmental setting. Any
terrestrial contribution to both the organic and mineral components of the sediments
within these groundwater-fed lakes is likely to be minor and entirely aeolian.

As coastal locations ate commonly subject to strong winds, and the presence of linear
dune fields and playa-lunette systems are evidence for aeolian transport in the region (e.g.
Stephens and Crocker, 1946; Rogers, 1995), these three lakes were almost certainly
exposed to the periodic influence of dust and aetosols (cyclic salt). The prevailing wind
direction in the region is currently south-southwestetly resulting from the passage of mid-
latitude anticyclonic high-pressure systems (summer) and cold fronts associated with
cyclonic low-pressure systems (winter). Low, crescent-shaped lunette ridges botder the
eastern shore of many modern playa lakes across southeastern South Australia (T'widale
et al., 1983), which suggests that the current wind regime has been in place for some
time.

Although there is much evidence for aeolian dust being able to travel long distances
(e.g. Hesse, 1994; Simonson, 1995; Zhao et al., 2003) often it 1s related to extreme and
tsolated storm events (e.g. Lourensz and Abe, 1983). Nonetheless, such events could be
responsible for episodic transport of mineral matter and nutrients that could trigger
periodic increases in lacustrine productivity. Alternatively, nutrients could be supplied
biotically. Indeed, large densities of migratory waterfowl can represent a major input of
nitrogen and phosphorous to some lakes (Hutchinson, 1950 as cited in Wetzel, 1983) and
the Coorong today is home to much birdlife. However, the possibility of excrement from

bird and fish stocks being responsible for the high producuvity events represented by
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sapropel intetvals cannot be quantified by the present data set. Thus, this chapter instead
discusses the relationship between secular lacustrine productivity changes identified in the
present study and previously recognized dust transport and climate change events at

regional and global scales.

10.1 The Holocene in Southeastern Australia

The peak of the Holocene matine transgression was reached at ~6 ka (von der Botch,
1979; Belpetio, 1995) and cotresponds with the onset of sapropel deposition in NSL.
Here, at the notth of the ephemetal Coorong lagoon, this ‘sapropel event’ (6000-4700 yr
BP) coincides with a ptrolonged warm petiod and maximum in effective precipitation
(EP) that prevailed across southeastern Australia between 7000 and 5000 yr BP (Wasson
and Donnelly, 1991; Shulmeister, 1999). Indeed, high levels of peat formation at Boat
Harbour Creek in the Mount Lofty Ranges (7000-5000 yr BP: Bickford and Gell, 2005),
warm water tempetatutes at Blue Lake, Mount Gambier (7000-5000 yr BP: Leaney et al.,
1995) and low watet salinities at Lake Leake, southeast South Australia (6900-5000 yr BP:
Dodson, 1974) and West Basin Lake, western Victoria (7000-6000 yr BP: Gell, 1998)
testify to the existence of generally warm, wet conditions in the region (Figure 10.1).
Along with that at NSL, sapropel deposition neat Lake Albert, close to the mouth of the
River Murray (6900-5800 yr BP) and in two unidentified lakes adjacent to the Coorong
Lagoon (~8000 and ~6600 yr BP) coincides with this early to mid-Holocene
palaeoclimatic optimum (von der Borch and Altmann, 1979). Thus, it seems that sapropel
deposition along the Coorong coastal plain may have been associated with a period of
humid conditions in the regton.

Low 8"N wvalues (1-3%o) likely suggest that thete was a significant contribution of
nitrogen-fixing biota (e.g. cyanobactetia) to the organic matter pool during the first stage
(~half) of saptopel deposition in NSL. As nitrogen-fixing cyanobacteria flourish in warm,
nutrient-rich waters and during periods of maximum water column stability (Talbot,
2001) these "N-depleted values are thought to reflect relatively uniform climatic
conditions with little seasonal contrast and low wind stress. As such, these nitrogen
isotope data provide evidence supporting the early to mid-Holocene period of relatively
stable humid conditions that is already documented for southeastern Australia.

Rising 8N values imply an increasing contribution from nitrogen-assimilating
phytoplankton as sapropel deposition continued. This shift in the organic matter

assemblage is likely related to some change in the lacustrine conditions. It could be a
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reflection of diminishing light availability within the water column as can be brought
about during periods of eutrophication. Indeed, the increase in SBCmg through Sapropel
B has been interpreted hetein as a result of increased primaty productivity, and could
thus reinforce the concept of water column eutrophication during sapropel formation.
Alternatively, the change in conditions may be cooling of the NSL water column in line
with that reported for Blue Lake, Mount Gambier, between ~5000-4000 yt BP (Leaney et
al., 1995). Further clarification of the specific environmental patametet(s) responsible for
the change in organic matter assemblage implied by the increase in §"°N throughout the
NSL sapropel 1s beyond the scope of the present study.

A matked freshening episode, implied by a negative shift in §'°O at ~200 cm depth,
could be a manifestation of reduced climatic stability and the transition toward a more
variable late Holocene climate. Large storm events, such as that which may have triggered
this freshening episode, could certainly lead to significant cooling of the water column, as
well as increased lake water turbidity. By itself, this 8"°O shift provides no additional
information on the environmental conditions responsible for the mid-sapropel 8"°N shift.
Indeed, rather than reflecting a large-scale storm event, the negative 8O shift could
actually reflect the final isolation of NSL from the op.en Coorong lagoon. Although
Warren (1990) interprets the onset of sapropel deposition as marking the transition from
estuarine to perennial lacustrine conditions, recent diatom analysis of the NSL sapropel
suggests that estuarine conditions may have persisted for longer than previously thought
and even for much of the period of sapropel deposition (D. Haynes, pers. comm.). As at
Lake Alexandrina (Barnett, 1994) the transition from marine-brackish to oligosaline-
freshwater conditions at NSL occurred 100s of years after the peak of the Holocene
marine transgression.

A significant shift towatd aridity commencing at ~5000 yr BP has been well
documented in various palaeolimnological studies across southeastern Australia (e.g. von
der Borch & Altmann 1979; Bowler 1981; Ahmad 1996; Dodson & Ono 1997; Stanley &
De Deckker 2002). It was this decline in EP; also reflected in the level of Lake
Keilambete in western Victoria (Figure 10.1), which appeats to have halted deposition of
organic-rich sediments in NSL. Such a decline in EP would have reduced the amount of
carbonic acid that entered the lake water as rainfall and was available to buffer the
alkaline groundwaters that charge NSL. This, in combination with the intense
photosynthetic CO, drawdown by algal blooms that were eventually preserved as

sapropel, perhaps increased the pH of the lake waters to such an extent that the lake was
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transformed into a pootly productive system dominated by catbonate precipitation.

Indeed, the watets of the Salt Cteek lake chain are presently hypersaline and charactetised

Calibrated age (ka)

by elevated catbonate concentrations and high pH levels (Wright, 1999). High salinity

and pH levels ate known to trigger catbonate deposition (Mooney, 1997).

Lake Keilambete water depth (m) EAA BHC L.Leake Coorong sapropels
(Stanley & (Bickford & water levels
0 10 20 30 40 De Deck)ker Gell 2002) (Dodson, 1974) NSL OML LA
N 2002

S N I
T

Figure 10.1: Comparison of periods of enhanced aeolian activity (EAA) at Blue
Lake, Snowy Mountains, high levels of peat formation at Boat Harbour Creek
(BHC), Mount Lofty Ranges, water levels at Lake Leake, southeastern South
Australia and Lake Keilambete, western Victotia (modified from Bowler, 1981)

with intervals of sapropel deposition at NSL, OML and LA.

The deposition of isotopically heavier carbonates in the NSL massive, laminated and
Sapropel B units .(relative to the underlying Sapropel A and basal units) suggests an
increase in evaporative concentration of the water body over time. As increased
evaporation is a result of higher water temperatures, increased windiness and low relative
humidity, the reduction in NSL productivity levels since ~4700 yr BP 1s attributed to the
shift to aridity that is already evident in numerous palaeoclimatic records from actoss
southeastern Australia at about this time.

Regardless of this shift to aridity, subsequent ‘sapropel events’ are recorded in the
sedimentary successions of OML (~4000-2200 cal yr BP) and LA (3900-1800 cal yr BP:
Figure 10.1). This may suggest one of two things. Either the sapropels in these southern
lakes were deposited during relatively arid times, thus differentiating them from sapropels

associated with marine and deep-lake settings across the globe (e.g. Rossignol-Strick,
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1985; Martinez-Ruiz, 2000; Tolun et al, 2002). Or, conditions were wet enough to
maintain high levels of aquatic productivity in these (deeper, smaller) southern lakes at
the same time as being too dry 100 km to the north at NSL. The latter possibility could
result from poleward movement of the high-pressure system that dominates southern
Australia’s weather pattern. Indeed, a southern shift of the westerly maxima associated
with this high pressure system is recorded in palynological data from a number of small
islands south and east of New Zealand (McGlone, 2002) and likely culminated sometime
between 8000 and 4000 yr BP (Wyrwoll et al., 2000). Vegetation at Lake Frome suggests
that summer precipitation had significantly decteased in this part of South Australia by
~4500 yr BP (Luly, 1993). This timing coincides remarkably with the halt in sapropel
deposition and probable EP decline at NSL. However, the lowest water stand at Lake
Leake, which is situated closet to OML and LA, was not teached until ~3000 yr BP
(Dodson, 1974). At Lashmars Lagoon, Kangaroo Island, an abrupt change in the diatom
assemblage indicates a marked salinity increase at ~2500 ytr BP (Gell et al., 2003). Thus, a
latitudinal influence on the timing of an EP decline and the shift toward aridity across
southeastern Australia is certainly conceivable. Sapropel deposition in the three shallow
coastal lakes of the present study may be further evidence of this phenomenon.

At both NSL and LA, the halt in sapropel accumulation cotresponds to a marked
decrease in sediment accumulation rate. At OML, rapid deposition of the lagoonal unit
prior to ~4000 yr BP greatly reduced the accommodation space available for lacustrine
sediment over the remainder of the Holocene. The lacustrine sedimentary sequence of
OML is relatively condensed (~55 cm) and does not display a marked reduction in
sedimentation rate at the halt of sapropel deposition. The absence of a direct estuarine
connection at LA resulted 1 a more gradual filling of that depocentre, and the
preservation of an extended sedimentary sequence (~185 cm) in comparison to that of
the equivalent 2000 years at OML. The resultant difference in information extractable
from the two southern lakes 1s considerable. Hence, the remaining discussion is focussed
on the similarities and differences between NSL and the southern lakes, rather than
between OML and LA themselves.

The ‘sapropel events’ in all three lakes each partly ovetlap periods of enhanced
aeolian input to Blue Lake in the Snowy Mountains of southeastern Australia (Figure
10.1). This correspondence of the Coorong lake ‘sapropel events’ with periods of
aridification points toward aeolian dust as a possible trigger for sapropel formation (Mee

et al., 2007). In the case of NSL, this likelihood is reinforced by the notable presence of
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albite, orthoclase, mica, kaolin and smectite (Appendix III), allochthonous siliciclastic
components that suggest significant dust input to the lake during deposition of its
sapropel. A likely soutce of such dust is the continental dunefield of the Mallee region,
located due notth of the Coorong coastal plain (Pell and Chivas, 1995).

Across Australia thete is much evidence for a significant mid-Holocene change in
climatic stability, in patticulat, for the onset of a more vatiable, ENSO-dominated climate
at ~5000 yt BP (e.g. McGlone et al., 1992; Kershaw et al., 2002; Gagan et al., 2004). The
rapidly fluctuating wet/dty periods of this late Holocene climatic regime tend to be
recorded inconsistently by different proxies in a range of locations. It is likely that the
absence of sapropel in NSL matching those deposited between ~4000 and ~2000 yr BP
in the southern lakes is an example of this vatiability among Holocene palaeoclimatic
records within southeastern Australia. In the case of the Coorong coastal plain it may be
that lake geometry induces a different response to the mid-Holocene EP decline at NSL
and the southern lakes. Indeed, the wide expanse of shallow water at NSL allows for
greater exchange with the atmosphere that that at the smaller, deeper southern lakes.
This, in combination with the possibility of the southern lakes recetving a greater
propottion of freshwater input from southward migrating cold fronts, could have altered
lacustrine conditions and surpassed some environmental threshold that prohibits
sapropel deposition (e.g. salinity, alkalinity, pH) much more rapidly at NSL than in the
southern lakes.

At OML and LA, sapropel deposition coincides with a petiod of generally low but
rapidly fluctuating water levels at Lake Keilambete, as well as with the lowest water stand
recorded in the sedimentary succession of Lake Leake (Figure 10.1). Thus, sapropel
intervals in shallow, alkaline, hypersaline lacustrine settings are not necessarily indicative
of a stable climate and relatively warm, wet environmental conditions. In fact, sapropel
deposition in the coastal lakes of the present study may have been promoted by
evaporation concentrating nutrients during low water stands, as well as by warming lake
waters associated with the general shift to aridity in southeastern Australia. This being the
case, the halt in sapropel deposition at OML and LA could indicate a return to either
somewhat wetter or cooler conditions in the late Holocene. Although increasing water
levels at Lake Keilambete support this possibility, there is no such increase at nearby
Lake Leake. In fact, water levels at Lake Leake have remained relatively low after ~1360
yr BP (Dodson, 1974). The local proximity of Lake Leake to OML and LA suggests that

the halt in sapropel deposition in the two Coorong lakes cannot be attributed to a
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sustained late Holocene tise in water level that acted to dilute nuttient concentrations.
Instead, the cessation of sapropel deposition in these southern lakes may reflect reduced
levels of aquatic productivity associated with a pH increase, as was previously suggested
for NSL. Alternatively, the shallowing of these watet bodies caused by gradual sediment
infilling of these depocentres may have halted sapropel deposition by enhancing
conditions of organic matter degradation. Shallower water bodies are less prone to
stratification and thus allow for more oxidative exposute of sedimented otganic matter,
patticularly in coastal settings where strong winds enhance turbulent re-suspension of
bottom sediments. In fact, mottled intervals that ovetlie sapropel at both OML and LA
testify to the burrowing action of bioturbating organisms and suggest that oxic conditions

were re-established at the lake floor as sapropel deposition ceased (Taylor et al., 1998).

10.2  Global Context

The ‘saptopel events’ presetved in the sedimentary sequences of NSL, OML and LA
each ovetlap petiods of rapid climate change (RCC) recognised in an analysis of ~50
globally distributed Holocene palacoclimatic records (Mayewski et al. 2004; I'igure 10.2).
The RCC intervals that correspond to the Cootong ‘sapropel events’ are characterised by
low-latitude aridity and intensified levels of cooling and atmospheric circulation at high
latitudes (‘cool poles, dry tropics’). Thus, the sapropel intervals in the coastal lakes of the
present study coincide with times of transition toward relatively arid conditions across the
globe. Dust transport associated with these shifts to aridity may well have delivered
essential nutrients such as silica, phosphate and iron to these coastal lakes, thereby
enhancing aquatic productivity as a precursor to sapropel deposition. Indeed, the
correspondence between the Coorong ‘sapropel events’ and petiods of enhanced aeolian
activity in southeastern Australia has already been noted (Mee et al., 2007).

The concurrence of Mayewski’s arid RCC intervals and the Coorong ‘sapropel events’
highlights the variable palaecoenvironmental implications of sapropel deposition. Indeed,
sapropel genesis in these shallow, groundwater-fed lakes differs remarkably from that of
sapropels in matine and deep-lake settings across the globe. In the coastal lakes of the
present study sapropel is associated with periods of global aridification, whereas in
marine and deep-lake settings sapropel deposition tends to be associated with periods of
climatic amelioration. These differences stem from the manner in which nutrients are
predominantly delivered to the two types of environmental settings (acolian versus

tributary wash-in).
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Howevet, saptopel deposition is cleatly driven by more than nutrient delivery. This is
exemplified by the ‘saptopel event’ at NSL, which coincides with a well recognised petiod
of generally warm, wet conditions in the region. This climatic amelioration likely
contributed to warm lake watet tempetatures and pH levels. It seems to have been the
combination of tegionally influenced lacusttine conditions and increased aeolian input
associated with global aridification that led to enhanced aquatic productivity in this

shallow coastal lake, and eventually, sapropel deposition.
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Figure 10.2: Correspondence between periods of rapid climate change (RCC)
across the globe (Mayewski et al., 2004) and intervals of sapropel deposition in
NSL, OML and LA.
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CHAPTER 11: CONCLUSIONS

11.1  Timing of sapropel ‘events’ in the studied lakes

Modern water samples from OML and LA show that these two lakes are not in
radioactive equilibrium with the atmosphete and that they are therefore subject to a
reservoir effect resulting from the inflow of old radiocarbon in the groundwater of this
limestone-dominated landscape. Reservoir-corrected radiocarbon ages wete calculated for
all three lakes through use of these modern water activities and by assuming teservoir
effect constancy over time. However, apparent age inversions with depth in the
sedimentary sequences of NSL and to a lesser extent OML indicate secular changes in the
magnitude of the reservoir effect. The best possible estimates for the timing and duration
of sapropel deposition within the three lakes of the present investigation are as follows:

In NSL, sapropel deposition commenced at ~6000 cal yr BP, lasted for ~1300 years
and ceased at ~4700 cal yr BP. An OSL age at the base of the pelletal laminated unit
provides a similar timing for the halt in deposition of organic-rich sediments. A single
radiocarbon date from the pelletal laminated unit is spuriously old, and requires a larger
reservoir correction than that which has currently been applied to make it
chronostratigraphically consistent. This anomaly is interpreted as resulting from petiodic
evaporation of ephemeral NSL, thereby concentrating the reservoir of old carbon in the
lacusttine basin.

A slight age inversion at the transition between lagoonal and lacustrine sediments in
OML suggests that the lagoonal unit requires a smaller reservoir correction than that
implied by present-day lake water sample activity. Application of a local matine reservoir
correction to these lagoonal sediments provides the most chronostratigraphically
consistent dates of ~4500-4000 cal yr BP. Episodic sapropel deposition recorded in the
overlying lacustrine sediments of OML ceased at ~2200 cal yr BP.

The LA core represents ~3900 years of lacustrine sedimentation and displays no age
inversions. The lower and upper gelatinous sapropelic intervals within the otganic-rich

mudstone were deposited at ~3900-3300 and 2600-1800 cal yr BP, respectively.
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11.2  Otigin of the sapropelic organic matter

C/N ratios suggest a mixed aquatic and terrestrial source for the organic matter in
these lacusttine sapropels. However, their BC-NMR spectra are very similar to those
published fot phytoplankton, thus implying that the Coorong lacustrine otganic matter is
largely autochthonous. This reinforces the findings of previous organic geochemical
studies that indicated an otganic matter pool composed primarily of lacustrine
photoautotrophs. Thus, the elemental and isotopic signatures of organic matter preserved
in the Holocene sediments of these lakes ate considered to primarily reflect changes in
internal lacustrine conditions and processes, rather than alterations to the terrestrial
ecosystem of their hinterland. Higher C /N ratios than those typical of algae and bacteria
are interpreted as reflecting situations of either nitrogen-deficiency or a nutrient
abundance, the latter promoting primary productivity in the epilimnion and leading to
oxygen depletion in the hypolimnion and preferential degradation of nitrogen-rich
proteinaceous organic matter. SHCMg values of around —20%o reflect the photosynthetic
uptake of bicatbonate by these aquatic biota and indicate variations in lacustrine
productivity and respiration. 8N values provide information on changes in the
phytoplankton and heterotroph populations that may in turn be related to changes in the

trophic state of the lake waters (i.e. oligotrophic versus eutrophic).

11.3  The key to sapropel formation: productivity or presetvation?

Secular vatiations in sedimentary 8”°C_,_and 8"C_,, reflect at least in part, changing

o
productivity levels in these three shallow coastal lakes. However, these shifts are not
linear and it seems that variable levels of anoxia, aerobic respiration and microbially-
mediated carbon cycling have influenced the isotopic evolution of these lakes. Although
conditions of enhanced productivity ate no doubt fundamental to the deposition of
organic-tich sediments, no single key to sapropel formation can be ascertained from the
present study. Instead, conditions that alter the extent of sapropel deposition and
possibly conttibute to reduced levels of lacustrine productivity are proposed.

At NSL, the carbon isotopic homogeneity of Sapropel A reflects a steady-state in
which otganic matter production and accumulation continued more or less
uninterrupted. Progressive "C-enrichment of the DIC reservoir, triggered by a mid-
saptropel freshening episode, reflects continued preferential uptake of H"CO, by aquatic

photoautotrophs during sapropel formation. This relentless bicarbonate drawdown by

algal blooms promoted an increase in carbonate deposition, leading to the lower TOC
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content of Sapropel B. It also contributed to an increase in the pH of the lake waters and
the eventual transformation of NSL into a pootly productive system dominated by
carbonate precipitation. The organically lean laminated unit of NSL represents this shift
to a new steady state, in which the waters were likely stratified, and productivity was low
relative to anaerobic microbial activity, chiefly methanogenesis.

The slower rate of accumulation of the sapropelic sediments at OML results in a
greater time span being represented by each standard sample thickness. As this artefact of
sampling hinders the detail of any subsequent environmental intetpretation, and there
was also a mismatch between depths at which samples were taken for organic and
inorganic isotopic analysis, only provisional interpretation of the sparse isotopic data was
possible in the present study. The available data record the isolation of the lake from the
marine system and the shift to a groundwater dominated hydrology. A negative (organic)
carbon isotopic shift within the top of the sapropel intetval reflects an increased
contribution of C-depleted methanotrophic and chemoautotrophic bacterial biomass to
the sediments during this period of lacustrine organic enrichment. Sapropel deposition
ceased as oxic conditions were re-established at the lake floor.

At LA, degradation of organic matter in the hypolimnion during deposition of the
lower sapropel interval led to the development of bottom water anoxia. Under these
conditions the rate of organic degradation and, in turn, carbonate dissolution decreased,
promoting deposition of the finely laminated interval. Thus, contrary to numerous
studies on sapropel genesis in other aquatic settings, this study links conditions of anoxia
with the laminated interval, rather than with the most organic-tich (sapropel) sediments.

A freshening episode recharged LA with nutrients, or perhaps induced conditions
that increased the availability of nutrients already within the system (via loss of
stratification), and led to deposition of the upper sapropel interval. A mottled interval
overlying this sapropel suggests that oxic conditions were re-established at the lake floor
and 1s interpreted as reflecting the shift to a less productive system and the breakdown of

productivity-induced hypolimnic anoxia

11.4  Palacoenvironmental significance of the sapropels

Unlike sapropels deposited in tributary-fed marine and deep-lake environments, those
preserved in shallow, groundwater-fed lakes on the Coorong coastal plain are not
indicative of wet climatic conditions and the influx of nutrient-rich freshwater. The

mainly aquatic origin of their organic matter accords with an environmental setting that
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receives no fluvial input, most likely only minor surface runoff from the sutrounding
dunes, and a minot predominantly aeolian tetrestrial contribution

At the north of the ephemetal Coorong lagoon, the ‘sapropel event’” at NSL coincides
with a prolonged warm petiod and a maximum in effective precipitation (EP) that
prevailed across southeastetn Australia between 7000 and 5000 yr BP. A significant shift
toward aridity, commencing at ~5000 yr BP, appears to have halted deposition of
organic-rich sediments in NSL. This EP decline, in combination with the intense
photosynthetic drawdown of bicarbonate by algal blooms that were eventually preserved
as sapropel, is thought to have increased the pH of perennial NSL to such an extent that
it was transformed into a pootly productive system dominated by carbonate precipitation.

Regardless of this shift to aridity, subsequent ‘sapropel events’ are recorded in the
sedimentary successions of OML and LA. The different timing of sapropel deposition in
the three lakes of the present study is here suggested to be evidence for a latitudinal
influence on the timing of an EP decline and the resultant shift toward atidity across
southeastern Australia. Alternatively, rather than reflecting a somewhat belated shift to
aridity at OML and LA, the sapropels in these two southern lakes may have been
deposited during relatively arid times. Indeed, these ‘sapropel events’ coincide with a
regional period of aridity indicated by low and rapidly fluctuating water levels at Lake
Keilambete, as well as a low water stand at nearby Lake Leake. Moreover, the ‘sapropel
events’ in all three lakes each also coincide remarkably closely with petiods of enhanced
aeolian input to Blue Lake in the Snowy Mountains of southeastern Australia and with
global periods of rapid climate change toward atid conditions. This cottespondence of
the Coorong lacustrine ‘sapropel events’ with periods of aridification points toward
aeolian dust as a possible trigger for sapropel formation, provided that the lake in
question is capable of supporting high levels of aquatic primary productivity. Indeed, the
halt to sapropel deposition in the three lakes of the present study is here tentatively
attributed to a combination of conditions that are simultaneously less conducive to
ptimary production and morte conducive to organic matter degradation. Significantly, and
in contrast to sapropels in marine and deep-lake settings across the globe, those in these
shallow, alkaline, coastal lakes are not necessatily indicative of a stable climate and

relatively warm, wet environmental conditions.
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1.5  Suggestions for future research

Unfortunately, the sedimentary successions of OML and LA did not extend back to
the same point in time as the core retrieved from NSL. Deepet core extraction from
OML is unlikely to have provided information on lacusttine conditions contempotaneous
with sapropel deposition at NSL since the lower half of the OML1 core is made up
purely of lagoonal sediments. At LA, lacusttine sediments likely extend below the thick
calcitic hardpan at ~240 cm depth, but could not be retrieved with the D-section cotet
employed in the present investigation. Use of a diffetent coting technique at LA could
allow retrieval of a thicker lacusttine sequence that may extend back to, and thus allow
compatison with, the period of sapropel deposition at NSL. While the D-section coter
has the unusual benefit of retrieving uncompacted sediment, the technique only collects a
half (semi-circular) core. This artefact of the sampling process meant that it was difficult
to obtain both organic and inorganic isotopic data from the same depth in any given
core. Use of a technique that collects a whole (and pethaps latger diametet) cote would
enable 2 more precise comparison of the otganic and inorganic isotope profiles of the
ITolocene succession in each lake.

As with any palaeoenvironmental investigation, further information could have been
obtained through the analysis of additional proxies. Thus, while the present study utilised
bulk geochemical parameters, it would have benefited from access to more refined
techniques such as compound-specific isotope or biomarker analysis (e.g. Wilkes et al.,
1999; Hollander and Smith, 2001). More simply, the preparation and palynological
analysis of smear slides may have aided the identification of the dispersed organic matter
and its stratigraphic varability (T'yson, 1995). Diatom analysis is another soutce of
independent information on lacustrine salinity. However, as diatomaceous silica readily
dissolves in alkaline pore water, the complete diatom assemblage needed to accurately
infer lacustrine conditions is unlikely to be presetved in these cores (cf. Edwards et al.,
2006). Finally, the careful extraction and analysis of mineral matter from these carbonate
sediments (cf. Stanley and De Deckker, 2002) is urgently needed to further assess the
feasibility of dust influx as a trigger of sapropel formation. Such information would

greatly enhance the palacoenvironmental interpretation presented herein.

152



REFERENCES

Ahmad, R., 1996. ‘Late Holocene major Austtalian atid period revealed by direct sedimentological
evidence from lakes in the Cootong tegion of South Australia.” Geology 24: 619-622.

Aksu, A.E., Yasar, D., Mudie, P.J., 1995. ‘Paleoclimatic and paleoceanographic conditions leading
to the development of saptropel layer S1 in the Aegean Sea: Micropalaeontological and
stable isotope evidence.” Palacogeography, Palacoclimatology, Palaeoecology 116: 71-101.

Anderson, B.G., Borns, HW., 1997. “The Ice Age Wotld.” Scandinavian University Press, Oslo.

Anderson, N.J., Leng, M.J., 2004. ‘Increased aridity during the early Holocene in West Greeland
inferred from stable isotopes in laminated lake sediments.” Quaternary Science Reviews 23:
841-849.

Andrée, M., Oeschger, H., Siegenthaler, U., Riesen, T., Moell, M., Ammann, B., Tobolski, K,
1986. “14C dating of plant mactofossils in lake sediments.” Radiocarbon 28: 411-416.

Atiztegui, D., Asioli, A., Lowe, J.J., Ttincardi, F., Vigliotti, L., Tamburini, F'., Chondrogianni, C.,
Accorsi, C.A., Bandini Mazzanti, M., Mercuri, AM., Van der Kaars, S., McKenzie, J.A,,
Oldfield, F., 2000. ‘Palacoclimate and the formation of sapropel S1: inferences from Late
Quaternary lacustrine and marine sequences in the central Mediterranean region.
Palaeogeogtaphy, Palacoclimatology, Palaeoecology 158: 215-240.

Atiztegui, D., Chondrogianni, C., Lami, A., Guilizzoni, P., Lafargue, E., 2001. ‘Lacustrine organic
matter and the Holocene paleoenvironmental record of Lake Albano (central Ttaly).’
Joutnal of Paleolimnology 26: 283-292.

Atrouays, D., Balesdent, J., Matiotti, A., Girardin, C., 1995. ‘Modelling organic carbon turnover in
cleared temperate forest soils converted to maize cropping by using 1*C natural abundance
measurements.” Plant and Soil 173: 191-196.

Baldock, J.A., Skjemstad, J.O., 2000. ‘Role of the soil matrix and minerals in protecting natural
organic matetials against biological attack.” Organic Geochemistry 31: 697-710.

Bard, E., 1998. ‘Geochemical and geophysical implications of the radiocarbon calibration.’
Geochimica et Cosmochimica Acta 62: 2025-2038.

Bard, E., 2002. ‘Climate shock: Abrupt changes over millennial time scales.” Physics Today 55:
32-38

Bard, E., Hamelin, B., Fairbanks, R.G., Zindler, A., 1990. ‘Calibration of *C timescale over the
last 30,000 years using mass spectrometric U-Th ages from Barbados corals.” Nature 345:
405-410.

Barnett, E.J., 1994. ‘A Holocene paleoenvironmental history of Lake Alexandrina, South
Australia.” Journal of Paleolimnology 12: 259-268.

Barnola, .M., Raynauld, D., Korotkevich, Y.S., Lotius, C., 1987. Vostok ice core provides
160,000 year record of atmospheric CO,.” Nature 329: 408-414.

Belperio, A.P., 1995. ‘Quatetnary.” In: J.F. Drexel, W.V. Preiss (Eds.) The Geology of South
Australia. Volume 2, The Phanerozoic.” Bulletin 54, Geological Survey of South Australia,
Adelaide. pp. 219-260.

Benedict, CR., Wong, W.W.L., Wong, J.H.H., 1980. ‘Fractionation of the stable isotopes of
inotganic catbon by seagrasses.” Plant Physiology 65: 512-517.

153



Berger, A., Loutre, M.F., 1991. ‘Insolation values for the climate of the last 10 million yeats.’
Quaternary Science Reviews 10: 297-317.

Bickford, S., Gell, P., 2005. ‘Holocene vegetation change, Aboriginal wetland use and the impact
of European settlement on the Fleurieu Peninsular, Sonth Australia.” The Holocene 15:
200-215.

Bjork, S., Wohlfarth, B., 2001. 14C Chronostratigtaphic techniques in paleolimnology.” In: W.M.
Last, J.P. Smol (Eds.) ‘Tracking Envitonmental Change Using Lake Seditments. Volume 1:
Basin Analysis, Coring and Chronological Techniques.” Kluwer Academic Publishers,
Dotdrecht, The Netherlands. pp 205-245.

Bonney, N., 1988. ‘Common Plants of the Coorong.” Pioneer Design Studio, Lilydale, Victoria.

Bouloubassi, I, Rullkotter, J., Meyers, P.A., 1999. ‘Origin and transformation of organic matter in
Pliocene-Pleistocene Mediterranean sapropels: organic geochemical evidence reviewed.’
Marine Geology 153: 177-197.

Boutton, T.W., 1991. ‘Stable carbon isotope ratios of natural materials: II. Atmospheric,
terrestrial, marine and freshwater environments.” In: D.C Coleman, B. Fry (Eds.) ‘Catbon
Isotope Techniques.” Academic Press, San Diego. pp 173-185.

Boutton, T.W., 1996. ‘Stable carbon isotope tatios of soil organic matter and their use as
indicators of vegetation and climate change.” In: T.W. Boutton, S.I. Yamasaki (Eds.) ‘Mass
Spectrometry of Soils.” Marcel-Dekker, New York. pp 47-82.

Bowler, J.M., 1976. ‘Aridity in Australia: age, origin and expression of aeolian landforms and
sediments.” FEarth Science Reviews 12: 279-310.

Bowler, J.M., 1981. ‘Australian salt lakes: a palaeohydrological approach.” Hydrobiologia 82: 431-
444,

Bowler, J.M., Teller, J.T., 1986. ‘Quaternary evaporites and hydrological changes, Lake Tyrell,
north-west Victoria, Australia.” Australian Journal of Earth Sciences 33: 43-63.

Bowler, J.M., Wasson, R.J., 1984. ‘Glacial age environments of inland Australia.” In: J.C. Vogel
(Ed) “Late Cenozoic Palacoenvironments of the Southern Hemisphere.” Balkema,
Rotterdam. pp 183-208.

Boyle, J.F., 2001. ‘Inorganic geochemical methods in palacolimnology.” In: W.M. Last, ].P. Smol
(Eds.) “Tracking Environmental Change Using Lake Sediments. Volume 2: Physical and
Geochemical Methods.” Kluwer Academic Publishers, Dordrecht, The Netherlands. pp 83-
141.

Bradbury, J.P., Dieterich-Rurup, K.V., 1993. ‘Holocene diatom palacolimnology of Elk Lake,
Minnesota.” In: ].P. Bradbury, W.E. Dean (Eds.) Elk Lake, Minnesota: Evidence for Rapid
Climate Change in the North-Central United States. Geological Society of America Special
Paper 276: 215-237.

Brenner, M., Whitmore, J.H., Curtis, D.A., Hodell, D.A., Schleske, C.L., 1999. ‘Stable isotope

(613C and 8“N) signatures of sedimented organic matter asindicators of historic lake
trophic state.” Journal of Paleolimnology 22: 205-221.

Bronk Ramsey, C., 1995. ‘Radiocarbon calibration and analysis of stratigraphy: The OxCal
program.” Radiocarbon 37: 425-430.

Bronk Ramsey, C., 2001. ‘Development of the radiocarbon program OxCal.” Radiocarbon 43:
355-363.

154



Burne, R.V., Ferguson, J., 1983. ‘Contrasting marginal sediments of a seasonally flooded saline
lake — Lake Fliza, South Australia: significance for oil shale genesis.” BMR Journal of
Australian Geology and Geophysics 8: 99-108.

Butzin, M., Prange, M., Lohmann, G., 2005. ‘Radiocarbon simulations for the glacial ocean: the
effects of wind stress, Southern Ocean sea ice and Heinrich events.” Earth and Planetary
Science Lettets 235: 44-61.

Calvert, S.E., Vogel, ].S., Southon, J.R., 1987. ‘Carbon accumulation rates and origin of sapropel
in the Black Sea.” Geology 15: 918-921.

Calvert, S.E., Nielsen, B., Fontugne, M.R., 1992. ‘Evidence from nitrogen isotope ratios for
enhanced productivity duting formation of eastern Meditetranean sapropels.” Nature 359:
223-225,

Cann, J.H., De Deckket, P., Murray-Wallace, C.V., 1991. ‘Coastal Aboriginal shell middens and
theit palaecenvironmental significance.” Transactions of the Royal Society of South
Australia 115: 161-175.

Cann, ].H., Murray-Wallace, C.V., Belpetio, A.P., Brenchley, A.J., 1999. ‘Evolution of Holocene
coastal environments near Robe, southeastern South Australia.” Quaternary International
56: 81-97.

Chappell, J., 1991. ‘Late Quaternary environmental changes in eastern and central Australia, and
their climatic implications.” Quaternary Science Reviews 10: 377-390.

Chappell, J., Shackelton, N.J., 1986. ‘Oxygen isotopes and sea level” Nature 324: 137-140.

Chivas, A.R., De Deckker, P., Cali, J.A., Chapman, A., Kiss, E., Shelley, ] M.G., 1993. ‘Coupled
stable-isotope and ttace element measurements of lacustrine carbonates as paleoclimatic
indicators.” In: P.K. Swart, K.C. Lohmann, ]J. McKenzie, S. Savin (Eds.) ‘Climate Change in
Continental Isotope Records.” American Geophysical Union, Washington DC. pp. 113-
121.

Cook, P.J., Colwell, J.B., Fitman, J.B., Lindsay, ].M., Schwebel, D.A., von der Borch, C.C., 1977.
“The late Cainozoic sequence of southeast South Australia and Pleistocence sea-level
changes.” BMR Journal of Australian Geology and Geophysics 2: 81-88.

Cramp, A., Sullivan, G.O., 1999. ‘Neogene sapropels in the Mediterranean: a review.” Marine
Geology 153: 11-28.

Davison, W., 1993, ‘Iron and manganese in lakes.” Earth Science Reviews 34: 119-163.

D’Costa, D.M., Kershaw, A.P., 1995. ‘A Late Pleistocene and Holocene pollen record from Lake
Terang, Western Plains of Victoria, Australia’ Palaeogeography, Palaeoclimatology,
Palacoecology 113: 57-67.

Dean, W.E., 1981. ‘Carbonate minerals and organic matter in sediments of modern north
tempetate hatrd-water lakes.” The Society of Hconomic Paleontologists and Mineralogists
Special Publication 31: 213-231.

Dean, W.E., 1999. “The carbon cycle and biogeochemical dynamics in lake sediments.” Journal of
Paleolimnology 21: 375-393.

Dean, W.E., Stuiver, M., 1993. ‘Stable carbon and oxygen isotope studies of the sediments of Elk
Lake, Minnesota.” I»: J.P. Bradbuty, W.E. Dean (Eds.) Elk Lake, Minnesota: Evidence for
Rapid Climate Change in the North:Central United States. Geological Society of America
Special Paper 276: 163-180.

155



De Deckker, P., 1988. Biological and sedimentary facies of Australian salt lakes.” Palaeo-
geography, Palaeoclimatology, Palaeoecology 62: 237-270.

De Deckker, P., Kershaw, A.P., Williams, M.A.]., 1988. ‘Past Environmental Analogues.” In: G.I.
Pearman (Ed.) ‘Greenhouse: Planning for Climate Change.” Brill, Teiden and CSIRO,
Melbourne. pp. 473-488.

Deines, P., 1980. ‘The isotopic composition of reduced otganic catbon.” In: P. Fritz, ]J.C.Fontes
(Eds.) Handbook of Environmental Isotope Geochemistty: Volume I, The Tettestrial
Environment. Elsevier, New York. pp. 329-406.

Dereppe, J-M., Moreaux, C., Debyser, Y., 1980. ‘Investigation of marine and tetrestrial humic
substances by 'H and '3C nuclear magnetic resonance and infrared spectroscopy.” Otganic
Geochemistry 2: 117-124.

Dickens, A.F., Baldock, J.A., Smernik, R.J., Wakeham, S.G., Atnason, T.S., Gélinas, Y., Hedges,
J.L, 2006. ‘Preservation mechanisms of organic carbon in marine sediments: Glimpses
from solid-state ’C-NMR analysis of size and density fractions.” Geochimica et
Cosmochimica Acta 70: 666-686.

Dodson, J.R., 1974. “Vegetation history and water fluctuations at Lake Leake, southeastetn South
Australia. 1. 10,000 B.P. to present.” Australian Joutnal of Botany 22: 719-741.

Dodson, J.R., 1975. “Vegetation history and water fluctuations at Lake Leake, southeastetn South
Australia. II. 50,000 B.P. to 10,000 B.P.” Australian Joutnal of Botany 23: 815-831.

Dodson, J.R., 1977. ‘Late Quaternaty palaeoecology of Wytie Swamp, southeastern South
Australia.” Quaternary Reseatch 8: 97-114.

Dodson, J.R., 1979. Late Pleistocene vegetation and environments near Lake Bullenmerti,
Western Victoria.” Australian Joutnal of Ecology 4: 419-427.

Dodson, J.R., Ono, Y., 1997. “Timing of Late Quaternary vegetation response in the 30-50°
latitude bands in southeastern Australia and northeastern Asia.” Quaternary International
37: 89-104.

Fadie, B.J., Chambers, R.L., Gardner, W.S., Bell, G.E., 1984. ‘Sediment trap studies ifi Lake
Michigan: Resuspension and chemical fluxes in the southern basin.” Journal of Great Lakes
Research 10: 307-321.

Eardley, C.M., 1943. ‘An ecological study of the vegetation of Eight Mile Creek Swamp. A natutal
South Australian coastal fen.” Transactions of the Royal Society of South Australia 67: 200-
223,

Edney, P.A., Kershaw, A.P., De Deckker, P., 1990. ‘A Late Pleistocene and Holocene vegetation
and environmental record from Lake Wangoom, Western Plains of Victoria, Australia.’
Palaeogeography, Palacoclimatology, Palaeoecology 80: 325-343.

Edwards, S., McKirdy, D.M., Bone, Y., Gell, P.A., Gostin, V.A., 2006. ‘Diatoms and ostracods as
mid-Holocene palaeoenvironmental indicators, North Stromatolite Lake, Cootong
National Park, South Australia.” Australian Journal of Earth Sciences 53: 651-663.

Ehleringer, J.R., Sage, R.F., Flanagan, L.B., Pearcy, R.W., 1991. ‘Climate change and the evoluton
of C4 photosynthesis.” Trends in Ecology and Evolution 6: 95-99.

Ehleringer, J.R., Cerling, T.E., Helliker, B.R., 1997. ‘C; photosynthesis, atmospheric CO. and
climate.” Oecologia 112: 285-299.

156



Engstrom, D.E., Wright Jr., H.E., 1984. ‘Chemical stratigraphy of lake sediments.” In: E.Y.
Haworth and J.W.G. Lund (Eds.) Lake Sediments and Environmental History.” Leicester
University Press, United Kingdom.

Emerson, S., Hedges, ].I., 1988. ‘Processes controlling the organic carbon content of open ocean
sediments.” Palaeoceanography 3: 621-634.

Fairbanks, R.G., Mortlock, R.A., Chui, T-C., Cao, L., Kaplan, A., Guilderson, T.P., Fairbanks,
T.W., Bloom, AL., Grootes, P.M., Nadeau, M-J.,, 2005. ‘Radiocatbon calibration cutve
spanning 0 to 50,000 years BP based on paired 20Th/ 234U/ 238U and 14C dates on ptristine
cotals.” Quaternaty Science Reviews 24: 1781-1796.

Farquhar, G.D., Ehleringer, J.R., Hubick, K.T., 1989. ‘Carbon isotope discrimination and
photosynthesis.” Annual Review of Plant Physiology and Plant Molecular Biology 40: 503-
537.

Fink, D., Hotchkis, M., Hua, Q., Jacobsen, G., Smith, A.M., Zoppi, U., Child, D., Mifsud, C., van
der Gaast, H., Williams, A., Williams, M., 2004. ‘The ANTARES AMS facility at ANSTO.
NIM B 223-224: 109-115

Fogel, M.L., Cifuentes, L.A., 1993. ‘Isotopic fractionation during primary production.” [»: M.H.
Engel, S.A. Macko (Eds.) ‘Otganic Geochemistry.” Plenum Press, New York. pp 73-98.

Fontugne, M.R., Patetne, M., Calvert, S.E., Murat, A., Guichard, F., Arnold, M., 1989. ‘Adtiatic
deep-water formation during the Holocene: implication for reoxygenation of the deep
eastern Meditetranean Sea.” Paleoceanography 4: 199-206.

Gagan, M.K,, Hendy, E.J., Habetle, S.G., Hantoro, W.S., 2004. “Post-glacial evolution of the
Indo-Pacific Warm Pool and El Nifio-Southern Oscillation.” Quaternary International 118-
119: 127-143.

Gallagher, S.J., Greenwood, D.R., Taylor, D., Smith, A.J., Wallace, M.W., Holdgate, G.R., 2003.
“The Pliocene climatic and environmental evolution of southeastern Australia: evidence

from the marine and tetrestrial realm.” Palacogeogtaphy, Palacoclimatology, Palaeoecology
193: 349-382.

Gasse, F., Fontes, J.C., Plazait, ].C., Catbonel, P., Kacsmarska, 1., DeDeckker, P., Soulié-Marsche,
I, Callot, Y., Dupeuble, P., 1987. ‘Biological remains, geochemistry and stable isotopes for
the reconstruction of envitonmental and hydrological changes in the Holocene lakes from
North Sahara.’ Palaeogeography, Palaeoclimatology, Palaeoecology 60: 1-46.

Gell, P., 1998. ‘Quantitative reconstructions of the Holocene palacosalinity of paired crater lakes
based on a diatom transfer function.” Palaeoclimates 31: 83-96.

Gell, P.A., Skjemstad, J., Batr, C., 2003. ‘Fire, climate, salinity and people. Unearthing the real
events surrounding the abandonment of Kangaroo Island, SA, Australia.” Proceedings of
the 3« International Limnology Conference, Tucson, USA.

Gentilli, J., 1971. ‘Climates of Australia and New Zealand.” In: World Survey of Climatology 13.
Elsevier, Amsterdam. -

Geyh, M.A., Schotterer, U., Grosjean, M., 1998, “Temporal changes of the 14C reservoir effect in
lakes.” Radiocarbon 40: 921-931.

Gillespie, R., 1986. ‘Radiocarbon User’s Handbook.’ Oxford University Committee for
Archaeology, Oxbow Books, Great Britain.

Golding, C.J., Smernick, R.J., Birch, G.F., 2004. ‘Characterisation of sedimentary organic matter
from three south-eastern Australian estuatries using solid-state C-NMR techniques.’
Marine and Freshwater Research 55: 285-293.

157



Gu, B,, Schelske, C.I., Brenner, M., 1996. ‘Relationships between sediment and plankton isotope
ratios (813C and 8'"N) and primary productivity in Florida Lakes.’ Canadian Journal of
Fisheries and Aquatic Science 53: 875-883.

Hakanson, L., Jansson, M., 1983. Principles of Lake Sedimentology. Springer-Verlag, New York.

Harrison, S.P., 1993. Late Quaternary lake-level changes and climates of Australia.” Quaternary
Science Reviews 12: 211-231.

Harrison, S.P., Dodson, J., 1993. ‘Climates of Australia and New Guinea since 18,000 yr BP.” In:
H.E. Wright, Jr., J.E. Kutzbach, T. Webb III, W.F. Ruddiman, F.A. Street-Petrot, P.].
Bartlein (Eds.) ‘Global Climates of the Last Glacial Maximum.” Univetsity of Minnesota,
Minneapolis, USA. pp 265-293.

Hassan, K.M., Swinehart, ].B., Spalding, R.F., 1997. ‘Evidence for Holocene environmental

change from C/N ratios, and 6!3C and 6!5N values in Swan Lake sediments, western Sand
Hills, Nebraska.” Journal of Paleolimnology 18: 121-130.

Hayball, A.J., 1990. ‘Otganic geochemistry of Holocene lacustrine carbonates in the Coorong
region, South Australia.” Honours Thesis, The University of Adelaide (unpublished).

Hayball, A.J., McKitdy, D.M., Watren, J.K,, von det Borch, C.C., Padley, D., 1991. ‘Otganic
facies of Holocene carbonates in North Stromatolite Lake, Coorong Region, South
Australia.” 15% International Meeting on Organic Geochemistry Manchester, U.K., Prog.
Abs. 19-20.

Hayes, J.M., 1993. ‘TFactors controlling BC contents of sedimentary organic compounds:
Principles and evidence.” Marine Geology 113: 111-125.

Healey, F.P., Hendzel, L.L, 1980. ‘Physiological indicators of nutrient deficiency in lake
phytoplankton.” Canadian Joutnal of Fisheries and Aquatic Science 37: 442-453.

Hecky, R.E., Campbell, P., Hendzel, LL., 1993. The stoichiometry of carbon, nitrogen and
phosphorous in particulate matter of lakes and oceans.” Limnology and Oceanography 38:
709-724.

Hedges, J.I, Stern, J.H., 1984. ‘Carbon and nitrogen determinations of carbonate-containing
solids.” Limnology and Oceanography 29: 657-663.

Hedges, ].I, Keil, R.G., Benner, R., 1997. “What happens to terrestrial organic matter in the
ocean?” Organic Geochemistry 27: 195-212.

Hedges, ].I., Baldock, J.A., Gélinas, Y., Lee, C., Peterson, M.L., Wakeham, S.G., 2001. ‘Evidence
for non-selective preservation of organic matter in sinking marine particles.” Nature 409:
801-804.

Hedges, J.I, Baldock, J.A., Gélinas, Y., Lee, C., Peterson, M.L., Wakeham, S.G., 2002. “The
biochemical and elemental compositions of marine plankton: A NMR perspective.” Marine
Chemistry 78: 47-63.

Hedges, REM.,, 1991. ‘AMS dating: present status and potential applications.” Quaternary
Proceedings 1: 5-10.

Henderson, T., 1997. ‘Mineralogy and stable isotope composition of recent carbonate sediments
and waters from five small lakes, South-Eastern South Australia.” Honours Thesis, The
University of Adelaide (unpublished).

Hepplewhite, C., 1994. ‘A study of some biomarker hydrocarbons in organic-rich Holocene

sediments of Coorone reoion. South Austialia)’” Honours Thesis. The Univers itv of
SCAUMCHs  Of LoOorong region, oouln usddada. N Onours  11iCsis, 1l UnNivers f} O1

Adelaide (unpublished).

158



Herczeg, A.L., 1988. ‘Eatly diagenesis of organic matter in lake sediments: a stable isotope study
of pore watets.” Chemical Geology 72: 199-209.

Hesse, P.P., 1994. ‘The record of continental dust from Australia in Tasman Sea sediments.’
Quaternary Science Reviews 13: 257-272.

Hilgen, F.J., 1991. ‘Astronomical calibration of Gauss to Matayama sapropels in the
Mediterranean and implications for the geomagnetic polarity time scale.” Earth and
Planetary Science Letters 104: 226-244.

Hodell, D.A., Schleske, C.L., 1998. ‘Production, sedimentation and isotopic composition of
organic matter in Lake Ontatio.” Limnology and Oceanography 43: 200-214.

Hoefs, J., 1987. ‘Stable Isotope Goechemistry.” 3« Edition. Springer-Vetlag, Berlin.

Hollander, D.J., Smith, M.A., 2001. ‘Microbially mediated carbon cycling as a control on the o13C
of sedimentary carbon in eutrophic Lake Mendota (USA): New models for interpreting
isotopic excutsions in the sedimentary record.’ Geochjmi.ca et Cosmochimica Acta, 65:

4321-4337.

Holmes, ].W., Watethouse, ].D., 1983. ‘Hydrology.” In: M.J. Tyler, C.R. Twidale, ]J.KK. Ling, ]J.W.
Holmes (Eds.) ‘Natural History of the South East’ Royal Society of South Australia,

Adelaide. pp. 49-59.

Hope, G., Kilpatrick, J., 1988. “The ecological history of Australian forests.” In: K.J. Frawley, N.M.
Semple (Eds.) ‘Austtalia’s Ever Changing Forests.” Dept. Geography and Oceanogtaphy,
Australian Defence Force Academy Special Publications 1.

Hoyer, M.V., Gu, B., Schelske, CL., 1997. ‘Soutces of organic carbon in food webs of two
Florida lakes indicated by stable isotopes.” In: E. Jeppesen, Ma. Sendergaard, Mo.
Sendergaard, K. Chtistoffersen (Eds.) ‘The Role of Macrophytes in Structuring the
Biological Community and Biogeochemical Dynamics in Lakes.” Springer-Verlag, New
Yortk. pp 326-330.

Hughen K.A, Baillie, M.G.L., Bard, E., Bayliss, A., Beck, ].W., Bertrand, C., Blackwell, P.G,,
Buck, C.E., Burr, G., Cutler, K.B.,, Damon, P.E., Edwatds, R.L., Fairbanks, R.G,,
Friedrich, M., Guilderson, T.P., Kromer, B., McCormac, F.G., Manning, S., Bronk
Ramsey, C., Reimer, P.J., Reimer, R.W., Remmele, S., Southon, J.R., Stutver, M., Talamo,
S., Taylor, F.W., van der Plicht, ], Weyhenmeyer, C.E., 2004. ‘Marine04 marine
radiocarbon age calibration, 0-26 cal kyr BP.” Radiocarbon 46: 1059-1086.

Huntley, D.J., Hutton, J.T', Prescott, J.R., 1993a. ‘Optical dating using inclusions within quartz
grains.” Geology 21: 1087-1090.

Huntley, D.J., Hutton, J.T., Prescott, J.R., 1993b. “The Stranded Beach-Dune Sequence of South-
East South Australiaz A Test of Thermoluminescence Dating, 0-800 ka.” Quaternary

Science Reviews 12: 1-20.

Ito, E., 2001. ‘Application of stable isotope techniques to inorganic and biogenic carbonates.” Iz:
W.M. Last, ].P. Smol (Eds.) ‘Tracking Environmental Change Using Lake Sediments.
Volume 2: Physical and Geochemical Methods.” Kluwer Academic Publishers, Dordrecht,

The Nethetlands. pp 351-371.

Jacob, J., Disnat, J-R., Boussafir, M., Sifeddine, A., Turcq, B., Alburquerque, A.L.S., 2004. ‘Major
environmental changes recorded by lacustrine sedimentary organic matter since the last
glacial maximum near the equator (Lagoa do Cagd, NE Brazil) Palaeogeography,
Palaeoclimatology, Palacoecology, 205: 183-197”

Jasper, J.P., Gagosian, R.B., 1990. ‘The sources and deposition of organic matter in the Late
Quaternary Pygmy Basin, Gulf of Mexico.” Geochimica et Cosmochimca Acta 54: 117-132.

159

e




Jellison, R., Andetson, R.F., Melack, J., Heil, D., 1996. ‘Organic mattetr accumulation in sediments
of hypersaline Mono Lake during a petiod of changing salinity” Limnology and
Oceanography 41: 1539-1544.

Jouzel, ., Lorius, C., Petit, ].-R., Genthon, C., Batkov, N.I., Koylyakov, V.M, Pettov, V.M., 1987.
“Vostok ice core: a continuous isotope temperatute record over the last climatic cycle
(160,000 years).” Nature 329: 403-408.

Keeley, J.E., 1990. Photosynthetic pathways in freshwatet aquatic plants.” Trends in Ecology and
Evolution 5: 330-333.

Keeley, J.E., Sandquist, D.R., 1992. ‘Carbon: freshwatet plants.” Plant, Cell and Environment 15:
1021-1035.

Kelts, K., Talbot, M., 1990. ‘Lacustrine carbonates as geochemical archives of envitonmental
change and biotic/ abiotic interactions.” In: M\M. Tilzet, C. Serruya (Eds.) TLarge Lakes:
Ecological Structure and Function.” Springer-Vetlag. pp. 288-315.

Kershaw, A.P., 1976. ‘A late Pleistocene and Holocene pollen diagram from Lynch’s Crater,
north-east Queensland, Australia.” New Phytologist 77: 469-498.

Kershaw, A.P., 1986. ‘Climate change and aboriginal burning in nottheast Australia during the
last two glacial/interglacial cycles.” Natute 322: 47-49.

Kershaw, A.P., 1989. ‘Was thete a ‘Great Australian Arid Period’?” Search 20: 89-92.

Kershaw, A.P., D’Costa, D.M., McEwen Mason, J.R.C., Wagstaff, B.E., 1991. ‘Palynological
evidence for Quaternaty vegetation and environments of mainland southeastern Australia.”
Quaternary Science Reviews 10: 391-404.

Kershaw, A.P., Clark, J.S., Gill, AM., D’Costa, D.M., 2002. ‘A history of fite in Australia.” In:
R.A. Bradstock, J.E. Williams, A.M. Gill (Eds.) ‘Flammable Australia: The Fire Regimes
and Biodiversity of a Continent.” Cambridge University Press, UK. pp 3-25.

Kidd, R.B., Cita, M.B., Ryan, W.B.F., 1978. ‘Stratigtaphy of eastern Meditetranean Sapropel
sequences recovered during Leg 42A and their palacoenvironmental significance.” Initial
Report on Deep Sea Dirilling Project 42A: 421-443.

Killops, S.D., Killops, V.J. (Eds.), 2005. ‘An Introduction to Otganic Geochemistry — 2nd
Edition.” Blackwell Publishing, UK.

Knicker, H., Scaroni, A.W., Hatcher, P.G., 1996. 3C and "N NMR spectroscopic investigation
on the formation of fossil algal residues.” Organic Geochemistry 24: 661-669.

Koégel-Knabner, I., 1997. ‘3C and SN NMR spectroscopy as a tool in soil organic matter studies.’
Geoderma 80: 243-270.

Kolodny, Y., Stein, M., Machlus, M., 2005. ‘Sea-rain-lake relation in the Last Glacial Fast
Mediterranean revealed by &8'8O-8'3C in lake Lisan aragonites.” Geochimica et
Cosmochimica Acta 69: 4045-4060.

Korde, N.V., 1960. ‘Biostratification and Classification of Russian Sapropels.” Akademiya Nauk
S.SR.: Moscow. (English translation by J.E.S. Bradley, published by the British Library
Lending Division, Boston Spa.)

Krull, E. S, Skjemstad, J.O., 2003. ‘6"C and 8N profiles in “C-dated Oxisol and Vertisols as a
function of soil chemistry and mineralogy.” Geoderma 112, 1-29.

160



Krull, E. S., Skjemstad, J.O., Graetz, D., Grice, K., Dunning, W., Cook, G., Patt, J.F., 2003. BC-
depleted chatcoal from C4 grasses and the role of occluded carbon in phytoliths.” Organic
Geochemistry 34: 1337-1352.

Lamb, AL, Leng, M.J., Mohammed, M.U., Lamb, H.F., 2004. ‘Holocene climate and vegetation

change in the Main Ethiopian Rift Valley, inferred from the composition (C/N and 6'*C)
of lacustrine organic matter.” Quatetnary Science Reviews 23: 881-891.

Lamb, AL., Wilson, G.P., Leng, M.J., 2006. ‘A review of coastal palacoclimate and relative sea-

level reconstructions using 8BC and C/N ratios in organic material.” Harth Science
Reviews 75: 29-57.

Lamouteux, S., 2001. “Varve chronology techniques.” In: W.M. Last, J.P. Smol (Eds.) “T'racking
Environmental Change Using Lake Sediments. Volume 1: Basin Analysis, Coring and
Chronoogical Techniques.” Kluwer Academic Publishers, Dordrecht, The Nethetlands. pp.
247-260.

Lange, R.T., 1983. Native vegetation.” In: M.J. Tyler, C.R. Twidale, J.K. Ling, J.W. Holmes (Eds.)
‘Natural History of the South East.” Royal Society of South Australia, Adelaide. pp. 95-113.

Leaney, F.W.J., Allison, G.B., Dighton, J.C., Trumbore, S., 1995. ‘The age and hydrological
history of Blue Lake, South Australia.” Palaecogeography, Palaeoclimatology, Palaeoecology
118: 111-130.

Lees, B.G., 1992. ‘Geomorphological evidence for late Holocene climatic change in northern
Australia.” Australian Geographer 23: 1-10.

Lehmann, M.F., Bernasconi, S.M., Barbieri, A., McKenzie, J.A., 2002. ‘Preservation of organic
matter and alteration of its carbon and nitrogen isotope composition during simulated and
in situ sedimentary diagenesis.” Geochimica et Cosmochimica Acta 66: 3573-3584.

Leng, M.J., Marshall, J.D., 2004. ‘Palacoclimatic interpretation of stable isotope data from lake
sediment archives.” Quatetnary Science Reviews 23: 811-831.

Li, H.-C., Ku, T.-L., 1997. ‘'3C and 8'80 covatiance as a palacohydrological indicator for closed-
basin lakes.” Palaeogeogtaphy, Palaeoclimatology, Palaeoecology 133: 69-80.

Lian, O.B., Huntley, D.J., 2001. ‘Luminescence dating.” In: W.M. Last, J.P. Smol (Eds.) Tracking
Environmental Change Using Lake Sediments. Volume 1: Basin Analysis, Coring and
Chronological Techniques. Kluwet Academic Publishers, Dorcdrecht, The Nethetlands.
pp- 261-282.

Libby, W.F., 1952. ‘Radiocatbon Dating.” University of Chicago Press, Chicago.

Libes, S.M., Deuset, W.G., 1988. “The isotope geochemistry of patticulate nitrogen in the Peru
upwelling area and the Gulf of Maine.” Deep-Sea Research Part A 35: 517-533.

Livingston, D., 1984. ‘The preservation of algal remains in recent lake sedtments.” In: E.Y.
Haworth, ].W.G. Lund (Eds.) Lake Sediments and Environmental History. Leicester
University Press, United Kingdom. pp. 191-202.

Loutensz, R.S., Abe, K., 1983. ‘A dust storm over Melbourne.” Weather 38: 272-275.
Lowe, J.J., Walker, M.J.C., 1984. ‘Reconstructing Quaternary Environments.” Longman, London.

Liicke, A., Schleser, G.H., Zolitschka, B., Negendank, J.F.K., 2003. ‘A Lateglacial and Holocene
organic catbon isotope record of lacustrine palaecoproductivity and climate change derived
from varved lake sediments of Lake Holzmaar, Germany.” Quaternaty Science Reviews 22:
569-580.

161



Luly, J.G., 1993. ‘Holocene palacoenvironments near Lake Tyrrell, semi-atid northwestetn
Victoria, Australia.” Journal of Biogeogtaphy 20: 587-598.

Luz, B., 1979. Palacoceanography of the post-glacial eastern Meditettanean.” Nature 278: 847-
848.

Macdonald, F.J., 1991. ‘Organic Geochemistry of Holocene lacustrine catbonates, The Cootong
region, South Australia.” Honouts Thesis, The Univetsity of Adelaide (unpublished).

McCormac, F.G., Hogg, A.G., Blackwell, P.G., Buck, C.E., Higham, T.F.G., Reimer P.]., 2004.
‘SHCal04 Southern Hemisphere Calibration 0 — 11.0 Cal Kyr BP.” Radiocarbon 46: 1087-
1092.

McGlone, M.S., Ketshaw, A.P., Matkgraf, V., 1992. ‘El Nifio/Southern Oscillation and climatic
variability in Australasian and South American palaeoenvironmental records.” In: V.
Markgraf, H. Diaz (Eds.) ‘Bl Nifio: Historical and Paleoclimatic Aspects of the Southern
Oscillation.” University of Arizona Press. pp. 294-317.

McGlone, M.S., Hope, G., Chappell, J., Batrett, P., 1996. ‘Past climate change in Oceania and
Antarctica” In: W.J. Bouma, G.I. Pearman, M.R. Manning (Eds.) ‘Greenhouse: Coping
with Climate Change.” CSIRO Publishing, Collingwood. pp. 81-99.

McGlone, M.S., 2002. “The Late Quatetnaty peat, vegetation and climate history of the Southern
Oceanic Islands of New Zealand.” Quaternary Science Reviews 21: 683-707.

McKenzie, J.A., 1985. ‘Carbon isotopes and productivity in the lacusttine and marine
environment.” In: W. Stumm (Ed.) ‘Chemical Processes in Lakes.” Wiley Press, New York.
pp 99-118.

McKenzie, G.M., Kershaw, A.P., 1997. ‘A vegetation history and quantitative estimate of
Holocene climate from Chapple Vale, in the Otway region of Victoria, Australia.’
Australian Journal of Botany 45: 565-581.

McKirdy, D.M., Hepplewhite, C.J., Michaelsen, B.H., Mazzoleni, A., Bone, Y., 1995. ‘Origin of
Sapropels in Holocene Lakes of the Coorong Region, South Australia.” Iz J.O. Gtimalt, C.
Dotronsoro (Eds.) ‘Organic Geochemistry: Developments and Applications to Energy,
Climate,Environment and Human History. Selected papets from the 17" International
Meeting on Organic Geochemistry, Donostia-San Sebastian, The Basque Country, Spain.’
pp. 183-185.

McKirdy, D.M., Spiro, B., Kim, A., Brenchley, A.J., Mazzoleni, A.G., Yu, X., Gostin, V.A., 1999.
‘The Environmental Evolution of Old Man Lake, southeastern Australia, during the
Holocene: An Isotopic and Biomarker Perspective.” Abstracts from the 19t International
Meeting on Organic Geochemistry, Istanbul, Turkey. pp. 405-406

McKirdy, D.M., Brenchley, A.J., Edwards, S., 2002. ‘Lacustrine sapropels as proxies for Late
Quaternary environmental change in southeastern Australia’ Iz V.P. Preiss (Ed.)
‘Geoscience 2002: Expanding Horizons.” Abstracts of the 16" Australian Geological
Convention, Adelaide. pp. 23.

McKirdy, D.M., Krull, E.S., Mee, A.C., Brenchley, A.]., Spiro, B., 2005. ‘Can 8'*C and "C from
organic matter in soils complement tecords of mid-Holocene palaeoclimatic changes in
lacustrine sediments?” In: FJ. Gonzilez-Vila, J.A. Gonzilez-Pérez, G. Almendros (Eds.)
‘Organic  Geochemistry: Challenges for the 213 Century.” Abstracts of the 220
International Meeting on Organic Geochemnistry, Seville, Spain. pp. 1036-1037.

162



Macko, S.A., Engel, M.H., Patket, P.L., 1993, ‘Early diagenesis of organic matter in sediments:
Assessment of mechanisms and presetvation by the use of isotopic molecular approaches.”
In: M.H. Engel, S.A. Macko (Eds.) ‘Organic Geochemistry Principles and Applications.’
Plenum Press, New York. pp. 211-214.

Martinelli, L.A., Pessenda, L.C.R., Espinoza, E., Carmago, P.B., Telles, E.C., Cerri, C.C., Victoria,
R.L., Aravena, R., Richey, J., Trumbore, S., 1996. ‘Carbon-13 variation with depth in soils
of Brazil and climate change during the Quaternary.” Oecologica 106: 376-381.

Martinez-Ruiz, F., Kastner, M., Paytan, A., Ortega-Huertas, M., Bernasconi, S.M., 2000.
‘Geochemical evidence for enhanced productivity during S1 sapropel deposition in the
eastern Meditertanean.” Paleoceanography 15: 200-209.

Mathers, N.J., Mao, X.A,, Xu, Z.H., Saffigna, P.G., Berners-Price, S.J., Perera, M.C.S., 2000.
‘Recent advances in the application of C and N NMR spectroscopy to soil organic
matter studies.” Australian Journal of Soil Research 38: 760-787.

Mayet, B., Schwark., L., 1999. ‘A 15,000-year stable isotope record from sediments of Lake
Steisslingen, Southwest Germany.” Chemical Geology 161: 315-337.

Mayewski, P.A., Rohling, E.E., Stager, J.C., Karlen, W., Maasch, K.A., Meeker, L.D., Meyerson,
E.A., Gasse, F., van Kreveld, S., Lee-Thotp, J., Rosqvist, G., Rack, F., Staubwasser, M.,
Schnieder, RR., Steig, E.J., 2004. ‘Holocene climate variability.” Quaternary Research 62:
243-255.

Mazzoleni, A.G., 1993. ‘Holocene sedimentology of Old Man Lake, south eastern South
Australia.” Honours Thesis, The Univetsity of Adelaide (unpublished).

Mee, A.C., McKitdy D.M,, Krull E.S., Williams M.A.J., 2004. ‘Geochemical analysis of organic-
rich lacustrine sediments as a tool fot reconstructing Holocene environmental conditions
along the Coorong coastal plain, southeastern Australia.” [n: Roach 1.C. (Ed.) Regolith
2004. CRC LEME, Australia. pp 247-251.

Mee, A.C., McKitdy, D.M., Williams, M.A.J., Krull, E.S., 2007. ‘New radiocarbon dates from
sapropels in three Holocene lakes of the Coorong coastal plain, southeastern Australia.’
Australian Joutnal of Farth Sciences 54: 1-11.

Menzel, D., Schouten, S., van Betgen, P.F., Sinnighe Damsté, ].S., 2004. ‘Higher plant vegetation
changes during Pliocene sapropel formation.” Organic Geochemistry 35: 1343-1353.

Meyers, P.A., 1994. Presetvation of elemental and isotopic source identification of sedimentary
organic matter.” Chemical Geology 114: 289-302.

Meyers, P.A., 1997. ‘Organic geochemical proxies of paleoceanographic, paleolimnologic and
paleoclimatic processes.” Organic Geochemistry 27: 213-250.

Meyers, P.A., 2003. ‘Applications of organic geochemistry to paleolimnological reconstructions: a
summaty of examples from the Laurentian Great Lakes.” Organic Geochemistry 34: 261-
289.

Meyers, P.A., Betnasconi, S.M., 2005. ‘Carbon and nitrogen isotope excursions in mid-Pleistocene
sapropels from the Tyrrhenian Basin: Evidence for climate-induced increases in microbial
primary production.” Marine Geology 220: 41-58.

Meyers, P.A., Eadie, B.J., 1993. ‘Soutces, degradation and resynthesis of the organic matter on
sinking patticles in Lake Michigan.” Organic Geochemistry 20: 47-56.

Meyers, P.A., Hotde, S., 1993. ‘An organic carbon isotopic record of glacial-postglacial change in
atmospheric pCO; in the sediments of Lake Biwa, Japan.’ Palacogeography,
Palaeoclimatology, Palacoecology 105: 171-178.

163



Meyers, P.A., Ishiwatari, R., 1993a. ‘The eatly diagenesis of organic matter in lacustrine
sediments.” In: M.H. Engel, S.A. Macko (Eds.) ‘Otganic Geochemistry’ Plenum Press, New
York. pp. 185-209.

Meyers, P.A., Ishiwatati, R., 1993b. ‘Lacusttine otganic geochemistty — an overview of organic
matter sources and diagenesis in lake sediments.” Organic Geochemistry 20: 867-900.

Meyers, P.A., Lallier-Verges, E., 1999. Lacustrine sedimentary organic matter records of Late
Quaternary paleoclimates.” Journal of Paleolimnology 21: 345-372.

Meyers, P.A., Takemura, K., 1997. ‘Quaternary changes in delivery and accumulation of organic
mattet to sediments of Lake Biwa, Japan.” Journal of Paleolimnology 18: 211-218.

Meyers P.A., Tenzer, G.E., Lebo, M.E., Reuter, ].E., 1998. ‘Sedimentary record of sources and
accumulation of organic matter in Pyramid Lake, Nevada, over the past 1000 yeats.’
Limnology and Oceanography 43: 160-169.

Meyers, P.A., Teranes, J.L., 2001. ‘Sediment organic mattet.” In: W.M. Last, J.P. Smol (Eds.)
‘Tracking Environmental Change Using Lake Sediments. Volume 2: Physical and
Geochemical Methods.” Kluwer Academic Publishers, Dordrecht, The Netherlands. pp
241-269.

Midwood, A. J., Boutton, T. W., 1998. ‘Soil carbonate decomposition by acid has little effect on
313C of organic matter.” Soil Biology and Biochemistry 30: 1301-1307.

Mook, W.G., 1986. ‘Recommendations/resolutions adopted by the 12% International
Radiocarbon Conference.” Radiocarbon 28: 799.

Mooney, S., 1997. ‘A fine-resolution palaeoclimatic reconstruction of the last 2000 years, from
Lake Keilambete, southeastern Australia.” The Holocene 7: 139-149.

Moss, P.T., Ketshaw, A.P., 2000. ‘The last glacial cycle from the humid tropics of northeastern
Australia:  comparison of a terrestrial and a marine record” Palacogeography,
Palaeoclimatology, Palacoecology 155: 155-176.

Muller, P.J., 1977. ‘C/N ratios in Pacific deep-sea sediments: effect of inotganic carbon
ammonium and organic nitrogen compounds sorbed by clays.” Geochimica et
Cosmochimica Acta 41: 765-776.

Muller, J., Wist, R.AJ., Weiss, D., Hu, Y., 2006. ‘Geochemical and stratigraphic evidence of
environmental change at Lynch’s Crater, Queensland, Australia’ Global and Planetary
Change 53: 269-277.

Murray, A.S., Roberts, R.G., 1997. ‘Determining the burial time of single grains of quartz using
optically stimulated luminescence.” Earth and Planetary Science Letters 152: 163-180.

Murray-Wallace, C.V., Belperio, A.P., 1991. ‘The last interglacial shoreline in Australia: a review.’
Quaternary Science Reviews 10: 441-461.

Murray-Wallace, C.V., Belperio, A.P., Bourman, R.P., Cann, ]J.H., Price, D.M., 1999. ‘Facies
architecture of a last interglacial barrier: a model for Quaternary barrier development from

the Coorong to Mount Gambier Coastal Plain, southeastern Australia’” Marine Geology
158: 177-195.

Nadelhoffer K.J., Fry B., 1988. ‘Controls on natural nitrogen-15 and carbon-13 abundances in
forest soil organic matter.” Soil Science Society of America Journal 52: 1633-1640.

Nakai, N., 1972, ‘Carbon 1sotopic variation and the palaeoclimate of sediments from Lake Biwa.’
ces di anese Academics 49: 526-521

» e of Tan rade
CroCeCngs O japandst Afaalinics 708

164



Nolet, G.J., Cotliss, B.H., 1990. Benthic foraminiferal evidence fro reduced deep-water
circulation duting sapropel deposition in the eastern Mediterranean.” Marine Geology 94:
109-130.

Notdt, L.C., Boutton, 'T.W., Jacob, J.S., Mandel, R.D., 2002. ‘C4 plant productivity and climate-
CO, variations in South Central Texas during the Late Quaternary.” Quaternary Research
58: 182-188.

O’Leary, H.M., 1981. ‘Catbon isotope fractionation in plants.” Phytochemistry 20: 553-567.
O’Leaty, H.M., 1988. ‘Carbon isotopes in photosynthesis.” Bioscience 38: 328-336.

Paerl, HW., 1978. Role of heterotrophic bactetia in promoting Ny fixation by Anabaena in
aquatic habitats.” Microbial Ecology 4: 215-231. :

Park, R., Epstein, S., 1961. ‘Metabolic fractionation of 13C/22C in plants.” Plant Physiology 36:
133-138.

Pedersen T.F., Calvert, S.E., 1990. ‘Anoxia vs. productivity: what controls the formation of
otganic-catbon-tich sediments and sedimentary rocks?” American Association of
Petroleum Geology Bulletin 74: 454-466.

Pell, S.D., Chivas, A.R., 1995. ‘Sutface features of sand grains from the Australian Continental
Dunefield.” Paleaogeography, Paleoclimatology, Palacoecology 113: 119-132.

Penney, C.L., 1983. ‘Climate.” In: M.J. Tyler, CR. Twidale, ].K. Ling, ].W. Holmes (Eds.) ‘Natural
Histoty of the South East.” Royal Society of South Australia, Adelaide. pp. 85-93.

Pessenda, L.C.R., Aravena, R., Melfi, A.]., Telles, E.C.C., Boulet, R., Valencia, E.P.E., Tomazello,
M., 1996. ‘The use of catbon isotopes (1?C, 1*C) in soil to evaluate vegetation changes
duting the Holocene in central Brazil.” Radiocarbon 38: 191-201.

Peterson, B.J., Fry, B., 1987. ‘Stable isotopes in ecosystem studies.” Annual Reviews of Ecological
Systems 18: 293-320.

Peterson, B.J., Howarth, R.W., 1987. ‘Sulfur, carbon and nitrogen stable isotope ratios in
sedimentaty otrganic matter.” Limnology and Oceanography 32: 1195-1213.

Petit ].-R., Jouzel J., Raynaud D., Barkov N.I.,Barnola .M., Basile 1., Bender M., Chappellaz J.,
Davis J., Delaygue G., Delmotte M., Kotlyakov V.M., Legrand M., Lipenkov V., Lorius C.,
Pépin L., Ritz C., Saltzman E., Stevenard M. 1999. ‘Climate and Atmospheric History of
the Past 420,000 yeats from the Vostok Ice Core, Antarctica.” Nature 399: 429-436.

Polach, H., Golson, J., 1968. ‘The collection and submission of radiocarbon samples.” In: D.].
Mulvaney (Ed.) ‘Australain Archaeology: A Guide to Field Techniques.” Institute of
Abotiginal Studies, Canberra, Australia. pp. 211-239.

Prahl, F.G., Ertel, J.R., Goni, M.A., Spatrow, M.A., Eversmeyer, B., 1994. ‘Terrestrial organic
carbon contributions to sediments on the Washington margin’ Geochimica et
Cosmochimica Acta 58: 3048-3055.

Prartono, T., Wolff, G.A., 1998. ‘Otganic geochemistry of lacustrine sediments: a record of the
changing trophic status of Rostherne Mere, U.IC” Organic Geochemistry 28: 729-747.

Prescott, J.R., Hutton, J.T., 1994. ‘Cosmic ray contribution to dose rates for luminescence and
ESR dating: large depths and long term vatiations.” Radiation Measurements 23: 497-500.

Prescott, ].R., Hutton, J.T., 1995. “Environmental dose rates and radioactive disequilibrium from
some Australian luminescence dating sites.” Quaternary Science Reviews 14: 439-448,

165



Qiu, L., Williams, D.F., Gvorzdkov, A., Karabanov, E., Shimaraeva, M., 1993. ‘Biogenic silica
accumulation and paleoproductivity in the northern basin of Lake Baikal during the
Holocene.” Geology 21: 25-28.

Randall, E.W., Mahieu, N., Ivanova, G.I., 1997. NMR studies of soil, soil organic matter and
nutrients: spectroscopy and imaging.” Geoderma 80: 307-325.

Rau, G.H., Takahashi, T., DesMarais, D.J., 1989. “Latitudinal vatiations in plankton &C:
Implications for CO; and productivity in past oceans.” Nature 341: 516-518.

Rogers, P.A., 1995. ‘Continental sediments of the Mutray Basin.” I J.F. Drexel, W.V. Preiss
(Eds.) ‘The Geology of South Australia. Volume 2, The Phanerozoic.’ Bulletin 54,
Geological Survey of South Australia, Adelaide. pp. 252-254.

Rohling, E.J., Thunell, R.C., 1999. ‘Five decades of Meditetranean palacoclimate and sapropel
studies.” Marine Geology 153: 7-10.

Rosen, M.R., Miser, D.E., Warten, ].K., 1988, ‘Sedimentology, mineralogy and isotopic analysis of
Pellet Lake, Coorong region, South Australia.” Sedimentology 35: 105-122.

Rossignol-Strick, M., 1985. ‘Meditetrranean Quaternary sapropels, an immediate response of the
African monsoon to variation of insolation.” Palaeogeography, Palaeoclimatology,
Palaeoecology 49: 237-263.

Sampei, Y., Matsumoto, E., 2001. ‘C/N ratios in a sediment cotre from Nakumi Lagoon,
southwest Japan — usefulness as an organic indicator.” Geochemical Journal 35: 189-205.

Schelske, C.L., Hodell, D.A., 1991. ‘Recent changes in productivity and climate in Lake Ontario
detected by isotopic analysis of sediments.” Limnology and Oceanogtaphy 36: 961-975.

Schwebel, D.A., 1983. ‘Quaternary Dune Systems.” In: M.]. Tyler, C.R. Twidale, J.K. Ling, J.W.
Holmes (Eds.) ‘Natural History of the South East.’ Royal Society of South Australia,
Adelaide. pp. 15-24.

Scoffin, T.P., 1987. ‘An Introduction to Carbonate Sediments and Rocks.” Blackie and Son Ltd.
New York.

Short, A.D., Hesp, P.A., 1980. ‘Coastal engineering and morphodynamic assessment of the coast
within the South East Coast Protection District, South Australia.” Coastal Protection Board
Technical Report, Adelaide.

Shulmeister, J., 1992, ‘A Holocene pollen record from lowland tropical Australia.” The Holocene
2: 107-116.

Shulmeister, J., 1999. ‘Australasian evidence for mid-holocene climate change implies precessional
control of Walker Circulation in the Pacific.” Quaternary International 57-58: 81-91.

Shulmeister, J., Lees, B.G., 1995. ‘Pollen evidence from tropical Australia for the onset of an
ENSO-dominated climate at ¢. 4000 BP.” The Holocene 5: 10-18.

Shultz, H.D., Dahmke A., Schinzel, U., Wallman, K., Zabel, M., 1994. ‘Eatly diagenetic processes,
fluxes and reaction rates in sediments of the South Atlantic.” Geochimica et Cosmochimica
Acta 58: 2041-2060.

Siffeddine, A., Bertrand, P., Lallier-Verges, E., Patience, A.J., 1996. ‘Lacustrine organic fluxes and
palacoclimatic variations during the last 15 ka: Lac du Bouchet (Massif Central, France).’
Quaternary Science Reviews 15: 203-211.

Wiman T N
1

1 ! ovaee 1A Rarreln - B
iumaty, j.at., VIEYELS, i, LOoUrsonnIctre, ..,

delivery and butial in sediments of Lake Ontario.” Organic Geochemistry 24: 463-472,

aniere. AL 1996, Recor d of postelacial oreanic matter

o ~1
ARLLOLL UL POstdiatln

166



Simonson, R.W., 1995. ‘Aitborne dust and its significance to soils.” Geoderma 65: 1-43.

Singh, G., Luly, J., 1991. ‘Changes in vegetation and seasonal climate since the last full glacial at
Lake Frome, South Australia.” Palacogeogtaphy, Palaeoclimatology, Palaeoecology 84: 75-
86.

Sinninghe Damste, ].S., Schouten, S., van Duin, A.C.T., 2001. Tsorenieratene derivatives in
sediments: possible controls on their distribution.” Geochimica et Cosmochimica Acta 65:
1557-1571.

Skjemstad, J.O., Clatke, P., Taylot, J.A., Oades, J.M., McClure, S.G., 1996. “The chemistry and
nature of protected carbon in soil.” Australian Joutnal of Soil Research 34: 251-271.

Skjemstad, J.O., Taylot, J.A., Smernik, R.J., 1999. ‘Estimation of charcoal (char) in soils’
Communications in Soil Science and Plant Analysis 30: 2283-2298.

Stabel, H.H., 1986. ‘Calcite precipitation in Lake Constance — Chemical equilibrium,
sedimentation and nucleation by algae.” Limnology and Oceanography 31: 1081-1093.

Stanley, S., De Deckket, P. 2002. ‘A Holocene tecord of allochthonous, aeolian mineral grains in
an Australian alpine lake; implications for the history of climate change in southeastetn
Australia.” Journal of Paleolimnology 27: 207-219.

Stokes, S., 1999. ‘Luminescence dating applications in geomorphological research.’
Geomotphology 29: 153-171.

Stephens, C.G., Crocket, R.L., 1946. ‘Composition and genesis of lunettes.” Transactions of the
Royal Society of South Australia 70: 302-312.

Struck, U., Emeis, K.-C., VoB, M., Krom, M.D., Rau, G.H., 2001. ‘Biological productivity during
Sapropel Ss formation in the eastern Mediterranean Sea: evidence from stable isotopes of
nitrogen and carbon.” Geochimica et Cosmochimica Acta 65: 3249-32606.

Stuiver, M., 1970. ‘Oxygen and catbon isotope ratios of freshwater carbonates as climatic
indicatots.” Journal of Geophysical Research 75: 5247-5257.

Stuiver, M., Kromer, B., Becker, B., Ferguson, C.W., 1986. ‘Radiocarbon age calibration back to
13,300 years BP and the '“C age matching of the German Oak and US bristlecone pine
chronologies.” Radiocarbon 28: 969-979.

Suess, E., 1980. ‘Particulate otganic carbon flux in the oceans — Surface productivity and oxygen
utilization.” Nature 288: 260-263.

Talbot, M.R., 1990. ‘A review of the paleohydrological interpretation of carbon and oxygen
isotopic ratios in ptimary lacustrine carbonates.” Chemical Geology 80: 261-279.

Talbot, M.R., 2001. ‘Nitrogen isotopes in palaeolimnology.’ In: W.M. Last, J.P. Smol (Eds.)
‘Tracking Environmental Change Using Lake Sediments. Volume 2: Physical and
Geochemical Methods.” Kluwer Academic Publishers, Dordrecht, The Netherlands. pp.
401-439.

Talbot, M.R., Johannessen, T., 1992. ‘A high resolution palaeoclimatic record for the last 27,500
years in tropical West Africa from the carbon and nitrogen isotopic composition of
lacustrine organic matter.” Earth and Planetary Science Letters 110: 23-37.

Talbot, M.R., Kelts, K., 1986. ‘Primaty and diagenetic carbonates in the anoxic sediments of Lake
Bosumtwi, Ghana.” Geology 14: 912-916.

167



Talbot, M.R., Kelts, K., 1990. ‘Paleolimnological signatures from catbon and oxygen isotopic
ratios in carbonates from organic carbon-tich lacustrine sediments.” In: B.]. Katz (Ed.)
‘Lacustrine Basin Exploration — Case Studies and Modern Analogues.” AAPG Memoir 50.
pp 99-112.

Talbot, M.R., Lardal, T., 2000. ‘The Late Pleistocene — Holocene palaeolimnology of Lake
Victoria, Fast Aftica, based upon elemental and isotopic analyses of sedimentaty otganic
matter.” Journal of Paleolimnology 23: 141-164.

Taylor, G.H., Teichmiiller, M., Davis, A., Diessel, C.F.K,, Littke, R., Robett, P., 1998. ‘Otganic
Petrology.” Gebriider Borntraeger, Berlin.

Teiszen, L.L., 1991. Natural variations in the carbon isotope values of plants: implications for
archaeology, ecology and paleoecology.’ Journal of Archaeological Science 18: 227-248,

Telford, R.J., Heegaard, L., Birks, H.].B., 2004. ‘The intercept is a poor estimate of a calibrated
radiocarbon age.” The Holocene 14: 296-298.

Teranes, J.L., Bernasconi, S.M., 2000. “The record of nitrate utilization and productivity limitation
provided by 85N values in lake organic matter — a study of sediment trap and core
sediments from Baldeggersee, Switzerland.” Limnology and Oceanography 45: 801-813.

Tolun, L., Cagatay, M.N., Carrigan, W.J., 2002. ‘Otganic geochemistry and otigin of Late Glacial-
Holocene sapropelic layers and associated sediments in Marmara Sea.” Marine Geology
190, 47-60.

Tornqvist, P., De Jong, AI'M., Oosterbaan, W.A., Van der Borg, K., 1992. ‘Accurate dating of
organic deposits by AMS 4C measurements of macrofossils.” Radiocarbon 34: 566-577.

Twidale, C.R., Campbell, EM., Boutne, J.A., 1983. ‘Granite fotms, katst and lunettes.” Iz: M.J.
Tyler, C.R. Twidale, J.K. Ling, J.W. Holmes (Eds.) ‘Natural History of the South East.’
Royal Society of South Australia, Adelaide. pp. 25-37.

Tyson, R.V., 1995, ‘Sedimentary Organic Matter: Organic Facies and Palynofacies.” Chapman and
Hall, London.

van der Plicht, J., 2004. ‘Radiocarbon calibration — past, present and future.” Nuclear Instruments
and Methods in Physic Research 223-224: 353-358.

van Mooy, B.A.S., Keil, R.G., Devol, A.H., 2002. ‘Impact of suboxia on sinking particulate
otganic carbon: enhanced carbon flux and preferential degradation of amino acids via
denitrification.” Geochimica et Cosmochimica Acta 66: 457-465.

Veeman, W.S., 1997. ‘Nuclear magnetic resonance, a simple introduction to the principles and
applications.” Geoderma 80: 225-242.

von der Borch, C.C., Altmann, M., 1979. ‘Holocene stratigraphy and evolution of the Cooke
Plains Embayment, a former extension of Lake Alexandtina, South Australia.” Transactions
of the Royal Socicty of South Australia 103: 69-78.

von der Borch, C.C., Lock, D., 1979. ‘Geological significance of Coorong dolomites.’
Sedimentology 26: 813-824.

Walker, C.ID., Sinclair, R., 1992. ‘Soil salinity is cotrelated with a decline in '3C discrimination in
leaves of Atriplex species.” Journal of Archeological Science 17: 249-259.

Warren, J.I, 1988. ‘Sedimentology of Coorong dolomite in the Salt Creek region, South
Australia.” Carbonates and Evaporites, 3: 175-199.

Warren, J.I., 1990. ‘Sedimentology and mineralogy of dolomitic Coorong lakes, South Australia.’
Journal of Sedimentary Petrology 60 (6): 843-858.

168



Warren, J.K., 1994. ‘Holocene Coorong Lakes, South Australia.’ In: E. Gierlowski-Kordesch, K.
Kelts (Eds.) ‘Global Geological Record of Lake Basins Volume 1.” Cambridge University
Press, UK. pp. 387-394.

Wasson, R.J., Donnelly, T.H., 1991. ‘Palaeoclimatic reconstructions for the last 30,000 years in
Australia — A conttibution to prediction of future climate.” CSIRO Division of Water
Resoutrces Technical Memoir 91/3.

Wetzel, R.G. (Ed.), 1983. Limnology (2nd Edition).” Saunders College Publishing, USA.

Wilkes, H., Ramrath, A., Negendank, J.F.W. 1999. ‘Organic geochemical evidence for
environmental changes since 34,000 yts BP from Lago di Mezzano, central Italy.” Journal
of Paleolimnology 22: 349-365.

Williams, M., Dunketly, D., De Deckker, P., Kershaw, P., Chappell, J., 1998. ‘Quaternary
Environments. 2rd Edition.” Arnold Publishers, London.

Wilson, M.A., 1987. ‘NMR Techniques and Applications in Geochemistry and Soil Chemistry.”
Permagon, Oxford.

Winter, K., Smith, A.C. (Eds), 1995. ‘Crassulaccan Acid Metabolism: Biochemistry,
Ecophysiology and Evolution.” Springer-Verlag, New York.

Wright, D.T.,"1999. ‘The role of sulphate-reducing bacteria and cyanobacteria in dolomite
formation in distal, ephemeral lakes of the Cootong region, South Australia.” Sedimentary
Geology 126: 147-157.

Wyrwoll, K-H., Dong, B.W., Valdes, P., 2000. ‘On the position of southern hemisphere westerlies
at the Last Glacial Maximum: an outline of AGCM simulation results and evaluation of
their implications.” Quaternary Science Reviews 19: 881-898.

Wyrwoll, K-H., Miller, G.H., 2001. ‘Initiation of the Australian summer monsoon 14,000 years
ago.” Quaternary International 83-86: 119-128.

Zelibor, ].L.Jr., Romankiw, L., Hatcher, P.G., Colwell, R.R., 1988. ‘Comparative analysis of mixed
and pure cultutes of green algae and their decomposed residues by '*C nuclear magnetic
resonance spectroscopy.” Applications of Environmental Microbiology 54: 1051-1060.

Zhao, M., Dupont, L., Eglington, G., Teece, M., 2003. ‘n-Alkane and pollen reconstruction of
terrestrial climate and vegetation for N.W. Africa over the last 160 kyr” Organic
Geochetnistry 34: 131-143.

169



GLOSSARY

Acolian transport: delivery of fine patticles (e.g. dust, pollen) by wind activity. Can operate over

long (e.g. intercontinental) distances.

Allochthonous: minerogenic and/ot otganic matetial transpotted from its place of origin to
form a sedimentary constituent at another locality (cf. autochthonous).

Anoxia: strictly speaking, the complete absence of molecular oxygen. Anoxic waters contain no
dissolved oxygen.

Autochthonous: a material (e.g. mineral, fossil, organic matter) formed in the basin or water
body where it is found today (cf. allochthonous).

Autotrophs: organisms that produce organic compounds using carbon dioxide as a carbon
carbon source and either light or reactions of inorganic chemical compounds as an energy
source. Plants and other organisms using photosyﬁthesis are photoautotrophs; bactetia that
utilize the oxidation of inorganic compounds such as hydrogen sulfide as an energy source
are chemoautotrophs.

Bioturbation: mixing of sediment by biological activity (e.g. burtowing, grazing). Occurs in
some oxygenated bottom watets, but typically absent in anoxic waters.

Chemotrophs: producers, including algae and bacteria, which convert energy from inorganic
chemical compounds into more complex energy, without the use of sunlight.

Denitrification: bacterial reduction of dissolved nitrate (NOs) to gaseous nitrogen (N2).
Typically occurs under anoxic conditions in subsutface lake sediments and hypolimnions of
strongly stratified lakes.

Epilimnion: warm, oxygenated and less dense upper water layer.

Fuphotic zone: surface layer of water in which light intensity is sufficient for photosynthesis.

Futrophication: wheteby a body of water becomes highly productive of aquatic plants, such as
algae, due to the input of large quantities of nuttients.

Eutrophic lakes: characterised by an abundance of nutrients and by seasonal oxygen deficiency
in bottom waters. Sediments are typically rich in organic matter.

Heterotrophs: organisms that, unlike autotrophs, cannot derive energy directly from light or
from inorganic chemicals, and thus require organic substrates to get carbon for growth and
development. They obtain chemical energy by breaking down the organic molecules they

consume.

Holocene: (tune) the last epoch of the Quaternary Period, equivalent to Oxygen Isotope Stage
2. Traditionally defined as beginning at 10 ka.

Hypolimnion: lower layer of colder, denser water. May become depleted in oxygen.
Nitrate assimilation: use of nitrate (NOx) as a source of dissolved nitrogen.

Nitrification: aerobic bacterial oxidation of ammonium (NH4") to nitrate or nitrite (NOz).
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Nitrogen fixation: incorporation of molecular nitrogen (N2) into living biological matter.
Restricted to a number of specialised bacteria and algae, notably cyanobacteria.

Oligotrophic lakes: charactetised by a deficiency in plant nutrients and usually an abundance of
dissolved oxygen in bottom waters. Sediments are typically organically-lean.

Ostracod: millimetre-sized crustacean with a soft body enclosed in a pair of shells made of
chitin and low-Mg calcite.

Phytoplankton: microscopic floating plants, mainly algae that live suspended in bodies of watet.
These drift about because they cannot move by themselves or because they are too small or
too weak to switn effectively against a current.

Playa: a shallow lake that exists intermittently, in wet seasons or especially wet yeats.

Schizohaline: (envitonment) one that alternates between hypersaline and freshwater conditions.

Vascular plants: have systems that allow fluid movement between organs (e.g. roots, leaves,
flowers). Most land plants are vascular; algae are not.
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APPENDIX I

Lake

Unit

Summary of previous studies on sapropels and associated sediments in lakes from the Coorong region, South Australia

Information

NSL

Massive

Type II-111 protokerogen (hydrogen index = 180-305 mg HC/g TOC)

Combined algal (coccoid cyanobacterial) and terrestrial plant input

Terrestrial organic matter comprises cutinite from the grass-like metaphyte Ruppia . and inertinite
Diverse carbonate assemblage (aragonite, hydromagnesite, calcite with minor dolomite at top)

Laminated

Upper part: Type III-IV protokerogen (hydrogen index = 77-102 mg HC/g TOC)

Lower part: Type II-11I protokerogen (hydrogen index = 110-387 mg HC/g TOC)

Predominance of inertinitic material and coccoid cyanobacteria

Darker coloured laminae tend to contain more organic debtis (abundant algal filaments and occasional Ruppia thizomes)
Largely unaffected by bioturbation or desiccation, probably due to the protective binding of benthic algae

Mineralogy is entirely carbonate (aragonite, hydromagnesite)

Sapropel

Sapropel B: Type 11 protokerogen (hydrogen index = 323-524 mg HC/g TOC)

Sapropel A: Type I-II protokerogen (hydrogen index = 466925 mg HC/g TOC)

Largely amorphous organic matter; variably degraded algal and cyanobacterial (filamentous and coccoid) remains
Colonial algae (Botryococcus brauniz) abundant in Sapropel A, rare in Sapropel B

Higher plant remains recognised exclusively in Sapropel B

Highly branched isoprenoid (HBI) alkane (C,,) and alkene (C,;) biomarkers indicate significant diatom inputs
Complete biomarker assemblage (C,, and C,; HBIs, C,-C;; #-alkanes with 2 marked odd/even predominance, C,,-C;,
hopanoid triterpenes and A’-sterenes) is consistent with contribution of eukaryotic algae, vascular plants, bactetia and/ot
cyanobacteria to the preserved organic matter

Carbonate (aragonite, calcite) in part inherited from skeletal remains of benthic ostracods and dwatf molluscs and
gastropods; quartz probably allochthonous (acolian or reworked from underlying unit)

Basal

Type IV protokerogen (hydrogen index = 79 mg HC/g TOC)
n-Alkane distribution is skewed toward high carbon numbers, signifying terrestrial organic matter
UV petrography shows a low content of B. braunz and filamentous algae within a2 moderately amorphous groundmass
Mineralogy varies dependent on relative proportions of quartz sand, bioclasts (whole pelecypod and gastropod shells) and
micrite; catbonate is typically calcite with minor dolomite cement

Continued over page...




Lake | Unit Information

OML | Massive Pale, bioturbated, pelletal (predominantly aragonite) mud with minor to abundant remains of Coxiella striata
Lacustrine Type II-III protokerogen (hydrogen index = 280—-800 HC/g TOC)
(containing Bimodal #-alkane profile with marked predominance of odd-carbon-numbered homologues
sapropel) Complete biomarker assemblage comprises C,;-C,, sterenes and A’-sterenes, C,, sterane, various pentacyclic triterpanes

and a high relative abundance of C,, and C,; HBIs
Dominant aliphatic hydrocarbons are pristane and 2,6,10-trimethyl-7-(3-methylbutyl)-dodecane (C,,,, HBI)
Sapropel layers are dominated by a single diatom species, Campylodiscus sp.; Pinnularia sp. also present

8" Cppy of bulk sapropelic organic matter ranges from -21.9 to -16.9%o
8" Cppyn of Csey HBI is relatively constant: -25.8 to -23.1%o

Lagoonal Shallow marine molluscan, foraminiferal and ostracod faunas

Humic Type ITI-IV protokerogen (hydrogen index = 100-210 HC/g TOC)
8" Cppy of bulk organic matter ranges from -26.7 to -24.4%o

LA Gelatinous benthic microbial community present across entire lake floor

87Cppy of bulk organic matter increases from -23 to -20%o in the lower laminated unit to -18 to -16%o in the upper
laminated unit

Ostracod biostratigraphy suggests there was a major salinity increase associated with sapropel formation

Source: Warren 1988, 1990; Hayball, 1990; Hayball et al., 1991; Mazzoleni, 1993; Hepplewhite, 1994; McKirdy et al., 1995, 1999, 2002, 2005; Edwards et al., 2006

Other Coorong Sapropels

Cooke Plains Greenish-black in colour; rubbery texture with cheese-like fracture; up to 40 cm thick

Embayment Dominated by remains of blue-green algae; significant quantities of diatom frustles throughout

(von der Borch and Altmann, | Predominantly terrestrial fossil pollen assemblage (Chenopodiaceae, Myrtaceae and Casuarina sp.); freshwater aquatic plant
1979) pollen (Myriophyllum sp. and Haloragis sp.) and colonial algae (B. braunii) are also present in significant quantities

South South Type II protokerogen (hydrogen index = 300-600 HC/g TOC)

Stromatolite Lake Variably degraded remains of B. brauniz, ilamentous algae and coccoid cyanobactetia within an amorphous groundmass

(Macdonald. 1991) High relative abundance of C,, and C,; HBIs




APPENDIX II Integration method used to determine percent carbon type
from 3C-NMR spectra
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Method

o Vertical lines (A-X) are dropped from the spectral integration line to the horizontal
baseline and measured

o  The difference between the height of the lines that bound each chemical range are
calculated

e These values are integrated with respect to the full height of the integration line (X) to

determine percent carbon reflected in each chemical shift range

chemical shift range (ppm) carbon type tines (mm) height percent carbon
200- 190 aldehyde/keytone B-A = (1.5-0.8) = 0.7 0.4

190 - 160 carbonyl cC-B = (165-15) = 14 8.1
160 - 145 O-aryl D-C = (185-155) = 3 1.6
145-110 aryl E-D = (320-185) = 13.5 7.6
110-46 O-alkyl F-E = (106.0-320) = 86 40.4

46 -0 alkyl X-F = (1845-106) = 78.5 42.4




APPENDIX HI Results of X-ray diffraction analysis of sediment samples from NSL, OML and LA

CSIRO Sample Depth Ql{artz Calcite Mg-Calcite Magnesite Dolomite Ca-Dolomite Aragonite Halite Bassanite Hydromagnesite Albite  Orthoclase Mica Kaolin Smectite
Number Label (cm) (Si0,) (CaC0O,) ([Ca,Mg]CO,) {MgCO;) (CaMg[CO,],) (CalCa,Mg]{CO.],) (CaCO0,) (NaCl) (CaS0,.0.5H,0) (Mgs[CO,],[OH],-4H,0)

21008 NSL 7 10 3 - - - - 55 8 1 23 - - - - =
21009 NSL2 40 2 1 - - - . 74 8 9 14 = - = i P
21010 NSL3 52 2 1 - - - - 64 9 1 23 . - - . .
21011 NSL4 76 - <1 - - 48 12 1 38 - - - S .
21012 NSL5 95 4 1 - - - . 60 8 1 26 - < - - =
21013 NSL8 124 20 3 - 5 . . 51 8 <1 14 <1 1 . : ~
21014 NSLY 143 55 3 - 8 - . 19 5 <1 2 1 6 - . -
21015 NSL8 155 8 2 22 - . 46 10 <1 11 <1 <1 - - -
21016 NSL9 166 36 4 - <1 - - 41 7 <1 8 1 3 - - -
21017 NSL10 179 13 4 - - . 68 14 <1 = <1 <1 . . -
21018 NSL11 190 24 4 6 - . . 47 17 1 . <1 2 . F 5
21019 NSL12 214 15 it 9 - - . 40 17 2 - <1 4 6 E -
21020 NSL13 238 4 6 9 . . - 58 21 2 - - - - . -
21021 NSL14 260 40 7 5 - - - 32 11 2 - <1 3 - . =
21022 NSL15 283 25 9 2 16 26 4 - 4 1 4 - 9
21023 NSL16 293 21 8 2 - 4 - 11 35 <1 - 2 1 - 8 i/
21024 OML1 45 <1 - 55 . . - 42 2 - - - - = - -
21025 OML2 19.5 <1 . 79 - - - 1 10 <1 - a - - - -
21026 OML3 28 <1 7 37 . . - 43 11 2 - - - - -

21027 oML4 39 1 6 17 - . - 38 32 6 - - . - - -
21028 OML5 52.5 - 11 51 - - - 19 17 2 - - - - - -
21029 OMLe 59.5 5 19 28 - - . 21 23 4 - - < a a X
21030 OML7 65 <1 85 5 . - - <1 8 2 - - - - - ”
21031 omML8 74.5 <1 9 69 - - - 14 i <1 - - - - - =
21032 oML9 84.5 2 26 28 - - - 18 25 <1 - - - - - -
21033 OML10 88 4 10 39 - - - 24 20 2 - - - . - .
21034 OML11 94.5 2 20 50 - . - 9 17 1 - . - = = =
21035 omL12 101.5 1 - 94 - - - <1 4 . = - - = &

21036 OML13 105.5 3 5 8 - - - 85 1 - - - - - - -
21037 OoML14 123.5 18 46 8 - - . 24 <1 - - 3 <1 - - a




Results of X-ray diffraction analysis (continued)

CSIRO  Sample Depth Qt{ar'z Calcite Mg-Calcite  Magnesite Dolomite Ca-Dolomite Aragonite  Halite Bassanite Hydromagnesite Albite Orthoclase  Mica Kaolin  Smectite
Number Label {em) (Si0y) (CaCO,) ([Ca,Mg]CO,;}  (MgCOs) (CaMg[COs]l;) (CalCa,Mg][CO1;) (CaCOs) (NaCl)  (CaS0,0.5H,0) (Mgs[CO;],[OH];-4H,0)

20988 LA1 12.5 3 2 - - - 88 1 6 - - - - - = =
20989 LA2 32 1 2 - - - 93 1 3 - - - - - - -
20980 LA3 54 1 3 - - - 51 26 16 3 - - = = = =
20991 LA4 70.5 <1 3 - - - 71 4 19 3 - - - - - -
20892 LAS 855 4 i z 8 52 18 22 4 ; ; 2 B - 5
20993 LAB 97 2 - 15 - - 45 8 27 4 - - - - - -
20994 LA7 103.5 1 - 29 - - 15 28 24 4 - - - - - -
20995 LAS 109.5 2 25 - - 14 21 33 5 - - - - - -
20996  LA9 1205 1 - 13 . : 39 7 35 5 . . . . . <
20997 LATO 136.5 1 - 10 - - 25 32 27 4 - - - - - -
20998 LA11 152.5 1 - 16 - - 46 19 17 <1 - - - - - -
20999 LA12 173 <1 - 13 - - 52 18 14 2 - - - - - -
21000 LA13 187.5 1 - 14 - - 47 22 16 - - - - - - -
21001 LA14 201.5 <1 - g - 43 36 12 - - - - - - -
21002 LA15 2105 <1 - 12 - - 63 12 12 - - - - - - -
21003 LA16 222 2 - 17 ; . 33 34 14 <1 - s - - . >
21004 LA17 225 3 - 16 - - 9 55 17 - - - - - - -
21005 LA18 236.5 2 - 23 - - 22 33 19 - - - - - - -
21006 LA19 244 6 - 27 - - 43 13 12 - - - - - - -
21007 LAZ0 243 9 - 58 - - 11 8 12 = - - - - - -

Mineralogical and Geochemical Services
Environmental Contaminants Directorate
CSIRO Land and Water
Waite Rd, Urrbrae, SA, 5064
Ph: +61 (08) 8303 8497
Fax: +61 (08) 8303 8550
Email: Mark.Raven@ecsiro.au



APPENDIX IV A BC-NMR spectra for NSL
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APPENDIX IV B
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1BC-NMR spectra for OML
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APPENDIX V

statistical probabilities) produced by calibration of conventional radiocarbon ages

OxCal output showing the multiple age ranges (and associated

Lake ANSTO | Depth | Conventional "°C Age Calibrated ''C Age (Cal yrs BP)
code {cm) {(yr BP) (1a error) (10 error) (20 error)
age range prob. age range prob.
NSL 0ZH369 118 5470 +/- 180 6400 - 5990 1 6650 - 5750 1
0ZH213 162 5050 +/- 50 5880 - 5820 0.27 5900 - 5600 1
5760 - 5650 0.73
0ZH214 183 4930 +- 50 5660 - 5580 0.92 5740 - 5570 0.83
5510 - 5480 0.08 5550 - 5470 0.17
0ZH215 237 5930 +/- 50 6780 - 6760 0.05 6850 - 6810 0.03
6750 - 6630 0.95 6800 - 6530 0.97
0ZH216 282 6280 +/- 50 7250 - 7190 0.28 7270 - 6980 1
7180 -7150 0.17
7120 - 7020 0.55
0OZH370 297 6150 +- 90 7160 - 7110 0.16 7250 - 6700 1
7100 -7040 0.11
7030 -6850 0.71
6820 - 6800 0.02
0ZH371 297 6210 +- 60 7160 - 6970 1 7250 - 6880 1
oML 0ZH204 | . 52 3090 +/- 50 3340 - 3200 0.89 3370 - 3070 1
3190 - 3160 0.11
0ZH365 69 3830 +/- 50 4240 - 4080 0.93 4410 - 4320 0.04
4030 - 4010 0.07 4300 - 3970 0.96
OZH205 85 4380 +/- 580 4970 - 4840 1 5050 - 4820 1
OZH366 104 4330 +/- 50 4960 - 4930 0.09 4980 - 4780 0.75
4890 - 4810 0,71 4770 - 4620 0.25
4760 - 4700 0.20
0ZH206 105 4150 +/- 60 4810 - 4760 0.22 4830 - 4500 0.91
4700 - 4670 0.10 4490 - 4440 0.09
4650 - 4520 0.67
4460 - 4450 0.01
0ZH367 131 4250 +/- 80 4850 - 4780 0.28 5000 - 4400 1
4770 - 4610 0.72
0ZH368 131 4290 - 55 4870 - 4800 0.43 4960 - 4930 0.02
4770 - 4640 0.57 4890 - 4570 0.98
0ZH207 182 4550 +/- 160 5320 - 4950 0.88 5600 - 4700 1
4940 - 4870 0.12
0ZH208 182 6890 +/- 50 7710 - 7600 1 7790 - 7580 1
AMY 0ZH360 66 2430 +- 40 2470 - 2340 1 2700 - 2630 0.10
2620 - 2590 0.03
2540 - 2320 0.87
0ZH361 76 2640 +/- 40 2770 - 2700 0.79 2790 - 2680 0.64
2640 - 2610 0.14 2650 - 2610 0.12
2560 - 2540 0.07 2600 - 2490 0.24
0ZH362 101 3060 +/- 50 3330 - 3290 0.14 3360 - 3000 1
3270 - 3140 0.74
3130 - 3110 0.06
3100 - 3080 0.06
0ZH209 109 3060 +/- 50 3330 -3290 0.14 3360 - 3000 il
3270 - 3140 0.74
3130 - 3110 0.06
3100 - 3080 0.06
0ZH363 146 3340 +/- 50 3580 - 3440 1 3640 - 3390 1
0ZH364 197 3620 +- 40 3960 - 3940 0.05 3980 - 3710 1
3930 - 3820 0.81
3790 - 3770 0.08
3750 - 3730 0.06
0ZH210 211 4020 +/- 50 4520 - 4380 0.79 4570 - 4240 1
4370 - 4350 0.07
4330 - 4290 0.13
OZH211 223 4140 +/- 50 4810 - 4760 0.19 4820 - 4750 0.19
4700 - 4670 0.07 4730 - 4430 0.81
4650 - 4510 0.66
4470 - 4440 0.08
QZH212 245 4140 +/- 50 4810 - 4760 0.19 4820 - 4750 0.19
4700 - 4670 0.07 4730 - 4430 0.81

4650 - 4510 0.66
4470 - 4440 0.08




APPENDIX VI

Geochemical and carbon and nitrogen isotope values for vegetation samples collected from within and around NSL, OML and LA

Sample ID  Vegetation Lakes N c CIN CIN 5N 3%
% % {mass) (atomic) %o %o

1 Salicornia sp. NSL, OML, LA 1.8 39.1 22.0 25.6 13.5 -28.7
2 Submerged reed (roots) oML 4.5 47.3 10.6 12.3 5.3 -20.2
3 Ruppia sp. OML 1.5 28.7 19.3 22.5 13.4 -16.2
4 Submerged reed (leaves) OML 15 35.8 23.1 27.0 13.7 -15.5
5 Pimfea serpylifolia LA 1.4 41.6 29.7 346 5.3 -30.0
5b 0.5 40.5 76.5 89.3 6.2 -30.2
7 Melaleuca halamaturm NSL, LA 0.8 44.6 55.1 64.3 3.6 -25.9
7b 0.6 47.3 74.4 86.8 0.7 -25.3
8 Rhagodia sp. NSL 1.0 37.1 359 41.9 3.7 -28.1
8b 0.8 40.7 48.4 56.5 10.8 -26.8
9 Eucalyptus diversifolia NSL 0.7 50.5 76.1 88.8 154.2 -26.6
9b 0.4 50.9 128.2 149.6 480.2 -25.1
10 Thomasia petalocalyx NSL 0.9 48.8 53.0 61.8 -1.0 -26.3
11 Banksia marginata NSL 0.6 51.7 84.9 98.1 13.3 -25.6
11b 0.2 46.3 292.1 340.8 7.8 -25.6
12 Olearia axcillaris NSL 0.9 45.2 48.7 56.8 3.7 -26.0
13 Salicornia quinquefolia NSL 0.9 30.3 351 41.0 5.6 -25.3
14 Halosarcia sp. NSL 1.0 29.7 28.3 33.1 3.7 -27.3
15 Melaleuca laceolata OML 1.4 49.1 35.3 41.3 2.6 -28.6
15b 0.6 46.5 74.7 87.1 13.0 -27.0
16 Tetragonia implexicoma OML 0.9 27.8 30.8 35.9 3.6 -25.7
18 Acacia longifolia oML 1.6 45.4 276 32.3 -16.8 -28.1
18b 0.9 427 46.0 53.7 -15.6 -26.3
19 Leucopogon sp. OML 0.5 23.0 68.0 79.4 -0.8 -29.2
19b 0.4 481 133.3 155.5 -6.5 -28.3
X1 Unidentified reed/sedge NSL, OML, LA 0.7 45.2 62.0 72.3 8.9 -25.9
X2 Unidentified reed/sedge NSL, OML, LA 0.6 34.4 58.1 67.8 6.9 -30.5
X3 Unidentified reed/sedge NSL, OML, LA 1.2 39.7 341 39.8 0.3 -27.0
x4 Unidentified reed/sedge NSL, OML, LA 0.7 43.0 60.7 70.8 -0.6 -28.2
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The Holocene calcareous mudstone successions of numerous shallow coastal lakes In the Coorong
region of southeastern South Australia Include prominent organic-rich Intervals (0.01-1 m thick:
total organic carbon >2%), herein termed sapropeals. New radiocarbon dates (n =25) on bulk organic
matter in single cores from three such lakes Indicate that these sapropels are older in North Stromatolite
Lake, part of the Salt Creek lake chain, than 100 km further south in the Robe Range at Old Man Lake
and Lake Amy. The onset of sapropel deposition In North Stromatolite Loke at e 6400 caly BP marked its
isolation from the open Coorong Lagoon, whereas in Old Man Lake, the onset of sapropel formation at
©a 4000 caly BP coincided with the transition from lagoonal to perennial lacustrine conditlons as the sea
withdrew from the interdunal Robe - Woakwine corridor. In contrast, the depocentre at Lake Amy was
never direclly connected to the marine system. Here, organic matter from near the base of the
lowermost sapropel, dated at ca 4100 cal y BP, provides a minimum age for the onset of lacustrine
conditions, Sapropel deposition recorded thus far in these lacustrine sequences ceased earlier in North
stroratolife Lake (ca 5000 caly BP) than In Old Man Lake (ca 2600 caly BP) and Lake Amy (ca 1900 call
y BP). This may simply reflect a marked local climatic gradient (drler In the north, wetter in the south).
Alternatively, it may indicate that these shallow lacustrine sapropels, unlike their marine and deep-loke
counterparts, do not form only during times of high precipitation but may be friggered by other

processes such as the enhanced aeolianite influx associated with aridification.

KEY WORDS: coastal lakes, Coorong, Holocene, radiocarbon age, sapropel, South Australia.

INTRODUCTION

The Holocene successions of many shallow perennial
and ephemeral lakes along the Coorong coastal plain
are notable for their content of one or more organic-
rich units or sapropels (von der Borch & Altmann 1979;
Warren 1990; Mee et al. 2004, 2005). Sapropels are
marine or lacustrine sediments >0.01m thick and
containing >2% by dry weight of total organic carbon
(TOC) (Kidd et al. 1978). In the three lakes of the
present study (North Stromatolite Lake, Old Man Lake,
Lake Amy: Figure 1), sapropels are gelatinous calcar-
eous mudstones up to 1 m thick and rich in organic
matter of predominantly algal and bacterial origin
(TOC =2-23%; hydrogen index, HI >300 mg hydrocar-
bons/g TOC: Hayball et al. 1991; Mee et al. 2004).
Previous studies of the microfossil and molecular fossil
assemblages of these sapropels have identified diatoms
as major sources of their organic matter (McKirdy
et al. 1995, 1999, 2002; Edwards et al. 2006).

Comparison with other sapropels

Across the globe, the deposition of similar organic-rich
sediments in marine and deep-lake settings has been
linked to abrupt environmental change, particularly
increased precipitation and river discharge (Bouloubassi
et al. 1999; Meyers & Lallier-Verges 1999; Tolun et al.
2002; Meyers 2003). The resulting riverine influx of
nutrients boosts primary productivity leading to en-
richment of the sediments in autochthonous organic
matter. Restricted circulation and bottom water anoxia
enhance the preservation of the sapropel but are not
prerequisites for its formation (Pedersen & Calvert 1990;
Calvert et al. 1992), as also recently demonstrated
for North Stromatolite Lake (Edwards et al. 2006).
Accordingly, McKirdy et al. (2002) were the first to
suggest that the lacustrine sapropels of the Coorong
region may be proxies for Holocene climate change
across southeastern Australia. However, the exact
trigger(s) of the enhanced productivity required for
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sapropel formation in these relatively shallow coastal
lakes have yet to be identified. This is especially true of
those in the Salt Creek lake chain and the Robe Range
(Figure 1), none of which are fed by streams or rivers.
Rather, North Stromatolite Lake and Old Man Lake are
charged by westward-flowing saline continental ground-
water (Holmes & Waterhouse 1983; Warren 1990) aug-
mented by seasonal precipitation, whereas the more
elevated Lake Amy is the surface expression of a local
perched water-table high in the Robe Range (A. J.
Brenchley pers. comm. 2005). The regional water-table
has remained nearly static throughout the history of
these coastal lakes, reflecting the near constancy of mid-
to Late Holocene sea-level. Maximum annual rainfall is
600 mm near Kingston (Figure 1) where precipitation
exceeds evaporation for 3—4 months of the year, while
around Salt Creek it is 400 mm, and evaporation exceeds
precipitation for all but a few weeks in mid-winter
(Warren 1990). The hypolimnion of North Stromatolite
Lake during deposition of its sapropel unit, as inferred
from key indicator diatom species and oxygen isotope
measurements on benthic ostracods, increased errati-
cally from oligosaline to eusaline (Edwards et al. 2006).
These authors interpreted the biostratigraphy and
chemostratigraphy of this sapropel to indicate variable
climate during its deposition.

Holocene climatic variability

A growing body of evidence shows that there were
frequent and often rapid climatic variations across the
globe throughout the Holocene (Bond et al. 2001;
Mayewski et al. 2004; Turney et al. 2004). In southeastern
Australia, the expansion of woody vegetation (Kershaw

et al. 1991) and rising lake levels (Dodson 1977; Bowler
1981; Edney et al. 1990) are evidence of an absolute
increase in precipitation and a general climatic ameli-
oration beginning ca 10 000 y BP. The early to mid
Holocene (80006000 y BP) is considered by numerous
authors (Chivas et al. 1993; Dodson & Ono 1997) to be a
time of prolonged regional warming when rainfall was
possibly 5-10% higher and temperatures 1-2°C warmer
than today (McGlone et al. 1996). In western Victoria, at
Lake Keilambete, the water level rose by 35 m between
11 000 and 7500 y BP before beginning a slow decline
toward its mid-Holocene level ca 6500 y BP (Bowler 1981)
(Figure 2). Palynological studies at nearby Lakes Terang
and Bullenmerri indicate the development of wetter
conditions between 8000 and 6200 y BP (D'Costa &
Kershaw 1995) and 8000 and 5500 y BP (Dodson 1979),
respectively. In southern South Australia, the 50 000
year-old Lake Leake was at its deepest between 8000 and
3000 y BP (Dodson 1975).

Since the peak of the Holocene marine transgression
at ca 6000 y BP (Belperio 1995), there has been a shift
toward generally cooler and drier conditions across the
region. Vegetation change recorded in the sediments of
Lake Frome suggests that summer precipitation in
eastern South Australia had significantly decreased by
ca 4500 y BP (Singh & Luly 1991). Playa conditions were
re-established at Lake Frome by 3000 y BP (Bowler &
Teller 1986). A similar two-phase drying is recorded at
Chapple Vale Swamp, 30 km northwest of Cape Otway,
where pollen analysis suggests that a reduction in
effective precipitation began at 4600 y BP and was
further accentuated some 800 years later (McKenzie &
Kershaw 1997). A simultaneous shift to drier conditions
in the Mt Lofty Ranges is implied by a reduction in
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Figure 2 Water-level curve for
Lake Keilambete in western Vic-
toria (after Bowler 1981). The
black bars indicate periods of
sapropel deposition in North Stro-
matolite Lake, Old Man Lake and
Lake Amy (this study). The paler
bars represent periods of rapid
global climate change (after
MayewskKi et al. 2004).
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organic content and humification of the sediments in
Boat Harbour Creek (Bickford & Gell 2005). Minimum
effective precipitation seems to have occurred slightly
later at Lake Keilambete, which was at its lowest
Holocene levels between 3500 and 2500 y BP and has
since returned to a somewhat wetter climatic regime
(Bowler 1981) (Figure 2). There has been no such return
to wetter conditions in semiarid northwestern Victoria,
where permanent Lake Tyrrell dried to a playa at co
2200 y BP (Luly 1993).

Sapropel deposition in the lakes of the Coorong
region may be a manifestation of the regional Holocene
climatic changes documented in the aforementioned
studies. The radiocarbon ages reported herein define the
onset and cessation of sapropel deposition recorded thus
far in these three lakes. These data are a fundamental
addition to the fragmentary radiocarbon database for
Holocene sediments of southeastern South Australia
(von der Borch & Altmann 1979; Barnett 1994; Cann ef al.
1999; Mee et al. 2004; Edwards et al. 2008).

Geology of the Coorong coastal plain

The modern coastal Robe Range and adjacent Woakwine
Range, situated 10-15 km inland, are the youngest of a
sequence of 13 subparallel northwest - southeast-trend-
ing beach-dune ridges preserved along the coastal plain
of southeastern Australia (Figure 1). The ridges are each
related to specific Pleistocene sea-level highstands with
the Woakwine Range being associated with the last
interglacial at ca 125 000 y BP (Schwebel 1983; Huntley
et al. 1993; Belperio 1995). In the early Holocene (prior to
ca 7000 y BP), the postglacial marine transgression
flooded the Robe-Woakwine corridor resulting in the
formation of a shallow back-barrier lagoon, which was
open to the Southern Ocean near the present towns of
Robe and Beachport (Cann et al. 1999). Sea-level
stabilised close to its present position at ca 6700 y BP
(Belperio 1995). Since this time, sand transport asso-
ciated with a combination of ocean swell, wave action
and tidal movement has isolated the Robe-Woakwine
backbarrier lagoon from the open ocean. To the north
lies the Coorong Lagoon itself. At the peak of the marine
transgression, this water body extended continuously
for more than 200 km from the Murray mouth to
Kingston. Subsequent landward migration of the coastal
dunes of the Younghusband Peninsula has broken the
lagoon south of Salt Creek into a series of ephemeral
lakes (Warren 1990). Evidence of rapid change from
marine to lacustrine conditions is evident in sediment
cores retrieved from these modern lakes. For
example, beds of fossil marine fauna, such as oysters,
are present in the lacustrine sedimentary sequence of
lakes Eliza (Burne & Ferguson 1983) and Robe (Cann
et al. 1991).

Evolution of three small Coorong lakes

North Stromatolite Lake is part of the Salt Creek lake
chain, situated at the northern end of the ephemeral
Coorong Lagoon and within the Coorong National Park,
~ 230 km south-southeast of Adelaide (Figure 1). During
the early Holocene, this group of four lakes existed as a

narrow exiension of the Coorong Lagoon, connected via
the southern end of North Stromatolite Lake. Dune
migration and sediment deposition eventually blocked
this access corridor and isolated the embayment from
the Coorong Lagoon. The resulting restriction of water
movement led to the buildup of sandy estuarine
sediments in the inter-lake corridors effectively con-
verting the water body from an estuarine/marine
environment into the chain of isolated schizosaline
lakes that exists today. They are designated Type 2
lakes by Warren (1990) to distinguish them from
others like Milne Lake (Type 1) that initially were
not connected to the Coorong Lagoon. The subsequent
evolution of water chemistry and therefore sedimen-
tology is unique to each lake and has been well
documented by Rosen et al. (1988) and Warren (1990).
The upward-shoaling calcareous mudstone succession of
the Salt Creek lake chain typically contains three distinct
Holocene lacustrine carbonate units (Figure 3)—(i)
organic-rich mudstone (sapropel); (ii) laminated pelletal
mudstone; and (iii) massive pelletal mudstone/pack-
stone—that overlie Pleistocene siliciclastic-carbonate
grainstone to wackestone and beach-dune sands. This
textural transition from laminated to massive sedimen-
tary units has been interpreted as a change from
perennial to ephemeral aquatic conditions in a setting
of relatively low energy (Warren 1990).

0Old Man Lake and Lake Amy are both shallow (<4 m
water depth) perennial lakes located near the township
of Robe and nestled in topographic lows of the Robe
Range, ~100 km south of North Stromatolite Lake
(Figure 1). As a result of differential neotectonic uplift,
the coastal barrier deposits of the Last Glacial Max-
imum in this area are now ~2 m higher than those at
Salt Creek (Murray-Wallace & Belperio 1991). Old Man
Lake existed as a restricted embayment of a local back-
barrier lagoon during the early Holocene and has
evolved in a manner similar to that described above
for North Stromatolite Lake. A siliciclastic- carbonate
lagoonal unit containing humic organic matter is
associated with the rising groundwater-table that pre-
ceded the early Holocene transgressive marine flooding
and was deposited unconformably on the basal Pleisto-
cene aeolianite. The upward-shoaling transition from
marine to lacustrine conditions is apparent in the three
subsequent and distinct carbonate units (Figure 3):
lagoonal silts and muds with abundant remains of
shallow marine fauna; laminated lacustrine mudstone
with sapropel intervals; and massive pelletal mud with
abundant remains of the gastropod Coxiella striata
(McKirdy et al. 1999).

As Lake Amy was never directly connected to the
marine system, its sedimenis are an expression of
changes in the local perched groundwater-table, A
massive bioturbated pelletal carbonate mudstone over-
lies a laminated lacustrine mudstone with sapropel
intervals, hardpans and variable amounts of ostracod
and gastropod remains (Figure 3). This sequence
represents an upward-shoaling lacustrine system analo-
gous to the Type 1 lakes near Salt Creek. In the absence
of an estuarine connection to the ocean, there is no
lagoonal unit. Previous workers have observed a humic
transgressive unit similar to that observed in Old Man
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Lake overlying the basal Pleistocene aeolianite and
dated at 7870 4+ 210 y BP (Cann et al. 1999; McKirdy et al.
2005). However, the core analysed in the present study
ended short of the base of the lowermost sapropel
interval and thus did not reach these older units.

The data presented herein are part of ongoing geo-
chemical investigations of sediment cores from North
Stromatolite Lake, Old Man Lake and Lake Amy (Mee
et al. 2004, 2005, 2006; McKirdy et al. 2005; Edwards et al.
2006) aimed at establishing the nature and extent
of Holocene environmental change throughout the
Coorong region. This suite of 25 new radiocarbon dates
on organic matter from three separate localities and on
two modern water samples provides a robust geochro-
nological framework for assessing the timing and
duration of Holocene lacustrine sapropel events in
southeastern South Australia and hence their possible
paleoclimatic implications.

METHODS

A single sediment core was collected from each lake
during December 2003 using a D-section (Russian peat)
corer. This technique retrieves only a semicircular
(half) core of 50 mm diameter, yet is superior to other
soft-sediment coring methods because it does not
compact the collected sediment. Upon return from the
field core stratigraphy was described in detail and the
cores stored at 4°C in the Geographical and Environ-
mental Studies Core Store at the University of Adelaide.
To determine total organic carbon (TOC) content,
subsamples (1 cm thick) were treated with 5% w/w
sulfurous acid (H2SO3) prior to incineration in a LECO C
144 carbon analyser. Sulfurous acid was used in the pre-
treatment process to remove the carbonate fraction
while minimising the loss of labile organic carbon
components. One in five samples were duplicated with
results differing by <0.5%. Radiocarbon dating and
carbon isotopic analysis of the bulk organic matter
(n =24) plus one charcoal sample were undertaken at the
ANSTO AMS facility (Fink et al. 2004). Two samples
from Old Man Lake (OZH366, 0ZH368) plus a sample
from the basal unit of North Stromatolite Lake (OZH371)
were initially submitted for radiocarbon analysis of the
charcoal fraction for comparison with bulk organic
matter from the same depth. Unfortunately, there was
insufficient charcoal in the sedimentary samples so the
three paired dates are all from bulk organic matter only.
While the absence of macroscopic charcoal or macro-
fossil dates is regrettable, it is encouraging to see that all
paired samples returned comparable radiocarbon dates.
Subsequently, in June 2005, water samples were col-
lected from two of the lakes (Old Man Lake and Lake
Amy) for dating of their dissolved carbonate. All radio-
carbon dates were converted to calendar years by
calibration against the atmospheric “C curve for the
Southern Hemisphere (McCormac et al. 2004) using the
internationally ratified online calibration program,
OxCal (version 3.10: Bronk Ramsey 1995, 2001). Carbon
isotopic values are reported as 5C% relative to the
PDB standard. Replicate analyses of laboratory stan-
dards typically showed a precision of +0.1%.

RESULTS

Total organic carbon

The TOC contents of samples taken from depths adja-
cent to the radiocarbon samples are shown in Table 1.
These values are representative of the major sedimen-
tary units in each lake (Mee et al. 2004, 2005).

The basal estuarine sandy unit of North Stromatolite
Lake is relatively low in TOC (<1%). The overlying
organic-rich lacustrine unit may be subdivided into a
lower dark olive-grey sapropel (~1m thick, TOC=
6-16%) and an upper olive to dark-brown sapropel
(~0.3 m, TOC ~4%). TOC decreases to <1% in the over-
lying laminated and massive units,

The lagoonal unit in the lower section of the Old Man
Lake core has TOC values <0.5%. In the overlying
lacustrine sapropelic unit, TOC fluctuates in the range
3-17%, the lower values coinciding with the presence
of carbonate accumulations such as ostracods, gast-
ropods and less commonly calcitic nodules and granular
hardpans.

In the Lake Amy core TOC contents throughout the
lacustrine laminated sapropelic mudstone remain above
10% (max. 21.5%). The sample relatively low in TOC at
the top of this unit is from immediately above a weakly
cemented hardpan.

Stable carbon isotopic composition

Organic matter in the dated sapropels (Figure 3) has
carbon isotopic compositions (5'3C of —23.7 to — 16.9%.:
Table 1) that are well within the range previously
reported for these lakes (McKirdy et al. 1999, 2005; Mee
et al. 2004, 2006). Similar §'C values were obtained for
the organically lean sediments above and below the
sapropel interval in North Stromatolite Lake (—19.0%,
shallow lacustrine; —17.6 and —19.5%., estuarine) and
below it in Old Man Lake (—17.7 and —19.2%,, lagoonal).
In contrast, the dispersed organic matter and charcoal
from lower in the lagoonal unit at Old Man Lake is more
depleted in '3C (5'3C = —25.0 and —24.0%., respectively).

Radiocarbon

Conventional and calibrated radiocarbon ages for
samples of the bulk organic matter preserved in the
Holocene sediments of all three lakes are shown in
Table 1, along with similar data on inorganic carbon in
contemporary water samples from Old Man Lake and
Lake Amy. The latter help constrain the magnitude of
the 1C reservoir effect (previously known as the ‘hard
water effect’) on the groundwater entering these lakes
and on the aquatic photosynthetic biomass that used its
dissolved carbonate as a carbon source (Geyh et al,
1998).

The radiocarbon dates discussed below are the
calibrated ages (expressed as calendar years BP). The
maximum ages (y BP) on bulk organic matter (sapropel)
are 7070 + 95 in North Stromatolite Lake, 5140 + 185 in
0Old Man Lake and 4580 + 70 in Lake Amy, whereas the
age of the charcoal from low in the lagoonal unit in Old
Man Lake is 7660 + 55. Present-day water samples from
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Table 1 Carbon isotope values (§°C relative to PDB), and conventional and calibrated radiocarbon ages for bulk organic matter and
dissolved carbonate carbon in water samples from North Stromatolite Lake, Old Man Lake and Lake Amy plus a 1 cm?® piece of

charcoal picked from the lagoonal unit of Old Man Lake.

ANSTO code Depth s8C Conventional ¥C Calibrated “C TOC (%) at
(cm) (%o) age (y BP) age (cal y BP) [depth (cm)]
North Stromatolite Lake
0OZH369 118 -19.0 5470 + 180 6200 + 205 0.7 [124]
0ZH213 152 —-17.1 5050 + 50 5710 + 55 3.9 [155]
0ZH214 183 —-18.6 4930 + 50 5620 + 40 4.1 [179)
0ZH215 237 —18.6 5930 + 50 6710 + 75 16.4 [238]
0ZH216 282 —-21.1 6280 + 50 7070 + 50 9.5 [283]
OZH370 297 -19.5 6150 + 90 6940 + 90 0.7 1293]
OZH371 297 —-17.6 6210 + 60 7070 + 95 0.7 [293]
0ld Man Lake
0Z1264% 0 0.1 815 + 40 700 + 30 -
0ZH204 52 —20.8 3090 + 50 3270 + 70 4.0 [52]
OZH365 69 —21.9 3830 + 50 4160 + 80 13.4 [65]
OZH205 85 —19.6 4380 + 50 4910 + 65 15.9 [85]
OZH366 104 —22.2 4330 + 50 4850 + 40 3.1 [105]
0ZH206 105 —22.7 4150 + 50 4610 + 90 3.1 [105]
OZH367 131 —19.2 4250 + 80 4690 + 80 0.3 [124]
0OZH368 131 —17.7 4290 + 55 4710 + 65 0.3 [124}
0ZH207 182 —25.0 4550 + 160 5140 + 185 0.4 [183]
0ZH208° 182 —24.0 6890 + 50 7660 + 55 -
Lake Amy
0ZI1263% 0 11 475 1+ 30 505 + 20 -
0OZH360 66 —-17.7 2430 + 40 2410 + 65 8.1 {70]
OZH361 76 —16.9 2640 + 40 2740 + 35 8.1 [70]
0ZH362 101 ~18.5 3060 + 50 3210 + 65 16.8 [103]
0ZH209 109 —18.0 3060 + 50 3210 + 65 16.3 [110]
0ZH363 146 —19.3 3340 + 50 3510 + 70 10.4 [152]
0ZH364 197 —-17.6 3620 - 40 3880 + 55 10.4 [201]
0ZH210 211 —19.2 4020 + 50 4450 + 70 14.3 [210]
0ZH211 223 —20.9 4140 + 50 4580 + 70 20.6 [222]
0ZH212 245 —23.0 4140 + 50 4580 + 70 17.4 [244)

Total organic carbon (TOC) values are for adjacent samples taken for geochemical analysis (Mee et al. 2004, 2005).

aWater sample; "charcoal fragment.

Lake Amy and Old Man Lake yielded apparent ages of
505 + 20 and 700 + 30 y BP, respectively.

DISCUSSION

Stable carbon isotopic signatures

The §'C values obtained for the dated sapropel samples
in all three lakes, along with the elemental and *C-NMR
data from our earlier studies (Mee et al. 2004, 2006), are
indicative of organic matter derived largely from
lacustrine photoautotrophs (algae and bacteria) that
used bicarbonate as their source of dissolved inorganic
carbon, augmented by minor inputs of allochthonous
terrestrial biomass. Those of the dispersed organic
matter and charcoal in the lagoonal unit at Old Man
Lake are consistent with its likely origin from mostly
terrestrial vegetation (C3 land plants).

Reservoir effect

From their inception, all three lakes have been shallow
(<4 m), ensuring rapid equilibration of their dissolved

inorganic carbon with atmospheric radiocarbon. How-
ever, given the permeable and calcareous nature of the
Pleistocene beach ridge arenites (Bridgewater Forma-
tion) which dominate the surficial geology of the
Coorong and Robe — Naracoorte coastal plains (Schwebel
1983; Cann et al. 1999), it is inevitable that some portion
of the dissolved carbonate in the continental ground-
waters that charge these lakes will be inert carbon
entrained from the unconfined host aquifer. Photosyn-
thetic incorporation of this inert carbon causes the
apparent radiocarbon ages of aquatic organic matter to
be somewhat older than the true ages. This ‘reservoir
effect’ is confirmed by the fact that carbonate dissolved
in the water from Lake Amy and Old Man Lake com-
prises <100% modern carbon (94.26 and 90.35 pMC,
respectively), giving rise to the aforementioned appar-
ent ages of 505 and 700 y BP. The older of these two ages
reflects the larger catchment area for the groundwater
entering Old Man Lake and North Stromatolite Lake
from the coastal hinterland and hence its longer
interaction with the Bridgewater Formation. The much
smaller local catchment of the perched water-table at
Lake Amy means that its water has had less contact
with the calcarenite of the surrounding Robe Range.
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Accordingly, a higher proportion of its dissolved car-
bonate is modern carbon.

Macroscopic terrestrial plant remains yield the most
reliable radiocarbon dates on lacustrine sediments
(Geyh et al. 1998). In the absence of such material in
these cores, the apparent ages of contemporary water in
0ld Man Lake and Lake Amy provide the best available
constraints on the magnitude of the hard-water effect on
the C dates obtained for the sapropels in this study. In
applying this reservoir correction (Figures 2, 3), the
following assumptions were made: (i) that there has
been no significant secular change in the volume/
surface ratio of each lake, and hence in the relative
proportion of the two principal sources of *C entering
its water column (viz. atmospheric CO, and dissolved
inorganic carbon in groundwater and runoff) during
growth of the aquatic biomass that was eventually
deposited as sapropel; and (ii) that as North Stromatolite
Lake and Old Man Lake are charged by the same
westward-flowing saline continental groundwater, the
same correction can be made to North Stromatolite Lake
as to Old Man Lake.

North Stromatolite Lake

In North Stromatolite Lake, organic matter in both the
basal estuarine unit and the sapropel immediately
overlying it are dated at ca 6400 cal y BP. Such close
similarity in ages cannot be attributed to the downward
infiltration of organic matter from the sapropel into the
basal sand, as the two units have different organic
carbon isotope values (mean basal = — 18.5%, sapropel =
—21.1%o: Table 1). Instead, the similarity exemplifies the
recognised uncertainty associated with radiocarbon
dating while also reflecting a rapid onset of sapropel
deposition at this time. The commencement of sapropel
deposition marks isolation of the Salt Creek lake chain
from the Coorong Lagoon and its transition from an
estuarine environment to a perennial lake system
(Warren 1990).

For the purpose of discussing sedimentation rates in
North Stromatolite Lake, sample OZH216 (sapropel),
rather than OZH370 or OZH371 (basal), is chosen as
representing the true onset of sapropel deposition (at ca
6400 cal y BP). Its cessation is marked by sample
0ZH213 (dated at ca 5000 cal y BP) where the base of
the laminated unit indicates a transition to shallower
and less productive lacustrine conditions. The two
contiguous organic-rich sapropel units (total thickness
130 cm) were deposited in ~1400 years (9 cm/100 y) at
three times the rate of the organic-poor laminated and
massive units (150 cm in ~5000 y). This decrease in
sedimentation rate is interpreted as a reflection of the
decline in primary productivity of autochthonous
organic matter (as opposed to increased decomposition)
during the later Holocene, but is also due to the ‘fill and
spill’ sedimentation process acting in the lake (Warren
1990). This may be summarised as follows. Once the
surface connection with the Coorong lagoon was
severed, vertical accretion of lacustrine sediments
gradually filled deeper parts of the interdunal depres-
sion. At this stage, the lake was perennial, and
carbonate mud was precipitated in response to summer

evaporation. As the lake basin fillied with sediment, the
same volume of annual inflow (derived from direct
rainfall, runoff, aerosols and groundwater: Warren 1990)
was forced to spill out over the original lake margins,
and the same amount of precipitated carbonate was
spread over a wider area, thereby decreasing the
vertical sedimentation rate.

The relatively large error (+205y) in the age of
sample OZH369 may be attributed to the low TOC
content of the laminated unit. Even so, its organic
matter appears to be appreciably older than that in the
underlying sapropel, suggesting the possible existence
of a greater reservoir effect during deposition of the
laminated unit. This cannot be quantified from the data
obtained thus far. As the focus of this study is on the
sapropel units of these lacustrine successions, no radio-
carbon sample was taken at the laminated/massive unit
boundary, and hence the transition from perennial to
ephemeral conditions in North Stromatolite Lake is not
yet accurately dated.

The sapropel event in North Stromatolite Lake
(6400-5000 y BP: Figure 2) occurred during a prolonged
maximum in effective precipitation that prevailed
across southeastern Australia between 7000 and
5000 y BP (Shulmeister 1999). A significant shift toward
aridity commencing at ca 5000 y BP has been well
documented in various paleolimnological studies across
this region (von der Borch & Altmann 1979; Bowler 1981;
Ahmad 1996; Dodson & Ono 1997; Stanley & De Deckker
2002). It was this decline in effective precipitation, also
reflected in the level of Lake Keilambete in western
Victoria (Figures 1, 2), which we interpret as having
halted deposition of organic-rich sediments in North
Stromatolite Lake. This local sapropel event in the Salt
Creek lake chain happens to overlap one of the six
Holocene periods of rapid climate change recognised by
Mayewski et al. (2004). The global rapid climate change
episode in question (6000-5000 cal y BP) is one of
several characterised by ‘cool poles, dry tropics.’
According to Mayewski ef al. (2004 p. 250), at lower
latitudes this rapid climate change interval ‘marks the
end of the early to mid Holocene humid period in
tropical Africa, beginning a long-term trend of increas-
ing rainfall variability and aridification.’

Old Man Lake

The Old Man Lake core in this study did not reach the
basal Pleistocene aeolianite or intersect the transgres-
sive humic unit that overlies it in places. Radiocarbon
dates from the lagoonal unit indicate its rapid deposi-
tion between around 4500 and 4000 cal y BP. However,
the relatively large error (4185 y) associated with the
lower sample (OZH207) means that the sedimentation
rate is difficult to calculate accurately. The charcoal
sample (OZH208) from this unit has a radiocarbon age of
7660 cal y BP, making it some 3200 years older than
the bulk sedimentary organic matter from the same
depth. This indicates that the charcoal (<1 cm® is
derived from terrestrial vegetation which was burnt
earlier and later carried into the lagoonal system of the
Robe - Woakwine corridor by runoff, high onshore coastal
winds or, possibly, by hwman activity (Cann et al. 1991).
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Charcoal from an aboriginal midden at nearby Little
Dip is somewhat older (**C age = 9160 + 130 caly BP) but
has the same stable carbon isotopic signature (5'3C =
—24.0%0: Cann et al. 1999).

The transition from lagoonal to lacustrine conditions
in Old Man Lake (Figure 3), represented by samples
0ZH366 and OZH206, occurred at ca 4100 cal y BP.
Thereafter, the sapropel-rich interval of the laminated
lacustrine unit records 50 cm of sediment accumulation
in ~1500 years. Thus, the rate of sapropel deposition
here is three times slower than in North Stromatolite
Lake. It is also evident from the position of the sapropel
interval in the Old Man Lake core (Figure 3) that the
sediment accommodation space was appreciably less
here than in North Stromatolite Lake and, hence, that
its sapropel accumulated beneath a much shallower
water column. Seasonal fluctuation of the lake level and
its water chemistry is likely to have been greater,
resulting in episodes of accelerated carbonate precipita-
tion. This would perhaps explain the otherwise atypical
presence of numerous calcitic nodules and several
hardpans throughout the sapropel of Old Man Lake.
The uppermost 50 cm of the core (not sampled for this
study) comprises the mottled (less organic-rich) zone of
the laminated unit plus the massive unit and was
deposited in ~2600 years, which is two-thirds of the
rate of sapropel accumulation.

The apparent halt in deposition of organic-rich
sediments in Old Man Lake occurs some 2400 years
later than the equivalent paleolimnological event in
North Stromatolite Lake (Figure 2) but broadly coin-
cides with a shift toward shallower water depths in
nearby Lake Leake at ca 3 ka. Deposition of the organic-
rich sediments of Old Man Lake took place between 4100
and 2600 cal y BP. Although this sapropel event post-
dates the end of the aforementioned early to mid-
Holocene humid period at 5000 y BP, it overlaps two
subsequent rapid climate change periods of ‘cool poles,
dry tropics’, namely 4200-3800 and 3500-2500 cal y BP
(Mayewski et al. 2004). Its conclusion is coincident with
the subsequent phase of drying that is evident in
numerous palynological records from southeastern
Australia (Bowler & Teller 1986; McKenzie & Kershaw
1997). Therefore, this lake provides further evidence for
the association of sapropel deposits with periods of
rapid climate change.

Lake Amy

This core represents approximately 4100 years of lacus-
trine sedimentation. The nine radiocarbon dates taken
over the lower 185 cm of the core indicate a relatively
uniform rate of accumulation of organic-rich mudstone
for some 2200 years. Within this succession, two notably
sapropelic intervals (dated at ce 4100-3400 and
2700-1900 cal y BP) are separated by an interval of
variably laminated and pelletal mudstone (109-196 cm
depth in core: Figure 3) that is likewise organic-rich
(10-12% TOC) but lacks the characteristic gelatinous
texture of a typical Coorong lacustrine sapropel.

The sapropelic sediments of Lake Amy are almost
contemporaneous with those in Old Man Lake, and
associated with the same two rapid climate change

periods of Mayewski et al. (2004). Deposition of the
intervening organic-rich but non-sapropelic mudstones
(dated at ca 3400-2700 cal y BP) occurred under fluctu-
ating arid conditions recorded in Lake Keilambete
(Figure 2). The transition into the organically leaner
massive unit at 66 cm depth in the core marks a halving
of lacustrine sedimentation rate and is dated at ca
1900 cal y BP (sample OZH360). This transition is some
3100 years later than the equivalent event in North
Stromatolite Lake but only 700 years later than a similar
reduction in sedimentary organic-matter content in
nearby Old Man Lake. This suggests the possibility of
a latitudinal influence on the late Holocene microcli-
mate of the study area (Figure 1) and its modulation of
the cessation of sapropel deposition in these shallow
coastal lakes. '

Finally, it is significant that the times of sapropel
formation in all three lakes should coincide with
periods of rapid change towards more arid conditions.
The accompanying influx of dust containing nutrients
such as silica, phosphate and iron may well be the
process that triggered the diatom blooms that were the
precursors to sapropel. Stanley and De Deckker (2002)
documented three such discrete intervals of enhanced
aeolianite input to Blue Lake in the Snowy Mountains of
southeastern Australia. Dated at 5500-4900, 35003000
and 2500-2300 cal y BP, these intervals correspond
remarkably closely to the Coorong lacustrine sapropel
events of the present study. The likely source of the dust
was the continental dunefield of the Mallee region,
located due north of the Coorong coastal plain (Pell &
Chivas 1995).

CONCLUSIONS

The new radiocarbon dates reported herein constrain
the timing of sapropel deposition in three shallow lakes
of the Coorong region, thereby helping to refine our
understanding of climatically induced environmental
change along the coastal plain of southeastern South
Australia during the mid to late Holocene. At the north
of the ephemeral Coorong lagoon, sapropel in the
sedimentary succession of North Stromatolite Lake
indicates that the Salt Creek lake chain was cut off
from surface connection with the open Coorong lagoon
at ca 6400 cal y BP shortly after Holocene sea-level
reached its maximum in southern Australia. Here,
sapropel deposition under restricted lacustrine condi-
tions continued for some 1400 years and halted abruptly
at ca 5000 cal y BP. Since that time, the lake basin has
progressively filled with carbonate mud, and the lake
has evolved from perennial to ephemeral, increasingly
saline conditions in line with the mid-Holocene transi-
tion toward more arid conditions across southern
Australia.

Approximately 100 km further south in the Robe
Range, the upward shoaling sedimentary sequences of
0Old Man Lake and Lake Amy record similar mid-
Holocene environmental change. In Old Man Lake, the
onset of lacustrine conditions and sapropel deposition is
dated at ca 4100 cal y BP. Hence, isolation of Old Man
Lake from the marine system of the Robe-Woakwine
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corridor occurred more than 2000 years later than that
of North Stromatolite Lake from the Coorong lagoon.
Sapropel formation in Old Man Lake and Lake Amy
coincides with recognised periods of rapid global
climate change previously unrecorded in southern
Australia. The cessation of sapropel formation occurred
at ca 2600 cal y BP in Old Man Lake and at ca 1900 cal
y BP in Lake Amy, both markedly later than in North
Stromatolite Lake. This latitudinal difference is further
evidence of local environmental variability across
southeastern Australia during the Holocene. Even so,
the sapropel events recorded in these coastal lakes can
be temporally linked to three recently recognised
episodes of rapid global climate change, each charac-
terised by cool poles and dry tropics. Their coincidence
with periods of aridification points toward aeolianite
dust as the likely trigger of sapropel formation.
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SUMMARY

Elemental (TOC, C/N), isotopic (8'*Corg) and molecular
("*C-NMR) analysis of sapropels within the Holocene
carbonate mudstone successions of three coastal lakes of
the Coorong region, South Australia, indicates that they
are composed primarily of aquatic organic matter derived
from algae and other photoautotrophs that utilised HCO5®
as their dissolved inorganic carbon source. Isotopic
analysis of sedimentary carbonate (8"Cirore,  8'°0)
suggests that this lacustrine organic matter was subject to
post-depositional methanogenesis, that lake water salinity
has increased during the late Holocene and that sapropel
deposition in the southernmost two of these lakes was not
restricted to times of wetter environmental conditions.

Key words: Holocene environment, coastal lakes,
sapropel, stable isotopes.

INTRODUCTION

Many groundwater-fed lakes along the Coorong coastal plain
of southeastern South Australia contain sapropels (total
organic carbon  >2%; hydrogen index >300 mg
hydrocarbons/g TOC) within their Holocene calcareous
mudstone successions (e.g. Warren, 1990; Hayball et al.,
1991; McKirdy et al., 1999, 2002; Mee et al., 2004, 2005).
Sapropels have been studied extensively in the Mediterranean
Sea and their deposition is known to coincide with
precessional minima of the Earth’s orbital cycle (e.g.
Rossignol-Strick, 1985; Hilgen, 1991), During these times of
increased humidity high levels of precipitation boost surface
runoff and tributary flow, which increases the input of both
terrestrial organic matter and nutrients to offshore marine
basins and promotes stratification of their water column. The
increased nutrient supply enhances aquatic primary
productivity, leading to oxygen-depletion of the bottom
waters and enhanced preservation of autochthonous algal
organic matter. Such aquatic organic matter is the
predominant contributor to sapropels in both marine (e.g.
Bouloubassi et al., 1999; Tolun et al,, 2002) and deep lake
(e.g. Hassan et al., 1997, Meyers and Lallier-Verges, 1999)
settings.

The three coastal lakes of the present investigation (North
Stomatolite Lake, Old Man Lake and Lake Amy) represent a
distinctly different aquatic environment in that they are
shallow and have become increasingly ephemeral over time.
Therefore, this study adds a new perspective to the dynamics
of sapropel genesis. Sedimentation in these lakes spanned the

AESC20086, Melbourne, Australia.

Evelyn S. Krull
CSIRO Land & Water
Glen Osmond, SA
evelyn.krull@csiro.au

Martin A.J. Williams

CRC LEME

University of Adelaide, SA
martin.williams@adelaide.edu.au

Mid-Holocene transition from generally warmer and wetter to
cooler and drier (or more seasonal) conditions documented in
many Australian palynological and palaeolimnological studies
(e.g. Dodson and Ono, 1997). The cument geochemical
investigation aims to establish the extent to which this
climatic variability is recorded by secular variations in the
elemental, molecular and isotopic composition of their
sedimentary organic matter and the isotopic composition of
the co-existing carbonate.

Environmental Setting

North Stromatolite Lake (NSL) is part of the Salt Creek lake
chain situated at the northern end of the ephemeral Coorong
Lagoon. Its present water depth (<1 m) fluctuates seasonally.
At the peak of the post-glacial marine transgression this group
of four lakes existed as a narrow extension of the Coorong
Lagoon, connected to it via the southern end of NSL.
Isolation of the embayment restricted water movement within
the system and resulted in the build up of sandy estvarine
sediments in the interlake corridors.  This effectively
converted the water body from an estuarine/marine
environment into the chain of isolated lakes that exists today.
These are designated Type 2 lakes by Warren (1990) to
distinguish them from Type 1 lakes that were not initially
connected to the Coorong Lagoon. The upward-shoaling
calcareous mudstone succession of the Salt Creek lake chain
is well documented by Rosen et al. (1988) and Warren (1990)
and typically contains three distinct Holocene lacustrine
carbonate units (sapropelic mudstone; laminated pelletal
mudstone; massive pelletal mudstone/packstone) that overlie
Pleistocene siliciclastic-carbonate grainstone to wackestone
and beach-dune sands. This textural transition from laminated
to massive sedimentary units is typical of a change from
perennial to ephemeral aquatic conditions in a setting of
relatively low energy (Warren, 1990).

Old Man Lake (OML) is a shallow (<4 m) perennial lake
situated just south of Robe, approximately 100 km south of
NSL. Like NSL, it was a restricted embayment of a local
back-barrier lagoon during the early Holocene and has since
become isolated from the marine system. The upward-
shoaling transition from marine to lacustrine conditions is
apparent in the three distinct carbonate units: lagoonal silts
and muds with abundant remains of shallow marine fauna;
laminated lacustrine mudstone with sapropel intervals;
massive pelletal mud with abundant remains of the gastropod
Coxiella striata (McKirdy et al., 1999).

Lake Amy (LA) is another shallow (<4 m) perennial lake that
nestles within a topographic low of the Robe Range and is
located only a few kilometres from OML. Unlike NSL and
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OML, it has never had a surface connection with the marine
system. Instead LA is an expression of local groundwater
changes associated with sea-level fluctuations. Here a
massive bioturbated pelletal carbonate mudstone overlies a
laminated mudstone with sapropel intervals, hardgrounds and
variable amounts of ostracod and gastropod remains. This
sequence represents an upward shoaling lacustrine succession
analogous to those deposited in the Type 1 lakes near Salt
Creek.

METHOD

A D-section corer was used to collect uncompacted sediment
cores to depths of 2.0 m, 2.5 m and 3.0 m in Old Man Lake,
Lake Amy and North Stromatolite Lake, respectively.
Radiocarbon ('“C) dating of bulk organic matter was
undertaken at the ANSTO AMS facility (Fink et al., 2004) and
used to establish a depositional chronology for each core. All
radiocarbon dates were converted to calendar years by
calibration against the known atmospheric "C curve using the
program Fairbanks0605 (Fairbanks et al, 2005). Bulk
sediment samples were treated with 5% w/w H,SO; prior to
incineration at 1300°C in a LECO C 144 carbon analyser to
determine total organic carbon (TOC). Wet sediment samples
were treated with 1,0 M HCI and then with 2% HF to remove
carbonates and paramagnetics before 50.309 MHz cross
polarisation with magic angle spinning (CP/MAS) "*C-NMR
spectra were obtained on a Varian Unity 200 spectrometer
with a 4.7 T wide-bore Oxford super-conducting magnet. All
spectra were obtained using a contact time of | ms, a recycle
delay time of 500 ms, 50 Hz Lorentzian line broadening and
0.01 s Gaussian broadening. Chemical shift assignments were
externally referenced to the methyl resonance of
hexamethylbenzenc at 17.36  ppm. The proportional
contribution of the functional groups ketonic/aldehyde (220)-
190 ppm), carbonyl (190-165 ppm), O-aryl (165-140 ppm),
aryl (140-110 ppm), O-alkyl (110-45 ppm) and alkyl (45-0
ppm) was calculated by integration of peak areas. Analysis of
0.5 M HCl-treated samples on a 20-20 Europa Scientific
Automated Nitrogen Carbon Analysis — Mass Spectrometer
(ANCA-MS) yielded carbon isotope values of the iacustrine
organic matter (S'JC‘,,g). and also total nitrogen (TN)
percentages which were used to calculate atomic C/N ratios
for all samples with TOC >1%. Isotopic analysis of
sedimentary carbonate (B'JCi,,,,,u, 3'*0) was completed at
Waikato Stable Isotope Laboratory (New Zealand) on a GEO
20-20 Dual Inlet Mass Isotope Ratio Spectrometer with an
attached Carbonate Automated Preparation Systen. All
isotope results are reported in conventional § notation,
expressed in parts per mil (%o) relative to the standard Pee
Dee Belemnite for both carbon and oxygen.

RESULTS
Depositional Chronology

The onset of sapropel deposition in NSL marks isolation of
the Salt Creek Lake Chain from the Coorong Lagoon and the
transition from an estuarine environment to a perennial lake
system (Warren, 1990). 'iC dating places this event at c. 7000
cal yr BP and the transition to shallower and less productive
conditions represented by the overlying laminated unit at ¢
5800 cal yr BP. The transition from lagoonal to lacustrine
conditions in OML occurred at ¢, 4800 cal yr BP, The halt in
deposition of organic-rich sediments is dated at c. 3300 cal yr
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BP, some 2500 years later than the equivalent
palacolimnological event in NSL. Accumulation of organic-
rich laminated lacustrine mudstone sediments in LA lasted
until ¢. 2500 cal yr BP, some 800 years later than the similar
change to deposition of organically leaner sediments that is
evident in OML.

Source of Lacustrine Organic Matter

The “C-NMR spectra are remarkably similar for all 17
samples analysed, with the exception of that from the basal
lagoonal unit of OML (OML6). The spectra are dominated by
alkyl carbon (carbohydrates and proteins) with only minor
signals in the aromatic carbon region (Figure 1). This finding
confirms that there has been a significant contribution of algal
and bacterial biomass to the organic matter pool of all three
lakes throughout their history.

a \

.

i i i T 1 T T 1
B0 200 150 100 50 0 -50 ppm
Figure 1. Comparison of "“C-NMR spectra: a)
representative of sapropel in most lacustrine samples, b)
organic matter in lagoonal sample OML6. The weaker
peak (arrowed) in the aromatic region (~130 ppm) of the
lacustrine samples is interpreted as unsaturation
associated with the alkyl carbon, whereas the strong peak
in this region of the second spectrum is attributed to
charcoal,

Elemental and isotopic data do not clearly point towards a
predominantly aquatic origin for the lacustrine organic matter
but instead appear to suggest a mixed aquatic and terrestrial
source. Many researchers have used C/N ratios to
characterise lacustrine sedimentary organic matter (e.g. Talbot
and Leerdal, 2000; Tolun et al., 2002). Typically, organic
matter of algal origin (high in N-rich proteins and nucleic
acids) will have an atomic C/N ratio between 4 and 10,
whereas vascular land plants (high in C-rich lignin and
celtulose) produce organic matter with C/N ratios of 20 and
greater (Meyers, 1994).

In NSL C/N ratios (n = 8) decrease from 19.8 at the base to
14.1 at the top of the sapropel, averaging 16.4 throughout the
1.3 m interval. At face value this suggests that initially the
sapropel’s organic matter was chiefly terrestrial in origin, but
became increasingly influenced by an aquatic contribution.
Previous studies of biomarker hydrocarbons and microfossils
identified benthic diatoms as major contributors to Coorong
sapropels, including that in NSL (e.g. McKirdy et al., 2002).
The C/N-based classification of NSL sapropelic organic
matter as mixed but predominantly terrestrial contradicts both
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the findings of these earlier workers and the aquatic character
of the organic matter indicated by its *C-NMR spectra. This
suggests that the C/N ratio ranges for terrestrial and aquatic
organic matter as published in Meyers (1994) should be used
only as a preliminary indication of possible contributors to a
lacustrine system. Many environmental variables could lead
to the production of either terrestrial or aquatic organic matter
with C/N ratios that fall outside these broad and generalised
ranges.

As in NSL, C/N ratios imply a mixed source affinity for the
sedimentary organic matter in both OML and LA.
Throughout OML’s sedimentary succession C/N ratios (n =
12) fluctuate too dramatically to warrant calculating an
average (maximum 21.5; minimum 2.7). The lower values are
consistently associated with discrete sapropels, such as the 35
cm thick interval that dominates the laminated lacustrine
mudstone unit. In LA C/N ratios (n = 20) also vary widely,
although most are between 11-17. Notable exceptions are
those from the lowermost sapropel (7.2) and two samples
(19.8, 20.0) that immediately precede finely laminated zones
of the lacustrine mudstone. There is no significant difference
between the means calculated from the entire core (14.3), the
massive unit (14.3), or the two major sapropel intervals
(upper, 14.1: lower, 14.4). Attempts to identify the source(s)
of sedimentary organic matter in these lakes using atomic C/N
ratios alone are bound to be inconclusive.

Stable carbon isotope analysis of the sedimentary organic
matter (6”Cmg) yielded a similar range of results for each
Jake: NSL —22.3 to —16.4%0; OML —22.6 to —17.5%0; AMY —
23.2 to —15.9%o. These values fall between the 5'3Co,g values
typical of C4 (average —14%0) and C3 (average —27%)
terrestrial biomass. ﬁ"-.’.'."m values of aquatic biomass reflect
the dissolved inorganic carbon (DIC) source utilised during
photosynthesis. For freshwater plants this is dissolved CO,,
which is usually in isotopic equilibrium with atmospheric CO,
and so produce organic matter with B'JCW values around —
27%o (Meyers and Lallier-Verges, 1999). Marine organic
matter is produced from CO; in equilibrium with dissolved
carbonate and bicarbonate ions and has S'JC‘,rg values between
—20 and —22%0 (Meyers, 1997). Previous research and the
BC-NMR spectra of the present study indicate that there is a
significant aquatic component of the sedimentary organic
matter from NSL, OML and LA. Therefore, the SUC‘,,E results
of this study are predominantly indicative of algae utilising
HCO;y' gy as their DIC source during photosynthesis. An
additional terrestrial component is indicated but.remains
unquantified.

Environmental Significance

Since the Coorong lakes are wholly groundwater-fed,
amplified surface water flow arising from increased rainfall in
the local catchment cannot have triggered deposition of their
sapropel units. In tributary-fed environments a wetter climate
increases nutrient-rich freshwater inflow, which enhances
aquatic primary productivity and leads to sapropel deposition
(Meyers and Lallier-Verges, 1999). 1t also results in a
significant influx of terrigenous plant detritus (Tolun et al,,
2002), whereas the terrestrial component of sediments within
groundwater-fed lakes is likely to be entirely aeolian.
Recognising this difference in environmental setting is crucial
to appropriate interpretation of the geochemical results
obtained in this study.
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Isotopic analysis of sedimentary carbonate (tjg-p_ﬁ_ij was
used to investigate the secular changes in each lake’s
environment that may have been linked to sapropel
deposition. In NSL 6”Ci“0,g and 8'%0 values fall into two
distinct groups. The massive, laminated and upper sapropel
(B) units are enriched in both SUC;m,,g and 5'%0 above the
lower sapropel (A) and the basal unit. The isotopic
enrichment is interpreted as an evaporation signature resulting
from the progressive removal of IZCim,,g and '°0 from the lake
waters and the subsequent deposition of isotopically heavier
carbonates over time. Rosen et al. (1988) and Warren (1990)
interpret a similar increase in éi”Cim,,g and 8'%0 as evidence of
evaporation in shallowing Coorong lakes. They argue that
although positive BUCim,,g values can result from post-
depositional methanogenesis of lacustrine organic matter,
abiogenic processes are more likely the cause of the positive
values observed in the Salt Creek Lake Chain sediments.
Thus, the distinct isotopic enrichment of NSL’s carbonate
sediments at ca. 5800 cal yr BP is herein attributed to the
increased influence of evaporation on the surface waters of
this shallowing lacustrine system across the Mid-Holocene
transition from warmer, wetter to cooler, drier conditions.
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Figure 2: 813C and 3180 values from the sedimentary
carbonates of (I) NSL, (II) OML and (1TI) LA. Evaporative
processes are responsible for the marked 513C and $180
enrichment from the lower sapropel and basal units (a)
into the organically leaner upper units (b) of NSL. The
lagoonal unit of OML (circled) is isotopically distinct from
the overlying laminated lacustrine unit. Carbonates of this
unit have been influenced by fluctuations in aquatic
productivity within the lake. The increase in §13C values
from the lower sapropel (a) of LA into the overlying
laminated unit (b) results from methanogenic breakdown
of sedimentary organic matter. A freshening episode (c)
triggers further sapropel deposition (d). The amplified
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effect of evaporation in a shallowing lake is evident in the
increased 813C and 3180 values of the organically leaner
surface sediments (e).

The transition from lagoonal to lacustrine conditions in OML
also coincides with a significant increase in 80 values
durmg the Mid-Holocene, herein dated at ca, 4800 cal yr BP.
st C,m,rg values do not increase up-section as in NSL but
instead fluctuate between 0.6 and 7.5%.. The lack of
correlation between the changes in §'°0 and B'JC,,,O,g
throughout OML precludes an evaporative cause. The §'%0
enrichment from the lagoonal to the lacustrine sediments of
OML is considered a reflection of the isolation of the lake
from the marine system rather than the more subtle effects of
evaporation in a closed lacustrine system. Within the
laminated lacustrine sediments the more organic-rich
sediments have more positive B'SC,,.U,g values than the
organically leaner sediments. Preferential mcorporatlon of
"2C into aquatic organic matter increases the '>C content of the
DIC reservoir and can lead to deposition of carbonates with
progressively heavier 8'3Ci,m,g values (Talbot, 1990). The
association of more positive 6 'Cj,r, values with organically
richer intervals of the sedimentary succession accords with
increased aquatic productivity leading to the deposition of
3C-enriched carbonates.

LA is presently hypersaline and is effectively the surface
expression of a perched water table. As it was never directly
connected to the marine system, secular variations in the
isulopic composition of its carbonates must reflect internal
lake processes. The lowermost sapropel interval has average
?S'JC,"D,g and 8'*0 values of 1.2 and 3.3%o, respectively.
5! C,m,,,’ values increase markedly to 4.1 %o in the overlymg,
laminated un1t There is no parallel change in 80 and
therefore the ! C,,m,L ennchment cannot be due to evaporation.
In this instance, the observed ' C,,.‘.rb enrichment represents a
distinction between sedimentary units rather than a steady
increase up-section, It also coincides with a slight drop in
TOC and is therefore thought to reflect post-depositional
production of isotopically heavy HCO; by methanogenic
bacteria (see also McKirdy et al., 1999), rather than
preferential removal of '2C from the water column as a result
of increased aquatic productivity. A drop in both §' C,m.,, and

3"0 toward the top of the laminated unit is interpreted as a
freshenm;, episode in LA at ca. 3500 cal yr BP. Beyond this
tlme 3'*0 values increase in two phases: from the minimum of

1.0%v to 2.7%c in the 0\'erlym;= sapropel and 4.6%v in the
organically lean massive unit, §' Cumm values average |.4%.
in the sapropel and increase shf,htly to 2.4% i i the massive
unit. The coincident increase in &' C,,“,rL and 80 from the
sapropel into the massive unit is interpreted as the amplified
influence of evaporation on carbonate deposition within the
increasingly saline waters of this shallowing lake during the
Late Holocene.

CONCLUSIONS

The respective compositions of sedimentary OM and co-
deposited carbonate in these Coorong lakes extend our
understanding of sapropel genesis. The salinity increase that
accompanied an extended period of sapropel deposition in
NSL is further testimony to the Mid-Holocene transition to n
drier cnvironment that is evident in the current regional
palaeoclimatic record. Sapropel continued to be deposited in
OML and LA beyond this time. In contrast to marine and
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deep lake sapropels, the deposition of these organic-rich
Coorong lacustrine sediments is not restricted to times of
wetter environmental conditions.

Marked '’C-enrichment in the carbonate of OML is a
reflection of high aquatic productivity, whereas similar
isotopically-heavy carbonate in LA is more likely to be a
product of post-depositional methanogenesis, This difference
highlights the importance of comparing multiple geochemical

parameters when attempting palaeoenvironmental
reconstruction of any lacustrine system.
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INTRODUCTION

Lake sediments have consistently proven to be valuable sources of information on the extent and variability
of palaeoenvironmental conditions throughout the Holocene. Lacustrine Organic Matter (OM) is a remnant of
the biota that lived within the lake and its hinterland during sediment accumulation. Thus, elemental, isotopic
and molecular analysis of the preserved OM is capable of revealing secular changes in the primary sources of
the OM and the extent of its degradation—two fundamentals aspects of palaeoenvironmental reconstruction.

The Coorong coastal plain of southeastern Australia includes many small, ephemeral to semi-permanent
lakes fed by alkaline groundwater. Combined organic and inorganic techniques have been used by previous
researchers to aid in reconstructing the depositional history of some of these lakes, many of which are known
to contain either one or multiple 'sapropelic' (organic-rich) mudstone layers within their sedimentary
successions. North Stromatolite Lake (NSL) is a particularly striking example in that it contains a 1 m thick
sapropel layer within an otherwise organic-poor carbonate mud sequence. NSL is a part of the Salt Creek
lake chain (approx. 230 km SSE of Adelaide), which, during the Early Holocene, was an arm of the open
Coorong Lagoon until dune migration and sediment deposition isolated it into separate waterbodies. This
transition from estuarine to lacustrine conditions is evident within the sedimentary fill of NSL (Hayball
1990). Through Rock-Eval pyrolysis, gas chromatography (GC) and GC-mass spectrometry of aliphatic
hydrocarbons, Hayball et al. (1991) determined that organic matter within NSL's carbonate sequence had a
predominantly, though not wholly, aquatic source. More recent work by Edwards et al. (in prep), focussing
on diatom assemblages and ostracod carbon and oxygen isotopic data, suggests that the sapropel interval was
deposited under a stratified, increasingly saline water column. Approximately 100 km south of NSL, and just
south of Robe, Old Man Lake (OML) and Lake Amy (AMY) lie nestled within the modern Robe Range. Like
NSL, OML has evolved from a lagoonal to a lacustrine setting. McKirdy et al. (2002) determined a
predominantly aquatic algal-bacterial source for its organic matter through combined use of hydrogen indices
(HI = 300-900) and carbon isotopes (8"Corg = -22 to -17%o). Deposition beneath a stratified water column
lacking an anoxic hypolimnion is suggested by the diverse ostracod assemblage preserved within the
sediments. Although AMY has received much less attention than NSL and OML, like them its Holocene
succession also includes highly organic-rich, sapropelic intervals.

SIGNIFICANCE

Numerous studies across the world have linked sapropel deposition in marine and deep-lake settings to
abrupt changes in palacoclimate and palacoenvironment (e.g., Hassan et al. 1997, Tolun et al. 2002). The
shallow coastal lakes of this study represent a distinctly different environmental setting and yet they too are
able to preserve aquatic OM in high concentration (maximum wt. % TOC: NSL 12; OML 25; AMY 23). The
rationale of this study is that it will not only add a new perspective to our understanding of sapropel
formation, but may also help refine our knowledge of Holocene environmental variability (fluctuating wet-
dry phases) in southeastern Australia.

RADIOCARBON DATES

Critical to the better understanding of Holocene climatic and environmental change that this study may
provide is a solid framework and chronology of sapropel deposition. The peak of the Holocene marine
transgression in southern Australia was reached at 6 ka BP (von der Borch 1979, Belperio 1995). Since this
time there has been a change to generally cooler and drier conditions across the globe. Previous researchers
suggest that in southeastern Australia the shift from generally wetter to drier conditions occurred at
approximately 5 ka BP (Dodson & Ono 1997).

In: Roach 1.C. ed. 2004 Regolith 2004. CRC LEME, pp. 247-251.
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New radiocarbon data (n=13, Table 1) confirm preliminary dating that suggested Coorong lacustrine sapropel
deposition occurred between 8 and 2.5 ka BP (McKirdy et al. 2002) and thus coincided with a time of
significant climatic variation across not only Australia but also the globe. This new data set raises some
interesting questions regarding the conditions required for sapropel deposition during the Holocene. Sapropel
deposition in NSL lasted for approximately 1,200 years and halted abruptly at approximately 5 ka BP.
However, in OML and AMY the deposition of similar (albeit not as uniform) organic facies occurred from
approximately 4 to 3 ka BP. Why did sapropel deposition in NSL not continue during this later time? Perhaps
this is an indication of local fluctuations within the well-recognised peak of warm, wet conditions during the
Mid-Holocene,

Table 1: New radiocarbon dates obtained on sedimentary organic matter from NSL, OML and AMY.

Lake  Sediment depth (vm) Depositional setting “C age (yr BP)
NSL 152 Base of organic-poor laminated carbonate mud unit 5050+ 50
183 Transition 'Sapropel A' to ‘Sapropel B' (Hayball 1990) 4930 + 50
237 Middle of ‘Sapropel A' 5930+ 50
282 Base ol 'Sapropet A' 6280 + 50
OML 52 Upper surface of sapropelic sediment 3090 £ 50
85 Lower surface of sapropelic sediment 4380 + 50
105 Transition between lagoonal and lacustrine environment 4150+ 50
182 Lagoonal environment (bulk OM) 4550 £ 160
182 Lagoonal environment (charconl fraction) G890 + 50
AMY 109 Middle of uppermost sapropelic level 3060 + 50
211 Upper surface of lower sapropelic level 4020+ 50
223 Lower surface of upper sapropelic level 4140+ 50
245 Basal sapropel bounded by hardgrounds 4140 £ 50
ORGANIC GEOCHEMISTRY

Elemental and isotopic analysis confirms previous findings (Hayball e al. 1991, McKirdy et al. 2002) that
the OM within these lacustrine sediments is of predominantly aquatic origin. Many researchers have used
C/N ratios to characterise marine and lacustrine sedimentary OM, in particular to distinguish between
terrestrial and aquatic inputs (e.g., Tolun et al. 2002). Typically, OM of algal origin will have an atomic C/N
ratio between 4 and 10, whereas vascular land plants produce OM with C/N ratios of 20 and greater (Meyers
1994). Although these differences between algal and terrestrial sources generally survive sinking through the
water column and sedimentation, C/N ratios can potentially suggest a misleading OM origin if not used
thoughtfully. For example, measurement of C and N contents after removal of sedimentary carbonate leads to
the comparison of an organic carbon value with a nitrogen value that incorporates both organic and inorganic
fractions. In sediments with Coi greater than 1%, N, is much greater than Ninore and thus, use of Ny, in C/N
ratios produces a reliable indication of OM source (Meyers 1997). Con/Nio ratios for all three lakes in this
study lie between those typical of aquatic and terrestrial OM, although skewed heavily toward the former
(NSL average = 12.6, OML average = 11.6, AMY average = 11.2).

Although the C/N ratios of the Coorong lacustrine OM suggest a predominantly aquatic origin and thus
strengthen the findings of earlier researchers in the area, determination of OM source is most reliably
achieved through the use of multiple parameters. In a cross-plot of C/N against 6”Cmg (Figure 1) the
Coorong lacustrine OM plots closest to the region typical of, and therefore suggests a significant contribution
from, an algal source. The ranges for the major OM sources that are displayed in this plot are broad and
generalised and should thus be used as a preliminary indication of the probable contributors to these lakes.
Missing from the figure is a generalised range for soil organic matter (SOM), another possible contributor to
the lacustrine system. C/N ratios for SOM are commonly around 10 and 5'3C0,-g values vary depending on the
proportion of C3 and C4 plants in the landscape. Although it could be argued that the data in Figure 1
indicate a major contribution of SOM from a landscape with approximately 50% C3 and 50% C4 plants,
consideration of the Coorong lacustrine setting suggests otherwise. Each of the three lakes in this study is
groundwater fed. They receive no fluvial input and probably only minor surface runoff from the surrounding
dunes. Therefore, any contribution from SOM would be primarily aeolian. The prevailing wind direction in
the region is currently south-southwesterly resulting from the passage of mid-latitude anticyclonic high-
pressure systems (summer) and cold fronts associated with cyclonic low-pressure systems originating at
high-latitudes (winter). Low, crescent-shaped lunette ridges border the eastern shore of modern playa lakes
across southeastern South Australia, which suggests that the current wind regime has been in place for some
time. Although there is much evidence for aeolian dust being able to travel long distances (e.g., Simonson
1995) often it is related to extreme and isolated storm events. So, with the predominant winds of the Coorong
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coastal plain being maritime in origin, and with previous evidence pointing to a primarily aquatic OM source,
there is little reason to suggest a consistent contribution of SOM to the lacustrine OM pool.
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The 6[3Cmg values of aquatic OM are influenced by the dissolved inorganic carbon (DIC) source that is
utilised during photosynthesis (Dean 1999). Freshwater algae utilising DIC in equilibrium with atmospheric
CO, produce isotopically lighter OM (8" Corg ca. -27 %o) than that synthesised by marine algae. The latter
utilise dissolved HCO5', and hence produce OM less depleted in the heavier isotope (8]3Cm.g ca. -20 to -22
%o). This isotopic distinction is evident in published literature and in Figure 2, where it can be seen that the
Coorong lacustrine sedimentary OM shows a range of SBCU,g and 8'°N values more similar to the isotopic
signatures of Mediterranean (marine) sapropels than to OM produced in a freshwater system. Use of HCO5'
as the DIC source for the aquatic OM in these Coorong lakes results from the ratio of HCO;™ to CO; being
kept high in the alkaline lake waters. Henderson (1997) reported a pH ca. 8 for both OML and AMY, being
slightly higher in winter and slightly lower in summer (pH data not available for NSL). At pH = 8 HCOy
makes up nearly 100% of the DIC pool.

DISCUSSION

Each of the three lakes displays a slightly different geochemical signature (Figure 3) and thus records varying
responses to local environmental changes. A considerable degree of overlap is evident in the geochemical
signatures of OML and AMY. This may result from the contemporaneous sapropel deposition in these two
lakes, or may be a reflection of a similar groundwater inflow to OML and AMY, which both lie within the
modern Robe range and approximately 100 km south of NSL. The groundwater of the Upper Gambier
Limestone aquifer, which feeds all of these lakes, is known to vary across the Coorong coastal plain. Salinity
increases northwards and the dominant ions shift from Ca’” and HCOj5 to Na' and CI" (Henderson 1997). As
salinity influences the survival and abundance of different species of aquatic biota, groundwater variability

A.C. Mee, D.M. McKirdy, E.S. Krull & M.A.J. Williams,
Geochemical analysis of organic-rich lacustrine sediments as a tool for reconstructing Holocene
environmental conditions along the Coorong coastal plain, southeastern Australia.



250 Regolith 2004

may contribute partially to the geochemical differences observed in the northern and southern lacustrine
sediments.
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sapropel deposition at approximately 4 ka BP, yet have experienced very different sediment accumulation
rates. Over the course of 1,000 years OML deposited only 50 cm to AMY's 135 cm, which makes the
sedimentary fill of AMY much more sensitive to environmental changes. The two lakes are also significantly
different in that OML evolved from an initial marine flooding with subsequent groundwater inflow whilst
AMY has evolved from groundwater seepage and inflow only. This distinction between effectively one and
two lake water inputs may contribute to the differences in 513C0rg seen within the lacustrine sedimentary
sequences. Whilst 6”(?..,,3 values for OML fluctuate between —18.7 %o and —22.6 %o, the 6'3(?0,g values from
AMY show a reasonably steady increase from —23.3 %o to —15.9 %o over time. Surely the steady isotopic
trend that is observed in the sedimentary OM of AMY is related to the evolution of a single water mass.
Photosynthesis preferentially utilises '*C and thus leads to an isotopically enriched DIC pool. As this
continues the OM produced and stored within the Jacustrine sediment is progressively enriched in the heavier
isotope. The gradual (although substantial) increase in the 8'3CQ,g values of AMY may be due to this carbon
cycle process, and will be further investigated through isotopic analysis of sedimentary carbonate that is
presumed to have deposited in isotopic equilibrium with the DIC pool.

The 6'3Cm-g values of sapropelic sediment from OML and AMY span a significantly broader range than those
from NSL. The most depleted BDCmg values of OML and AMY are associated with the highest C/N ratios,
and may therefore be a product of some C3 terrestrial contribution to the OM pool. The NSL sapropel is
striking in that its ES”Culg values vary by no more than 1%e over the 1 m interval, thus implying relatively
steady state conditions within NSL that lasted for approximately 1,200 years. Marginally elevated C/N values
for the NSL sapropel (relative to those for most of OML and AMY) may be indicative of a larger terrestrial
contribution to the NSL. OM pool, or may reflect more extended preferential microbial degradation of N-rich
proteins within the NSL water column and below the sediment-water interface. *C-NMR analysis of the
lacustrine OM (pending) will provide molecular structural information, thus allowing further evaluation of
the relative aquatic (short-chain) and terrestrial (long-chain) contibutors. Distinction between those
geochemical trends related to changes in OM source and those due to variations in environmental conditions
(e.g., lake salinity) is essential to a thorough interpretation of these elemental and isotopic data.

CONCLUSION

The OM preserved within the sedimentary sequences of these alkaline groundwater-fed lakes is largely a
remnant of aquatic algae that used HCO5 as their DIC source. A terrestrial component of this OM is known
to exist (Hayball et al. 1991, McKirdy et al. 2002) and is suggested in the elemental and isotopic data
reported herein. Further quantification and characterisation of this input will aid in separating the
geochemical signatures related to OM sources and to environmental changes. This, plus more detailed
analysis of these sapropels and co-deposited sedimentary carbonate, is likely to throw further light on the
temporal and/or spatial variation in the Holocene environment of southeastern South Australia.
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